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Resumen

La Materia Oscura (MO) constituye el 27% del contenido del Universo y compone el 85% de la
materia total. Dentro del Modelo Estdndar (ME) de las interacciones fundamentales no hay ninguna
manera de poder explicar este tipo de materia invisible, por ello es necesario extenderlo. Ademas el
Gran Colisionador de Hadrones (LHC) ha empezado su segunda puesta en marcha después de haber
sido mejorado hasta tener una energia en el centro de masas de 13 TeV. Debido a que en el anterior fun-
cionamiento a 8 TeV fue muy exitoso, donde se encontro el bosén de Higgs y se pusieron muchos limites
a nuevos modelos, se espera encontrar senales nos indiquen Nueva Fisica en esta nueva configuracién.

Esta Tesis estd dedicada a estudiar la fenomenologia en colisionadores de cuatro modelos de MO.
Dos de ellos entran dentro de los llamados portales de MO, donde una particula mediadora es la
responsable de las interacciones entre el sector oculto y la materia ordinaria. El primero de dichos
modelos es una extension escalar singlete del ME donde se estudian los limites experimentales a la
masa y el dngulo de mezcla del nuevo bosén de Higgs. También estudiamos la produccion de este
bosén escalar en el LHC analizando la desintegracion a dos Higgses del ME que se desintegran en el
canal H — hh — bbWW — bb¢Tvl~ . El segundo modelo de portal de MO est4 basado en extensiones
U(1) del grupo del ME, motivados por modelos fenomenolégicos de teorfa de cuerdas. El bosén Z’
que aparece en las simetrias U(1), se convierte en el mediador entre el sector de MO y la materia
visible. Debido a la naturaleza de los acoplos del mediador, aparece un patrén de violacién de isospin
en las interacciones entre ambos sectores. Este hecho tiene un fuerte impacto en los experimentos de
deteccién directa de MO dado que este tipo de interacciones se acopla a neutrones y a protones de
manera diferente, en contraste con la mayoria de modelos que hay en la literatura donde ambos acoplos
son iguales.

Los otros dos modelos tratados en esta Tesis son extensiones del modelo estandar supersimétrico
minimo. El primero de ellos estd basado en una extensiéon con un singlete del modelo estandar su-
persimétrico minimo con sneutrinos dextrégiros. En esta construccion el sneutrino dextrégiro es buen
candidato a MO mientras que el neutrino dextrégiro tiene un tiempo de desintegraciéon muy largo
debido a que su anchura de desintegracion es proporcional al acoplo Yukawa del neutrino predicho muy
pequeno por la teoria. La desintegracion tardia de los neutrinos dextrogiros deja senales claras en el
LHC en forma de vértices desplazados. Otra sefial exética de esta construccién es la produccién de
staus con vida media larga que podrian escapar del detector dejando una traza cargada. El segundo
modelo supersimétrico es la extensién del modelo minimo de supersimetria con un triplete que hace que
aumente el sector electrodébil fermidnico y como consecuencia las desintegraciones del Higgs, h — ~yv
y h — Z~, inducidas por loops, se ven aumentadas hasta un 40-60% comparadas con aquellas del
ME. Ademas estos nuevos estados son relevantes para la fenomenologia de MO. De hecho, se encuentra
que el més ligero de los neutralinos es un buen candidato a MO. Si se imponen sobre éste todos los
limites experimentales de MO, encontramos que esto afecta directamente al sector de Higgs reduciendo
el aumento de las desintegraciones inducidas por loops del Higgs, h — vy y h — Z~, hasta un 20%
como maximo.
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Abstract

Dark Matter (DM) is the 27% of the content of the Universe and make the 85% of the total matter.
There is no possibility to explain this kind of invisible matter within the Standard Model (SM) of
fundamental interactions so extensions of it are necessary. Furthermore the Large Hadron Collider
(LHC) has started its second run after being upgraded up to a centre-of-mass energy of 13 TeV. Due
to its great past run at a centre-of-mass energy of 8 TeV, where the Higgs boson was discovered and
several limits to new models where imposed, we expect that new Physics could be found with the new
configuration.

This thesis is devoted to the study of collider phenomenology of four DM models. Two of them are
embedded in the so-called DM portals, where a mediator particle is the responsible of the interactions
between the hidden sector and the ordinary matter. The first of these models is a scalar singlet extension
of the SM where the latest constraints on the mass and the mixing of the new Higgs boson are studied.
We also study the production of this scalar boson at the LHC analysing the decay channel into two SM
Higgses with final products H — hh — bbWW — bblTv¢~ . The second model of the DM portals is
based on U(1) extensions of the SM, motivated by String Theory phenomenological models. Here, the
massive Z’ that arises from the U(1) symmetries becomes the mediator between the DM sector and the
visible matter. An important pattern of isospin-violating interactions is found between both sectors
due to the nature of the couplings with the mediator. This has a strong impact on direct detection
experiments of dark matter, since this kind of interactions couples differently to neutrons and protons,
in contrast to the majority of models in the literature where both couplings are equal.

The other two models described in this Thesis are both supersymmetric extensions of the Minimal
Supersymmetric Standard Model. The first of these models is based on the Next-to-Minimal Super-
symmetric Standard Model with Right-Handed (RH) sneutrinos. In this construction the RH sneutrino
is a good candidate for DM while the RH neutrino is long-lived since its decay width is proportional to
the neutrino Yukawa coupling that is predicted to be small. The late decay of the RH neutrinos leads
to very specific signatures in the LHC that are displaced vertices. Another exotic signature of this
construction is the production of a long-lived stau that could escape the detector leaving a character-
istic trail. The second supersymmetric model is the Triplet extension of the Minimal Supersymmetric
Standard Model that enlarges the electroweakino sector. As a consequence the loop induced decays of
the Higgs h — vy and h — Z~v could enhance up to a 40-60% compared with the ones of the SM.
Furthermore, those new states are also relevant for DM phenomenology. We found that the lightest
neutralino is a good candidate for DM and fulfils all the experimental constraints. Those requirements
strongly affects the Higgs sector reducing the loop-induced decays, h — vy and h — Z~, to a 20% at
most.
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Introduction

In the last decades the Standard Model (SM) has been exhaustively tested in different expe-
riments. Particle colliders such as LEP, Tevatron and now the LHC have been the principal tool to
study the SM. With them all the particles and interactions provided by SM have been confirmed.
Furthermore electroweak (EW) precision tests agree with the SM prediction with exceptional ac-
curacy. Moreover the new state discovered at the Large Hadron Collider (LHC) can be compatible
with the SM Higgs boson [8,9], the only missing link in this construction.

The SM of fundamental interactions is a quantum field theory defined in 4 dimensions that
is based on the gauge group SU(3). x SU(2);, x U(1l)y and it is renormalizable and invariant
under Poincaré group. In that construction all the different particles found so far are embedded as
different representations of the gauge group. The SM content can be found in Figure 1.1, and it
is make up of fermions and bosons. Fermions are divided in quarks and leptons, each with three
families and two components. On the other hand, bosons can be separated between vector bosons
and scalar bosons. The former ones are the force carriers such as the photon, v, the W and Z
bosons and the gluon, g. There is only one scalar boson in the SM, that is the Higgs boson, h.
Such boson is the responsible for the Electroweak EW symmetry breaking (EWSB).

ellv]lT

Higgs
Boson

0 H
:.' (0.51 MeV) | [(105.66 MeV)| | (1.78 GeV)
© ||electron| | muon tau (125.09 GeV)
2
2w || v, || Ve
Iq (0 ev) (0 ev) (0 eV)
electron| | muon tau
neutring [neutring meutring

Figure 1.1: Particle content of the SM.

Electroweak symmetry breaking is a phenomenon appearing when the Higgs field acquires a
vacuum expectation value (vev), v. When this occurs, the SM gauge group is no longer a good

1



Chapter 1. Introduction

symmetry for the ground state, shrinking it to SU(3). x SU(2)r x U(1)y — SU(3)c X U(1)em.-
As a consequence, the W and Z bosons acquire masses proportional to the value of the vev, v.
Moreover leptons (excluding the neutrinos) and quarks also get masses due to its Yukawa couplings
to the Higgs field. After EWSB takes place, there is an extra degree of freedom in the theory that
is interpreted as a spin 0, neutral particle, the Higgs boson, h. The scalar potential of the SM can
be written as

A
Vi = p*H H + §(HTH)2. (1.1)

The two Lagrangian parameters p and A can be replaced by the physical magnitudes v and the
mass of the Higgs, my. The Higgs vev is inferred by the EW processes and it is found to be v = 174
GeV. However, due to the fact that the scalar potential of Eq. (1.1) has two parameters and only
one physical parameter was known, the mass of the Higgs boson, my, cannot be predicted by the
SM. On the other hand, one can look at the EW processes where the Higgs boson plays a role
to infer its imprint. Those are called EW precision observables (EWPO) and they are a set of
experimental processes where one can actually fit the Higgs mass. According to those, the Higgs
boson mass is found to be my, = 9373 GeV [10].

Nonetheless, the ATLAS and CMS collaborations reported the discovery of a scalar particle
compatible with the SM Higgs boson [8,9]. The mass of this particle is [11]

myp, = 125.09 + 0.21 (stat.) £ 0.11 (syst.) GeV. (1.2)

One can then ask whether this boson is the SM Higgs boson. There exist one variable called signal
strength, that can measure the difference between the production and decay of the measured boson
compared with the one predicted by the SM. This variable is defined as

(0’ X BRi)exp,

;= LD DTexp. 1.
H (O’ X BRi)SM. ( 3)

where ¢ stands for the production cross section, BR for the branching ratio ! and i represents the
different decay channels. In the Run 1 of the LHC, with a centre-of-mass energy of 7 and 8 TeV,
both ATLAS [12] and CMS [13] measured the signal strength of the Higgs boson and the combined
measurement was found to be [3],

fiaTLAS+oms = 1.10 = 0.10. (1.4)

For the 13 TeV configuration, one can also use the recent data given by the ATLAS [14] and
CMS [15,16] collaborations and combine them to obtain,

pATLAS+CMS = 1.02 £ 0.12. (1.5)
And finally combining both 7, 8 and 13 TeV data,

fiaTLASLCMs = 1.07 % 0.08. (1.6)

Tn Eq. (1.3) the Narrow Width Approximation (NWA) is applied. This is possible since for a SM Higgs boson
mass of order O(10%) GeV the width is of order O(107?%) GeV.
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These results are in agreement with the expected predictions from the SM Higgs boson. As the
mass of the Higgs boson and the EW vev are the two physical parameters present in the theory,
we can translate them into the Lagrangian parameters to obtain A = 0.26 and . = 88.4 GeV. One
important feature is that a detailed study of the stability of the vacuum of the Higgs potential for
amass of mj, = 125 GeV, reveals that it is valid up to energies below the Planck scale, mp = 10
GeV [17-19], that is the scale energy in which quantum effects of gravity are important. So it
seems that the SM lives in a long-lived metastable vacuum.

With the Higgs boson discovery all the SM parameters are known. Far from being a pleasant
situation in the understanding of Nature, there are several problems that arise both from the
theoretically and the experimental point of view. Some of these problems could be found in the
next list:

> Dark Matter: Astrophysical and cosmological observations provide conclusive evidence sup-
porting the existence of a new kind of matter that would make the 27% of the Universe. This
new matter does not emitt or absorb light and so it is called DM. None of the SM particles
can account for the properties of the DM particle. It seems that the solution for this problem
could be found in models that go beyond the SM (BSM). Different candidates have been
proposed within particle physics (see for a review Ref. [20]). It is the aim of this thesis to
address the DM problem and for that reason in Chapter 2 we review the current status.

> Neutrinos Masses: The observation of the fact that neutrinos oscillate into different flavours
is a clear indication that they present non-vanishing masses. There are no renormalizable
terms within the SM that can accommodate such mass terms for the neutrinos. Considering
higher dimensional operators, the lowest one is the d = 5 Weinberg operator [21], O5 =
(L) (¢TL)/A. One of the realizations of the Weinberg operator is the well-known see-saw
mechanism [22-25], where Majorana masses for the neutrinos are generated. In this case, in
order to obtain the correct neutrino masses the scale of new physics goes up to energies of
the order of the unification scale, i.e. A ~ 10'® GeV.

> Hierarchy Problem: If the Standard Model is an effective theory, the Higgs boson mass
would receive quantum corrections proportional to the cut-off scale of the theory. Apart from
the EW scale the other scale in Nature is the Planck mass, Mp ~ 10 GeV, so the loop
corrections to the scalar Higgs mass are proportional to this cut-off scale. Given that the
Higgs mass is mp=125 GeV there must be a cancellation among the different mass terms of
the Higgs to achieve this mass, so the fine tuning is certainly huge. This uncomfortable fact
is alleviated if a new Physics scale appears around the TeV region.

> Hierarchy in the Fermionic Sector: Although the Higgs mechanism is able to explain
how the fermionic sector of the SM acquires mass the hierarchy among them is still puzzling.
There is no explanation in the SM to why the ratio between the Yukawa couplings of the
top quark and the electron is m;/m. ~ 10° or any reason explaining the difference in masses
among the different families in the quark and leptonic sector.

> Strong CP Problem: Although the QCD gauge sector of the SM allows for a CP-violating

term of the form £ C #F P, the experiments provides strinct bounds for the CP phase,
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6. Within the SM there is no reason for this term to be zero since it is not protected by any
symmetry. The Peccei-Quinn mechanism could solve this problem invoking a spontaneous
symmetry breaking driving this CP-violating term to small values.

> Gravity: Although it was completely successful explaining the origin of the strong and
electroweak forces, the SM is not able to embrace a quantum description of gravity. This fact
points into the direction that the SM is not the ultimate theory but an effective description
of an ultraviolet one. Albeit, this problem arises only when reaching energy scales similar to
the Planck scale. In this context, String Theory is presented as the best candidate to define
a quantum description of gravity containing also the SM.

This Thesis focuses on the first problem in the list: Dark Matter. Nonetheless some of the
other listed items are also addressed. Two different approaches are used in order to solve the DM
problem: Simplified models, in which the DM sector is connected by a portal with the SM, and
Supersymmetric models.

Dark Matter Portals

A common theoretical framework for DM studies is the hidden sector scenario. In its minimal
form, visible matter resides in a sector of the theory that hosts the SM gauge and matter content
(or simple extensions thereof), while DM resides in a hidden sector, with, maybe, its own gauge
and matter content, but is otherwise neutral under the SM gauge group.

Within such a framework, several mechanisms have been proposed to mediate non-gravitational
interactions between the different sectors, usually referred to as portals [26-41]. Among them, per-
haps the most popular is the Higgs portal [26] in which the SM Higgs boson has renormalizable
couplings to scalar fields of the hidden sector. This kind of construction could lead to important
phenomenological consequences such as the contribution to the Higgs invisible width [42,43]. How-
ever the present status of different experiments rule out the majority of the parameter region while
the forthcoming ones are expected to explore the current allowed areas [44]. This pushes to extend
the Higgs sector of the theory adding a new scalar state that is used as the portal to DM [45-48].
Another popular kind of portal is the one mediated by a Z’. In this scenario, a hidden sector
communicates with the SM via a gauge boson, provided that the SM is enlarged with an extra
abelian gauge group [49]. The phenomenology of these constructions is very rich, and ranges from
colliders to direct and indirect searches of DM [50-56]. Both portals are within the most simple
strategies to follow in order to connect the SM and the DM sectors. In Figure 1.2 the diagrams
that drive this connection are illustrated.

If the mediator is a new scalar particle, for example a real singlet field, the way to connect
the dark sector with the one of the SM is through the mixing with the SM Higgs boson. Such
a mixing implies that all the couplings of the Higgs particle are rescaled according to the mixing
angle between both scalar states. This angle is constrained by Higgs coupling measurements at
the LHC, but also the electroweak precision observables (EWPO) could impose bounds since the
Higgs contributions at loop level have an important role. Different works showed that this mixing
angle is constrained to be less than sin? a < 0.1 [3,57-59]. However, this bound is very dependent
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Figure 1.2: Schematic diagrams for a scalar, h, and a vector, Z’, portals.

on the mass of the heavy state, that is the one considered as DM mediator. Using this limit it
is possible to obtain regions in which the correct relic abundance for the DM particle is achieved
and the constraints on DM searches are fulfilled for a large range of the heavy scalar state. One
particular feature of this kind of models is the production of the mediator in the LHC and its
subsequent decay. One interesting decay of the singlet state is the one into two SM Higgses. So, in
order to study this process one must focus on the decay products of the di-Higgs system. There are
several final states that are studied in the literature such as bbbb [60,61], bbyy [62-64], bbr 7~ [65]
or bW W~ [3].

If, on the contrary, the mediator is a vector boson, a new extended symmetry, usually a U(1)
is required. In principle, one can parametrise this model as the product of the SM gauge group times
U(1)}, of the visible sector, times U(1)7" of the hidden sector, SU(3). x SU(2) x U(1)% x U(1)™ 2,
where n and m are the number of U(1)s in the visible and in the hidden sector respectively.
All the vector bosons corresponding to the U(1) will mix. However, here we consider only the two
lightest states, one that is massless and it accounts for the massless vector boson of the hypercharge
symmetry and the lightest massive Z’ that plays the role of mediator between both SM and DM
sectors. The rest of states are considered heavy enough to have a contribution in the DM or LHC
phenomenology. This kind of constructions can be embedded into String Theory Type ITA models,
where different gauge groups are formed by stack of branes that intersect 2. The most important
feature of this kind of construction is the fact that in a general model the DM interactions are
isospin violating. That means that the Z’ couplings to SM particles are different for both states
within a fermionic doublet. That is the case for the up and down quarks that would present different
couplings to the DM mediator. This property has a deep impact in Direct Detection experiments of
DM. Those experiments study the elastic scattering of DM off nuclei, so experiments with different
nuclei would obtain results that will not be the same. These properties can be contrasted against
the recent results of DM direct detection experiments. This Z’ can also be produced in the LHC
and detected through its decay channels, in particular experimental searches are focused on jets,
electrons and muons as final states. Using these data it is easy to constraint the allowed parameter
space for this kind of construction. It is possible then to compare both kind of experimental bounds
and study their complementarity.

2The hidden sector could also have a larger group multiplying the m U(1)s, U(1)7* x G4,
3String Theory is one of the best candidates to describe quantum gravity (for a review see Ref. [66]). In that sense
the SM is an effective theory embedded into String Theory that acts as a ultraviolet complete theory.
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Supersymmetric Dark Matter

Another theoretical reason to go beyond the SM is the hierarchy problem. There are two
fundamental scales in Nature, the EW scale and the Planck scale. The SM is expected to be valid
in scales of energy up to the Planck scale. However, if one studies the quantum corrections to
the Higgs mass, it is found that these are proportional to a certain cut-off, Ay, in the following
way 6m% x 1g;2 A%]V, where 7 is the top Yukawa coupling since it presents the larger corrections.
This cut-off scale is the scale up to which the SM is valid, i.e. the Planck scale. Nevertheless, we
observe that the Higgs mass is of the order of the EW scale that is by far, lower than the Planck
mass, v/mp; ~ 10717, Thus, there should be some cancellations of the parameters to obtain the
correct Higgs mass, which induces a high grade of fine-tuning. This is the so-called hierarchy
problem. Furthermore, if the Higgs potential is studied for a Higgs mass of 125 GeV, it is found
that the stability of this potential is excluded at the Planck scale [17-19]. Supersymmetry (SUSY)
is a theory that introduces new particles that cancel the quantum corrections of the Higgs mass
produced by the SM particles and provides a scale in between where the Higgs potential is still
valid.

SUSY introduces a symmetry in which every SM particle has a partner with the same mass
and quantum numbers but differing in the spin by one-half. This makes the quantum corrections
on the Higgs mass cancel. However, these new particles have not been found, so this symmetry
must be broken at some scale. When breaking that symmetry, the superpartners acquire masses
greater than the SM ones and related with the breaking scale. So, in order to have finite quantum
corrections to the Higgs mass and solve the hierarchy problem the SUSY scale must be of the order
of 1 TeV.

Usually, in the construction of SUSY models a discrete symmetry, called R-parity, is imposed.
The reason for it, is to avoid processes that have not been observed so far, such as the decay of the
proton [67]. A consequence of this, is the fact that SUSY particles must be produced or annihilated
in pairs, so the lightest SUSY particle (LSP) is stable. This particle could be a WIMP candidate for
DM if it is neutral and has only EW interactions. In the minimal realization of a supersymmetric
model, the well-known minimal supersymmetric standard model (MSSM), there are two candidates
that fulfill these requirements: the lightest neutralino [68-71] and the sneutrino [72,73]. The
neutralino is a mixing between the neutral parts of the superpartners of the Higgses, the Higgsinos,
and the superpartners of the neutral gauge bosons, Bino and Wino. The neutralino has been widely
studied in the literature both in the MSSM (see for example Ref. [74]) and extensions of it [75-78].
The sneutrino is the superpartner of the neutrino. Although the left-handed sneutrino fulfils the
conditions to be a WIMP candidate, due to the strength of the coupling with the Z boson, it
generally has a large annihilation cross section (and therefore a too small relic density) or it would
have been detected in direct detection experiments [79]. Such left-handed sneutrino is therefore
not a viable candidate for DM.

Nonetheless, there are different motivations to consider extensions of the MSSM. One of
the most important ones is the fact that the actual value for the Higgs mass, my = 125, GeV is
larger than the tree-level value expected for the SM-like Higgs boson in the MSSM, that is my <
mz|cos(283)| [80,81]. Thus, large quantum correction to the Higgs mass are expected requiring
a heavy third generation of squarks and large stop mixing [82-85]. In that sense, it seems that
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the MSSM does not naturally predict this mass. This problem could be alleviated if we add a
new chiral superfield to the Higgs sector in the superpotential. If we do not require an extension
of the gauge symmetry group only singlets and SU(2)y triplets with hypercharges Y = 0,+1
are allowed. Those new states lead to a tree-level extra term for the Higgs mass of the form
m3 =m?2 cos? 28 + \2v?sin? 23/2.

The Next-to Minimal Supersymmetric Standard Model (NMSSM) is an extension of the
MSSM where a SU(2), singlet superfield, S, is introduced [86-88]. In this model a trilinear term
of the form ASH;H;, is added to the superpotential so after radiative EW symmetry breaking
takes place, the singlet field, .S, acquires a vacuum expectation value, vs, generating an effective
u parameter, u = Avg. This term alleviates the p problem [89]. The introduction of S enlarges
the spectrum and the parameter space and leads to a rich and attractive phenomenology (see e.g.
Refs. [78,90-92]), besides the fact of adding an extra tree-level term to the Higgs mass as pointed
out before. The NMSSM can be also extended with a new superfield [93-96], N, enlarging the
spectrum with two states, the RH-neutrinos and the RH-sneutrinos. The former ones induce a low-
scale see-saw mechanism for the left-handed neutrinos providing them masses, whereas the latter
ones could play the role of DM candidate [94,96-100]. The presence of this two new states could
lead to interesting signals at the LHC, such as displaced vertices and long-live charged particles
due to the late decay of the RH-neutrino as it was hinted in Ref. [96].

Another possibility to enhance the tree-level mass of the Higgs boson is to enlarge the MSSM
by including a Y = 0 triplet of SU(2)r, known as the Triplet extended MSSM (TMSSM) [101,102].
This extension extends the particle spectrum, in particular, a new extra state in both neutralino
and chargino sectors appears. These new particles could influence significantly the phenomenology
of the model, one example is the contribution at loop-level to Higgs observables such as the decay
channels h — vy and h — Z~ [103,104]. In this kind of models the lightest neutralino is a good
and viable candidate to be the DM particle. In that sense, the lightest neutralino in the TMSSM
could play this role. As a new component not present before in the MSSM is now in the game the
DM phenomenology could be affected to this. The contribution of the triplino component mixes
up with the other components to form the well known well-tempered [105] neutralino opening up a
new viable DM parameter space.

Structure of the Thesis

This thesis is structured as follows. In Chapter 2, we review the Dark Matter problem in
the Universe. First of all, DM evidence at different scales of the Universe is summarised showing
that DM is ubiquitously present. Then, the characteristics for a particle to be a DM candidate are
listed followed by the thermal history of the Universe and how the DM decoupled from the original
plasma to give the relic density measured nowadays.

Part I is devoted to the idea of Dark Matter portals. Two examples of portals regarding the
nature of the mediator are studied: the scalar and the vector portals. The former one is based
on a singlet extension of the SM sector where the possibility of mixing with the Higgs particle
is studied. This analysis is addressed in Chapter 3. Electroweak precision observables as well as
LHC data are used to set constraints on the mixing angle between both scalar states. Then a new
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possible decay channel for the heavy singlet into two SM Higgses is analysed, H — hh — bbWW
where the W bosons decay leptonically, finding that it could be relevant for LHC Run II. Also the
DM phenomenology using a scalar mediator is studied giving proofs that it is possible to fulfill all
the relevant constraints in the interesting regions for the LHC. The latter portal, the vector one
is then presented in Chapter 4. A general study is carried out within the framework of Type ITA
String Theory models where a Z’ is found to be the vector mediator. An isospin violating pattern
in DM interactions is found and the consequences of that are studied. The DM phenomenology is
contrasted with recent DM searches by direct detection experiments and also compared with LHC
searches of Z’ where a complementarity between both experimental results is found.

Part IT focuses on the phenomenology of two SUSY models that are simple extensions of the
MSSM. In Chapter 5, the NMSSM in which RH-neutrinos are added is studied. In this context
the RH-sneutrino is a good candidate for DM and this possibility provides an interesting LHC
phenomenology. In particular this fact induces to have long-lived particles that lead to displaced
vertices and long-lived charged particles that could be traced in the LHC. We analyse these signals
for Run I LHC and also we give prospects for Run II. In Chapter 6, we study another MSSM
extension called TMSSM. We focus on the phenomenological implication of the new fermionic
states introduced in the model. These affect directly to the DM sector since now we add a new
component to the neutralino sector. Another feature of the new states is related to the Higgs
phenomenology through the loop-induced decays h — vy and h — Zv. We study how imposing
DM constraints could affect to the Higgs decay channels by constraining the neutralino and chargino
sectors.

Finally, in Chapter 7 general conclusions from the work presented in this Thesis are derived.



Dark Matter

In the 19th century the observations of Uranus position presented slight differences with
respect to those calculated using Newton’s law. Two astronomers, Urbain Le Verrier and John
Couch Adams computed independently the modifications of the Uranus orbit given the possibility
that another planet remaining hidden was in our planetary system. That planet was Neptune and
it was discovered in 1846, one year after it was predicted. A similar story occured with the binary
system of Syrius. Friedrich Bessel pointed out that a hidden partner of Sirius A star was the
responsible for its anomalous behaviour. In 1862 Sirius B was discovered solving that mystery. It
seems that apparently when looking at the Universe one finds hidden forces that afterwards, turned
out to be a planet, a star or any kind of matter that at that time was impossible to be observed.

Nowadays, we are facing a similar problem. In 1933 Fritz Zwicky found a special behaviour of
the peculiar velocities in the Coma cluster [106]. In order to understand that situation, he assumed
that a hidden kind of matter that was invisible to our observations. This topic was ignored until
1970’s when Vera Rubin showed that the observed velocity of the rotation curve of a disc galaxy
does not coincide with the one provided by Newton’s laws [107]. To explain this discrepancy the
presence of this hidden matter should be necessary. After Rubin’s discovery, different observations
in the Universe that needed to be explained in terms of hidden matter appeared. This kind of
matter that it is present in the whole Universe, as it is not seen in any range of the electromagnetic
spectrum it was called Dark Matter (DM).

The nature of the DM is not known, however some of its aspects could be inferred by observa-
tions. If DM was made of baryons it would be in strong disagreement with Big-Bang Nucleosynthesis
and also with the small anisotropies present in the Cosmic Microwave Background (CMB). This
could be a hint of the possibility of a non-baryonic particle as DM candidate. Several proposals have
been introduced to become the DM. The most popular kind of particle is the well-known Weakly
Interacting Massive Particle (WIMP) that is present in the majority of BSM models. The WIMP
has the property that they easily reproduce the correct relic abundance of DM in the Universe for
a wide range of their parameter space.

As the WIMPs have other interactions apart from the gravitational one they could eventually
be detected through its interaction with ordinary matter. Direct detection searches are based on
the DM scattering off nuclei [108]. Deep underground laboratories host low temperature detectors
containing different elements sensitive to small perturbations caused by the interactions with DM
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particles. Other way to search for DM is to observe its annihilation products as cosmic rays. Those
cosmic rays could be detected with telescopes on the ground of the Earth or even in the outer
space in satellites. This kind of search is named indirect detection. The last kind of search is the
production of DM particles in colliders. As they have non-vanishing couplings with ordinary matter,
DM particles could be produced in the collisions that take place in the accelerators. However, if
produced, they will not leave any trace in the detectors of the experiment so one can only infer its
presence through the missing transverse energy at the collisions.

In this chapter we will discuss fist the main evidences of DM in the Universe at different
scales. Secondly we analyse the special case where the DM is made of particles and to be more
precise it is also a WIMP.

2.1. Evidence

Starting with Zwicky’s discover and following by Rubin’s observations several evidences of
the existence of DM have been found up to now. These evidences are found in astrophysical and
cosmological contexts and they are related with its gravitational properties. In this section different
evidences are shown for different scales in our Universe, starting with galactic observations, going
through clusters of galaxies and ending with the large scale structure of the Universe.

Rotation Curves of Spiral Galaxies

Spiral galaxies are characterised by arms that conform its spiral shape. These arms have their
origin in the bulk of the galaxy and they form a narrow disc!, so the spiral galaxy lies on a plane.
Other property of the spiral galaxies is the fact that they have a rotation movement. In principle
the velocity rotation curve of a spiral galaxy depends on its radius. If we assume Newton’s laws,
the velocity of a point of the galaxy situated at a radius r can be written as

v(r) = <W> 1/2, (2.1)

r

where M (r) is the mass enclosed in a radius r. If one assumes that the majority of the luminous
mass is situated in the bulk of the galaxy and when one gets out of the centre the luminous mass
is constant with the radius, then the velocity of the objects have a dependency v(r) r1/2. That
means that the velocity decreases when the radius r grows.

However it was first observed by Vera Rubin [107] that the measured value for the velocity
of the rotation curve for large radius is constant. This measurement was made for the Andromeda
galaxy but observations of other galaxies gave the same result (see e.g. [109,110]). In order to
explain this one can suppose that there is extra mass that is not visible that compose the most part
of the galaxies. If this mass has a mass profile that grows linearly with the radius, M (r) « r, then
for large radius the sum of the luminous and not-luminous matter contributions make the velocity
rotation curve to be constant. One of the most famous examples is the barred spiral galaxy in

!The disc is narrow compared to the radius of the galaxy.
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Figure 2.1: Results from the measurement of the velocity rotation curve of the galaxies NGC3198 [109] and
NGC6503 [110]. In dotted points the measured data is shown with errors bars that take into account the uncer-
tainties in the observation. Different contributions to the total rotation velocity are depicted. The halo contribution is
shown as a dotted line, the disc one as a dashed line and the gas component as a dot-dashed curve, while the sum
of all of them is drawn as a black solid curve.

the constellation Ursa Major. In the left panel of Figure 2.1 the results of the measurement of
the velocity rotation curve for the NGC3198 [109] are shown. By means of black dot points the
experimental results are shown with vertical error bars that account for the uncertainties in the
measurement of the velocity. The disc contribution, i.e. the luminous matter, is depicted as a
dashed line. It can be shown that it follows the gravitational laws of Newton and the velocity
decreases as a function of v ~ 1//r. If we add the DM contribution as an spherical halo with a
mass density that grows linearly with the radius we obtain the dotted curve of Figure 2.1. If we add
both contributions the result is the solid black line that fits the data with a very good precision. In
the right panel of Figure 2.1 the measurements of the curve rotation for the galaxy NGC 6503 [110]
are depicted, where despite being a different galaxy from NGC 3198 a similar behaviour is present.
We can see the data points that fit the total curve that takes into account all the contributions from
the galaxy including visible matter, gas and DM. This is a result that is inherent in every spiral
galaxy supporting the idea of having a spherical halo of DM that in fact composes the majority of
the mass of the galaxy.

Clusters of Galaxies

Galaxy clusters are gravitationally bound objects of approximately 2-10 Mpc diameter that
could content from 50 to 1000 galaxies. They are the biggest structures that are bound gravitation-
ally in the Universe and usually they have typical masses in the range of 1014 — 10 M, where M,

11



Chapter 2. Dark Matter

means solar mass. They are characterised by large amounts of hot gas in the intracluster medium
with temperatures oscillating between 2 — 15 keV (~ 108 — 10° K) depending on the total mass of
the cluster. The hot gas emits X-rays that can be measured so astronomers are able to measure
properties of the cluster. Within the DM history they are a key point since in the 1930s the astro-
nomer Fritz Zwicky postulated firstly the possible presence of DM (“Dichte dunkler Materie” as
he wrote [106]) in the Coma cluster.

> Bullet cluster

One of the most important evidence for DM at the cluster level is the Bullet cluster. The
Bullet cluster (1E 0657-558) consists of two colliding cluster of galaxies composed of hot gas, dark
matter and galaxies. These two cluster collided [111] modifying their structure. The galaxies
resulted almost unaffected by the collision and were distributed in two groups. However, the hot
gas that is the main component of baryonic matter in a cluster where found using X-ray techniques
in the region in between of the two groups of galaxies. That could be interpret as if the hot
gas from the two clusters underwent to a violent collision modifying their trajectory and reaching
heavy temperatures so they emitted X-rays. In Figure 2.2 the different temperatures of the hot gas
measured in X-rays are shown as a map of colours where the darker the colour is the colder the
X-ray emission is. Furthermore using weak lensing techniques one can trace where the majority of
the mass of the cluster is placed. The gravitational density contours are depicted in Figure 2.2 as
green lines. Those contours coincide with the two groups formed by the galaxies. This behaviour
is easily explained if one assumed that DM is composed by weak coupled particles that evaded the
collision with the baryonic matter when the two clusters collided.

In order to solve the problem of the DM there exist attempts trying to modify the Newton’s
law of gravity to take into account all the astrophysical discrepancies. These theories, commonly
known as Modified Newton Dynamics (MOND) were first proposed to find a solution to the galactic
rotation curves [112]. The Bullet cluster plays a main role here since MOND theories cannot explain
it. The observational fact of the Bullet cluster discard MOND theories supporting the hypothesis
of the DM being a particle or a set of particles.

There are theories of modified gravity that claim to solve the anomalies in astrophysical
observations usually attributed to the DM. However they failed when explaining the Bullet cluster
while DM does. This is the reason why the Bullet cluster is one of the most important evidence of
DM.

> Virial Theorem

Fritz Zwicky was the first scientist proposing the necessity of DM in order to explain the
observational data of the Coma cluster. He made use of the virial theorem to compute the total
mass of the cluster [106,113]. If we assume that the cluster is in statistical equilibrium and we
consider that the only important force is due to gravitational interactions we can use the virial
theorem to relate the total kinetic energy of the system with its virial,

VIR = —2T, (2.2)
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Figure 2.2: Gravitational contours (green) and different temperatures of the hot gas (colours) of the Bullet cluster.
Figure taken from Ref. [111].

where VIR is the virial of the system and T is the sum of all the kinetic energies and the bar over
the operators means averaged in time. The kinetic energy can be written as 2T = Mv?2 while the
virial is VIR = —GTW(l /r) under the assumption that Newton’s law is the one that describes the
interactions in the cluster. So now the virial theorem provides the next relation for the mass of the
cluster,

GM? — 202
- (/r)=-Mv? > M = s (2.3)

Both v2 and W are quantities that are able to be measured by astronomers. Using this technique
Zwicky found that the Coma cluster has approximately a mass of M ~ 4.5 x 1019M_4,;. The
luminosity of the cluster was known to be approximately L ~ 8.5 x 107L¢, where Lq is the
luminosity of the Sun, and given the fact that galaxies has a mass to light ration of order one this
gives a prediction for the mass of the cluster M ~ 8.5 x 10" M. Zwicky was the first to point out
this difference in mass of two orders of magnitude and to propose the possibility that some kind of
non-visible matter was present in the cluster and take into account the difference in mass that was
observed.

> Gravitational Lensing

The trajectory of the light emitted by a distant source can be modified if a mass distribution
is placed between the source and the observer. This phenomenon is known as gravitational lensing.
As galaxy clusters are massive objects they can bend the trajectories of the light produced by
galaxies situated behind them. It is then possible to estimate the mass of the clusters by observing
the geometrical distortions. If one compare those measurements with the ones done using the Virial
Theorem or X-Rays an agreement between different methods. However if one computes the light to
mass ratio they disagree in different orders of magnitude indicating the existence of a non-luminous
kind of matter [114]. Gravitational lensing can be used also to find coherent distortions when
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studying different sources of light. These measurements are used to find distributions of DM in
clusters of galaxies as it is the case of the Bullet Cluster [115].

> X-Rays

The hot gas in the intracluster medium is characterised by very high temperatures that allow
it to radiate X-rays. That emission can be measured so the baryonic matter can be traced within
a cluster. It is usually assumed that the cluster is in hydrostatic equilibrium so the gravitational
force and the pressure are balanced. Under this assumption one can use the X-ray spectral data to
obtain the temperature and the density of the gas that together with the velocity distribution of
the galaxies one can compute the binding mass of the cluster. Once the total mass of the cluster is
known and given the density profiles of the baryonic matter (gas and galaxies) it is easy to extract
the density profile of the DM. This was done for the case of the galaxy cluster Abell 665 placed in
the constellation Ursa Major [116]. The authors extracted the different density profiles using X-ray
spectral data and optical data that are,

Pgal(T) 750

= 2.4
00 1+ (r/530kpc)?’ (24)
for the galaxy content,
Pgas(T) _ 1500 (25)
00 1+ (r/380kpc)?’ '
for the gas content and finally,
19700
pror(r) (2.6)

po 1+ (r/298kpc)?’

for the total cluster. Here r is the radius of the galaxy cluster and p is the critical density that is
used for normalization. The density profile of DM can be found substracting the visible matter to
the total mass density,

PDM = Ptot — Pgal — Pgas- (27)

It was found that the DM density was very important since the majority of the mass in the cluster
comes from it. It was also shown that the DM density profile peaks at the centre while it decreases
when the radius growns even coming to the point where the visible matter is greater than the
DM. This is shown in Figure 2.3 where the ratios of the DM density profile with all the different
combinations of visible density profiles from the galaxy cluster Abell 665 are plotted. The solid
black line depicts the ratio between the DM density profile and the whole visible sector, where the
contributions of galaxies and hot gas are included, by means of a dotted line the ration between
the DM and the galaxies density profiles are shown. The dashed line represents the ration between
the density profiles of the DM and the hot gas of the cluster. It is clear from Figure 2.3 that the
DM is mostly placed in the centre of the galaxy cluster and it decreases rapidly so when it reaches
the horizontal blue line that corresponds to ratio 1, the visible matter content exceeds the DM one.
From this kind of measurements it was clear that only about the 10% of the mass of the clusters
was composed of galaxies, and the greatest contribution comes from the DM sector.
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Figure 2.3: Ratios between the DM and the visible matter density mass profiles of the galaxy cluster Abell 665 [116].

The ration between the DM and the hot gas (galaxies) density profiles is shown as a dashed (dotted) line, while the
ratio between the DM and the whole visible sector is depicted as a solid black line. The horizontal blue line is set to
1 in such a way that if one of the other line cross it the ratios between density profiles are 1, so the densities of DM
and the visible sector are the same.

CMB

In the Early Universe, matter and radiation formed a plasma in thermal equilibrium due to
the collisions were efficient enough. When the Universe was cooling down the photons lose energy
so they started not to interact with matter. At that point, (~ 380000 years after the Big Bang)
photons expanded across the Universe unaffected by the matter. However as DM was also present
in the primordial plasma the differences in the density of DM in the Universe when everything
was in thermal equilibrium left an imprint in the density of photons that later propagated. The
reason is that differences in the DM density profile made the ordinary matter by gravitation to

group around the peaks where more DM population were present. As the photons were in thermal
equilibrium with matter when the photons decoupled from the primordial plasma and expanded
across the Universe they followed the density profiles that the DM had at that point. The image
of these photons that we can measure nowadays it is named the Cosmic Microwave Background
(CMB). This peculiar phenomenon has been measured several times by different telescopes every
time with more precision. The last image we have from the CMB is shown in Figure 2.4 and it
was taken by the Planck satellite. Figure 2.4 shows the CMB measured temperature. The mean
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temperature is approximately of T' = 2.7 K, however there have been found anisotropies in the
temperature depending on the direction of the Universe they measure. Those anisotropies are
shown in Figure 2.4 as different colours, points with colour that goes to the red are hotter than
those that have colour going to the blue. It is important to note that the difference in temperature
from the hottest point to the coldest one is of the order of O(1075) K. These anisotropies are a
consequence of the distribution of DM in the Early Universe, it is important to know that those
points with a high concentration of DM were the seeds of the large scale structures of the Universe.
Another important point of the CMB is the high and impressive agreement with the well-known

Figure 2.4: Map of the temperature anisotropies of the CMB. The blue (red) points accounts for those regions where
the temperature is 500 K lower (higher) than the average temperature of the CMB, T' = 2.7K. Figure taken from
Ref. [117].

ACDM paradigm. The ACDM model is a consistent model of the content of the Universe considering
that it is dominated by dark energy and it has a large component of DM that is the predominant
component in the matter sector. Those anisotropies can be parametrized as a function of spherical

harmonics (Y7,,,(0, ¢))
oo+l

oT
? = Z Z aleYlm(a d))? (28)
=2 m=—1
where a;,,, are coefficients related with the power spectrum that is,
I(1+1)
—=C. 2.
27 Ci (2:9)

The relation between the power spectrum and the coefficient is that Cj is the variance of agy,
C; = {Jajm|?). This is possible because all the measurements have shown that the anisotropies are
Gaussian-like located. In Figure 2.5 the temperature anisotropies are shown as a function of the
multipole moment, [, directly related with the measured angle by [ ~ 180°/6. The points are the
data obtained by the Planck satellite with error bars that take into account the uncertainties in
the measurement. The continuous line is the best fit assuming a ACDM scenario. The first point
to note is the good agreement between the observation data and the prediction of the model that
could reproduce all the peaks that appear in the plot. The worst agreement is found in the region
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with low multipole moment, [, however the observational uncertainties are important in this case
and taken them into account the prediction is still valid. The relevant physical information that
can be extracted from Figure 2.5 are the position of the peaks. They reveals the position where in
the photon decoupling era the large amounts of DM were. From these peaks it is possible to obtain
the different amounts of constituents of the Universe. The last results obtained by the Planck
satellite [118] determined the densities of the DM, the baryonic matter and the dark energy,

Q.h? = 0.1187+£0.0017, Qh? = 0.02214 + 0.00024, Qp = 0.692 + 0.010. (2.10)

Here €2; means the density of each of the components of the Universe, p;, divided by the critical
density p.. From the data we can extract that the matter content of the Universe is dominated
by the DM (84%) as it was suggested by the different astrophysical evidences. Furthermore the
matter content of the Universe is small if we compare it with the dark energy content that is 68%.
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Figure 2.5: Temperature power spectrum, D; = [(I+1)C; /2w, as a function of the multipole, I. Blue points accounts
for the data obtained by Planck satellite [118] with error bars while the red line is the best fit of the temperature angular
power spectrum of the ACDM model.

2.2. Particle Dark Matter: WIMPs

In Section 2.1 it was shown that there is an important amount of evidence situating DM
as the principal component of the matter of the Universe. However the nature of the DM is still
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unknown. One of the first proposals to solve this problem was the possibility that baryonic matter
in terms of massive objects like black holes or neutron stars could be the DM. Those objects were
called MAssive Compact Halo Objects (MACHOs) and in principle they would not have been
detected because of light suppression travelling through intergalactic medium. However MACHOs
are totally in disagreement with the total baryonic production in the Big Bang Nucleosynthesis [119].
Furthermore there is evidence such as the Bullet cluster [111] that, as we said above, points to the
direction of a particle-like DM candidate instead of a sizeable object. If such a particle exists and
plays the role for the DM candidate then it should fulfil a list of requirements:

> It must not interact with photons. Otherwise we could have seen it in astrophysical obser-
vations. Nevertheless it could have other kind of interactions. Furthermore colour charge
for the DM particle is also disfavoured since coloured objects hadronise and they could be
observed.

> It must be cold. This means that at the moment of decoupling and the DM particles behave
as non-relativistic particles. Cold DM is favoured by the large scale structure of the Universe
since the large structures are formed from smaller structure that were conceived first. Numeric
simulations of cold DM in the Universe are in agreement with a wide range of observations.
On the contrary hot DM, relativistic particles such as the neutrinos, predict formation of
large structures before the smaller ones that is in contradiction with the data. There is also
the possibility to the DM particle to be warm. Cold DM suffers from different problems,
one of this is the missing satellites problem [120] that is related with the fact that N-body
simulations predict a higher number of cold DM subhaloes than the number of satellites
known in the Local Group. Warm DM could evade this problem since N-body simulations
suggest that the number of satellites for galaxies like the Milky Way is comparable as the one
observed imposing also a bound on the mass of the warm DM less than 1.5 keV [121].

> It must be stable. DM particle must be stable, otherwise we would not have observed it relic
density nowadays. This requirement can be also interpreted as if the DM particle could have
a lifetime of the age of the Universe or greater, that is 7 ~ 13 x 10° years.

> It must agree with experimental constraints and observations. There are different experi-
mental constraints that set bounds on the phenomenological properties of the DM particle.
One of the most important is that it must fulfil the correct relic density or at least have less
than the one observed by Planck [118]. It must also agree with other experiments such as the
direct detection experiments, indirect detection experiments or collider searches.

Those properties suggest that one has to enlarge the SM content in order to find a particle
that fulfils all the requirements. Within the SM only the neutrinos have the majority of the
requirements, however they are hot particles so they are in contradiction with observations of the
large scale structure of the Universe and they are so light that they cannot account for the relic
density of the DM. A large plethora of models containing DM candidates that go beyond the SM
are present in the literature.
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Cosmological Context

At large scales we know by different observational experiments that our Universe follows
the Cosmological Principle, i.e. the Universe is isotropic and homogeneous. These considerations
are in principle valid for the space components while for the temporal coordinate may be not the
case. Thus the geometry of our Universe may be thought to be R x 3, where R represents the
temporal coordinate and ¥ are 3-dimensional hypersurfaces at constant time that take into account
the isotropic and homogeneous spatial sections of the Universe. Those 3-dimensional hypersurfaces
have 6 generators, 3 for translations and 3 for rotations, that is the maximum of Killing vectors for
a 3-dimensional space, so % must be maximally symmetric. One kind of metric that fulfils these
considerations is the following,

2

2 _ 2 2

+ r2d6? + r?sin® 9d¢2> , (2.11)

where 7, 0, ¢ are the spherical coordinates and a(t) is the scale factor of the Universe and determines
the expansion of the Universe. The parameter k is related with the curvature of the Universe and
can take three different values:

~ k = +1: Positive Curvature — Closed Universe,
— k = 0: Null Curvature — Flat Universe,

— k = —1: Negative Curvature — Open Universe.

This kind of metric is called the Friedmann-Robertson-Walker (FRW) metric and it is important
to note that this metric is valid when the observer is in the comoving frame. The different objects
of the Universe are not really in that frame since they have peculiar velocities due to gravitational
interactions. That is the case of the Earth, or even our Galaxy moving to the Virgo attractor.

After studying the geometry of the Universe it is time to study the matter and the energy
content. As the Universe is homogeneous and isotropic we consider a perfect fluid which energy-
momentum tensor is given by

T = pg"” + (p + pyu'u”, (2.12)
where p is the pressure and p is the energy density. For comoving coordinates we have
T = diag(p, —p), T} =p+3p. (2.13)
The conservation of the energy-momentum tensor leads to
_ a
pt3-(p+p)=0, (2.14)
where the dot over a variable means its time derivative. This equation can be written as d(pa) =
pda, so the pressure and the density are related by p = wp, where w is a time-independent constant

and it is different for every fluid it represents. For the case of radiation w = 1/3, while for matter we

19



Chapter 2. Dark Matter

have w = 0 and finally for dark energy p = —p. Once we have how matter and energy is represented
in the Universe one can solve the Einstein equations,

1
R, — iRgW =81G (T + Agu) (2.15)

where A is a cosmological constant. The solutions are

.\ 2

a 8rG A k

AN A_ &k 2.1
() O (2.16)
a 4A7G A
Z__~ — 2.1
oty (2.17)

In order to simplify from now on we call H = a/a, that is the Hubble parameter. These two
equations determined the evolution of the Universe, Eq. (2.16) tells us about the expansion rate of
the Universe while Eq. (2.17) determines whether this expansion is accelerated or decelerated.

Using Eq. (2.16) one can define the critical density, p. as the total density in a flat spacetime,

3H?

Pe = ey (2.18)
where we have obtained this expression supposing a flat Universe, k = 0, and neglecting the term
of dark energy A = 0. The critical density today is approximately p. = 1075h% GeV cm™3, here
h is the reduced Hubble constant defined by H = 100hkm s~ 'Mpc~!, and it has a numerical
value of h = 0.673 according with the observations of the Planck satellite [118]. Usually it is
more convenient to express the densities of the different components of the Universe (matter and
radiation) as its density over the critical density, ; = p;/p. (see Section 2.1). For the specific
cases of the dark energy and the curvature we have Q) = A/3H? and Q;, = —k/a?H?. Using these
different definitions of the densities we can rewrite Eq. (2.16) as

Qrad + Q + Q0 =1 — Q. (219)

These density values are able to be measured by observational experiments. According to the
Planck satellite [118] we could know that the different densities are,

Qp =0.685T008 0, = 0.315; 3%, Qp = —0.00057390%. (2.20)

According with the data the curvature density is almost negligible. Using Eq. (2.19) we can obtain
the radiation density nowadays that results to be of the order of O(10~%), which means that
radiation does not play a role in the present configuration of the Universe, being the dominating
elements the dark energy and the matter content.

Freeze-out

The Early Universe can be thought as a hot plasma of particles in thermal equilibrium where
they were interacting to each other. However the Universe was expanding so the temperature of
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the plasma decreased accordingly. In order to describe the evolution of the different particles in
the thermal bath we must be able to describe the distribution function of a particle in thermal
equilibrium at a temperature T. Using the Cosmological Principle we can reduce the degrees of
freedom of the distribution function and make it function only of the time and energy, f(x,p) =
f(t, E), where x and p are 4-vectors for the time-position and energy-momentum. Depending on
the nature of the particle the distribution function is

fi(t, Ey) = (exp(E; — pu;/T) £1) 7", (2.21)

where F; is the energy of the particle and p; is the chemical potential. The sign in the distribution is
positive for a Fermi-Dirac particle (fermion) and negative for a Bose-Einstein particle (boson). For
the case we are considering if the particles are not relativistic and they are not under the conditions
to form a Bose-Einstein condensate or Fermi degeneration we can safely use the Boltzmann statistics
for all the particles, that is

fi(t, Bi) = exp (= (E; — i)/ T) . (2.22)

In the Early Universe the WIMPs, y, were annihilating and being produced in reactions
within the plasma together with different particles of the SM. When the temperature of the plasma
was high enough? the production of pairs of DM and the annihilation of DM into SM particles were
efficient since the particles had enough energy to create them.

We can define the annihilation rate, I'y,.,, as the rate of annihilation of DM particles,
LCann = Neg(ov), (2.23)

where ¢ is the WIMP annihilation cross section, v is the relative velocity of the DM particles that
annihilate and n.q is the number density of WIMPS in chemical equilibrium in the plasma, that in
the approximation of a Boltzmann distribution is given by

Neq = 9x ( ;x> e—mX/T’ (2.24)

where g, are the internal degrees of freedom of x. As the Universe expanded the temperature of
the plasma decreased. That makes more difficult for the particle of the plasma to create WIMPs
since it is exponentially suppressed as is indicated in Eq. (2.24), so only particles that are in the tail
of the distribution have enough energy to produce DM particles. The expansion of the Universe
also decreased the number density of particles, therefore if the annihilation rate is greater than the
Hubble rate, I' > H the WIMPs remain in the plasma, however when it becomes smaller, I' < H
the DM particles are not produced since they are chemically decoupled. After the decoupling the
total number of WIMPs is constant for a comoving volume until today.

In general we can define the number density of a particle y with a distribution function
fx(t, Ey) as

= s [ B, (2.25)

?High enough temperature in this context means that the temperature is much higher than the WIMP mass,
T > my
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The temporal evolution of the number of particles is given by the Liouville operator L[f],

]L:i oxz+ 9 ap“i

= 4 = = pM
dr or Ox* Ot Opt

= Pﬁ.‘pp"p”afw, (2.26)

where I';, is the afin connection. Given the fact that we are working in a FRW metric the Liouville
operator reads,

0 0
L=F— —H|p*—. 2.2
5 ey (2.27)
The evolution of the number density then,
3 —
9x d’p dn
—L[f(t,E,)| = — + 3Hn. 2.28
If we define the Yield as Y = n/s where s is the entropy density given by s = % where g;
parametrises the number of relativistic degrees of freedom, we can compute the temporal evolution
of Y,
dY 1 /dn
— =-—+3Hn|. 2.29
it s (dt * n) (229)

so the number density evolution and the temporal evolution of the yield are related.

SM DM DM SM

SM DM DM SM

Figure 2.6: Processes that take place in the plasma of the early Universe where SM particles and DM particles are
created and annihilated.

We have seen that the Liouville operator gives the temporal evolution of the number density.
This evolution is also connected with the rate of particle collisions produced in the plasma. We
could define a collision operator in such a way that it is related with the Liouville operator in the
following way,

3 3 -
(2{2()3 /dEp]L[f(t,Ex)] = (297?()3/?0[!}%’}?)()]’ (2.30)

where C[f(t, Ey)] is the collision operator and it is defined for a reaction of the type x;x; «+— AB
(see Figure 2.6) as

3—»
(29;)3 / dfpﬁ[f(t,EX)} =— / dIL;dT1;dT1,dIL, (27)*6* (p; + pj — Pa — Pb) X
(Mg saFif (1 fa) (1 fo) = [Maysi P fa fo(1 % £:)(1 £ £)] - (2:31)
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Here dII; is the Lorentz invariant phase space that reads,

i, = 22 (2.32)

and |Mij_>ab\2 is the squared matrix element summed over the final states and averaged over the
initial states. For the sake of simplicity we assume the following points:

1. CP is conserved in the WIMPs creation and annihilation processes. This assumption implies
that [Mgjsa|* = [Map—si]* = M.

2. As we have assume a Maxwell-Boltzmann statistics for the particles in the plasma the factors
(1+£ f;) ~ 1 for all the species in kinetic equilibrium.

3. The particles in the plasma are in thermal equilibrium, in that sense f,; = fj% ~ e Fap/T,

4. Energy conservation reads I; + E; = E, + Ej, this implies the next relation for the distri-
bution function of the WIMPs and the particles in the plasma, f;f; = exp (—(E; + E;)/T) =
exp (—(Eq + Ep)/T) = fofp.

These assumptions simplify the computations, now the collision operator reads,

I /dsﬁ(D[f(t B = —/dHideHade(%r)‘l «
(2m)3 E X J

54 (pi + pj — pa — Pu)IMP[fif; — 7). (2.33)
Using the relation for the cross section,

d3p d3p

(2m)32E, (2m)3E,’ (2:34)

doF = |[M|*(2m)*6" (pi + pj — Pa — Pb)

where F' = [(p; - pj)? — m?m?]l/2 = v2E;2F;, with v the relative velocity between the WIMPs.
Including this on Eq. (2.33) we get

3 =
2 [ GO B =~ =), (2.35)

where we have used the thermal averaged cross section times velocity,

B f ov (22:)3 fidgﬁi (QZZ)S fjd3ﬁj

(ov) = , — - (2.36)
f (2‘%)3 fid3pi (257’5)3 fjdgpj
Now Boltzmann equation reads
dy d
S = d;;l +3Hn = —(ov)(n* — nﬁq), (2.37)
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that can be rewritten in terms of the yield as

dy

o= —s{ov)(Y? = Y2), (2.38)

It is convenient to define a new variable z = m/T since the interactions are very dependent on the
temperature so now we can write Eq. eq:yield as

dy T gi/zmx 9 9
— === Ye-Y, 2.
dx 45G 22 [ cal: (2.39)

where G is the gravitational constant.

When the temperature of the plasma becomes smaller than the mass of the DM particle, T' <
mpy the particles in the plasma cannot create WIMPs because they are exponentially suppressed,
so the DM particles can only annihilate. However when the expansion of the Universe starts to
be greater than the DM annihilation rate, H > I', the WIMPs cannot annihilate and its number
density over the entropy density is constant, that makes the yield of DM particles to become
constant up to now. This mechanism is known as freeze-out since the DM particles seem to be
frozen from the time they decoupled from the plasma.®? The constant value of the yield when it

freezes-out is given by
4 1
Yo~y SCGor 1 (2.40)
G« My (oV)

where xp = mpys/TF, and Tp is the temperature at which the freeze-out takes place. Usually for
a WIMP in the range of masses of 1-100 GeV the typical value for the freeze-out is xp ~ 20. The
evolution of the yield in time, given by Eq. (2.39), is shown in Figure 2.7. The black solid lines
represent the yield for DM particles. When the temperature drops (z grows) there is a point where
the DM particles decoupled for some point in & ~ 20. The value of the yield at the moment of
decoupling depends on the thermal average cross section times the velocity. For larger values of
the cross section the WIMPs remain in thermal equilibrium with the plasma longer. Given the fact
that Yy is constant from the decoupling time up to now, the relic density is computed as

h?  myn,h? Yoh?
Qth — Px — XX = My S0 )
Pe Pec Pe

(2.41)

If we assume that the DM mass is of the order of the electroweak scale (~ 100 GeV) the relic

density can be computed to be

3% 10727 cm?
Q2 ~ cm’/s | (2.42)
{ov)

As we know by cosmological observations the relic density value nowadays is approximately Qxh2 ~
101, so we get for a weak scale WIMP a thermal averaged cross section of the order (ov) ~
10726 cm? /s that is the magnitude of the weak scale interactions. This coincidence that relates the
weak scale with the current relic density suggests that DM may not be too far from the TeV scale.

3All the quantities referred to this time are labelled with a subscript F.
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Figure 2.7: Yield evolution for DM particles with different (ov) (solid black line) and yield evolution of the non-
relativistic species in thermal equilibrium with the plasma (dashed black line). For larger (ov) the relic density today
is smaller while the time at which the freeze-out takes place occurs later. The yield for particles in thermal equilibrium
with the plasma drops dramatically leaving to a negligible amount of them nowadays.

2.3. Dark Matter searches

Dark Matter particle must interact with the SM particles in order to achieve the correct relic
density that is observed today. Using these interactions with ordinary matter one can try to obtain
signals or even produce it in experiments. There are different methods to search for DM depending
on the kind of diagram we use to detect it. Figure 2.8 shows the different diagrams involving
SM and DM particles and to which search correspond. There are three different kind of searches.
The first one is Direct Detection (DD). This method uses the interaction of DM particles with
heavy nuclei in underground laboratories. The second way to search for DM is Indirect Detection
(ID) experiments. As DM is present in the Universe there is the possibility of two DM particles to
annihilate so the aim of the ID experiments is to look for the possible annihilation products in terms
of cosmic rays. The last possibility is to produce DM particles directly in a collider. As they have
interaction with SM particles it is possible in principle to produce them in particle accelerators,
however as they are neutral they do not leave any trace in the detector, so it must be accompanied
by a detectable particle in order to be seen as missing transverse energy in the detectors. In this
Section we review the three different kind of searches and their status nowadays.
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Figure 2.8: Diagram containing all the possible searches for dark matter. Direct detection experiments read the
diagram from the bottom to the top, since they look for a elastic scattering of dark matter particle off nuclei. Indirect
detection experiments are based on the diagram going from the right to the left side, they search for dark matter
annihilation products. The last one is the colliders search, they study how the SM particles could produce DM
particles so the diagram applied is the one read from left to right.

2.3.1. Direct Detection

Dark Matter particles are going through the Earth with a velocity of around 220 km/s since
they are present in our Galaxy with a local density between 0.3 — 0.4 GeV/cm3. Given that fact
one can expect that DM particles can interact with ordinary matter. Direct Detection experiments
are based on the measurement of the recoil energy of the elastic scattering of a WIMP off nuclei.
For a mass of the WIMP of the order of GeV the expected energy deposited is of the order of
keV. In order to detect the recoil energy the detectors of the DD experiments can make use of the
phonons produced by vibrations of the structure of the material, or the photons that arise when
the nuclei recoil, or measuring the ionization leads by the nucleus in the material. Usually the
experiments combined these properties in order to measure correctly the energy transferred by the
DM particle, however they all present a threshold energy as a lower limit in which for lower energy
recoil they are not sensitive. In Figure 2.9 the most stringent bounds up to now are represented.
These bounds are represented in terms of solid lines with the name of the experiment attached.
Those bounds are imposed in the plane (0'51 ,mpur), where ng is the total cross section of a
WIMP-proton scattering for a Spin Independent interaction and mpjys is the DM mass. The five
limits corresponds to five different experiments that are sensitive to different mass ranges. The
CDMSlite [122], SuperCDMS [123] and CRESST-II [124] experiments have the stringent bound for
masses of the DM below mpys < 5 GeV while the LUX [125] and Panda X-II [126] experiments are
more sensitive to a wider range since it can exclude WIMP masses greater than mpys > 8 GeV.
One can see that experiments are less sensitive to light masses of the WIMP, this is due to the
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Figure 2.9: Spin independent cross section of the proton constraints for different experiments in terms of the DM
mass. The most stringent bounds nowadays are depicted as solid lines and corresponds to CDMSLite [122] (blue),
SuperCDMS [123] (green), CRESST-II [124] (red), LUX [125] and Panda X-1 [126]. In short-dashed line the prospects
of the Xenon1T [127], LZ [128] and SuperCDMS SNOLAB (Ge iZIP, Si iZIP, Ge HV, Si HV) [129] experiments are
shown. The long-dashed curve shows the neutrino wall, representing the neutrino coherent scattering [130]. This
line marks when the WIMP cross section becomes comparable to the one of the neutrino coherent scattering.

fact that in the scattering they produce low energy recoil in the nucleus that it cannot reach the
threshold energy of the experiment. In fact in order to explore the low mass regime one must use
light targets and lower the threshold. The only problem is that having light targets the experiments
would be affected by more sources of background. However to probe the high mass sector heavier
targets are suitable where less sources of background are found. In Figure 2.9 the experiments that
cover the low mass regime, CDMSlite [122] and SuperCDMS [123], are based on Germanium while
the experiments covering the high mass region, the LUX [125] and Panda X-II [126], are based on
Xenon that is heavier than Germanium.

In terms of short-dashed lines the future reach of the experiments XenonlT [127] (black) and
LZ [128] (brown) are shown. These experiments will cover a range of WIMP masses similar to the
LUX and Panda X-II experiments but improving the sensitivity in the cross section in two orders
of magnitude in some regions. For low masses the future Germanium and Silicium based detectors
in SuperCDMS SNOLAB experiments will cover a range of the WIMP mass between 0.5 GeV up
to 10 GeV [129]. These four different detectors, Ge iZIP, Si iZIP, Ge HV and Si HV, are shown in
right panel of Figure 2.9. The neutrino coherent scattering is also depicted as a long-dashed line
covering the light yellow area in Figure 2.9. This curve represents irreducible neutrino background
where the direct detection experiments lose sensitivity to the signals left by the WIMPs [130].
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Chapter 2. Dark Matter

The experimental results of Figure 2.9 are presented as a function of the cross section per
proton, i.e., the bounds are computed assuming that protons and neutrons couple equally to DM,
usually called isospin conserved interactions. However, in the most general case of a DM model
those couplings could be different. In this case the number of protons and neutrons of the nucleus
used as a target in the direct detection experiment is important and the bounds provided by the
experimental collaborations, such as the ones represented in Figure 2.9 are no longer valid in this
scenario. The WIMP-nucleus cross section can be written as [131],

2
70 = PR (1,7 4 oA~ 2P, (243)

for a nucleus of Z protons and A — Z neutrons. upy is the reduced mass of the nucleus and the
WIMP and f,,, are the effective coupling of the protons and neutrons to the DM and their form
is model dependent. When the interactions are isospin conserving, f, = f;,, the cross section, oy,
is dependent only the number of nucleons so it can be normalised to this number and the bounds
can be expressed in terms of cross section per nucleon. However in the case of isospin violating
interactions, where f, # f, this is not longer valid. In fact, if one try to follow the “scattering per
nucleon” scheme could be over or underestimating the bounds on the DM scattering cross section
since now not only the number of nucleons but the real composition of protons and neutrons matters.
For a given nucleus of Z protons and A — Z neutrons the maximum cross section suppression is
given by [132-135],

o Z

fr A-Z

In the cases where isospin violation is present the actual bounds of the direct detection experiments
must be computed directly by calculating the number of events allowed by each experiment.

(2.44)

2.3.2. Indirect Detection

Indirect Detection experiments are based on the measurement of the final products of an-
nihilation or decay of the DM particles. Those products may be seen as cosmic rays, photons or
neutrinos that can be measured through their fluxes as excesses over the expected background.
As we said before the decoupling of the DM particles from the primordial plasma make them not
annihilate because of the expansion of the Universe. However there are regions in the Universe
where the DM concentration is still large enough, so WIMPs can annihilate. There are three kind
of indirect detection experiments depending on what they measure, gamma rays, antimatter or
neutrinos.

The gamma ray experiments are very competitive in the dark matter searches when they
focus on high density objects of the Universe such as the Galactic Centre or the Dwarf Spheroidal
galaxies that are satellites of the Milky Way. One of the main important challenges for this kind of
experiments is the understanding of all the possible astrophysical sources of gamma ray background.
One of these experiments is the Fermi-LAT telescope, that is specialised in measuring gamma rays
in a range of energy between tens of MeV to hundred of GeV. This experiment collects gamma ray
information from a number of Dwarf Spheroidal Galaxies [136] and the Galactic Centre [137] and
translate them into bounds on the thermal averaged annihilation cross section times the velocity,
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{ov)g, of different SM annihilation channels such as ete™, uTu~, 7v7=, WHW~, uz and bb. From
these searches the Fermi-LAT experiment is able to reach the regions of the parameter space of a
thermal relic WIMP, assuming a typical cross section of (ov) ~ 3 x 1026 cm3/s.

Other indirect detection experiments use the measurement of antimatter fluxes. The most
common are the ones that study the positron and antiproton fluxes. The positron flux measured
by different experiment such as AMS [138], PAMELA [139] and AMS-02 [140] indicates an excess
on the cosmic-ray positrons. This could be interpreted as a hint of annihilating DM, however
several arguments could explain this excess [141-144]. The antiproton cosmic ray spectrum has
been also measured by different experiments such as Fermi-LAT [145] and AMS-02 [140]. Although
the measured antiproton flux showed no deviation from the expected background there exist a
discrepancy between this two experiments.

The last kind of indirect detection experiments are those that measure the neutrino cosmic
fluxes. The most important ones are IceCube [146] and ANTARES [147]. They set constraints
measuring the neutrino fluxes measured and they can translate them in terms of the spin-dependent
interactions with nuclei. In that sense the bounds from these telescopes are competitive with the
ones derived from the direct detection experiments.

2.3.3. Collider searches

In the previous searches the presence of DM in the Universe was used in order to detect
it. However one can try to produce DM particles from their interactions with ordinary matter in
a collider such as the LHC. However the only facts that we know about DM make its detection
very hard. DM particles have zero electric charge, that makes impossible to be detected within
a detector using the usual techniques. In fact they behave like neutrinos, so we can only infer
the presence of WIMPs inside a collider through the imbalance of the total transverse momentum
known as missing transverse energy, Fr. Nevertheless due to the stability of the DM particle it
will be produced in pairs, so if only a pair of WIMPs is produced both transverse momenta will
compensate leading to no signal in the detector. In order to compensate that fact if initial state
radiation of a SM particle is produced together with the pair of WIMPs it is possible to detect
the Fr of the system and then compare the results with the SM predictions. A typical diagram of
DM production together with a initial state radiation in the LHC, usually dubbed as mono-X, is
illustrated in Figure 2.10. Those searches are being performed by the ATLAS and CMS detectors
of the LHC, where they look for DM together produced with jets [148, 149], photons [150, 151] or
other SM particles [152-159].

In order to set bounds using this mono-X searches it is usually common to apply the effective
operator formalism, where the mediators are integrated out, to describe the interaction between the
DM particles and the SM ones. In principle one can construct a set of different operators assuming
the nature of the DM particle, whether it is a boson or a fermion, and the nature of the interaction,
whether it is a scalar, pseudoscalar, vector or axial interaction. A typical term of the Lagrangian
using effective operators could be

() (@), (245)
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SM DM
DM
SM ISR(jet, W, Z, h...)

Figure 2.10: Diagram illustrating the mono-X searches for DM. The bubble represents the interaction between the
DM and the SM sectors that depending on the model could be a s-channel, t-channel or u-channel.

for a fermionic DM particle and a vector interaction. Here the vector boson mediator has been
integrated out and A is defined as the scale up to the effective theory is valid. This cut-off scale
is related to the mass of the mediator and the couplings of the mediator to the DM and the SM
particles by A = My//,/g,gq for the case of Eq. (2.45).* However, this interpretation is not valid
for all the cases and it has a limited range of validity. The effective operator formalism is based on
the fact that heavy mediators can be integrated out. This is valid when the momentum transferred
in a collision is very small compared with the mass of the mediator, Q? < mQZ,. In this case the
following expansion in the propagator of the diagram can be done,

2
Jadx o, _Ja9x (1 n Q2 ) , (2.46)
Q% —m7, my, mi,

giving the effective operator of Eq. (2.45) when Q? < m?%,. This formalism is very useful since

LHC limits can be easily related with the ones coming from direct and indirect detection given the
relation of Figure 2.8. In particular, if we assume that the DM is produced through a pair of quarks
(as is the case of Eq. (2.45)) in the LHC the diagram responsible for that production is the same
as the one of direct detection scattering, so the bounds coming from the LHC are easily translated
in bounds on the plane (051 ,mpyr). However, for the present configuration of the LHC at 13 TeV
of centre of mass energy, this relation holds for mediators heavier than 10 TeV [160]. For lighter
mediators this estimation fails down giving to a wrong interpretation. When the mediator mass is
sizeable to the momentum transferred resonant effects coming from the on-shell production of the
mediator can enlarge the cross section of the process [161]. Using the effective operator formalism
neither the correct cross section nor the resonance effects can be taken into account. Also when the
mass of the mediator is lighter than the momentum transferred the expansion of Eq. (2.46) is no
longer valid. In that sense one has to be careful when interpreting the results of LHC searches using
effective operators. For that reason simplified models where the mediator is no longer integrated
out are used to extract information from LHC data [160, 162-164].

Using simplified models one can also relate the different searches such as collider and direct
detection searches since the diagram involved in both processes is the same but rotated /2. In
Figure 2.11 collider limits (black line) are translated to the (Js I mpar) plane for a simplified model
where the DM particle is a Dirac fermion and it is connected to the SM through a vector boson
mediator [162]. Different direct detection experiments such as LUX (red line), CDMSLite (green
line) and CRESST-II (blue line) are depicted for comparison. For the values chosen in Ref. [162]

4Similar relations are found in the case of the other effective operators constructed for the different kind of DM
particles and the different nature of the interactions.
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Figure 2.11: Spin independent proton cross section bounds in terms of the DM mass. Collider limits on a simplified
vector-like mediator model with a Dirac fermion DM (black line) are depicted together with different bounds com-
ing from direct detection experiments: LUX (red), CRESST-II (blue) and CDMSLite (green). Figure extracted from
Ref. [162].

the collider limits are more sensitive for low masses of the DM particles where the bounds are
competitive with the ones coming from the direct detection experiments CDMSLite and CRESST-
II. However, for masses larger than 10 GeV LUX experiment could explore a larger region of the
parameter space. In that sense, collider limits are complementary to the ones provided by direct
detection experiments.

Collider searches are proved to be very efficient constraining low WIMP masses mpys <
10 GeV, although in order to set bounds on the DM parameter space it is usually assumed different
simplified models with scalar or vector mediators. Although they go a step beyond the effective
field approach and they include realistic effects such as resonance effects, it is very difficult for this
kind of searches to be model independent since a way of production must be assumed or a nature
of the interaction must be chosen without knowing the real nature of the DM sector.

Instead of using this formalism that would be a bottom-up approach, one can use a top-
down one. In this case one can assume a particular model with a DM candidate that is connected
with the SM in a specific manner and search for specific signals that the dark sector would lead
without relying on the mono-X diagrams. The objective of this thesis is to take advantage of the
peculiarities of a chosen model that can explain the DM problem and compared them with actual
data from LHC. Those signals could vary from one model to another and go beyond the mono-X
searches from simplified models. The specific connections between the SM and the DM sectors are
used to elucidate signals on observables that in principle could not be related with DM, such as
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the diphoton rate for the Higgs boson.

The first part of this thesis is devoted to study the signatures that mediators between the
DM and the SM would leave in the detector. Two different kinds of mediator are studied. The
Chapter 3 is devoted to a scalar mediator that could mix with the SM Higgs boson and is connected
with the DM particles. Due to this mixing the mediator could decay into a pair of SM Higgses,
leading to a characteristic signal in the detector since the SM Higgs decays are known. The specific
final state WIVbb is studied in detail. Expectations of this channel, fulfilling the DM constraints,
in the future Run while are presented. In Chapter 4, a vector mediator is used to connect the SM
and the DM sectors. Using the peculiarities of the model one can see that the mediator could be
exhaustively searched in the LHC by means of its decay products. In particular dijet searches and
dilepton searches are useful to set limits on the parameter space of the model.

However, if one assumes a complete model a wide variety of signals could appear in the LHC.
The second part of this thesis is dedicated to the specific signals that two different models within
the context of SUSY could lead in the detector. These signals under study are very dependent
of the DM sector. In Chapter 5, the DM construction leads to a characteristic signal in terms of
displaced vertices and long-lived charged particles. These signals are a clear effect of how the DM
sector is constructed. Chapter 6 is devoted to the effects of the DM candidate on Higgs physics, in
particular loop induced decays h — ~y and h — ~Z. This model connects the DM sector to the
Higgs observables through the loops that give rise these two specific signatures. The fact that the
DM particle must be in agreement with the present relic density and direct detection rates, lead to
an imprint in the Higgs v+ and vZ rates.
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Scalar Portal: Singlet Extension of the SM

One of the simplest extension of the SM Higgs sector is given by the addition of a real
singlet field. This construction has received special attention in the literature as it can be seen in
Refs. [26,165-185]. The relevant Lagrangian for the scalar sector is written as:

1
L = (D,®)'(D'®) + 3OS S =V (2, 5), (3.1)
with the potential [168,170],

2
V(®, S) = Mg (qﬂ@ - v2> o (qﬂq» - 02) S + Ao (<1>T<1> - qﬂ) %
+ Aoz v% S% 4 Aoz vS% 4 NouS?. (3.2)

The potential defined in Eq. (3.2) is not invariant under global Zs transformations of the field S
(S — —95) that means that the new scalar, S, is unstable. As a consequence the singlet state
cannot account to be the DM. Nevertheless, it can play a relevant role by providing a portal to
DM. Let us consider then an extra singlet neutral Dirac fermion that is stable under a Zs parity
that enlarges the Lagrangian by

P(id — mo)p + Ay SPp. (3.3)
The singlet fermion is then a potential, WIMP-like, DM candidate, mediated by the singlet scalar
state S.

After expanding the scalar potential V(®, S) around the real neutral vacuum expectation
values (VEVSs) one obtains the physical doublet and singlet scalar fields:

‘(HE/\@)’ S =ug+s. (3.4)

For the values of the VEVs we have chosen V (®, S) such that v ~ 174 GeV and vg = 0.1 In order to
assure that the potential is bounded from below the conditions Agg > 0, Agg > 0, Aga > —24/A40M04
over the quartic terms have to be imposed [186].

The presence of the Ag; term in Eq. (3.2) gives rise to the mixing of the the two scalars ¢
and s. The mass eigenstates are given by

(h)=( o e (2), 55

!Note that, in a generic potential, S can be shifted to fulfill this condition.
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where the mixing angle o and the mass eigenvalues read

V2
202 — Ao (36)
mis = (20 + Aoz £ /20 + (Ao — dae)?) v

)

tan2a =

The stability of the vacuum is achieved by requiring Agp2 > 0 and 4 y9Np2 > )\%1. These parameters,
(A0, o2, A21), are expressed in terms of the physical ones a, my, mp, and v by use of Eq. (3.6)
as follows:

m,% sin o + m%l cos? a
)\40 - )

Su?
2 2 2 2
m; CcoS” a + m4y SIn“ «
Aoz = —n 12 a ; (3.7)
v
2 2\ o
V— (m¥ —m;,) sin 2a

2v/202

The cubic and quartic interactions involving the mass eigenstates h, H can be given as functions of
the physical parameters appearing in Eq. (3.6) and the three remaining couplings (A22, Ao3, Ao4)-
This is in contrast with the SM (or in the extended complex Higgs singlet model), where the
full potential can be reconstructed from the mass (matrix) and the VEVs of the field(s). In what
follows, we will assume that h, the lighter Higgs, is the SM-like Higgs discovered at the LHC having
myp, ~ 125 GeV and its couplings approach the SM ones in the cos o /&~ 1 limit. Thus, we will assume
that H, the heavier Higgs, is the singlet-like one.

3.1. Constraints on myg and sin «

If the Higgs couplings deviate from their SM values these deviations are constrained by the
LHC Higgs data and by the electroweak precision observables (EWPO). We first concentrate on
the latter. Within the SM, the Higgs boson contributes to the gauge bosons self-energies involved
in the EWPO by mean of loop corrections that depend on the values of the couplings and the Higgs
mass. In the singlet-extended Higgs model, the one loop self-energies will be given by the sum of
two SM-like Higgs contributions of both states evaluated at Higgs masses, mp and my, rescaled by
cos? o and sin? a respectively [170] as it is illustrated in Fig. 3.2. This property can also be applied
to non-universal diagrams (e.g., vertex corrections) involving the Higgses and it is transmitted to
the EWPO in the limit where higher order terms, O(sin? ), are neglected. For that reason we
evaluated predictions for the for the Z-peak observables [187] and my, 'y [188], as a function
of my and sin? a. For this purpose we have made use of the program ZFITTER [189-196] that
provides different observables listed in Table 3.1. The results are presented in Figure 3.2, where
90% and 95% C.L. allowed regions in the my —sin? a plane are shown. The structure of these lines
can be understood by noting that at my = my the contour line is a vertical one since its value
does not depend on the mixing angle. On the other hand, for large my values, the mixing angle
must be small enough to compensate the non-decoupling Higgs contributions to the EWPO.
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‘ Observable Data Observable Data ‘

my 80.385 + 0.015 sin? 0% 0.2324 + 0.0012
T'w 2.085 & 0.042 A, 0.670 + 0.027

Iy 2.4952 + 0.0023 A 0.923 + 0.020

o0 4 41.540 + 0.037 A 0.0707 + 0.0035
RY 20.767 + 0.025 ALY 0.0992 + 0.0016
A% 0.0171 4 0.0010 RO 0.1721 =+ 0.0030
A, 0.1499 + 0.0018 RY 0.21629 + 0.00066

Table 3.1: Electroweak data taken from Ref. [10] used in the fit of the EWPO.

Figure 3.1: Pictorical view of the Higgs corrections to the gauge boson self energies. The contributions of the
Higgses is interpreted as the sum of both diagrams where each of them is weighted with the respective reducing
coupling and the Higgs mass.

It is also common to use the oblique parameters (S, T', U) instead of analyzing the complete
set of observables. We expect that in the region where mg < 200 GeV both methods should give a
similar y? value. However, for larger my values, the gaussian approximation to the x2 that is used
to fit (S, T, U) and the estimation of their errors starts to break down.? This can be explicitly
checked by evaluating x? as a function of my, using the whole Z-peak data or the oblique parameters
(S, T,U).

Let us now consider the impact of the LHC Higgs data. As it was already mentioned before,
the reduction of the Higgs couplings to SM fields due to the mixing translates into a common
reduction of the Higgs signal-strength modifier in all channels. By applying the narrow-width
approximation, one can see that this factor is given by cos? . Using Eq. (1.4), it is straightforward
to derive a bound on the mixing, namely, sin? a < 0.076 (0.128) at 90% (95%) C.L. for the 8 TeV
Run. One can also consider the constraints coming from the 13 TeV data (Eq. (1.5)) and combine
both results (Eq. (1.6)) that provide a constraint in the mixing angle sin? o < 0.060 (0.100) at 90%
(95%) C.L. The LHC bounds can be combined with the ones derived from the EWPO giving as a
result the limits presented in Figure 3.3. The combined results using the 8 TeV data are depicted
with full lines while the ones using the 8 TeV and 13 TeV data are represented by means of dashed
lines. Given the fact that the LHC constraints are flat in the mpy direction they push down the
EWPO bounds for low masses as it can be seen comparing Figure 3.2 with Figure 3.3. We can
compare how the bounds change when the 13 TeV data are included. From Figure 3.3 it is clear
that the constraints on the mixing angle coming from the combination of both LHC runs are more
stringent. Although the 13 TeV data favours a larger mixing angle, the combination reduces the

2This is shown in Ref. [57], where a detailed calculation of Ar and mw in the singlet-extended model is presented.
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Figure 3.2: Constraints in the my — sin” a derived from the full set of EWPO at the Z-peak.

total error, this effect is the responsible for reducing the allowed values for the mixing angle. As we
discussed above the LHC data tend to flat the constraints and this effect is stronger for low masses.

After dealing with the indirect bounds® on the mixing for a given mpy value, we briefly
comment on the direct ones, derived from heavy Higgs boson searches. Note that, as a consequence
of the mixing, the production and decay modes of the singlet-like Higgs H will be the same as those
of the SM-like Higgs. However, as it has different mass, the branching ratios of the decay channels
will be different. We can re-interpret ATLAS and CMS analyses for heavy Higgs searches to derive
bounds on my and sin? a. The ATLAS collaboration has presented two searches for the heavy Higgs
boson. The first one uses the H — WW — {vlv [198] decay mode and the bound corresponds to
an integrated luminosity of 21 fb=! at /s = 8 TeV. The second one uses the H — ZZ decay [199].
The CMS collaboration has reported two analyses on heavy Higgs searches using the H — ZZ
decay channels. The first one corresponds to an integrated luminosity of 19.6 fb~! at /s = 8 TeV
and considers the £T¢~¢q final state [200]. The second one considers final states where both Z’s
decay into charged leptons, and corresponds to an integrated luminosity of 5.1 fb~! at /s = 7
TeV and 19.6 tb~! at \/s = 8 TeV [201]. The CMS collaboration has also performed an analysis

3There are other constraints that can be derived by imposing perturbative unitarity of scattering amplitudes for
longitudinal W bosons [177,197]. We will ignore them since they are weaker than the other bounds [47].
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Figure 3.3: Constraints in the my —sin® a plane derived from the full set of EWPO at the Z-peak combined with the
LHC Higgs coupling data. The constraint from the 8 TeV data is represented as full lines while the one coming from
the combination of 8 TeV and 13 TeV is depicted as dashed lines. We have also drawn the two benchmark points
whose LHC implications are analyzed in detail in Section 3.3.

using the channel H — WW — {vlv, obtained for the configurations of /s = 7 TeV with an
integrated luminosity of 4.9 fb~! and /s = 8 TeV with 19.5 fb=! [202]. The results are shown in
Figure 3.4, where we have assumed that H has the same branching ratios as those a SM Higgs
would have for the same masses. This is certainly a good approximation if the H — hh decay
process is not kinematically allowed, or BR(H — hh) < 1. On the other hand, if BR(H — hh) is
substantially large, these bounds have to be rescaled as indicated in the figure, and eventually will
become irrelevant in the BR(H — hh) ~ 1 limit. In this case, the double-Higgs production process
will be the main signature of the model at the LHC and deserves a detailed study.
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Figure 3.4: Constraints in the my — sin? a plane derived by ATLAS and CMS from SM-like heavy Higgs searches
assuming the heavy Higgs decays as the SM one. For non-zero BR(H — hh) values, the vertical axis would read
sin?a/(1 — BR(H — hh)).

3.2. Dark Matter with a scalar mediator

Given that the new scalar is unstable, it does not solve the dark matter problem. Nevertheless,
it can play a relevant role by providing a portal to DM. In this Section we explore this possibility.
The DM mass and its coupling to the new scalar will be restricted by requiring a DM relic density
in agreement with the experimental value. We analyse the compatibility between this condition
and the requirement of a sizable H — hh branching ratio, as assumed in the previous section.

We will consider an extra singlet neutral Dirac fermion, ¢ presented above and given by
Eq. (3.3). The singlet fermion is stable due to the Zs parity and is then a potential, WIMP-like,
DM candidate. We will now explore the possibilities of this candidate to fulfil the requirements
given by the relic density and direct detection experiments. In order to illustrate this we will focus
on two benchmark points described by

1. myg = 400 GeV, sin® o = 0.06,

2. my = 260 GeV, sin® a = 0.09.
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Both points are allowed by EWPO and LHC constraints* as can be seen in Fig. 3.3 where they are
depicted as grey points.”

Relic density

We have implemented the model in CALCHEP [203] and used the MICROMEGAS 2.4 pack-
age [204] to evaluate the DM relic density for the two benchmark points studied in the previous
section. The results are displayed in Figure 3.5, where we show the DM relic density as a function
of the WIMP mass, my, for different values of Ay. The light red region corresponds to Ay values
varying from 0.001 to 1. The black solid line represents the relic density for Ay, = 0.1. The blue
band is bounded by the allowed experimental relic density value given by Planck [118]:

0.1134 < Qh? < 0.1258 (95% C.L) (3.8)

Note that the correct relic density can be achieved in two regions. The first one is characterized by
a DM mass close to my /2, providing an enhancement of the DM annihilation cross section due to
the resonance effect. When kinematically allowed, the Higgs decay into a i pair becomes dominant.
As the LHC constrains the Higgs invisible width, which is mainly given by

. 2 2 3/2
D(h = ) = Pusinal’ (1 - 47%) , (3.9)

167 m%

this small m,, window gets reduced (~ 1 GeV).

There is a much wider parameter region where the enough amount of DM annihilation can
be triggered by the heavy Higgs. Around and above the region of the heavy Higgs resonance,
i.e.2my, 2 mp, the other annihilation channels such as Y1) — hH and 1) — HH are open, thus
making the DM annihilation sufficient to attain the correct relic density. For 2m, < mpy, the
H — ) decay process will contribute to the decay width of the heavy Higgs boson, reducing the
BR(H — hh) ratio and thus decreasing the resonant double Higgs production. This could affect
the possibilities of finding this signal by reducing the statistical significance. However, in the region
where 2my, > mpy the results would remain unaffected. For this reason we should incorporate the
constraints from the direct detection experiments in order to know which DM regions are favoured.
A similar study was done in Ref. [205], that agrees with our analysis.

Direct Detection

Direct detection experiments search for DM by means of its elastic scattering off nuclei. In
the absence of a positive signal, present search results translate into bounds on the WIMP-nuclei
cross section for a given WIMP mass. As the elastic scattering is produced at low momentum we

4The benchmark point with myg = 260 GeV is in a bit tension with the combination of 8 TeV and 13 TeV data.
5These two benchmark points are chosen within a range that is suitable for the double Higgs production detection
as it will be shown in the next Section 3.3.
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Figure 3.5: DM relic density as a function of the WIMP mass, m,, for different values of A,,. See the text for detailed
description.

can write the interaction as an effective operator. In our case, it is induced by ¢-channel exchange
of the Higgses and is given by:

Lo D g VpGigs, (3.10)
with [45]
:{Z _ Ay COSUQ sin a <7i}21 B mlﬂ) ? (3.11)
The spin-independent elastic scattering cross section can be written as®
5L m e (3.12)

O Ty mg 27

where m,, is the proton mass and f), is defined as

Ip p Qg 2 oy,
- = o — . 3.13
my, Z qu?" Mg, + 27fTG Z m ( )

ql‘:’U/,d,S qi:vavt i

where the quantities fr,, represent the contributions of the light quarks to the mass of the proton.
The full expressions for the spin-independent cross section can be found in Refs. [45,48]. In Fig-
ure 3.6 the normalized spin-independent cross section is plotted as a function of the DM candidate
mass for the two benchmark points. This normalized cross section, 503}1\,, is the product of the

spin-independent cross section and the factor ¢ defined as ¢ = min{1, ,,4%/0.1226}. This factor

5See, for example, Ref. [131]
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Figure 3.6: Spin independent cross section as function of the DM mass for the two different scenarios with mpg =
260 GeV (left) and mpy = 400 GeV (right). The red line represents the bounds from LUX [206] while the black
dashed line corresponds to the future prospects of XENON1T [127].

accounts for situations where v provides only a fraction of the total amount of dark matter. In
Figure 3.6 a scan over the mass and the )\, parameters has been done. Only the points with a
relic density equal or less than that from Planck, Eq. (3.8) are showed. The bounds imposed by
LUX [206] are included as well as future prospect from XENON 1T [127].

For the light DM candidate it is difficult to have the correct relic density and avoid the bound
imposed by LUX at the same time. These conditions are compatible in a small region close to half
of the mass of the Higgses, so a resonant peak is present. However, this means that the decays
h — 1) and H — 1) are dominant, so the model could be excluded by the LHC or would spoil
the results obtained in the collider analysis. Nevertheless, we can find a region with relatively high
masses of the DM candidate that fulfills both relic density and spin-independent cross section and
is placed above the resonance produced by the heavy Higgs. In fact, the allowed area is induced
by the opening of the ) — HH annihilation channel, making the cross section more effective.

This analysis implies that there exists a region where DM requirements are fulfilled and is
located above the heavy Higgs boson mass. Moreover the forthcoming direct detection experiment
such as XENONIT are predicted to be more sensitive so a large amount of the parameter space of
this model, leading to the possibility of probing it.
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3.3. Double Higgs Production in the H — hh — WWbb channel

As we have seen above, the singlet extended SM can account for the DM problem by adding a
singlet Dirac fermion to its Lagrangian. This DM candidate is in agreement with the measurements
of the relic density of DM in the Universe and with the no observation of DM in direct detection
experiments. Once these requirements are fulfilled we focus on the collider consequences of such a
model.

The resonant double Higgs production is a distinct feature of the model we are dealing with.
In this section we study this process in the forthcoming LHC run at 14 TeV. Since the Higgs
production cross-section o(H) scales as sin? a and there is a bound on the allowed mixing for a
given my, we can obtain the maximal value of o(H) as a function mg. This is shown in Figure 3.7,
where the 95% C.L. limit on sin? o has been used.

Constraints from EWPO + LHC
T

~ H-hh-bbbb

Hohhobb WHW-

0.1- |
)
2
b
0.01+ |
0.001+ |

200 300 400 500 600
my (GeV)

Figure 3.7: Cross-section of the double Higgs production mediated by the heavy Higgs boson evaluated at the
maximal mixing angle. The black line shows the total cross section for this process while different final state cross
sections are presented in colours.

In order to check the signal significance at the LHC, which will be resumed with the upgraded
center-of-mass energy along the year 2015, we perform a Monte Carlo (MC) study by choosing two
benchmark points. For the H — hh decay process, the largest portion of signal events will consist
of the four-b-jet final state as studied in Refs. [60,61]. However, the multi-jet signature is generically
vulnerable to the huge QCD backgrounds and the poor reconstruction efficiency. One can attempt
to increase the purity of signal events by imposing a tight b-tagging condition, but then it would
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result in a big sacrifice of the signal statistics. The ATLAS and CMS collaborations have performed
searches for resonant double-Higgs production in the bbbb final state [207,208]. It was shown that
in order to be effective in this channel the mass of the new resonance should be greater than 500
GeV to ensure two highly boosted, back-to-back bb di-jet systems [60]. For smaller masses, the
product of the acceptance and the efficiency of the search decreases, thus making difficult to use
this channel.

The subleading decay process is bbW W ~, followed by fully-hadronic, semi-leptonic, and
di-leptonic modes. This search channel, as it will be shown below, can be efficient in the 260 —
500 GeV range for the heavy Higgs mass.” Among them, the final states containing the lepton are
more suitable for the search since the fully-hadronic states are liable to be in trouble due to the
similar reason as in the four-b-jet signal. In leptonic signal events the missing energy originated
from the neutrino prevents the direct reconstruction of the Higgs resonances. Still, provided that
the light Higgs boson mass my, is accurately known, one can obtain the neutrino four-momenta up
to a two-fold ambiguity by using on-shell mass relations, as well as the missing energy condition in
the case of the semi-leptonic channel:

N 2
(»")* =0, (p” +p 7+ pf ) =mj,, Pt =P (3.14)

where p., is the missing transverse momenta measured in the event, and ¢ and q are jets from
the hadronically-decaying W boson. On the other hand, the on-shell relations are not enough to
constrain the neutrino momenta in the case of the di-leptonic channel, even though it provides
a cleaner signal than that of the semi-leptonic one. Here we examine the discovery potential of
the di-leptonic decay mode, which appears to be more challengeable due to the missing neutrinos,
although it is less vulnerable to uncertainties regarding the jet reconstruction, by using various
kinematic variables and an approximate reconstruction scheme. We will show the practicability
and the limitation of the search strategy in the two different scenarios used before for the DM
phenomenology that are characterized by

1. myg = 400 GeV, sin® o = 0.06,
2. myg = 260 GeV, sin®a = 0.09,

assuming BR(H — hh) = 1 for both benchmark points.®

The production cross-section is o(gg — H) x BR(H — hh) = 0(gg9 — ¢) x sin®?a ~ 0.7 (1.2)
pb for my = 400 (260) GeV in the 14-TeV LHC regime. Here, ¢ is the Higgs-like scalar. o(gg — ¢)
has been obtained from the Higgs Cross Section Working Group in Ref. [211] assuming that the
couplings of ¢ are SM-like. The search channel of interest is

H — hh — bbWTW ™ = b(p")b(p") + (") (") + BEr (L =e, p), (3.15)

"The complementary channel to the one presented here is the bby~y [209,210]. The small branching ratio of the
SM Higgs decaying into two photons makes this channel challenging (see, however Refs. [62—-64]).

8We stress that the results obtained here can be readily reinterpreted for the scenario with different BR(H — hh)
values.
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where the source of the missing energy are the neutrinos produced by the leptonically-decaying W
bosons. For the numerical simulation, we have generated the MC events using PYTHIA 8 [212],
interfacing with the CT10 parton distribution functions [213] for a proton-proton collision at /s =
14 TeV. The parton showering and the hadronization have been performed by PyTHIA 8. Then, the
hadron-level data has been processed with the fast detector-simulation program DELPHES 3 [214],
which reconstructs the final-state objects such as jets, isolated leptons, and the missing energy with
the inclusion of detector resolution effects and tagging/fake rates. The input parameters have been
adjusted for the ATLAS detector in DELPHES. FASTJET 3 [215] is employed to reconstruct jets.
In our simulation, the anti-k; jet algorithm [216] with distance parameter of 0.5 is chosen for the
jet reconstruction. It is known that the tagging efficiency for the b-jet depends on the transverse
momentum prt and the pseudorapidity n of the jet object. Recent ATLAS and CMS analyses on
the b-jet identification for the experimental data indicate that the efficiency can be as large as ~ 60
— 80% [217]. For the sake of a simple analysis, we assume a flat b-tagging efficiency of 70% for
pr > 30 GeV and |n| < 2.5. The mis-tagging efficiency is set to be 10% for the c-jet and 1% for
the light flavor as well as the gluon jet. Isolated electrons (muons) are required to have py > 13
(10) GeV within |n| < 2.4. In order to remove fake leptons coming from the decays of hadrons,

we discard the leptons lying within the angular separation ARy = ,/Aqb%j + Anlgj < 0.4 from a

jet with pt > 25 GeV. Since the tau reconstruction efficiency is relatively poor, we reject events
containing the tau-jet with pp > 10 GeV. The missing transverse momentum p,, is defined as the
opposite of the vector sum of all the visible particles’ transverse momenta.

Having the same final states as the signal, the di-leptonic ¢t process is the main background.
The subleading backgrounds include Drell-Yan (DY), di-boson, and the SM Higgs processes that
lead to the leptonic final states and the b-jets. In addition, we consider the rare SM Higgs processes,
including double-Higgs production via the gluon-gluon fusion (GGF), single-Higgs production via
the vector-boson fusion (VBF), and Higgs boson production in association with a weak vector boson
or a top-pair, i.e., hWW/Z and htt. The SM double-Higgs events have been generated by a modified
PyTHIA 6 program [218] in which the matrix element calculated with HPAIR [219] is implemented,
while the other processes have been generated by PYTHIA 8. We use the production cross section for
the SM double-Higgs process obtained by HPAIR, which can calculate up to next-to-leading order.
The tt production cross section is calculated with ToP++ 1.4 [220] at next-to-next-leading order,
and the Higgs production cross sections, except that of the double-Higgs process, are obtained
from Ref. [211]. For the DY and the di-boson processes, we use the leading-order cross sections
calculated with PYTHIA 8 since most of them can contribute to the background by faking b-jets
and can be readily removed by event selection cuts, as will be discussed shortly. In Table 3.2, we
show the cross-section values used in this study.

Before going further into the analysis, let us introduce one of the main kinematic variables
and the reconstruction scheme adopted to obtain the approximate values of the invisible neutrino
momenta. The situation with more than one invisible particle in a collider event is common in
many extensions of the SM providing a viable DM candidate. One of the most studied collider
variables to search for such a new physics signature is Mo, which is a generalized transverse mass
particularly known to be useful for the pair-production processes of new particles that eventually
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Process Cross section
H — hh (mg = 400 GeV) 0.66
H — hh (mpg = 260 GeV) 1.18
tt 844.43
GGF h 50.35
VBF h 4.17
hMV/Z 2.39
htt 0.61
hh 0.033
DY 91130.0
Di-boson 121.0

Table 3.2: Production cross sections in pb for the signal and background processes at the 14 TeV proton-proton
collision. We set m; = 173.5 GeV and m;, = 125 GeV.

decay into the invisible particles [221,222]. Suppose that the decay topology is like
pp—=Y +Y +U = V(p)x(k) +V(g)x(l) + U(u), (3.16)

where Y is a heavy unstable particle, V is a set of detectable particles such as jets or charged
leptons, and x is the invisible particle. Here, U denotes a set of particles that do not participate
in the decay process of Y, like initial or final state radiations. For the new physics signature with
the decay topology Eq. (3.16), the invisible momenta k and [, as well as the particle masses my
and m,, are unknown, while only the sum of their transverse components can be inferred from the
deficit of total transverse momentum in the collider event, i.e., the missing transverse momentum.
Then, My is defined as

Mry = kallTing [max {Mq(}), Mq(ﬂz)H , (3.17)

where Mél ) (1 =1, 2) are transverse masses for the decay chains,

2
(VY7 = 2 (el i+ e ).

2
(M}Q)) = mZ +m? +2 <\/!qT\2 + m%\/\lTP +my —dr - 1T> : (3.18)

Here, kr, lt, and m, are input parameters. In practice, the transverse momenta of invisible
particles are uniquely determined by the minimization, whereas the invisible particle mass m, is a
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Figure 3.8: (Left panel) Difference between the MAOS momentum and the true neutrino momentum for mpg = 400
GeV Ap”/|p”| = (p2a°s — pirue) /|piree|. (Right panel) Normalized m;*°% distributions for my = 260 and 400
GeV and the t£ backgrounds using parton-level data.

constant that must be put by hand before the minimization. Once the correct m, value is chosen,
the endpoint position of the Mo distribution points to the parent particle mass,

MTQ(mX = m;rue) S my. (3.19)
The situation becomes simpler when the invisible particle mass is already known as in the case of
SM processes, where the neutrino is the only particle escaping detection and can be safely assumed
to be massless for reconstruction purposes.? Another notable feature of the My variable is that
it comes in handy even when one or both parent particles are off-shell. This has been used to
measure the SM Higgs boson mass in the di-leptonic WW®*) channel [227,228]. In the case when
my, < 2myy, at least one of the W bosons should be produced off-shell. Then, the maximal value
of Mrs is not my, but ~ mp/2. This can be deduced by considering some special kinematic
configurations, as derived in the Appendix of Ref. [3].

As mentioned above, the di-leptonic system cannot be solved by on-shell mass relations even
if Higgs boson masses are known. However, there is an approximation scheme to solve the unknown
neutrino momenta with the help of Mrs. When the minimization has been finalized to obtain the
Mrs value, a unique solution for the transverse momentum configuration is picked up. One may
attempt to see the correlation between these hypothetical momentum components and the true

9The application of Mo to the SM process was firstly proposed in Ref. [223] for measuring the top quark mass in
the di-leptonic ¢t process. It is later employed and checked its efficiency in the real experimental analyses measuring
the top quark mass at both Tevatron and the LHC [224-226].
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ones. For a subset of events whose Mra values are close to Mps™, it can be shown that the Mo
solution of the transverse momenta are very close or equal to the true momenta. This can be
justified by the fact that the Mo solution is unique while preserving kinematic constraints,'? and
the endpoint of the transverse mass corresponds to the invariant mass of the decaying system,
i.e., the parent particle mass. Then, by adopting the Mry solution of the invisible transverse
momenta in conjunction with known on-shell mass relations, one can calculate the longitudinal and
energy components of the invisible four-momenta. This is so-called Mro-assisted on-shell (MAOS)
approximation scheme [230]. One drawback of this scheme is that it cannot be applied if any of the
parent particles are off-shell. However, it has been claimed that one can circumvent the on-shell
mass problem by plugging the transverse mass for the decay chain instead of the invariant mass
into the on-shell mass relation [227,228,231]. This means that the on-shell mass relations now
become

(p + k™20%)2 = (Mé”f, (q+I™20%)? = (Mf))z. (3.20)

This modified scheme guarantees that there is always a real solution for the invisible momenta since
the transverse mass is bounded from above by the invariant mass, and it maintains the property
that the MAOS momentum is equal to the true momentum for the endpoint events of Mrs, see
the left panel of Figure 3.8, where the efficiency of approximation to the invisible momenta in the
modified scheme is shown. Since the light Higgs boson mass here is set at 125 GeV < 2myy, one or
both W bosons produced by the Higgs boson are always off-shell. In this situation, the modified
MAOS scheme Eq. (3.20) can be applied. Once the MAOS momentum has been obtained, one can
construct the invariant mass of the total system, which corresponds to the heavy singlet-like Higgs
boson mass, given by

- 2

(mgaos)2 = (pb +pb +pZ + q€ 4 fmaos 4 lmaos) ~ m%{ (321)
Strictly speaking, the equality holds only when k™3°8 = ki€ and [™a°s = [%U¢  The right panel of
Figure 3.8 shows m;**® distributions for the heavy Higgs signal and the SM double-Higgs as well
as tt backgrounds using the parton-level MC event samples. One can see that the peak position

of the signal distribution clearly matches the myg value, while broad distributions are exhibited in
the non-resonant background process.

Armed with these tools, we now discuss our analysis to search for the heavy Higgs signal.
After reconstructing the final-state objects, we select events that passed the basic cuts, given as
follows.

= At least two isolated, opposite-sign leptons including the electron or the muon, i.e., eTeT,
pt T, and e*u¥. We further require that one of them must have pr > 20 GeV,

= At least two b-tagged jets with pp > 30 GeV,

10 The Méi) (¢ =1, 2) functions are ellipses in the phase space and the M2 value is determined by their intersecting
point in the balanced configuration. This feature can be used to seek the Mr2 value by using a sophisticated algorithm
proposed in Ref. [229].
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= Missing energy fp > 20 GeV,

= For the opposite-sign same-flavor leptons, the event is rejected if my+,- < 12 GeV to avoid
the leptons produced by decays of the hadrons. The Z-veto condition, which discards events
containing |[my+,— — myz| < 15 GeV, is also imposed.

We note that all the cut values have been chosen to optimize the signal significance. In the signal
events, all the leptons are produced in the h — WW™ decay process. In this case, it is known
that the spin correlations of the decay mode make the charged leptons collinear. This feature
can be used to further reduce the leptonic backgrounds. We use two angular cuts: the azimuthal
angular difference |Agg| < 1.32 (1.57) and ARy = /(Adw)? + (Ang)? < 1.34 (1.58) for the
Higgs signal with my = 400 (260) GeV. The upper frames in Figure 3.9 show a clear separation
between the signal and the ¢ background, particularly when mpg = 400 GeV. This is because the
leptons can be much more boosted in the heavy Higgs events than in the light Higgs ones. The
collinearity of leptons is also encoded in the other cut variables, the sum of the transverse momenta
P = |p% +df| and the di-lepton invariant mass myg,. In the case when my = 260 GeV, the leptons
are less energetic so that peTE is relatively soft; see the lower frames in Figure 3.9. We require that
P > 42 (25) GeV and my < 60 (47) GeV for the mpy = 400 (260) GeV scenarios. The my, cut
can also remove the Z — 7177 events in which the tau leptons decay leptonically.

In addition to the basic selection and the leptonic cuts, one can impose cuts on the b-jets. Re-
cently, a boosted Higgs technique has been developed for processes like pp — hV (V =W, Z) [232]
or pp — hh [233], followed by h — bb. In the situation where the Higgs boson is substantially
boosted, the jets produced by the Higgs boson can often be considered as one fat jet, whose mass
is around my,. For very high p}TL > my,, ARy, = \/(A¢bb)2 + (Anmpp)? can be estimated to be

2
ARy = 0, (3.22)

br

If the fat Higgs jet condition could be applied, the backgrounds, in particular the tf events, would
be reduced very efficiently since the b-jets in the background can have a relatively large angular
separation. In the Higgs signal, pﬁf can be as large as

2

n MH dmy
pp=—1/1— —% ~ 156 GeV. (3.23)

2 m%{

so ARy, ~ 1.6 for my = 400 GeV in the rest frame of the heavy Higgs boson. The left panel in
the upper frames of Figure 3.10 justifies this estimation. Normally, the fat Higgs jet is required
to have ARy, ~ 1.2 — 1.5 or pﬁf 2 200 GeV. Provided that the heavy Higgs boson is produced at
near-threshold energy, the transverse momentum of the light Higgs has an upper bound as given
in Eq. (3.23). Therefore, we expect that the boosted Higgs technique will be applicable in the case
of much heavier Higgs boson with myg = 490 GeV.

In our benchmark points, it is inevitable to use the conventional kinematic cuts. Although
the angular separations of the b-jets are rather sizable, they are still smaller than the backgrounds
when mp = 400 GeV, while the cut can be applied in the opposite way when mpy = 260 GeV. This
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Figure 3.9: Detector-level distributions of the kinematic variables for the two charged leptons. The upper frames
are (Left panel) the azimuthal angular separations and (Right panel) the A R,; when applying the azimuthal angular
cut has been imposed. The lower frames are (Left panel) the sum of transverse momenta p!}‘ and (Right panel)
the invariant mass myy distributions. Basic selection cuts are applied and all the distributions are normalized for an
illustration.

can be easily deduced from Eq. (3.22), which predicts that the angular separation can be very large
for the smaller p}% value. On the other hand, the right panel in the upper frames of Figure 3.10
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Figure 3.10: Detector-level distributions of the kinematic variables for the two b-tagged jets. The upper frames are
(Left panel) ARy, and (Right panel) the transverse momentum p4’. The lower frames are (Left panel) the di-b-jet
invariant mass and (Right panel) the azimuthal angular separation between bb and ¢*¢~ systems. Basic selection
cuts are applied and all the distributions are normalized for an illustration.

shows that the mpy = 400 GeV signal events presents much larger values of the total transverse
momentum that the my = 260 GeV one for the bb system. We select events with ARy, < 2.25 and
prb > 105 GeV for myg = 400 GeV, while ARy, > 2.56 without imposing any p,brb cut for mpy = 260

52



Chapter 3. Scalar Portal: Singlet Extension of the SM

GeV signal events. Since the my, value is already known, one can further impose a cut on the di-b-
jet invariant mass to ensure that the b-jets are originated from the light Higgs boson. One can see
that the invariant mass distributions have clear peaks around my = 125 GeV, for both benchmark
points, in the left panel in the lower frames of Figure 3.10. The invariant mass is required to lie
within 115 (94) GeV < myy, < 146 (135) GeV for my = 400 (260) GeV signal.

In the case when the heavy Higgs boson is produced near threshold, the light Higgs boson
pair will be almost in a back-to-back configuration. Then, it is likely that the direction of the
bb system will be well separated from that of the £/~ system. This feature can be seen in the
right panel in the lower frames of Figure 3.10, where the distributions for the absolute value of
Adpy, 00 = cos_l(f)¥’ . f)gfe), where pt = pr/pr, are shown. We take events with |A¢pp, ¢¢| > 1.92 for
the mpy = 400 GeV signal. This cut is not applicable to the my = 260 GeV signal, as the angular
separation can be relatively small due to the small boost of each Higgs decay chain.

We now turn to the Mo cuts. For the 2b + 2¢ + F final state, one can construct two kinds
of Mg according to the definition for the visible + invisible system, that is, either 2¢ 4+ Fr, which
contains only leptons, or 2b + 2¢ + J, which contains b-jets as well as leptons when forming the
visible particle system. We emphasize that Mro is known to be applicable to systems that can be
divided into two groups of visible particles, like processes depicted in the decay topology Eq. (3.16)
with a pair production of heavy particles, followed by two separate decay chains. The 2¢ + Frp
system in the signal decay topology Eq. (3.15) can be regarded as a process of this type. In what
follows, the Mty calculated for the 2¢ + F1 system is expressed as M% to distinguish it from the
other kind of Mrg. As is derived in the Appendix of Ref. [3] for some kinematic configurations
the M% distribution is bounded from above by my,/2 < my, whereas it has a maximum at myy
in the di-leptonic ¢t process, since both W bosons are in on-shell. The M% distributions in the
left panel of Figure 3.11 clearly show the endpoint structure. Another notable feature is that there
are a number of events which have vanishing M%g for both signal and background distributions.
They correspond to a trivial zero of M4 in the fully massless case, i.e., my = m, = 0 [234]. This
happens when the missing transverse momentum p,. lies on the smaller sector of the transverse
plane spanned by the visible momentum vectors pf} and qfr. In this case, the M% value is taken
for a momentum partition where both transverse masses in Eqgs. (3.18) are vanishing. However,
the fraction of events with the trivial zero of the M% can be different depending on the preferred
momentum configuration of the process. Due to the spin correlation and the boost, the opening
angle of the charged leptons in the Higgs signal event is smaller than that in the di-leptonic tt
events, as can be seen in the upper frames of Figure 3.9. This means that there are more chances
to have the trivial zero of M{% in the tt events than in the Higgs signal. Therefore, the lower cut,
as well as the upper one, can help reduce the backgrounds further. This lower cut on the M%ZQ also
increases the accuracy of the MAOS momenta, which will be used in the subsequent analysis. We
impose the M% cut as 25 GeV < M% < 60 GeV for the my = 260 GeV signal. In the case when
myg = 400 GeV, the missing transverse momentum vector can lie inside of the opening angle of the
di-lepton system when the light Higgs is fairly boosted. Therefore, we do not apply the lower cut,
so only the upper cut M% < 60 GeV is imposed for the my = 400 GeV signal.

Once M% has been calculated, one can construct the invariant mass of the 2¢ + Fp system
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Figure 3.11: The upper frames are detector-level M- distributions for (Left panel) the 2¢ + F and (Right panel)
2b+ 20 + Er systems. The lower frame are (Left panel) m;'*°® and (Right panel) M%f distributions for detector-level
signals and backgrounds. Basic selection cuts are applied and all the distributions are normalized for an illustration.

by using the MAOS momentum of the invisible particle, given by
maos\2 — [, £ 4 maos maos 2
(mp=) = (p +¢ +k +1 , (3.24)
which equals to mj;, when k™8%5 = k¥ue gnd [macs — [Tue Tt j5 shown in the lower-left panel of
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Figure 3.11. One can further employ the transverse mass of the leptonic system, ignoring the
unknown my, value and the longitudinal momentum components of neutrinos,

(M%f) = m}, + 2 <,/yp€ff|2 +m2|p| — P - > (3.25)

which is bounded from above by my, [235]. Since both distributions have distinguishable peak and
edge structures as well as a strong correlation with my, we use them as cut variables demanding

miacs < 145 GeV and 30 GeV < M4 < 125 GeV for my = 400 GeV, and 60 GeV < mi"as < 136
GeV and 58 GeV < M < 126 GeV for mpg = 260 GeV signal events. We have not applied the
lower cut on mj'**® for my = 400 GeV since the distribution is relatively distorted due to the
trivial zero solutions described above.

After counting two b-jets as well as the charged leptons among the set of visible particle
system, i.e., V = bf, one can define another kind of M9 variable, denoted as M%%M A1 Recall that
M9 aims at the physics of processes describable by the decay topology Eq. (3.16). The Higgs signal
has a different decay topology since the invisible particle system is disjointed from the bb system.
On the other hand, it is well known that the di-leptonic tf process is one of the SM processes where
the Mo variable is applicable since the decay topology is exactly the same as Eq. (3.16), and the
M{’f’ZM distribution is strictly bounded from above by m;. Therefore, one can still attempt to employ
Mrlfb?” to reduce the tt backgrounds if the edge structure of the signal distribution has a certain
amount of deviation from m;. The M!f%” distributions for both, signal and tt, are shown in the
right panel of Figure 3.11.

Before going further, let us briefly summarize the types of the Mrs solutions for the invisible
momenta. The hypothetical invisible momentum configuration that gives the Mry value can be
classified in two types. One is a balanced Conﬁguration, in which M%l) = Mg) is realized, and

the other is an unbalanced one, in which M 7& M [222]. In each collider event, only one type
of the momentum configuration provides the Mo Value, which can be deduced by the invariant
masses of the visible particle set in the event, my and my; in Egs. (3.18). One can easily find that a
stationary value of the transverse mass Mél)
Then,

is attained when k1 = m, pr /my and lp = Pr— k.

MY = my +my, (3.26)
which is called an unconstrained minimum of the transverse mass. Similarly, one can find the
stationary value of M%Q) = my; +m,. For each stationary point, the Mr(rl) value can be compared
to MéQ). In the case that

YA —my +my > MY , 3.27
T kr=mypr/my X T lr=p.—kr ( )

(1)

Mo is given by the unconstrained minimum of M+, i.e.,

Mo = my + My (3.28)

11 There is an ambiguity of how to pair one b-jet to one charged lepton because there can be two possible pairings
in each event. Here, we define M5 as the smaller one between two possible values of M5, This definition matches
the one used to measure the top quark mass using Mz in Ref. [223].
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This corresponds to the unbalanced configuration. On the other hand, if it is satisfied that

M) =my +my < M

)
kr=mypT/my lr=p.—kr

= my +my < Afg)
ly=myqr/my-

M (3.29)

)
kr ZprlT

then My is given by the balanced configuration in which Mél) = MF}Q). For a detailed discussion
of the momentum configuration types and their corresponding properties of Mro, see Refs. [222,
236—238|.

In the case of M%, the Mo value is always given by the balanced configuration since my =
m, = 0. On the other hand, because my, is not a constant but a variable, there exist sort of events
in which the unbalanced configuration is selected to provide the M%Z’QM value. In the di-leptonic tt

process,
mpe < \/mZ —mi, ~ 154 GeV (3.30)

when the b quark mass is neglected. Therefore, the unbalanced M%I’QM has a maximum value smaller
than m;, while the balanced Mt9 value can be as large as m;. This means that the overall M!be”
distribution is bounded from above by the maximum of the balanced Mffbga values. For the Higgs
signal, the situation is different. If one considers the case when the total transverse momentum
of the whole system is vanishing, or equivalently, the heavy Higgs has been produced at rest on
the transverse plane, one can find that the balanced M%I’QM value cannot exceed mg /2 by a similar
consideration as done in the Appendix of Ref. [3]. However, from Eq. (3.28), the unbalanced MY/

has an upper bound at mj;**, which can be expressed analytically as

4 2
miex = mumw 14+4/1— % ~ 229 GeV (3.31)
2my, myg

for myg = 400 GeV, while it is ~ 107 GeV for myg = 260 GeV. The maximum value in the
above equation is achieved when one of the hypothetical neutrino momenta chosen by the M!be”
calculation is parallel to the momentum direction of the charged lepton sharing the same parent
particle, while the other one is anti-parallel.'? The my, distributions for various mg values and the
Mffb?” distributions classified by the types of the M%Z’QM solutions are shown in Figure 3.12, using
the parton-level data for the sake of a numerical demonstration. This also means that the endpoint
of M%Z’QM, as well as the myy distributions for the Higgs signal events, will be smaller than m, if
myg < 330 GeV, and, in that case, the upper cut should be used instead of the lower one unless the
upper bound value is too close to m;. This observation may lead one to deduce that the efficiency
of the M%I’QM cut might be the similar as that of the my, cut. However, in our numerical study, the
MFIEZ’ZM cut turns out to perform slightly better than my,. This might be because Mffbfz incorporates
the effect of the missing momentum and its correlation with the visible momenta. We set the event

12We note that m}** for the Higgs signal is not a global maximum for all possible b/ pairings, but the maximum
for a pair which leads to the smaller value of M2%*.
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Figure 3.12: Parton-level distributions for (Left panel) m, when my = 260 and 400 GeV and (Right panel) M%”Q”
classified by the types of the invisible momentum configuration chosen by the Mo calculation. See the text for
detailed explanation. For a comparison, distributions for the di-leptonic tf process are shown.

selection cut value as MFZEZ’QM > 165 GeV for myg = 400 GeV and Mbm < 96 GeV for myg = 260
GeV signals.

When considering final-state particles all together, the simplest kinematic variables that one
can construct are the invariant mass of the total visible system, mpper, and the transverse mass of
the full system including the missing energy. Since the full visible + invisible system has a fixed
invariant mass, i.e., mg, the invariant mass of the visible system also has a dependency on my for
its maximal value. One can find that

2

2 4m
mbm < 2 1+4/1— m—Q ~ (377 GeV) (3.32)
H

for mg = 400 GeV, whereas there is no definite cut-off in the tf background since my; is a variable
of the event in the hadron collider, see the left panel of Figure 3.13. Since the lower bound is fixed
as my; = myp, = 125 GeV in the signal events, only the upper cut on mype, variable can be applied.
For the benchmark point with mgy = 400 (260) GeV, we set the cut as mype < 395 (200) GeV.
This cut becomes important in the case of a heavy Higgs with lower mass value, like in the case of
mp = 260 GeV, since it is capable of taking more stronger cut value. The other useful kinematic
variable is the transverse mass of the full system, defined as

(Mbba;) = Mgy + 2 < [P + myglpo| — PR pT) ) (3.33)
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Figure 3.13: Normalized distributions for (Left panel) mys, and (Right panel) M2 distributions for my = 260 and
400 GeV and the tt backgrounds using parton-level data.

where p%w = pr +p§F %—pfF + qf} is the total visible transverse momentum. Here, the unknown m,,,

is ignored. When all the visible particles are on the transverse plane and the neutrino momentum
vectors are collinear, so that the m,, is vanishing, the transverse mass is equivalent to the invariant
mass of the full system, i.e., my. This means that the transverse mass is bounded from above
by mp, as can be seen in the right panel of Figure 3.13. In the real situation, the endpoint of
the distribution is often smeared by the backgrounds and/or poor reconstruction efficiency of the
final-state objects. Still, since the peak position is near the endpoint, it can provide an lower bound
on myg. On the other hand, the transverse mass has some correlation with the MAOS invariant
mass, as discussed in Ref. [228]. They select the similar types of events in the phase space, and
the efficiency is comparable to each other. We use both two variables to suppress backgrounds and
define the signal region.

Combining all the cuts discussed so far, we examine their effects on the signal and the
backgrounds by investigating how the cross sections are changing by applying them. See Tables 3.3
and 3.4 for mpg = 400 and 260 GeV, respectively. The unlisted backgrounds turned out to be almost
negligible after applying the initial cuts. In summary, although the production cross section for
myg = 400 GeV is smaller than that of my = 260 GeV, the signal can be distinguished by several
angular cut variables, as well as the cut on M%I’QM. We have found a set of kinematic variables
useful for the search. Eventually, the scenarios with a relatively lighter singlet-like Higgs boson are
quite difficult to probe by using the kinematic event variables. In this case, one can still attempt
to combine the search results from the other channels like bbr7 and bbZ Z, which have the next-to-
subleading branching fractions, or a multivariate analysis, like the performed in Ref. [233]. If mp
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Selection cuts | H — hh tt GGF h  htt hh DY VV | 63000
Basic selection | 0.54 | 3560.36  0.15  0.072 0.024 272.41 0.90 | 0.48
Ay, ARy, p¥ | 040 | 562.02  0.11  0.015 0.019 33.56 0.047 | 0.90
Mg, M 0.36 314.95  0.097 0.009 0.017 11.20 0.0 | 1.1
minaos - V[t 0.33 | 237.96  0.097 0.007 0.015 11.20 - 1.2
ARy, p2 0.23 73.03  0.008 0.002 0.012 3.73 - 1.4
M 0.14 16.24 0.0 ~0.0 0.007 00 - 1.9
Abpb, 00, Mibie 0.13 11.99 = - 0005 - - 2.1
Mbbi 0.059 1.31 - - 0004 - - 2.8
Signal region 0.048 0.70 — — ~ 0.0 — - 3.1

Table 3.3: Cut flow of signals for my = 400 GeV and the main backgrounds in fb. See the text for detailed
description of the event selection cuts applied. V'V denotes the di-boson processes (V = W, Z). &3000 is the signal
significance calculated with a Poisson probability at 3000 fo~! integrated luminosity. The signal region is defined by
345 GeV < M5 < 425 GeV and 350 GeV < maos < 430 GeV.

is much larger than 400 GeV, it is expected that the boosted Higgs technique approach is more
promising.

Up to now, we have assumed that BR(H — hh) ~ 1. This can be fulfilled in a large
(A2, Ao3, Aos) parameter-space region. We now relax this condition and suppose that the SM
Higgs-like decays originated by the mixing are non-negligible. In this case, for a given m g value, we
can evaluate bounds on the mixing using the ATLAS and CMS data on heavy Higgs searches [239],
as shown in Figure 3.4. The most stringent exclusion limit comes from the CMS search [200,201].
This search is focused on the combination of the 4¢/2¢27 final states in the H — ZZ channel
assuming that the heavy Higgs only decays into SM particles, i.e., BR(H — hh) is vanishing. The
maximal mixing angle allowed by this search for my = 260 GeV is sin? a < 0.06 (95% C.L.), while
for my = 400 GeV it is sin?a < 0.11 (95% C.L.). If BR(H — hh) is non-vanishing, the latter
constraints become weaker. The excluded sin? a values for given BR(H — hh) are represented
in the light gray region of Figure 3.14 for both my = 260 GeV and my = 400 GeV. On the
other hand, the constraints imposed by the EWPO and the LHC, shown as dark gray region in
Figure 3.14, are independent of BR(H — hh). This is because they come from the modification of
the couplings, parameterized by the mixing angle «, while the ones derived from the heavy Higgs
searches depend directly on the value of BR(H — hh). One can also see the interplay between
direct and indirect constraints in Figure 3.14. For mpy = 260 GeV, the direct search result on
H — ZZ imposes the most stringent bound, up to BR(H — hh) ~ 0.4. For larger values of
BR(H — hh), the LHC + EWPO limits are the most important ones since the direct search limit
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Selection cuts | H — hh tt GGF h  htt hh DY VV | 63000

Basic selection 0.48 3560.36 0.15 0.072 0.024 27241 0.90 | 0.43
Ay, ARgg,p%f 0.28 818.01 0.15 0.020 0.022 48.51 0.095 | 0.70

mae, MY, 0.21 206.23  0.11  0.006 0.007 0.0 0.0 | 0.80
mipaos - V[t 0.19 140.69  0.08  0.004 0.005 —~ - 0.88
ARy, My, 0.104 6.65 0.008 ~0.0 =~0.0 - - | 221
My 0.009 3.03 0.008 - - - ~ ] 2.82
MY 0.083 2.29 0.0 - - - - ] 2.99
Signal region 0.083 2.19 - - - - - 3.06

Table 3.4: Cut flow of signals for my = 260 GeV and the main backgrounds in fb. See the text for detailed description
of the event selection cuts applied. &390 is the signal significance calculated with a Poisson probability at 3000 fb—!
integrated luminosity. The signal region is defined by 180 GeV < M < 265 GeV and 185 GeV < m12* < 305
GeV.

weakens. For my = 400 GeV the direct limit is not as stringent as the indirect ones, which impose
an upper bound of sin? a < 0.084, independently of the BR(H — hh) value.

We can use the discovery reach of the 14 TeV LHC [240] for the Higgs boson search using
the decay channel H — ZZ — 4/ to estimate the detectability of the two my values as a function
of the mixing and the BR(H — hh).!® In Figure 3.14, we show the 30 and 50 significance
lines for this channel for the integrated luminosity of 3000 fb~!. These lines show that for low
values of BR(H — hh) this search is able to resolve a large portion of the mixing angle values,
leaving a small window of possible values. The sensitivity of this channel begins to decrease for
BR(H — hh) > 0.6, just in the region where the double Higgs production, in particular the channel
above mentioned, becomes relevant. In Figure 3.14, we have included the 30 equivalent line for the
H — hh — bbWW?* channel. It is important to note that both channels are complementary since
they are very dependent on the value of BR(H — hh). As a remark, the ATLAS collaboration has
performed a search of heavy Higgses using the channel H — hh — bby7y [241]. The results are not
shown because the exclusion limit is well above the ones of Figure 3.14.

13We assume that BR(H — hh) + BR(H — SM particles) = 1.
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Figure 3.14: The dashed line delimits the 3¢ significance region in the sin?a — BR(H — hh) plane for the
H — hh — bbOWW* — 2b+ 20 + 2v (¢ = e, i) process for the integrated luminosity of 3000 fo~!. The solid
(dashed) black curve corresponds to the 50 (30) for the H — ZZ — 4¢/2¢27 channels. Dark grey shaded region
is the 95% C.L. CMS exclusion bounds and the light grey region is the one for EWPO + LHC.
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Vector Portal: Stiickelberg

Extra abelian gauge factors are among the most common extensions of the SM [49], and
also among the best motivated from string theory, where massive extra U(1) gauge bosons appear
ubiquitously (for reviews see e.g. Refs. [66,242-246]). In fact, when one tries to implement a
visible sector with the SM gauge group in, say, intersecting brane models, one generically obtains
not SU(3). x SU(2)r, x U(1)y, but rather U(3), x U(2)r x U(1)? which contains several extra
abelian factors (including the centers of U(3). and U(2)r,).

The models we will consider along this Chapter are based on this type of string constructions.
The symmetry structure of this scenario can be represented schematically in the following form,

SU(3)ex SU(2) L xU(1)" x U(1)™x Gy (4.1)
b .

where the U(1)} are n abelian gauge factors to which the visible matter fields ¥, couple. All of
the corresponding gauge bosons acquire a mass through the Stiickelberg mechanism, except for a
particular linear combination of them that corresponds to hypercharge and remains massless (in
the phase of unbroken electroweak symmetry). U(1)[" are m abelian gauge factors (some of which
could be massless) to which only hidden matter ¥y couples, and Gy, represents the semi-simple

part of the hidden gauge group.

As mentioned, these type of scenarios can fairly easily be implemented in models of inter-
secting D6-brane of type IIA string theory. Intuitively, each sector consists of several intersecting
stacks of branes wrapping 3-cycles of a six-dimensional compactification space. Each stack hosts a
U(N) gauge factor and chiral matter arises at the brane intersections. Different sectors arise from
brane stacks that do not intersect each other and can hence be separated in the internal space (see
Fig. 4.1).

The extra abelian gauge bosons of Eq. (4.1) can provide a portal into the hidden sector in
two different ways. The most thoroughly studied is a small kinetic mixing of a light hidden gauge
boson with the visible massless photon [247-255]. This generates an effective coupling of DM with
visible fields which is proportional to their electric charge, and hence, the DM particles only couple
to protons and do not couple to neutrons. From the point of view of direct DM searches, this is very
important, since the elastic scattering of DM off nucleons only receives contributions from protons.
This is, the ratio between the coupling of DM to neutrons and protons vanishes, f,/f, = 0.

The second mechanism, which will be the main subject of this Chapter, was pointed out in
Refs. [33,34] (see also Refs. [256-259]). It results from the mixing of massive U(1)s of the visible
sector with U(1)s of the hidden one. Despite living in different sectors, the U(1) gauge bosons A7
and AJ" often have Stiickelberg couplings to the same axions, e.g. RR closed string axions in type
II string models. As a consequence the resulting mass matrix can be highly non-diagonal. The

63



Chapter 4. Vector Portal: Stiickelberg

Compact

} 6d space

} Minkowski
4d

Figure 4.1: Left: Schematic representation of a hidden sector scenario Eq. (4.1) with intersecting D-branes. Green
and red branes do not intersect each other and hence host different sectors. Right: Diagram contributing to the
elastic scattering of hidden sector DM, 1, off quarks. The mediator of this interaction is a mixing of different string
axions, ¢, and the vectors A, and Ay,.

‘physical’ Z’ eigenstates obtained upon diagonalization of the kinetic and mass matrices are largely
mixed combinations of A7 and A" and hence couple simultaneously to both, visible and hidden,
matter sectors. This mass mixing is a tree-level effect that provides an effective portal into hidden
sectors, provided the associated Z’ bosons are light enough.

Despite the potentially complex gauge and matter structure of the hidden sector, it seems
reasonable to assume that it hosts a Dirac fermion 1 that plays the role of DM in the Universe. The
stability of these particles is easily guaranteed by the perturbatively conserved U(1);" symmetries
or by non-perturbatively exact discrete subgroups thereof, or simply because they are the lightest
particles of the whole sector. In any case, their interaction with the SM fermions will be driven
by the exchange of a Z’ boson. For DM direct detection experiments the leading interaction of
the elastic scattering of 1) with quarks is depicted in the right panel of Fig. 4.1. Following this
reasoning, it is clear that the charges of the SM fermions under the U(1)? groups that mix with
the hidden sector will determine the prospects for detecting 1 in these experiments.

In this Chapter we study the phenomenology of a class of scenarios of this kind that can be
embeded into well known string theory constructions. In particular, we focus on the isospin violation
character of the DM interactions with protons and neutrons induced by the Z’ bosons. As we will
see, isospin violation could distinguish these Stiickelberg portal models from other popular setups,
such as the Higgs or scalar portal discussed in the previous Chapter or the Z-mediation scenarios.

4.1. Effective Lagrangian and 7’ eigenstates

In this section we review the general constructions of Refs. [33,34,259] which describe the
mixing mechanism of massive U(1) gauge bosons from different sectors, the so-called Stiickelberg
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portal. We begin with a discussion in terms of the effective field theory, and describe later on the
string implementation of such setup.

Non-diagonal U(1) mass matrix

The abelian sector of the construction sketched in Eq. (4.1) can generically be described by
the Lagrangian

1= .
FT.fr.F—

£=-3 ET-M?-E+§%(@+@§J)% (4.2)

where the vector AT = (A1 ... A,ym) encodes all the U(1) gauge bosons of the system, with field
strength F = dA. In this normalization the gauge coupling constants are absorbed in the kinetic
matrix f. In hidden sector scenarios, the charge vectors Cja of a given matter field 1, will have non-
zero entries only for one of the sectors (either visible or hidden), while the kinetic and mass matrices
f and M can have off-diagonal entries that mix both sectors. We are interested in particular in the
mixings induced by the mass matrix M.

The mass terms for Abelian gauge bosons A can be generated by either the Higgs or the
Stiickelberg mechanisms. In both cases the crucial term in the Lagrangian is the coupling of A to
a set of pseudo-scalar periodic fields ¢* ~ ¢* + 27 whose covariant kinetic terms read

Ly = —% Gij (09" — kiA“) (00" — K A") . (4.3)
Here, G;; corresponds to a positive-definite kinetic matrix (the metric in the space of ¢ fields),
which in our conventions has dimension of (mass)?. The factors k! encode the non-linear gauge
transformations

A-A+dh = ¢ = ¢ +EA" (4.4)
The statement that the gauge symmetry group is compact (U(1) rather than R) implies that the
transformations must be periodic A ~ A + 27, and hence that the k¢ factors (as well as the matter
charges Qa of Eq. (4.2)) must be quantized. In fact, under the appropriate normalization they can
be assumed to be integers, k!, Q% C Z. In the case of the Higgs mechanism, the axion-like fields
¢" are identified with the phases of Higgs fields H', and the k! factors are simply the charges of
the latter under the U(1), groups. It is not surprising that these are integer quantities. What is
perhaps less obvious is that even for axions not related to a Higgs fields, one can still associate
U(1) integer “charges” that determine their gauge transformations.

The U(1) gauge bosons get a mass by absorbing the axions, ¢’, through the Lagrangian
Eq. (4.3). After gauge fixing the U(1) symmetries, the mass term of Eq. (4.2) is generated, and
the corresponding mass matrix takes the form

M?=KT.G K. (4.5)

It is easy to see that this matrix can be highly non-diagonal and have off-diagonal entries that mix
hidden and visible sectors. This can happen with particular strength if the mixing is induced by
the integer matrix K of axionic charges.
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The dynamical origin of the mixing is the simultaneous coupling of vector bosons from dif-
ferent sectors to the same axions (see figure 4.1). As a toy model, consider two U (1) gauge bosons,
a visible A, and a hidden Ay, that couple to an axion with charges +1 and -1, respectively, i.e.
K = (ﬂ), whose kinetic matrix is G = m?. The resulting mass matrix of the U(1) bosons would
read M? = m? ( _11 711 ) The resulting physical eigenstates are obviously highly mixed combinations
of A, and Ay that hence couple with similar strength to both sectors.

In the following we generalize this simple example to the case where several gauge bosons
mix with each other by absorbing several axions with mixed charges.

Diagonalization and eigenstates

In order to study the properties of the system described by the Lagrangian of Eq. (4.2), it
is convenient to move to a basis in which the gauge bosons have a canonical kinetic term and a
diagonal mass matrix. The former can be obtained by a linear transformation:

A=A A (4.6)

such that AT - f- A = 1. In the case with no kinetic mixing, i.e. f = diag(gl_2,...,g;,2), the
transformation matrix is simply A = diag(gs,...,gn). For the moment we need not assume such
simplification, and we work with a general kinetic matrix f.

The Lagrangian in terms of the transformed bosons A reads

L= 3P AT AT M A A G (i G A ) (4.7)

Notice that with this new normalization, what appears in the matter coupling to the gauge boson
is no longer just the charges @, but products of these and coupling constants g (and possible kinetic
mixing parameters).

We need now an orthogonal transformation @ that diagonalizes the mass matrix M? =
AT . M? . A. That is, we need to find a basis of orthonormal eigenvectors

M? . 5, = m?v; = O= (v ...0%) . (4.8)
Conveniently, we define @' = A - 0;. The transformation A’ = @ - A” brings the Lagrangian to a
standard form with canonical kinetic term and diagonal mass matrix:

1 1 — 7. -T o
L= =P = omA 4 30, (i + G ) (4.9)
(0%
The coupling of a vector A7 to the matter field v, is given by a linear combination of the original
charges:

gV =qr. Ty - (4.10)

Notice the important fact that, for massless eigenvectors, 7 are precisely the zero eigenvectors
of the original mass matrix M?, i.e. they satisfy K - o;' = 0. Since the entries of the matrix K are
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integer numbers, the entries of the massless eigenvectors v;’ will be also integers, up to an overall
normalization factor. The corresponding gauge bosons will be massless, have quantized charges,
and if the form of the matrix K is appropriate, will couple exclusively to one sector of the theory.
They are hence perfect candidates to play the role of the SM hypercharge.

These last remarks do not apply to massive eigenstates, for which M?-0;" # o;v;’. Generically,
given the non-diagonal character of the mass matrix M2, all of the entries of the massive eigenvectors
v; will be non-zero and of the same order. The physical massive gauge bosons A/ will be hence
a linear combination of both visible and hidden bosons and they will act as portals into hidden
sectors.

Before concluding this section let us write down an important condition on the vectors v;.
The orthogonality of the transformation matrix O of Eq. (4.8) translates into the condition

(A U_} = 5ij — @,T o U_]", = (51‘]‘ . (4.11)
We will have to take this condition into account in the phenomenological analysis carried out in
the following sections.

The string theory interpretation

As mentioned in the introduction, one nice feature of the Stiickelberg portal is that it finds a
natural implementation in string theory, and a particularly intuitive one in models of intersecting
D-branes. A detailed study and explicit examples in the setup of toroidal orientifolds of type
ITA string theory can be found in the original references [33,34]. Here, we briefly describe where
the different fields and couplings arise in such models (for general reviews on these type of string
compactifications, see e.g. Refs. [66,242-244]).

In type ITA orientifold compactifications, gauge bosons arise from open strings living on D6-
branes that span the four non-compact dimensions, and wrap three-cycles of the six dimensional
compactification space Xg (usually a Calabi-Yau manifold). A stack of N overlapping such branes
usually hosts a gauge group U(NN) = SU(N) x U(1). Chiral matter fields arise at the intersections
of two stacks. Hence, in order to obtain hidden sector scenarios, one has to choose carefully the
cycles wrapped by the branes to make sure that stacks from different sectors do not intersect with
each other.

The abelian gauge bosons living in such stacks couple not only to open strings, but also to
closed strings which include the graviton, and also Ramond-Ramond (RR) axions that arise from
the reduction of RR three forms along three-cycles of Xg. Being associated to closed strings that
propagate in the bulk of the compactification, it is natural to consider that such RR axions couple
to gauge fields from different sectors. These couplings are of the Stiickelberg type given in Eq. (4.3)
and generate masses for the gauge bosons. The charge matrix K is determined by the wrapping
numbers of the branes around odd cycles of Xg (odd with respect to the orientifold projection),
and can be engineered in such a way that the mass matrix is highly non-diagonal.

The matrix G that also enters in the formula for the mass matrix M? and is identified
with the complex structure moduli space metric of the compactification space Xg, times a string
scale factor M?2. Unfortunately, except for the simplest compactifications, this metric is unknown.
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Nevertheless, as long as some RR axion has non-zero charges under U(1) groups from different
sectors, the mixing induced by the mass matrix M? is expected to be strong and results in physical
7' bosons that couple visible and hidden sectors.

The final ingredient in the Lagrangian of Eq. (4.2) is the kinetic matrix f. At tree level,
this matrix is diagonal f = diag(g;?,..., g;,Q), with the couplings determined by the volume of
the cycles wrapped by the corresponding branes. Loop corrections can generate off-diagonal terms
that produce small kinetic mixings among different U (1)s.

The fate of the U(1) gauge bosons in this type of models is to gain a mass of the order of the
string scale, suppressed by the square of the gauge coupling factor, myz oc g2 M2. This is expected
to be very large in a broad class of string constructions. Nevertheless, several mechanisms have
been proposed to lower the Z’ masses, including large volume and anisotropic compactifications, or
eigenvalue repulsion effects [33,252,260]. The conclusion is that, although not generic, Z’ masses
at scales as low as the TeV, or even smaller, can be achieved in several setups.

At energy scales much lower than the Z’ boson masses, the corresponding U(1) symmet-
ries become effectively global. They are in fact perturbatively exact symmetries of the effective
Lagrangian, and they are broken only by highly suppressed non-perturbative effects [261-263].
Therefore, the U(1) symmetries that extend the visible sector gauge group in realistic D-brane
constructions should find an interpretation in terms of known approximate global symmetries of
the SM, such as Baryon or Lepton number.

Interestingly, these extra U(1) groups are generically anomalous symmetries of the SM. It is
well known, however, that these anomalies are cancelled by a generalized Green-Schwarz mechanism,
in which the RR axions, ¢’, and the Stiickelberg couplings of Eq. (4.3) play a crucial role. Although
the gauge bosons associated to such anomalous U(1)s are not considered too frequently in the
phenomenological literature, they are a key (and in fact most often unavoidable) ingredient of
realistic constructions with open strings.

In the following, we take the Stiickelberg portal string constructions we have described in
this section as a motivation, and study some of their phenomenological consequences.

SM fermion couplings to Z’

As in Refs. [33,34], we focus on visible sectors realized as in Ref. [264], the so-called Madrid
quivers, which provide some of the simplest realistic models of intersecting D6-branes. In order to
reproduce the SM one introduces four stacks of branes yielding a U(3)4 x U(2)p x U(1)c x U(1)p
visible gauge group. The intersection numbers of these branes are chosen in such a way that the
model reproduces the SM chiral spectrum and is free of anomalies (with anomalies of extra U(1)
factors cancelled by the Green-Schwarz mechanism).

In Table 4.1 the charges of the SM particles under the four visible U (1) factors are presented.
These charges can be interpreted in terms of known global symmetries of the SM. In particular, ()4
and @) p are proportional to baryon and lepton number, respectively. With these charge assignments,
the hypercharge corresponds to the linear combination

1

Q" == (Qa—3Qc+3Qp) . (4.12)

|
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One has to make sure that such a combination remains as a massless gauge symmetry of the system
(before electroweak symmetry breaking), i.e. that it corresponds to a zero eigenstate of the mass
matrix M?2. Following the discussion below Eq. (4.10), one has to make sure hence that the matrix
of axionic charges K has an eigenvector vy’ = (1,0, —3,3;0,...,0) with zero eigenvalue. The first
entries of this vector correspond to the visible sector, and the latter to the hidden one, so that
hypercharge couples exclusively to visible matter. In fact, this condition can be implemented in
type II string constructiones by simple topological requirements on the wrapping numbers of the
visible branes. Therefore, according to Eq. (4.10), the hypercharge coupling to a matter field 1),
reads

gzv/ = ng = g (QaA —3Qac + 3QaD) . (413)

In general, the remaining three visible U(1) gauge bosons acquire masses by the Stiickelberg
mechanism, and as stressed in the previous section, they can have strong mass mixing with hidden
U(1) bosons. In this Thesis we are interested in the phenomenology induced by the lightest of
the resulting physical Z’ bosons whose contribution to the DM interaction with SM particles is
dominant. Since we cannot know the explicit form of the mass matrix M? for generic string
compactifications (in particular because of the lack of control of the G matrix that enters the
Lagrangian) we will simply parametrise the couplings of the lightest Z’ boson to the matter fields
1 by a linear combination

g7 :aQaA+anB+CQaC+anD+Zhi Qg;) (4.14)
=1

where we have included the contributions from hidden U(1) factors. The parameters a, b, ¢, d and
h; are precisely the entries of the vector ¢, = (a,b,c,d;hy,...) of Eq. (4.10). For massive Z’
bosons these are continuous parameters and as already stressed, they are all generically different
from zero. Furthermore, notice that, by definition, v, = A - 2/, where ¥z is a normalized vector.
Since at tree level A = diag(gi,...,gn), one can see that the parameters a, b, ¢, d and h; will be
proportional to the original gauge coupling constants, and hence perturbative.

The parameters a, b, c and d, which in turn determine the effective couplings of visible matter
to DM, are nevertheless, not completely arbitrary. On the one hand, they must be orthogonal to
the hypercharge assignment in the sense of Eq. (4.11). Neglecting possible kinetic mixing effects,
i.e. taking f = diag (g, 2. .. 952 ...), the orthogonality condition reads

3b  3d
S —0. (4.15)
92  9c 9q

On the other hand, the vectors @® must be properly normalized, yielding
2
9y < 1 9 9 >
36 \gz 92 9; (4.16)
2 2 2 2 m 32

a b c d h:
St atatat) =1, (4.17)
9a 9 9o Ya = I
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Matter field | Q4 | @p | Q¢ | @p | Y
Qr, 1 -1 0 0 1/6
qL 1 1 0 0 1/6
Ur -1 0 1 0 |-2/3
Dr -1 0 -1 0 1/3
L 0 | -1] 0 |-1][-1/2
Eg oo |-1]1]1
Ng 0 0 1 1 0

Table 4.1: SM spectrum and U (1); charges in the four stack models of Ref. [264]. Anomaly cancellation requires
the three quark families to be divided into two ), doublets and two antidoublets ¢z, of U(2) s i.e. they differ in their
U(1) g charge. We assign the up and down quarks to the antidoublets.

for the Z and Z’ respectively. Notice that in the second expression the factor > ", h? / g%i encodes
all the possible interactions of the Z’ with matter living in the hidden sector. Given the potential
complexity of this sector, which we will not fully specify in this Thesis, Eq. (4.17) reduces to a
bound on the visible sector couplings
2 2 2 2
LAY (4.18)
9. 9% 9: Yg

Furthermore, the couplings g; can be related to the SM gauge coupling constants by means
of the following relations [260,264]:

2 2
2_ U3 2_ 9 ( 1 9 9 > -2

e T4\ @2 g v #19)
where g3 and go refers to the SU(3)gcp and SU(2); coupling constants, respectively. These

relations arise from the fact that U(1)4 and U(1)p are just the center of the groups from which
the SU(3)gcp and SU(2), gauge factors of the SM arise.!

Now we have all the necessary information to build the couplings of the Z’ to the SM particles.
In virtue of Eq. (4.14) and Table 4.1, the left and right handed (first and second family) of quarks
have the following couplings,

gl =(a+b), gl =(-ato),
97, = (a+b), gf =(—a—0), (4.20)
which can be used to define the vectorial coupling as the sum of the left and right components,
Cy =gt +al, =0b+o),
Cy =97, + 95, =0b-c), (4.21)

!Note that these relations should be evaluated at the compactification scale. The running of the coupling constants
from this scale to the electroweak scale, at which isospin violating properties of DM are defined, can be simply
reabsorbed into the definition of the parameters a, b, ¢ and d.
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and the axial coupling as the difference,

Cil =91, — Guy = (2a+b—0),
A_ 7 VA
Cy =94, —9a, = 2a+b+c). (4.22)

Similarly, according to Table 4.1, for the third family of quarks the vectorial couplings are given by

Ctv = (_b - C) )
Cy =(=b+c), (4.23)

whereas the axial couplings are given by

CA =(2a-b—c),
C{f =(2a—-b+c). (4.24)

Finally, for the three families of leptons the vector and axial couplings can be written as

c) =(-b—c),
C{ = (=b+c—2d), (4.25)

respectively. Note that in all cases, the vectorial couplings are independent of a as well as of d, as
was to be expected from the aforementioned interpretation of the charges Q4 and (Jp in terms of
baryon and lepton number. The axial couplings, on the other hand do depend on a and d. This
fact will have a remarkable impact on the LHC bounds as we will see later.

4.2. Isospin violation Dark Matter from the Stiickelberg mechan-
ism

As we have seen previously, the different charges of the SM particles under the U(3)4 X
U2)pxU(1)e xU(1)p visible gauge group, together with the mixing of the corresponding abelian
bosons, gave rise to very generic vector and axial couplings to the Z’ boson. As a consequence,
a DM particle living in the hidden sector, 1, will couple to each SM fermion through the Z’ in
a different manner. This fact can be translated into a different coupling strength of 4 to protons
and neutrons, and thus, to a rather flexible amount of isospin violation f,/f, (an/ap). This is very
important from the point of view of DM direct detection experiments [132].

Direct detection experiments are based on the elastic scattering of DM particles off nuc-
leons inside an underground detector which shields it from cosmic rays. These experiments are
tremendously sensitive to the recoil energy released by a nucleus of the target material when a
DM particle hits it. Since the interaction between the nucleon and the DM particle occurs in the
non relativistic limit (the relative velocity of the system in the lab frame is of the order of hun-
dreds of km/s), the energy deposited in the detector after the collision is very small, of the order
O(10) keV. Depending on the nature of the DM particles, and the mediator of its interaction with
quarks, there exist many different operators that contribute to this interaction. For a Dirac fermion
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DM with a Z’ gauge boson mediator, its interactions with quarks can be divided into the so-called
spin-independent (SI) interactions, arising from scalar and vector interactions with quarks, and
spin-dependent (SD) interactions that originate from axial-vector interactions. Let us now analyse
either cases separately.

ST interactions

The spin independent contribution to the total cross section of the DM-nucleus elastic scat-
tering arises from scalar and vector couplings. For an interaction mediated by a vector boson
exchange, the effective Lagrangian for the interaction of ¢ with nucleons (protons (p) and neutrons
(n)) can be written as,

L1 = fp(yu)) (57) + fu(yutd) (AyFn), (4.26)

where f, and f,, are the vector couplings of ) to the protons and neutrons, respectively. These
quantities depend on the nucleon quark content. For a vector interaction the only quarks that play
a role are those of the valence (up and down), while for a scalar interaction the sea quarks are also
important for the entire process. Since the up and down quarks are not present in the proton and
neutron in the same fraction, one can express f, and f, as follows [265],

fo=2by+bg, fn=by+2bg, (4.27)

where b, and b are the effective vector couplings of the up and down quarks to the DM particles.?
After integrating out the Z’ boson, these couplings can be easily written as,
1%
hClua
2 Y
2m7,

bu.a) = (4.28)
with h being the coupling strength of the Z’ boson to v, and mz the mass of the lightest Z’ boson.

Using now the expressions for the vector couplings of the Z’ to up and down quarks, given
in Eq. (4.21), it is straightforward to deduce that,

hcY h
be = o, = oz, 09
z! A
hCcVY h
by = —4 = (b—c). (4.29)

N QmQZ, N 2m22,

These two expressions make obvious that in this framework the ratio between the coupling of ¢ to
protons and neutrons i.e. the amount of isospin violation f,/f,, according to Eq. (4.27), is given
by
Jn  (Bb—c)  (3b/c—1)
fo  (Bb+e)  (3b/c+1)
Interestingly, the the total amount of isospin violation depends exclusively on the ratio between the
parameters b and ¢ which, as mentioned before, are continuous and different from zero, generating

(4.30)

2 Not to be confused with the coupling b associated with the U(1)p symmetry.
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Figure 4.2: Left: Amount of isospin violation for Sl interactions, f,/f,, as a function of b/c (solid line). Some
representative values of f,,/f, are shown as horizontal dashed lines. Right: Ratio between the coupling of DM to
neutrons and protons, a,,/a,, for the SD interactions as a function of b/c. For a/c we have taken different limits,
a/c — 0 (solid line), a/c — +oo (dot dashed line), and a/c = 1 (dashed line).
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a ratio fy,/f, different from 1. This is a consequence of the introduction of U(1) gauge groups
in the visible sector to reproduce the global symmetries of the SM. In particular, the parameter
b corresponds to a chiral U(1) symmetry of the Peccei-Quinn type, with mixed SU(3) anomalies;
while ¢ is related precisely to the weak isospin symmetry U (1) [264]. Isospin violation and chirality
are the key properties why these new groups generate a general isospin violation in the currents
related to the Z’ interaction.

In Figure 4.2 (left panel) the quantity f,/f, is shown as a function of b/c according to
Eq. (4.30). We have shown some noteworthy theoretical benchmark values of this ratio as well, like
Z mediation and dark photon scenarios, f,/f, = —13.3 and f,/f, = 0, respectively. The value
of fn/fp = —0.7 is the so-called Xe-phobic dark matter scenario to which Xe-based detectors are
poorly sensitive®. Interestingly, we notice that our construction naturally generates isospin violating
couplings fy,/f, # 1 for any value of the parameters b and c¢. These parameters are expected to be
of the same order, |b/c| ~ O(1), which defines a region in which the value of f,/f, is subject to
important changes (for values around b/c = —1/3). This precisely highlights the flexibility in the
isospin violation patterns found in these constructions.

All this together can be taken as a clear and testable prediction of this kind of constructions.
It also would be distinguishable from other hidden DM scenarios. For instance, if the portal between
the visible and the hidden sector occurs via a Higgs boson, the value of f,,/f, would be generally
1, since the Higgs boson can not differentiate chiralities of the quarks.*

It is worth noting that, although the type of constructions we are considering, based on the
visible gauge group U(3)4 x U(2)p x U(1)c x U(1)p, lead to a flexible amount of isospin violation
(generically f,,/f, # £1),> there is a well known class of alternative type II string models in which
the gauge group U(2)p is replaced by USp(2)p = SU(2)p [267]. In such models, the U(1)p factor,
which was crucial in our discussion, is absent. One could realise the Stiickelberg portal scenario in
such constructions, and follow steps similar as the ones we have taken here. The only difference one
would find is that the parameter b would be identically zero, and hence that the DM interactions
with the nucleons would automatically satisfy f,/f, = —1.

SD interactions

Let us now move to consider the case of SD interactions. As we have mentioned above, these
interactions arise from the axial-vector couplings of DM to protons and neutrons, and thus, occur
when the DM particles have a spin different from zero. In terms of the effective Lagrangian we can
write,

Lsp = ap(Vyu759) (07 15P) + an(Vy759) (R 50), (4.31)

3This is a consequence of the ratio between the number of protons and neutrons in xenon isotopes

4 In type II 2HDM for tan 3 ~ 1 there can be deviations [266].

In the models we discuss, the values f,/f, = £1 can only be reached in the limits b/c — 0 and b/c — oo,
which although not excluded, are not particularly preferred. This provides a remarkable and potentially measurable
distinction of these constructions from other portals.
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alc

Figure 4.3: Ratio between the coupling of DM to neutrons and protons for the SD interactions as a function of b/c.
For a/c we have take different limits, a/c — 0 (black line), a/¢ — oo (blue line), and a/c = 1 (gray line).

where the parameters a,,) are the couplings of DM to protons (neutrons), and can be expressed
in the following way [131],

h A A
fGF AP = m [Ca AP + CH AL+ AD)] (4.32)

q=u,d,s

h n n n
Zl

where an is the effective axial coupling of DM to quarks and Gr denotes the Fermi coupling
constant. Operators for axial-vector interactions in the nucleon are related to those involving quarks
through the quantities AZ("), which relate the spin of the nucleon to the operator (p(n)|gy*ysq|p(n)).
For these we have taken the values from Ref. [268].

q=u,d,s

Now, we can take the ratio between the coupling to protons and neutrons, which gives
2a/c+b/c+1
an _ But ajcrose1(Ad + AF)

P a/c+b/c
@p AZ + ga?cibfc—'—} (Ap + Ag)

(4.34)

As one can see from the previous expression, unlike for f,/fp, this ratio also depends on a/c not
only on b/c, and hence, there is one more degree of freedom respect to the SI case.
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In Figure 4.2 (right panel), the ratio a,/a, is depicted as a function of b/c according to
Eq. (4.34) for different values of the ratio a/c. In the limit of a/c — 0o (dot dashed line), we find
the case of ay/a, = 1, similar to the case of the SI interactions in the limit b/c — oo. While, for
the cases a/c — 0 (solid line) and a/c = 1 (dashed line), the values of a,/a, are generally different
from +1. Notice that in this case one can also define the Xe-phobic scenario for a,/a,. However,
it depends on the ratio between the zero momentum expectation values of the spin for protons and
neutrons in xenon which are of the order of O(1072) (using the latest calculations [269]), and for
simplicity it is not included in Figure 4.2.

Finally, in order to rearrange the results for both SI and SD interactions, in Figure 4.3 we
show the plane a/c versus b/c. As we have seen before, these two ratios determine the amount of
isospin violation in DM interactions for both the SI and SD contributions. On the one hand, the
dashed vertical lines represent some values of f,,/ f,, which are independent of a/c, as in Figure 4.2.
On the other hand, the solid lines denote some values for a,,/a,. Remarkably, in the region shown,
where the values of a, b and ¢ are in general of the same order, the DM interactions are isospin
violating in both types of interactions. Furthermore, we see that very high values of the neutron
component (with respect to the proton component) can be reached, although, the variation of
either f,/f, or a,/a, is very abrupt in this region (see also Figure 4.2). This is important for
direct detection experiments that use target materials in which the ratio between the neutron and
proton contribution is significantly different than one. For instance, in Xe-based detectors such
as LUX, the SD component is dominated by the neutron scatterings due to the dominance of the
neutrons in the total spin of the 2°Xe and '3'Xe isotopes.

4.3. Detecting Z' mediators in the LHC

The production and the subsequent decay of a Z’ boson into SM particles might leave dis-
tinctive signal of new physics that can be searched at colliders, and in particular at the LHC. The
ATLAS detector at the LHC searched for high mass resonances decaying into a g™y~ or an eTe™
pair for energies above the Z pole mass, at a center of mass energy /s = 8 TeV and luminosities
of 20.5 fb~! and 20.3 fb~! for dimuons and dielectrons resonances, respectively [270]. These results
are consistent with the SM predictions allowing to place an upper limit on the signal cross section
times the corresponding branching fraction of the process pp — Z’ — uu~(eTe™).% There are also
searches for dijet resonances and monojets plus missing energy that receive additional contributions
from the presence of a Z’ boson, both at the LHC and Tevatron colliders, and hence, they can be
used to place constraints on this kind of models as well [271-273].

In the model presented here, the coupling of the Z’ boson to leptons and quarks contributes to
the appearance of dimuon, dielectron and dijet resonances, and thus, these searches can constraint
the parameter space. In order to include these bounds to determine which regions are allowed in
light of these searches, we have followed the approach given in Ref. [274]. In the narrow width
approximation, the dilepton production in proton-proton collisions mediated by the Z’ can be

S Although these results can be used to place constraints on other models of new physics, we are interested in its
application for the search of a Z’ boson.

76



Chapter 4. Vector Portal: Stiickelberg

written as,

1 dL,z
O (3 > Glag — Z’)) x BR(Z' — I17), (4.35)
q z!

where dL,g/dm?, denotes the parton luminosities, 7(qq — Z’) is the peak cross section for the Z’
boson, and BR(Z’ — [*17) is the branching ratio for the Z’ decaying into a lepton pair. A close
inspection of the previous expression reveals that there is a part which only depends on the model
parameters, and the remaining part that only depends on the kinematics of the process. Hence, it
can be factorized as,

o1 = g5 W (s,m%) x BR(Z' = I717), (4.36)

where the function Wy is given by:

Wy = Z cqwq (8,m%) . (4.37)

q:u7dic7s

The coefficients ¢, are the sums of the squares of the vector and axial couplings, (C’(Y )2+ (6’514)27 to
the corresponding quarks. Notice that we do not include the contributions from the bottom and top
quarks, since they can be safely neglected in the production process. In this limit, provided that the
first and second quark families share the same charges under the U(3)4 x U(2)p x U(1)¢ x U(1)p
gauge symmetry group (see Section 4.1), the function Wy, can be written as a sum of the up and
down doublet components of the quarks as

Wy = Cupwup (s, mQZ/) + CownWdown (s, m2Z,) . (4.38)

In the previous expression we have reabsorbed a factor 2 in the definition of the w functions. This
factor corresponds to the sum of the up and charm quarks contribution to the up component and,
in the same way, for the down and strange quarks for the down component.

Using the Eqgs. (4.36) and (4.38) one can easily write the production cross section of a dilepton
pair mediated by the Z’ in proton proton collisions at leading order (LO) as,

Ulli?f = [Cupa]up (57 mQZ/) + Cdown(:}down (57 mzz/)] X BR(Z/ — l+li> ) (439)

where Qup. down = (7/485)wWup, down -
Before moving to the phenomenological analysis of the BM points, let us write the partial
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widths of the Z’ boson decay into SM particles and 1) as a function of the model parameters as,

2 2
: 2m? 4m7 Amj
Iy = 22 1+ 2 (14 )+ 12 9?1 2 - (4.40)
127 c mz, c c my, mz,
2
mz o b d
r,. = LA I 441
6m ¢ (c + c) ( )
4 [ b 2 2m121, c 2 4m121, c mi c
Tones) = —2c? (1 n ) (1 b (1 +- +2a> j—C 1— —29 (449
4m c mz, c c mz, mz,
2 2 2 2 2
muo b 2m s a 4m S m S
Tiges) = —oc (1—) <1+ ;“)>+<1++2) (1— ;“’)] 1— ) (4.43)
4 c mz, c my, m,
, r b 2 2m2 b 2 4m?2 4m2
r; = 22 <1> (1 ”Zf>+<1+2a) (1 "2“) e (4.44)
47 C VA c my my,
, B b 2 ) 2 b 2 4 2 4 2
Ty = %f 2 (1+C> <1+mn2lb> + <1—+2a) <1— m”;”) 1- mﬂgb, (4.45)
z! z! !
2 4 2
mz o v My
T,; = h?(1— 1— 4.46
4 6m ( m2Z,> m%,’ ( )

where [ and v refer to the three families of leptons and neutrinos, resp

ectively. These expressions

and the SM couplings of the Z’, given in Section 4.1, allow us to evaluate the LHC bounds as a

function of the parameters a/c and b/c.

It is important to note that other searches could constraint this

kind of mediators such as

monojets, tt production or monolepton. For a detailed study of the monojets and ¢ production

constraints see Ref. [275].

4.4.

Isospin violating DM in light of the LHC and LUX results

As we have shown previously, this kind of constructions generally predict isospin violating
DM. The relations between the proton and neutron contributions for SI and SD interactions depend

on the couplings a, b and ¢, and more specifically, in their relations.

According to Eqgs. (4.21)-(4.25), all couplings of the Z' to SM fermions can be written in

terms of the four parameters a,b,c,d. In light of this, it is obvious

that certain combinations

of these parameters will affect the predicted values of some constrained experimental observables.
Furthermore, as pointed out in Section 4.1, there are some constraints on these parameters that
come from the building of the Z and Z’ bosons in this model. This Section is aimed at exploring
the impact that these constraints have on the allowed values of a/c and b/c, and hence, on the
experimentally allowed values of f,/f, and a,/a,. Needless to say, these regions will depend on
certain assumptions on the DM mass and its coupling h, the Z’ mass, d/c, and ¢, and for this
reason we will concentrate on six representative benchmark (BM) points. The values used for each

of these parameters are shown in Table 4.2.
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c |dfc| h | my (GeV) | my (TeV)
BM1 |0.01| 1 0.1 50 1
BMla | 0.01 | 2 | 0.05 50 1
BM2 | 0.1 3 0.5 500 3
BM2a | 0.05| 5 | 0.25 500 3
BM3 | 0.1 1 0.1 2000 3
BM3a | 025 | 1 0.2 2000 3

Table 4.2: Input parameters for each BM point.

It is legitimate to ask whether the mass scales that appear in such BMs can arise in consistent
string compactifications. As we have already mentioned at the end of Section 4.1, Z’ masses of the
order of the TeV, although not generic, can be achieved in several ways without much difficulty.
On the other hand, notice that the DM particles are charged, often chirally, not only under U(1)
hidden groups, but also under non-abelian factors, i.e. the Gy, in Eq. (4.1). Therefore, the mass
of the field 1 is related to possible strong coupling dynamics and symmetry breaking patterns
(e.g. a hidden Higgs mechanism) of the hidden non-abelian gauge sector. In this sense, it is quite
natural to consider DM masses in the GeV-TeV range, at least as natural as having visible sectors
reproducing the masses of the SM particles.

Given the potential complexity of the matter and gauge structure of the hidden sector, it
seems reasonable to asume that there could be some mechanisms, either thermal or non-thermal,
to account for the relic abundance of v other than annihilation through the Z’ channel. This
highlights the dependence of the DM abundance on the particular details of the hidden sector
dynamics, which we want to keep as generic as possible. Nevertheless, it is worth mentioning that,
in general, annihilation cross sections through the Z’ channel are lower than the thermal value,
and thus indirect detection bounds on the annihilation cross section are generally far from our
predictions.

The only contributions to the phenomenology of the model that do not depend on any further
assumption on the hidden sector are direct DM searches and LHC searches for resonances’. The
former only depends on the coupling of 1 to quarks by the exchange of a Z’ boson (see Figure 4.1),
while the latter depends on the coupling of Z’ to SM particles (quarks and leptons) and the coupling
h. In the following, we will determine the experimentally allowed regions of a/c and b/c in the six
BM points shown in Table 4.2 taking into account the limits from LUX and the LHC.

LUX and LHC limits

The recent null results of the LUX collaboration [206] have placed a very stringent upper
limit on the elastic scattering of DM off protons, reducing significantly the parameter space allowed

" Hadronic decays [52,276] and the muon anomalous magnetic moment [265,277] do not depend either on any
further assumption and can affect the allowed values of parameters a, b and ¢. However, we have checked that these
constraints are not competitive with LUX and LHC in the region of the parameter space considered in this Thesis.
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in many theories that provide DM candidates. This limit has been extracted by assuming a scalar
DM candidate (zero SD contribution) and f,/f, = 1, which are the typical assumptions that the
collaborations use in order to compare their results within a unified framework. However, this
prevents us from using this result directly, since none of these two assumptions hold for the DM
candidate analysed in this Chapter. Therefore, in order to implement this bound properly we have
simulated the LUX experiment, and we have calculated for a given point of the parameter space if
it is allowed at 90% C.L. using the Yellin’s maximum gap method [278]. To such end, we calculate
the predicted total number of events in LUX considering the SI and SD components and computing
the fn/fp, an/ap ratios. To calculate the 90% C.L. exclusion using the maximum gap method, we

consider that LUX experiment has observed zero candidate events in the signal region®.

To calculate the total number of expected signal events in a Xe-based detector we have
followed the prescription of Ref. [279] in the S1 range 2-30 PE for an exposure of 10065 kg days,
using the acceptance shown in the bottom of Fig. 1 of Ref. [206] plus an extra 1/2 factor to account
for the 50% of nuclear recoil acceptance. We use the S1 single PE resolution to be opyr = 0.37
PE [280], a 14% of photon detection efficiency, and the absolute scintillation efficiency digitized
from Ref. [206]. For the DM speed distribution, we use the standard isothermal Maxwellian velocity
distribution, with vy = 220 km/s, vese = 544 km/s, po = 0.3 GeV/cm?® and v, = 245 km/s, as the
one used by the LUX collaboration [206]. As pointed out in Ref. [281] the effect of the form factors
can also induce important differences in the expected number of events. In this Chapter we use the
Helm factor for the SI component and the SD structure functions given in Ref. [269] for the SD
component.

To show explicitly the dependence of the SI and SD elastic scattering cross sections on the
parameters of the model, namely, on the ratios a/c and b/c, let us write them as,

4 M2h2
SI 202 _ Hp 2
9p = ;:Upfp = Wm%, (3b+c¢)7, (4.47)
sp_ 24G% 4 4 3“12)h2 p D P12
o, = [0y = 720 +b—c)AL 4 (2a + b+ ¢) (A + AD)]". (4.48)
s ™m

Zl

Notice that in order to calculate the neutron contributions one has to multiply by (f./ fp)2 the
SI component and by (a,/a,)? the SD component, whose expressions are given in Eqs. (4.30) and
(4.34). Let us mention at this point the existing relation between the SI and the SD elastic cross
sections. From the previous equations, and the corresponding neutron counterparts, one can easily
see that the contribution from the SD cross section to the total number of expected events dominates
if |a/c| > |b/c| and |a/c| > 1. However, for a given of ¢ the ratio a/c cannot be arbitrarily large
due to the normalization Eq. (4.18). In fact, it can be shown that for the SD component to be
dominant in LUX for the range of m, considered and when [b/c| < 5 (the region shown in the
figures) then a/c 2 100. Using the values of ¢ shown in Table 4.2, such high values of a/c do not
satisfy the Eq. (4.18), and hence, they are not considered.

8 Actually, LUX observed one candidate event that was marginally close to the background region in the
log,,(S2/S1) — S1 plane. Thus our result of the exclusion is closer to the actual LUX limit when considering
zero observed events.
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Figure 4.4: a/c versus b/c for BM1 (left) and BM1a (right). As in Figure 4.3 we show some values of the ratios f,,/ f,
and a,,/a,. The LUX bound excludes all the region depicted in red. LHC bounds rule out different regions for et e~
(light blue) and u™ = resonances (darker blue). In this BM point, dijet resonances do not constrain.

In order to compute the constraints from LHC searches we make use of the dimuon, dielectron
and dijet resonance searches . In that sense we make use of the formalism described in Section 4.3.
To extract the functions @ at /s = 8 TeV we have benefited from CalcHEP 3.6.22 [203] using the
parton distribution functions CTEQ6L to be consistent with the LHC analysis [270]. Furthermore, in
order to include Next-to-LO effects, we have used the K-factor given in Ref. [282]. Remarkably, this
approach can be used to calculate not just the bounds for dilepton but also for dijet resonances just
by substituting BR(Z’ — [717) (valid for dilepton in the previous expressions) by BR(Z' — ¢q),
where a sum over all quarks (except for the top quark [273]) must be performed. Finally, to
include properly the dijet resonance searches, the cross section times the branching fraction must
be multiplied by a factor A = 0.6 which accounts for the efficiency of the detector [273].

Results

Let us start analysing BM1 and BM1la. These BM points correspond to a low mass dark
matter candidate, with a mass of 50 GeV and a Z’ boson of 1 TeV. In Figure 4.4 we show the
plane a/c-b/c with some values of the ratios f,/f, and ay/a, for BM1 (left panel) and BM1a (right
panel). We have superimposed the 90% C.L. LUX exclusion region (shown in red) that rules out
high values of |b/c|, while in blue we show the exclusion regions from the LHC searches for ete™
(light blue) and p* ™ resonances (darker blue). As we have anticipated previously, the LUX limit
does not depend on the specific value of a/c since in this region of the parameter space the SI
contribution of the elastic scattering dominates over the SD one. For BM1, LUX excludes the
regions b/c < —0.9 and b/c 2 1.0, which correspond to the regions in which the proton and neutron
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components of the SI elastic cross section are similar, |f,/f,| = 1. To understand this behaviour
note that the proton contribution given in Eq. (4.47) decreases very fast around b/c = —1/3, faster
than f,/f, (due to fg) This means that, although in the allowed region the neutron contribution
to the SI cross section dominates with values of f,/f, that can be very large (see also left panel
of Figure 4.2), it also decreases, and thus, the LUX limit weakens. For BM1a, since the value of h
has been decreased respect to BM1, the coupling of 1 to the Z’ also diminishes and then the LUX
limits are able to constrain much less parameter space, namely, it rules out the region |b/c| 2 1.9.

Unlike direct detection limits, LHC bounds depend on the value of a/c. First of all, we
show that for BM1 when |a/c| < 2, both ete™ and pu*p~ bounds are less stringent. This can be
understood from Eqs. (4.43) and (4.44). The second term in both expressions is minimized when
b/c &~ —2a/c which is translated into a minimization of the production cross section of the Z’
(see also Eq. (4.38)) and thus, both limits are less stringent. Besides, LHC limits are stronger for
positive values of b/c as a consequence of the dominance of the @, function over the corresponding
function of the down component and hence, the production through the up component cancels
out the first term of Eq.(4.43) for b/c ~ —1. LHC limits are stronger for BM1a for two reasons.
First, the increasing of d/c makes the Z’' coupling to leptons higher and then the corresponding
branching ratio is increased. Second, a smaller value of h makes the Z’ boson less invisible, which
is translated into an increase of both, its production cross section and its branching ratio into SM
particles. Remarkably, LHC limits rule out a big portion of the parameter space allowed by LUX,
including the Xe-phobic value of f,/f,, and it leaves only a small region allowed corresponding to
positive values of a/c and —2 < b/c < —1.

Interestingly, the allowed regions for both BMs represent isospin violating DM scenarios in
which the neutron contribution of the SI component might be much higher than the correspond-
ing proton component but both are generally small in order to evade LUX bounds. For the SD
component in BM1, the values of a,/a, are not restricted while for BM1a, the allowed region en-
codes ay,/a, generally larger than one. In conclusion, there exists an outstanding complementarity
between LHC and direct detection searches for these BM points. While LUX is more stringent
than the LHC for negative values of b/c, the LHC is more constraining for positive ones, and for
BMI1a also for negative a/c, which highlights the power of combining different experiments in the
search for new physics.

Let us move now to BM2 and BM2a. These BM points entail a much heavier DM candidate
with respect to the previous ones, now my, = 500 GeV, and a Z’ boson of 3 TeV, heavier than before
as well. In this region of DM masses, direct detection experiments start to lose their sensitivity
very rapidly, so we have increased the DM coupling h in order for the LUX limit to play a role.
Besides, by augmenting d/c we have increased the decay width of the Z’ boson into leptons, which
makes dilepton constraints more stringent. In Figure 4.5 the plane a/c-b/c is depicted for these
BM points. Notice that in this case dijet searches at the LHC are shown as dark blue regions with
oval-like shapes and are specially important in the upper left corner of the BM2 case.

As in the previous BMs, LUX limits are very stringent in this case, specially for BM2, and
again are independent of a/c (dominated by SI interactions). LUX rules out the zone |b/c| 2 0.4
for BM2 and |b/c| 2 1.7 for BM2a, since for the latter the values of both ¢ and h are smaller. For
BM2, the reason for this behaviour is the same as before: in the region not excluded, although the

82



Chapter 4. Vector Portal: Stiickelberg

alc

Figure 4.5: Same as Figure 4.4 but for BM2 (left) and BM2a (right). In this case the exclusion region from dijet
resonances at the LHC is shown in dark blue.

neutron contribution is much higher than the proton contribution, both cross sections are small.
LHC limits from dilepton resonances are now very well differentiated and more stringent as a
consequence of the increase of d/c (respect to BM1 and BM1a). The difference between ete™ and
T~ channels is more notably and comes from the different sensitivity of the ATLAS detector to
these channels at this Z’ mass, since its coupling to each of these leptons is identical. Finally, dijet
resonance searches appear in these cases as more constraining than dileptons and LUX in a small
region of the parameter space (the upper left corner in the left panel of Figure 4.5). The shape of
this constraint is due to the squares of the couplings to quarks, involved either in the production
mechanism or in the subsequent decay of the Z’. This can be understood as a leptophobic behaviour
of the Z’ in this region of BM2, while we have not found such feature in BM2a due to the increase
of d/c which makes the Z’ more leptophilic.

To end with these BM points, as it is shown in Figure 4.5, there is only a tiny region allowed
for BM2, while for BM2a the region is considerably bigger. In terms of isospin violation in the SI
interactions, it corresponds to neutron dominance as in the previous cases. Remarkably, the Xe-
phobic scenario (fy/f, = —0.7) remains allowed by both LHC and LUX in the two BMs analysed.
For the SD interactions, the ratio a,/a, is found to range between 1 and -10, approximately, and
thus, it can be concluded that in general all interactions in direct detection experiments would be
dominated by neutrons. The complementarity between direct DM searches and the LHC now takes
a new shape. LUX rules out the values of b/c stronger than LHC in all cases, however, the LHC
is able to constrain high values of |a/c|. Surprisingly, this complementarity is able to delimit the
allowed portions of the parameter space so strongly that the we have obtained closed regions.

To end with the analysis, we study two BMs in which the decay of the Z’ into DM particles
is kinematically forbidden, BM3 and BM3a, unlike for BM1(a) and BM2(a). Our results are shown
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Figure 4.6: Same as Figure 4.5 but for BM3 (left) and BM3a (right). The grey region on the right panel do not satisfy
Eq. (4.18) and thus, its is not phenomenologically viable.

in Figure 4.6 for BM3 (left panel) and for BM3a (right panel). The choice of the parameters is such
that for BM3, LUX limits are not very constraining, while for BM3a the increase of ¢ and h makes
LUX very restrictive. However, for the latter a new constraint, very strong, has appeared. The
grey area denotes a forbidden region because it does not satisfy Eq. (4.18). This is a consequence
of the value of ¢ in this case, which is the bigger of all BMs.

Since the Z’ boson cannot decay into DM particles in BM3 and BM3a, the branching ratios
into SM particles are increased, and therefore, we expect LHC limits to constrain very severly.
Notably, for BM3 dijet bounds dominate the region —3 < b/¢ < —1. The value used for d/c in
these BMs makes that for b/c relatively small the Z’ boson behaves as leptophobic, which results in a
decrease in sensitivity of the dilepton searches. As soon as |b/c| increases this behaviour disappears
and dilepton bounds are dominant over the dijet ones. In most of the region allowed the SI elastic
scattering cross section is dominated by neutrons, except for the region close to b/c ~ 1. The ratio
an/a, allowed is very similar to those in the previous BM points.

For BM3a, shown in the right panel of Figure 4.6, we find that only a very small region is
allowed. The region extending from b/c ~ —1 up to b/c = 0, and from a/c ~ 0 to a/c ~ 1. From
a point of view of complementarity, this region is exceptionally exemplifying since it is delimited
by all the searches. The upper and lower regions are bounded by dijet searches, the left by LUX
and the right by dilepton searches. This is a consequence of increasing ¢ while keeping the ratio
d/c constant. In this case, the SI cross section is dominated by neutrons and the SD proton cross
section is similar to the neutron component but with a,/a, ~ —1.
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Next to - MSSM with RH sneutrinos

The NMSSM with RH neutrino and sneutrino states was introduced in Refs. [93-96]. It was
there shown that the RH sneutrino can be the LSP and a viable candidate for dark matter within
the category of WIMPs, since the correct relic abundance can be obtained in wide regions of the
parameter space, including the possibility that the RH sneutrino is very light [97].

The superpotential of this model reads
W = WNMSSM+)\NSNN+Z/NL‘H2N, (51)

where flavour indices are omitted and the dot denotes the SU(2); antisymmetric product. The
Lagrangian contains new soft-supersymmetry breaking parameters as follows

— L = —LNmssM + mN2]N|2 + ()\NA)\NSNQ + yNAyNEHQN + H.C.) . (5.2)

In total, five new free parameters are included, namely a soft sneutrino mass myg, two Yukawa
couplings Ay and yy, and two trilinear parameters Ay, and A,,. After radiative Electroweak
symmetry-breaking takes place the Higgs fields take non-vanishing VEVs. In particular the VEV
of the singlet, vg, triggers an effective p parameter which provides an elegant solution to the u
problem of the MSSM. At the same time, an effective Majorana mass is generated for the RH
neutrino,

My = 2ANvs , (5.3)

which is therefore of the order of the electroweak scale.

The neutrino mass matrix can then be written in terms of the above quantities as

0 ynv2 0 Mp
M, = = . 5.4
v ( yhva 2ANvs ML My (5.4)
In general Mp is a 3 X k matrix and My is a k X k matrix, where k is the number of RH neutrinos.
In this Chapter, for simplicity, we consider only one RH neutrino with equal mixings with the three
left-handed neutrinos!. In the limit where the neutrino Yukawa is small, the diagonalization of the
above mass matrix yields two eigenstates which are almost approximately pure gauge eigenstates.

The lightest of these would correspond to ordinary left-handed neutrinos, 1 = vy, whereas the
heavier one is a pure RH neutrino v, = N, with masses as follows,

2.9
_ YNYa

= My =2 . .
My, o, N ANUs (5.5)

!The properties of a general construction, with three RH neutrinos, would be affected by the specific texture of the
Yukawa matrix. Although this would have a profound effect on the resulting neutrino phenomenology, the presence
of displaced vertices would be treated in a similar fashion to the analysis in this Chapter.
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Notice that in order to reproduce the smallness of the left-handed neutrinos the value of yx has to
be small, of the order of the electron Yukawa, yy ~ 1075, typical of a low-scale see-saw mechanism.
As we will see in the next section, the smallness of this parameter is responsible for the presence
of displaced vertices or long-lived charged particles.

We will express neutrino mass eigenstates in terms of the mixing matrix, N" as follows,

v; = NiVLVL + NZ-I%N, (56)
and identify v1 ~ v, + N{zN and v ~ NJ;vr+N. The mixing between LH and RH neutrino mass
eigenstates, as obtained from the diagonalization of Eq. (5.4), is proportional to yn and therefore

| Z— v o _ YNV2
small, NYp = Ny, = Ano: -

Regarding the sneutrino sector, the mass eigenstates are also a linear superposition of the
LH and RH gauge eigenstates, 7y, and N, respectively. We can use a similar description in terms
of the mixing matrix N” as follows,

Uy = N + NN . (5.7)

As in the case of the neutrinos, the left-right mixing terms are proportional to yx (the complete
expression can be found in Ref. [96]) and are therefore very small. For this reason the mass
eigenstates are almost pure LH or RH fields, 7y ~ NgLDL + N~ Nl and oy ~ Uf, + NQﬁLN ~ Ur,
with Ng’L, NfR = O(yn). Notice that in this case we identify the lightest eigenstate with the lighter
RH sneutrino, Ni. In terms of the rest of the parameters the lighter RH sneutrino mass reads

m?vl = m?v + 22N vs)? + Jynva]? £ 20y (A,\st + (kv — )\vlvg)T) ) (5.8)

where the sign in front of 2y is chosen opposite to the sign of 2N (A,\st + (ng - )\vlvg)T).

In this construction, the on-shell production of RH neutrinos can lead to the occurrence of
displaced vertices. Moreover, if the NLSP is the lighter stau, it can also behave as a long-lived
charged particle if produced on-shell. In both cases the lifetime of the corresponding particle is
a function of the neutrino Yukawa, yy, as we will see in the next section, and since yy ~ 1076
particles tend to be long-lived.

5.1. RH-sneutrino Dark Matter

Given the fact that the RH-sneutrino fulfils all the important properties of a viable DM
candidate it is possible to be the DM particle. There exist different attempts in the literature to
present the sneutrino as a well candidate for DM, for instance the Left-Handed sneutrino appearing
in the MSSM, however it was shown in Ref. [79] that the LH sneutrino coupling with the Z boson
was high enough to produce a quick annihilation in the Early Universe and also to a high rate in
the scattering cross section off nuclei. In order to evade this problem a mixed state of LH and RH
sneutrino was proposed so tuning the mixing one can control annihilation rates [283-288].

In this model a pure RH sneutrino state is considered. Two important aspects are crucial
for the RH sneutrino to be a good candidate to DM. The first one is the flexibility in the mass of
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the RH sneutrino. In Eq. (5.8) the mass of the RH-sneutrino is shown as a function of different
parameters of the model. It is easily seen that achieving a specific mass of the RH-sneutrino can be
obtained tuning the different parameters of the model. The other aspect to be taken into account
is the Higgs sector. The Higgs couples to RH-sneutrinos through the term SNN of Eq. (5.1). The
strength of this interaction modifies the different annihilation rates of the RH-sneutrinos being the
responsible of the different DM properties such as the relic density and also the direct detection
rates. Being the Higgs sector the main responsible of the connection between the DM sector and
the SM one? the final states of the RH-sneutrino annihilation are WYW =, ZZ, ff, H?HJQ, HfH;,
ASAS, ZAY, WEHT gg, Zv, 4y and NN. All these channels contribute to the annihilation rate
in the Early Universe and determine the present relic density. Furthermore the fermionic channel
is the responsible of the direct detection cross section. Consequently if the fermionic channel is the
dominant one, there is a correlation between different processes. However, if this correlation implies
that one of the DM results is unfavoured the other annihilation channels could help to alleviate this.
For that reason the RH-sneutrino is a viable and attractive candidate for DM. In Refs. [97-100]
an exhaustive and detailed DM analysis of the model has been performed showing the different
characteristics and possibilities of the RH-sneutrino in view of the different DM experiments.

5.2. Constraints on the Higgs invisible decay width

The recently discovered Higgs particle at the LHC has a mass of 126 GeV and SM-like
branching ratios [8,289]. Within the NMSSM a scalar Higgs with these properties can be obtained
in wide regions of the parameter space [290-304]. In fact, the presence of an extra scalar Higgs
field induces new contributions to the Higgs mass from the A\SH, H; term in the superpotential,
which allows to get a fairly heavy Higgs boson while reducing the fine-tuning with respect to
the situation in the MSSM. The Higgs sector of the NMSSM is very rich, and the presence of
a lighter scalar Higgs is also allowed, provided that it is mostly singlet-like. All these features
are still valid in our construction, however, when implementing constraints on the resulting Higgs
phenomenology one has to be aware that the presence of light RH neutrinos or sneutrinos can
contribute significantly to the invisible decay width of the scalar Higgses [97]. For the reduced
signal strength of the Higgs to di-photon mode, R,,, we use 0.23 < R,, < 1.31, the latest CMS
results at 20 [305]2. The remaining reduced signal strengths are also constrained according to the
CMS results of Ref. [305] (see Refs. [307,308] for the equivalent ATLAS results). Notice that these
measurements indirectly entail a strong bound on the invisible and non-standard decay modes of
the SM-like Higgs boson [309-316], which in our case affects the decay modes h%M — HYHY,
h%M — AVAY, hOSM — )Z?)Z?, and especially, th — NN and hOSM — N1 Ny

2There are other diagrams connecting the DM and the SM sectors, however they are proportional to the neutrino
Yukawa, yn that is negligible compared with the other couplings such as An
3For ATLAS the same limit including all systematics is 0.95 < R, < 2.55 [306,307].
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The decay width of a scalar Higgs into a RH sneutrino pair or a RH neutrino pair is [97],

1/2
|Crogal® dmg *
Cpomm = o (1 e ; (5.9)
i 327rmHZo M0
X3/ (5%0)7 |
T = —t 1-— 5.10
H?—NN 3or  H] mlzqo , (5.10)

3

where the Higgs-sneutrino-sneutrino coupling reads [96]

2A\ A
Crops = \%;”W (sinﬁS}{? + cos BS?{zg)) + {(4& + 2RAN )Us + AN\;g] Sf’{? . (5.11)

In terms of these, the branching ratio into invisible and non-SM channels reads,

h%M —inv

BR(hY,, — inv) = : (5.12)

Unnmssm + Ty —ino

where I'yprssas is the Higgs decay width in all other possible NMSSM products and is calculated
using the code NMSSMTools. Fh% \—viny accounts for all non-standard decays of the Higgs boson,
which in our model should comprise decays into pairs of RH neutrinos, RH sneutrinos, neutralinos,
and scalar and pseudoscalar Higgs bosons, i.e., Uho  —inw = Fh%M—>N1J\71 +lh0 NN TRy, 050+
Fh%M —moHY t th TR In the scenarios considered in this chapter the neutralinos and light-
est CP-even and CP-odd Higgses are heavier than mpy, /2 =~ 62 GeV, and therefore only the
contributions from decays into RH neutrinos and sneutrinos are important.

From the expressions above it is clear that if the decay into RH neutrinos is kinematically
allowed then large values of Ay can lead to a sizable contribution to the invisible decay, being
therefore very constrained. On the other hand, regarding the Higgs decay into two RH sneutrinos,
the Higgs-sneutrino-sneutrino coupling is a more complicated function, involving Ay, Ay, and mg,
and accidental cancellations might occur. In general, however, large Ay is also more constrained.

Throughout this Chapter we consider input parameters defined at the electroweak scale, so no
running is performed. The supersymmetric spectrum and Higgs phenomenology is computed using
NMSSMTools [317-319], which we have modified to incorporate the RH neutrino and sneutrino sector.
We also include a condition on the stability of the corresponding vacuum following the analysis of
Ref. [320]. The decay width for the RH neutrino has been calculated using CalcHEP 3.4 [203]. We
incorporate the most recent experimental constraints on the masses of supersymmetric particles, as
well as on low-energy observables (which are also computed using NMSSMTools). In particular, we
consider the recent measurement of the branching ratio of the By — p*pu~ process by the LHCb
[321] and CMS [322] collaboration, which implies 1.5x107% < BR(Bs — utp~) < 4.3x1079 at 95%
CL. Also, for the b — s decay, we require the 20 range 2.89 x 107* < BR(b — s7) < 4.21 x 1074,
where theoretical and experimental uncertainties have been added in quadrature [323-327]. We
also impose the constraint on the branching ratio of the B* — 77, decay at 20, 0.85 x 1074 <
BR(B* — 7tv,;) < 2.89 x 107* [328]. Regarding the supersymmetric contribution to the muon
anomalous magnetic moment, aEUSY, experimental data using e*e™ suggest that there is a deviation
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from the SM value [329-333]. However, if tau data is used, this discrepancy is smaller [332]. In
our analysis we compute this quantity but do not impose any constraints on it. Following the
recent observations, we demand the presence of a Higgs boson with a mass of 126 GeV and SM-like
couplings [8,289]. Finally, some analysis suggest the existence of a second singlet-like Higgs boson
with a mass around 98 GeV [334-336], a possibility that we also consider in one example.

Table 5.1 shows the input parameters for three NMSSM scenarios, labelled S1, S2 and S3, that
will be used in this Chapter and that pass all the constraints mentioned above. We also indicate the
RH sneutrino relic density and spin-independent scattering cross section off nucleons 4, o5, Part of
the resulting supersymmetric spectrum (corresponding to the Higgs, stau and neutralino/chargino
sectors) is shown, together with the corresponding values for some low-energy observables. In
scenario S1 the SM Higgs is the second-lightest one, h% M= HY, whereas in scenarios S2 and S3 it
is the lightest one, h2,, = HY.

Since we have chosen small values of tan 3, the value of BR(Bg — u*u™) is very close to the
SM value and this constraint is not very important in ours scan. On the other hand, BR(b — sv)
has a more serious impact on the NMSSM parameter space (see e.g., Ref. [76]). Finally, in the low
tan 8 regime the contribution to the muon anomalous magnetic moment is not sufficient to account
for the deviation observed in ete™ data.

In Refs. [96,97] it was shown that the RH sneutrino relic density can be adjusted by playing
with the free parameters Ay, Ay, and mg without significantly affecting the NMSSM phenomen-
ology. For this reason, in this analysis we do not impose any constraint on the relic abundance of
the RH sneutrino.

We have constructed a chi-squared function, x?(u), for the total visible signal strength, u,
using the data for the signal strengths of each individual process given by ATLAS and CMS. In
order to be conservative we assume that p =1 —BR(h% v — inwv), which holds if the Higgs is totally
SM-like except for the new decays. This means that new contributions (apart from those of the
SM) to the Higgs production are assumed to be zero. Although this is not always true for SUSY
models, this implies a stronger bound on the invisible Higgs branching ratio. The minimum of the
function is achieved for a non-zero value of the invisible Higgs branching ratio, and the 1o and 2¢
values are given by x? = x2,.,, + Ax?, with Ax? = 1, and 4 respectively. With this prescription, we
obtain BR(h%,, — inv) < 0.15(0.27) at 1o(20), consistent with other recent analyses [310-316].

We illustrate in Figure 5.1 the effect of these bounds on the (Ay, mg) plane corresponding to
scenarios S1 and S2 of Table 5.1. For each of these we consider two examples with Ay, = —150 GeV
and —250 GeV. The light (dark) blue area corresponds to the region excluded due to an excess in
the invisible branching ratio of the SM-like Higgs. The constraints from the invisible Higgs decay
are very dependent on the RH sneutrino parameters. In Figure 5.1 the RH sneutrino mass increases
with the soft mass parameter m g (along semicircular trajectories that depend on Ay). The dark

gray area corresponds to regions of the parameter space for which m?v < 0 and the light gray area

1

4We only give these quantities for information, since we have not applied dark matter constraints in this Chapter.
Most of the points have a relic density very close to the value obtained by Planck data and a value of ¢! that is
just above or below the current upper bound obtained by the LUX, XENON100 and SuperCDMS direct detection
experiments [123,206, 337]. Direct detection limits are more important for points with light RH sneutrino, such as
Sla and S1b, and some of us will reanalyse the viability of light RH-sneutrinos in the light of these bounds [98].

91



Chapter 5. Next to - MSSM with RH sneutrinos

S1
mﬂ1>m)(1
s s
8 )
vEZ éz
Yo 0.5
140 ™, son P S2 S2
° ;
120 | My>
: N MR
100 - My=my, /2
% 80/ 3
e S2a ; N <)
£ [Mu=mw20o £ \
60 Tl \
40t 1 \\
\‘ “
\‘y l
20/ 1 "1
| ‘ ‘ — ] i
Qoo 0.05 0.10 0.15 0.20 0.25 0.30 03 04 0.5
Ay An
Figure 5.1: Constraints on the (Ax, m ) plane from the invisible branching ratio of the SM-like Higgs for S1 (upper
row) and S2 (lower row). From left to right, the trilinear term is Ay, = —150, —250 GeV. Dark (light) blue areas
correspond to the regions of the parameter space where BR(h2,, — inv) > 0.15(0.27) , corresponding to the 1o
and 20 exclusion limit by ATLAS and CMS. Dark gray areas are ruled out since the RH sneutrino mass-squared

is negative. Dashed lines indicate the curves along which the RH sneutrino mass is constant and my,
My, = mpo /2 from top to bottom. The vertical dot-dashed line corresponds to My = Mmpo, /2. Finally, points

= m)zg’
to the left and below the dotted line satisfy m g, + My < myo. Yellow dots correspond to the various benchmark
points, defined in Table 5.1, that are used in the analysis.
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with RH sneutrinos

Scenarios S1 S2 S3
tan 8 2.0 2.5 2.7
My, My, Ms 500, 650, 1950 300, 600, 1800 345, 575, 2500
mrE 300 250 1000,350
mQu,D, , 2000 2000 2000
mQ,u,D, 1500 2000 2000
Ap -1000 -1000 750
Aup 2000 2300 2550
" 152 180 595
A K 0.50, 0.27 0.60, 0.40 0.58, 0.34
Ay, Ax 283, -220 265, -50 1189, -225
Mo, My, Mo 99.5, 125.8, 358.6 125.7, 225.7, 446.2 125.8, 656.9, 1650.5
mA,, MA, 254.1, 348.9 181.0, 432.8 501.5, 1644.9
Mg, Mgy, Mg 127.0, 176.3, 200.1 147.3, 206.9, 277.9 335.7, 528.9, 611.2
mgo, Mgo 492.3, 674.3 306.8, 627.6 665.5, 740.7
Mgk, Mot 144.9, 674.1 173.6, 627.5 530.6, 676.5
Mz, Ms, 290.5, 312.9 245.9, 259.5 352.0, 1000.8
BR(b — 57) 4.24470-53% » 1074 3.98470%L x 1071 3.307707%8 x 107*

BR(Bs — putp~)
BR(Bt — ttv,)

3.6767%207 x 1077
1.31615215 x 107

3.677T5005 x 1077

3.6771T 05 x 1077
1.316121° x 107

131877215 x 1074

asUsy 2.71715 958 x 10710 4.59272-95% x 10710 5.14215818 x 10710
Benchmark

Points Sla S1b Silc S2a S2b S2c S3a S3b

AN 0.165 0.091 0.017 0.067 0.033 0.017 0.083 0.151

my 92.2 1289 80.6 68.5 130.9 42.5 190.7 179.2

Ay —250 —250 —250 —150 —150 —150 —500 —750

YN 107 1076 10°° 107 1076 10°° 107 1077

mg, 20 100 70 70 130 40 200 65

My 100 55 10 40 20 10 170 310

O h? 0.356 0.155 21.2 0.684 0.838 65.6 0.729 0.047
St x 107 24 20 69x10 74%x1073 54x107% 14 x1073 1.1x107% 3.3x1072

Table 5.1: Input parameters of the NMSSM at the electroweak scale that define the three scenarios S1, S2 and
S3 used in this Chapter. The resulting masses of the scalar and pseudoscalar Higgses are indicated, together with
the neutralinos, charginos, and the lighter stau, as well as the values of some low energy observables with the
corresponding theoretical error. For each scenario, a number of representative benchmark points are defined by the
corresponding values of the soft RH sneutrino mass, m g, soft trilinear parameter, Ay, coupling Ay, and Yukawa
coupling yn. We also indicate the RH sneutrino mass, m g, and RH neutrino mass My, as well as the RH sneutrino
relic density and spin-independent scattering cross section off nucleons (in pb). All the masses are given in GeV.

is the one with m Ny > g, above which the RH sneutrino is no longer the LSP. Dashed lines
correspond to trajectories with a constant mg . In all the examples we observe that I';o 5 &
1 SM 14V1

becomes larger when A, and Ay increase and more regions are excluded. Above the line with
Mg, =M, /2 the Higgs cannot decay into a RH sneutrino pair and is therefore less constrained.
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On the other hand, the RH neutrino mass increases with Ax and so does the decay width I’ h9, NN

(see eq. (5.10)). This gives rise to a vertical excluded area for S1 in the range 0.04 < Ay < 0.09

which is independent of Ay, . In example S2 the decay width I'jo _, ;5 is reduced since the SM-
SM

like Higgs has a smaller singlet component and therefore does not violate the experimental bound.

The vertical dot-dashed line corresponds to My = My, /2 so to the right of this line the Higgs

decay into a RH neutrino pair is kinematically forbidden.

Finally, points in the area to the left and below the dotted line satisfy myg + My < mgo. In

this area the neutralino NLSP can undergo the two-body decay X} — NiN, whereas to the right
and above the dotted line the dominant decay is X} — Nyvp.

We have selected various representative benchmark points for each scenario, which are indic-
ated in the plot by means of a yellow dot, labelled as Sla, S1b, Slc, S2a, S2b, and S2c, and with
parameters defined at the bottom of Table 5.1.

5.3. Displaced Vertices

RH neutrino production

RH neutrinos can be produced at the end of a decay chain together with a RH sneutrino,
when the latter is the LSP. If the wino-like neutralino and wino-like chargino are light, the leading
production channel is pp — )ZZ-)Z;E (through a very off-shell W). Both neutralino and chargino
subsequently decay into the RH sneutrino LSP in very short chains (e.g., x; — NN and )Z;.t —
W) — WENN).

RH neutrinos can also be produced directly in the decay of a scalar Higgs boson. This is
a very clean channel, however it can be suppressed. On the one hand, the production of a Higgs
particle is proportional to its doublet component (which determines the Higgs coupling to SM
particles), but the decay of the Higgs into RH neutrinos is only sensitive to its singlet component.
Notice also that the h%M — NN branching ratio is also constrained to be small from the recent
bounds on invisible Higgs decays.

Both production mechanisms are illustrated in Figure 5.2. The RH neutrino eventually decays
into Standard Model particles. Notice that depending on the masses of the particles involved, the
RH neutrino can be produced on-shell or be an off-shell mediator of higher order decays. We can
define three potential scenarios.

(I) My < mf(? —my,

In this case, the lightest neutralino two-body decay x§ — NiN is kinematically allowed.
This proceeds very rapidly, since the coupling Cyny, is not Yukawa suppressed. In this case,
the RH neutrino and sneutrino are produced on-shell and the on-shell RH neutrino can be
long-lived.

(H) mxg —mg, < My < mxg —|—le

The neutralino two-body decay x| — N1 N is not possible, but it can proceed through a
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Figure 5.2: Different possibilities for the production of RH sneutrinos. On the left, a neutralino/chargino pair is
produced after the original collision and undergoes a short decay chain that ends in the production of a RH neut-
rino/sneutrino. On the right, a pair of RH neutrinos is produced in the decay of a Higgs boson.

(111)

virtual RH neutrino into a multi-body final state, where the virtual RH neutrino vertex
introduces a factor yZQV in the total neutralino decay width. However, the two-body decay
O - Nyvy, is always kinematically allowed and dominates the decay width. Although it
is suppressed by the mixing between the left and right neutrino components (and therefore
also introduces a factor y?\,), it is favoured by the phase space with respect to the possibility
discussed above. Since the decay products of the neutralino are invisible, this scenario does
not leave any displaced vertex (and is indistinguishable from the production of neutralino
dark matter). This implies that for this range of RH neutrino masses we cannot consider the
production mechanism through a neutralino-chargino pair.

On the other hand, this does not affect RH neutrinos produced through Higgs decays.

m>~<? —{—le < My

Finally, if RH neutrinos are heavy enough that the decay channel N — X?Nl is kinematically
allowed, then no displaced vertices are expected, since NNy is stable and, as explained above,
) — Ny is the dominant decay channel for the lightest neutralino.

RH neutrino decays

If the RH neutrino is heavy enough, it can undergo a two-body decay into W*IF, Zvy, or

H?VL. The decay width corresponding to all these channels is proportional to y?\,, which enters
either through the LR mixing of the neutrino (in the cases N — W*IT and N — Zvy) or in the
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Figure 5.3: Branching ratios of the RH neutrino as a function of its mass for scenario S1 (left) and S2 (right).
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Figure 5.4: Decay length of the RH neutrino as a function of its mass for benchmark points S1 (left) and S2 (right). It
is important to note that the decay length is independent of the sneutrino mass. The different lines represent different
values of the neutrino Yukawa coupling. The shaded area corresponds to the range in lengths that could lead to an

observable displaced vertex in the ATLAS inner detector.

coupling with the Higgs (in the case of N — Hvp),

2.2 2 2 \ 2 2
ynvs9° My miy 2myy,
r = 1-— 1 , 5.13
N=wi 641 m§V< MN2> ( +MN2> (5.13)
2.2 2 2\ 2 2
_ Ynvag My my 2my,
R e mgvs»é ‘MN2> <1+MN2>’ (5.14)

2 (@2 )2 2
yn (Sipo) Mgo
Unomon, = TlMN l——=5 (5.15)
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Process Signature
N — WEF =yl | 20(+Fr)
—qq'l7 tjj

N = Zvi 5 vl{1T | 20(+Fr)
— viqq 2j(+r)
N — Hlvi — vil51T | 20(+r)
— viqq 2j(+r)
— vy | 2v(+Hfr)

Table 5.2: Potential signatures at the LHC corresponding to the different production mechanisms, where ¢ = e*, p*

and j stands for hadronic jets. As explained in the text, it is difficult to measure the missing transverse energy, Fr,
associated with a displaced vertex.

where S%IQ is the up component of the Higgs HY. Therefore, we expect this particle to be long-
lived, and give rise to a displaced vertex that could be observed through the resulting charged SM
particles. Notice in this sense that the channels Zv; and HZ-OI/L are only observable through the
decay products of the Z and Hi0 bosons.

For lighter N, we can only have three-body decays through virtual W+, Z or HY. For the
same reasons as above, the decay width is proportional to y]2V but now is further suppressed by the
phase space, thus leading to a larger lifetime. We have computed the corresponding lifetime using
CalcHEP 3.4.

Thus, in terms of the parameters of the model, the RH neutrino lifetime is only a function of
its mass, sensitive to the details of the Higgs sector, and modulated by yjzv. We illustrate the results
with two numerical examples, denoted benchmark points S1 and S2, with parameters defined in
Table 5.1. The resulting decay length and branching ratios are displayed as a function of the RH
neutrino mass on the left and right panels of Figure 5.3 and Figure 5.4, respectively. The shaded
area corresponds to the range in distances that we expect the ATLAS inner detector can resolve for
a displaced vertex. We indicate by means of dotted vertical lines the masses of the gauge bosons
and HY, below which two-body decays are no longer possible.

As we observe, for a wide range of values for the RH neutrino mass and the neutrino Yukawa,
the RH neutrino decay length is within the range that can be resolved in ATLAS. Also, we have
found that in general the decay through a virtual or on-shell W dominates the decay width, and
this will determine our choice of signals to analyse.

Signals at the LHC

The displaced vertex originating from the late decay of a RH neutrino is observable through
the decay products of the W+, Z, and HZO bosons.

The observation of a displaced vertex depends on the reconstruction of the tracks of the
charged particles produced. Usually at least two charged tracks are needed to reconstruct a sec-
ondary vertex. Important parameters for the reconstruction are the total distance from the primary
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vertex, Ly, and the impact parameter, dy = Ly, sin @, where ¢ is the angle described by the tra-
jectory of the displaced vertex with respect to the beam line. An illustrative scheme of a displaced
vertex is represented in Fig. 5.5. The resolution of the vertices in the pixel tracker for both ATLAS
and CMS detectors is of the order of hundred pum, however as the displaced vertices must be dis-
tinguished from primary ones, usually |do| 2 2 —4 mm and Lz, 2 4 — 8 mm is imposed [338-341].
These cuts also remove completely the SM background, as it was shown in Refs. [339-342]. In fact,
in Ref. [341] it was shown through MC simulation studies that the selection on |dp| > 2 mm can
remove 98% of all tracks from the primary pp vertices. Although in their searches for displaced
vertices ATLAS and CMS use the whole detector volume, the identification of a displaced vertex
decreases when dy grows [338,339,341]. In our analysis we will therefore restrict our searches to
the inner detector® and for each simulated event we impose impose a cut on the decay length of
the RH neutrino, 10 mm < ¢y <100 cm.

Secondary Vertex

VT z

Primary vertices y

Figure 5.5: lllustrative scheme of a displaced vertex with different primary vertices.

The results for current searches for displaced vertices using the ATLAS or CMS detector can
be found in Refs. [338-340] and Ref. [341], respectively. The efficiencies shown there are dependent
on the distance where the displaced vertex takes place. In some points the reconstruction efficiency
could be as large as 30%, but in general this efficiency is smaller.

In Table5.2 we detail the potential signatures® As mentioned in the previous section, we
expect the contribution from N — W=*IT to be dominant and therefore we concentrate on the two
signatures N — 20+Fp and N — /£jj. Notice however that N — 2¢+F also receives contributions
from processes in which the mediator is either the Higgs or the Z boson and this will be taken into
account. It is important to observe that the emitted neutrinos contribute to the missing energy

®For CMS(ATLAS) the inner detector has a radius of 110 (108.2) cm [343,344].
5Similar signatures have been described in singlino decays in the prSSM [345].
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of the total event. The missing energy cannot be associated to the displaced vertex itself (as the
neutrino cannot be detected). For this reason, fp is not a good variable in our study and we only
focus on the properties of the visible particles that originate in the displaced vertices (leptons and
jets).

= 20(+Fr)

In principle one could think of using the transverse mass, defined as

2 2 =2 v\? = V2
mT = ( Mv’is +pT,’UiS +ET) - (pT,vis +pT) 5 (516)

where M?2

o5 1s the invariant mass of the visible system, pr ;s is the transverse momentum
. . . .. -V,
vector of the visible system, E¥ is the missing transverse energy of the vertex and P Is the
vector of the missing transverse energy. However, in practice we would not be able to measure
the missing transverse energy that comes from the displaced vertex. Notice for example that
it would be very difficult, if not impossible, to determine the original interaction from which

the long-lived RH neutrinos originated.

For this reason, we try to make use of only the visible particles. It was shown in Refs. [346-348]
that the invariant mass for the dileptonic system presents an endpoint which is sensitive to
relations between the particles involved. When applied to the process N — Wli/Zvy /H ZQ vy —
llvr, it can be shown that if the intermediate particle is produced on-shell, an edge in the
resulting distribution will be present for,

2
(i) = (Mn® = m3). (5.17)
where X = W, Z, HZQ. If the intermediate particle is produced off-shell, the distribution is
expected to have an endpoint at

. 2
(™) = (My = my, ) = My (5.18)

Since there are different intermediate particles for the decay of the RH neutrino, one expects
various edges, which might be difficult to distinguish. Also, the invariant mass of two leptons
will have resonant peaks for the Z and for the H, ZQ. We can avoid these two problems if we only
consider the final states coming from the W boson. This can be done by requiring two leptons
with different flavours that arise from the same displaced vertex. We thus eliminate leptons
coming from the Z and HiO channels that could spoil the mass reconstruction. Furthermore,
as mentioned above, the W boson decay is favoured being the main branching ratio of the
RH neutrino.

= 1jj
A plausible strategy to obtain information about the RH neutrino that produces the displaced
vertex is to analyse the two jets plus the lepton arising from the same vertex. If we are able
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%TZQ"V af;‘;\g U}%)Tev inT?(y My | m M| My
Sla | 2x10° | 0.87 || 3x10-% | 1.94 100 | 20 | 127
S1b 0.89 - 2.06 - 55 | 100 | 127
Slc 0.54 0.87 1.24 1.94 10 | 70 | 127
S2a || 0.004 | 0.25 0.22 0.65 40 | 70 | 147
S2b | 0.034 0.48 20 | 130 | 147

S2c 0.009 0.25 0.29 0.65 10 40 | 147

g

Table 5.3: Contributions to the production cross section of a RH neutrino pair from Higgs decays (JEITSV
ralino/chargino pair-production (U§E¥Q ) at the LHC with a centre of mass energy of 8 TeV and 13 TeV. For conveni-

i

J
ence, the masses of the particles involved are also indicated. The production cross sections are given in pb while
the masses are in GeV. In benchmark points S1b and S2b the neutralino decay into RH neutrino and RH sneutrino
is kinematically forbidden and neutralino/chargino production is not considered.

) and neut-

to reconstruct these three elements it is easy to calculate the invariant mass of the system,
defined as

m3y = (0 + 1 + 01V i + Djap + D1, (5.19)

where pﬁ‘ are the Lorentz vectors of the different particles. Since the decay width of the RH
neutrino is much smaller than its mass I'y < M, this variable presents a kinematical peak
near the pole mass of the RH neutrino.

We are not aware of algorithms that simulate the reconstruction of displaced vertices at the
detector level. Thus we have carried out our data simulation at parton level using CalcHEP. In
order to simulate the detector effects on the reconstruction of the energies of leptons and jets, we
assume that the nominal energies are smeared with a Gaussian distribution such that

a

(o
S
E  \/E/GeV

where @ denotes sum in quadrature. For electrons we have ay = 5%, and by = 0.55%, whereas jets
are much more difficult to reconstruct and we will take a; = 100% and b; = 5% [344]. Muons are
measured in the muon chambers and the smearing is applied to their transverse momentum.

b, (5.20)

For each of the benchmark points in scenarios S1 and S2 in Table 5.1 we have simulated the
production of RH neutrinos in proton-proton collisions with the corresponding LHC configuration,
considering the two production mechanisms detailed in Subsec. 5.3. The production cross sections
are specified in Table 5.3. Then, the generated event samples have been scaled to the given lumin-
osity. We consider the current LHC values, with a centre of mass energy of 8 TeV and an integrated
luminosity of £ = 20 fb~!, as well as a future scenario with 13 TeV and £ = 100 fb~.

The following basic cuts are imposed in order to single out the signals.

- In order to clearly discriminate the displaced vertices from b-jets, that usually have a ¢t ~
4mm [349], we require the displacement to be sufficiently large (but still contained within the

100



Chapter 5. Next to - MSSM with RH sneutrinos

Vs=8TeV, L=20fb 1 [ /s =13 TeV, £L=100fb*
ee | pp | ep | ejj | pjj || ee | up | e | ejj | ujj
Sla | 9 [10[17] 36 | 40 | 95 [ 101 | 195 | 393 | 427
Slb | 26 | 25 | 46 | 24 | 33 | 241 | 223 | 434 | 224 | 293
Sle [ 25|43 64| 0 0 | 317|547 | 813 | 2 3
S2a |30 25|49 46 | 52 | 528 | 438 | 882 [ 804 | 893
S2b| 2 2| 4| 0 1 32 | 31|57 5 7
S2¢ | 1 [ 2 ]3]0 0 21 | 33|51 0| 0

Table 5.4: Number of events that pass all the cuts for the LHC configurations /s =8 TeV, £ = 20fo ! and /s = 13
TeV, £ = 100fb~!. An efficiency of 20% is assumed in the reconstruction of displaced vertices.

inner detector). We thus require the presence of two displaced vertices with 10mm < c¢7 <
100 cm.

- For isolated electrons we require pr > 10 GeV and for muons pr > 6 GeV and |n,| < 2.5.

- For each jet we require pr > 15 GeV and |n;| < 2.5.

- The criterion for considering a particle or a jet isolated is AR > 0.4, where AR = /(An)? 4+ (A¢)?,
with A¢ and An being the azimuthal angular separation and the rapidity difference between
two particles. We also make sure that the particles from one displaced vertex are isolated
with respect to those of the other.

These cuts are designed in order to remove the SM model background. As it is shown in
Refs. [339-342] the main SM background is due to vy*/Z* — ¢T¢~,Z*Z*. The cut imposed in
the decay length is very effective and it can be seen that when it is combined with the condition
that the invariant mass of two leptons are greater than 5 GeV, the SM background can be totally
removed. Our cut in the decay lenght is more restrictive so we make sure that we remove the
SM background. We do not impose the cut on the invariant mass of the two leptons since in our
scenarios the neutrinos are heavier than 5 GeV and a possible residual of background does not
affect to the endpoint of the invariant mass distribution.

As it was pointed out before, the reconstruction efficiency of the displaced vertices is very
poor. In our analysis we use the estimations for ATLAS and CMS and will assume that the
efficiency is 20%.

The number of signal events after all the cuts are applied is given in Table 5.4 for each
benchmark point and each signal (¢¢ and ¢j5). We would like to remind the reader at this point
that we are considering that the RH neutrino has equal mixings with the three left-handed neutrinos.
Deviations from this assumption would imply variations in the relative rates for electron and muon
signals.
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Figure 5.6: Two-lepton invariant mass distribution, my,, for the benchmark points S1a, S1b and S1c (upper row)
and S2a, S2b and S2c (lower row) corresponding to the LHC with a centre of mass energy of /s = 8 TeV and an
integrated luminosity of £ = 20 fb~!. The solid line corresponds to the Mgy, the dashed line represents m,,,, and
the dotted line is mee.

Results

Let us first analyse the results obtained for the current LHC configuration, with a centre
of mass energy of /s = 8 TeV and £ = 20 fb~!. We represent in Figure 5.6 the resulting two-
lepton invariant mass distribution for benchmark points Sla, S1b and Slc (upper row) and S2a,
S2b and S2c¢ (lower row). The different lines represent the contributions coming from the different
channels, ey (solid), puu (dashed), and ee (dotted). As it was explained above we expect that these
distributions present an end-point defined by the kinematics of the system.

In the particular case of Sla, where the W boson is produced on-shell, we can see an edge
around m;;lge =/ Mpy?— m%v ~ 60 GeV. For this case, the Z peak is present for the same flavour

channels. Although this peak is smaller (due to the smaller branching ratio in RH neutrino decays),
its observation would allow us to distinguish this distribution from that of a 60 GeV RH neutrino’.

However, for this LHC configuration this peak is actually not observable.

In the rest of the benchmark points the W boson is produced off-shell and the end-point of
the invariant mass distribution is at the RH neutrino mass. Nevertheless, the reconstruction of the

"A 60 GeV RH neutrino would decay through off-shell bosons and present an end-point at its mass.
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Figure 5.7: The same as in Figure 5.6, but for the LHC with a centre of mass energy of /s = 13 TeV and an
integrated luminosity of £ = 100 fo—".

mass of the RH neutrino could be difficult because the smearing in the lepton energies spoils the
tail of the distributions.

Scenarios in which the RH neutrino mass is small, such as Slc, S2b, and S2c are generally
difficult to observe since most of the leptons produced fail to pass the cuts on their transverse
energy. Also, the smearing on the tail of the dilepton-mass distribution is more severe, due to the
small values of the lepton pr. Notice however that case Slc benefits from a sizable production rate
and the signal would be very clear.

The expected results for the LHC with a centre of mass energy of /s = 13 TeV and an
integrated luminosity of £ = 100 fb~! are shown in Figure 5.7. The same qualitative results are
obtained, but now the number of events is larger and some benchmark points can be probed more
easily. For example, the Z peak in benchmark point Sla features 5 events. As this peak is observed
in the dimuon channel, we do not expect a depletion in the number of events due to hadronization.
Also, since the detector effects are already taken into account through Eq. (5.20), we expect that
such Z peak would be observable for that scenario in the next configuration of the LHC. This is
also the case of some examples with low masses, such as S2b and S2c, although the small statistics
would make it difficult to determine the end-point of the distributions to extract the RH neutrino
mass.

Let us now turn our attention to the N — jj¢ signal. In Figure 5.8 we have represented the

103



Chapter 5. Next to - MSSM with RH sneutrinos

2 o] F
§ [ Sta § 3.5 Stb
I V5=8 TeV [T V5=8 TeV
of L=20 b 3 L=20fb"
[ 2.5
1 _5; — My E — My
[ - =M ok SMe
1 1.5F
[ i3
0.5 E
L 0.5
Lol ol T G: S AT P PR Y P = e
0 20 40 60 80 100120140160 180200 0 10 20 30 40 50 60 70 80 90 100
m, [GeV] m, [GeV]
LooF .02
9] S2a o | S2b
a2 Vs=8 TeV a [ (s=8 TeV
1.8 L=20 fb”' r
: 20t 0.015
1.6;
14F s
2o " 0.01
1T i
0.8-
0.6 0.005
0.4 [
0.2 . r
Gf’m\mmmmmmmm\Humummm? 0
0 10 20 30 40 50 60 70 80 90 100 0

m, [GeV]

Figure 5.8: Invariant mass distribution for two jets and one lepton, m, for the benchmark points S1a, S1b (upper
row), and S2a S2b (lower row) corresponding to the LHC with a centre of mass energy of /s = 8 TeV and an
integrated luminosity of £ = 20 fo—'. The solid line corresponds to the m ;,, and the dashed line represents m; je.

two-jets one-lepton invariant mass distribution m;;, for the different benchmark points for a LHC
configuration of \/s = 8 TeV and an integrated luminosity of £ = 20 fb~!. For this distribution, a
peak with a maximum centered in the RH neutrino mass is expected. We can see that this is the
case in benchmark points Sla, S1b, and S2a. From these distributions, the RH neutrino mass can
be determined with a certain precision, and compared with the results obtained from the study of
the myy distribution. For S2a we can see that the invariant mass distribution is centered around the
mass of the RH neutrino, My = 40 GeV, however the width of the distribution is larger. Although
the jets can pass the cuts, they have a small energy and cannot be reconstructed properly due to
the smearing effects.

If the RH neutrino mass is small (as in benchmark points Slc, S2b, and S2c¢), the jets are
less energetic and are more affected by the cut in ppr. For these three benchmark points, the jets
and leptons cannot fulfill the cut requirements and no events would be observed (see Table 5.4).

If we now consider the future LHC configuration, with a centre of mass energy of /s = 13 TeV
and an integrated luminosity of £ = 100 fb~!, the number of events increases and the reconstruction
of the RH neutrino mass is clearer. We show the corresponding distributions of m;;, in Figure 5.9.
We can observe that the reconstruction for the benchmarks in scenario S2 is less precise, as explained
above, due to the smaller energy of the resulting jets. Benchmark point S2b is now observable (with
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Figure 5.9: The same as in Figure 5.8, but for the LHC with a centre of mass energy of /s = 13 TeV and an
integrated luminosity of £ = 100 fo—".

approximately 12 events), however both Slc and S2c¢ remain unobservable and are therefore not
shown.

Notice that the results from Refs. [338-341] are the present constraints from the LHC on
displaced vertices. Some of these searches share the same signatures with this model. As these
searches are done in the /s = 7 TeV with luminosities less than £ = 5 fb~! and they impose strong
cuts in the pr of the objects that arise from the displaced vertex we found that our benchmark
points agree with the lack of signals that these searches found.

Also, due to the fact that some of the RH neutrinos could decay promptly, the decay objects
could contribute to multilepton signals in standard ATLAS and CMS searches for supersymmetry
[350,351]. We have simulated the expected number of multilepton events coming from RH neutrino
decays with an impact parameter smaller than |dp| < 0.2 mm, and observed that this number is
smaller than one in all the benchmark points. This means that the present searches on multilepton
signals do not constrain our scenarios.

It should finally be mentioned that displaced vertices can also appear in R-parity violating
(RPV) supersymmetric models [352]. For example, this is the case for a realization of these scen-
arios with trilinear RPV through a N"UDD term in the superpotential [353] can induce displaced
vertices [354]. However, the final states in these RPV models are different to the ones observed in
our scenario, as they originate from different couplings. In particular, the LLFE operator leads only
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to 20 + Fp, the LQD operator leads only to £jj and jj +Fr, and the UDD operator leads only to

137-

Similarly, bilinear RPV models with AW = u;L;H,, can also account for non-vanishing
neutrino masses through the neutralino-neutrino mixing. The final state produced at the displaced
vertex in these scenarios from the decay of unstable neutralinos would be 2¢ + Fr and jj + Fr by
vr), where in both cases the missing energy is due to the production of a vy [355], however we
would not observe any £jj events.

Contrary to trilinear and bilinear RPV, in our scenario the 2¢+F7 and ¢jj signatures have the
same origin (the decay of the long-lived N). As we have shown, from the reconstructed end-point in
the two-lepton invariant mass distribution (mg) and the peak in the two-jets one lepton invariant
mass distribution (my;;) we would reconstruct the same value of the RH neutrino mass. This is
a valuable cross-check that would allow us to discriminate our scenario from the above mentioned
RPV models.

5.4. Long-lived charged particles

A charged and long-lived particle can leave a distinctive track at the LHC that could be
identified as corresponding to a particle heavier than a muon. In our construction, this can be the
case, for example, of the lighter stau, which eventually decays into the RH sneutrino.

There are various contributions to the stau decay, depending on its mass:

. T — WN 1
This is the only two-body decay channel which is kinematically allowed when mz > mw+mpg, .
It is suppressed by the mixing in the sneutrino sector, which is proportional to yx.

= 71— ;@ N1, vilN,
These processes are mediated by a virtual W boson that connects to a g;q; pair or vl. Asin

the former example, the sneutrino arises through the mixing with 7y, which is proportional
to yn.

L] 7:1—)TNN1

This process is mediated by a neutralino X! and is not Yukawa suppressed.

As in the case of the neutralino NLSP, the first two channels include a dependence on the
neutrino Yukawa through the mixing of the RH sneutrino with the LH ones, and this implies a
small decay width and a long lifetime, which in general would allow the stau to escape the detector.
Notice however that the third channel is not Yukawa suppressed and therefore dominates when it
is kinematically allowed (when mz > m; + My +m Nl)‘

For concreteness, we will study scenario S3 in Table 5.1, which features a stau NLSP. In Fig-
ure 5.10 we represent the corresponding (Ay, my) plane for two choices of the trilinear parameter
Ay, = =500 and —750 GeV and indicate the areas that are excluded by the constraint on the

N
invisible Higgs decay. As in scenarios S1 and S2, wide regions of the parameter space are available.
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Figure 5.10: Constraints on the (Ax, m ) plane from the invisible branching ratio of the SM-like Higgs for scenario
S3. From left to right, the trilinear term is A, = —500, and —750 GeV. The same colours and lines as in Figure 5.1
are used. Points to the left and below the dotted line satisfy mz > m, + My + mpy, - Yellow dots correspond to the
selected benchmark points.

Points to the left and below the dotted line satisfy mz > m;+ My +m I and correspond to areas
in which the stau can decay promptly.

We have computed the different contributions to the stau lifetime for two examples, based
on scenario S3, where the RH neutrino mass has been fixed to 170 and 310 GeV. The results are
represented in Figure 5.11 as a function of the RH sneutrino mass. We observe that the stau decays
outside the detector for the whole range of relevant values of the neutrino Yukawa, yx ~ 1076 —-1078,
and RH sneutrino masses, except for the region with a light RH sneutrino for which the 7, — 7NN;
decay is kinematically open®. We have chosen two benchmark points, S3a and S3b, with a stau
mass mz = 352 GeV and parameters defined in Table 5.1. The stau lifetime for both is represented
by yellow circles in Figures 5.10 and 5.11.

For each example we have simulated the production of long-lived staus in proton-proton
collisions. The main production of the stau NLSP comes from the decay chains originated after
the creation of neutralino/chargino pairs as illustrated in Figure 5.12. We consider the current
LHC configuration with a centre of mass energy of 8 TeV and an integrated luminosity of £ =
20fb~!, and the future one, with a centre of mass energy of 13 TeV and £ = 100fb~!. The total

. . . . 8,13 TeVy . .
neutralino/chargino production cross sections for each centre of mass energy (0927:‘[5(0 “Y) is written
J N

in Table5.5. In both benchmark points the lighter neutralino decays as X} — 77 with a branching
ratio which is approximately 100% (notice that since we have chosen a heavy RH neutrino, the
direct decay ) — NN is kinematically forbidden and X} — Ny, is suppressed by yn ).

8For yny = 107 the stau can decay inside the detector for small RH sneutrino masses. However, the decay takes
place in the calorimeter and not in the inner detector. We consider this possibility difficult to identify and do not
consider it in the analysis.
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Figure 5.11: Decay length of the lighter stau NLSP as a function of the RH sneutrino mass for scenario S3 with a
fixed RH neutrino mass of 170 GeV (left) and 310 GeV (right). The different lines represents different values of the
neutrino Yukawa coupling. The dot-dashed line at cr = 10% cm represents the approximate radius of the ATLAS
detector. Yellow circles denote benchmark points S3a and S3b.

We impose the following basic cuts, aimed at reducing the background (mostly due to high
pr muons) [356].

- We require two staus which escape the detector (¢7 > 10m).

- In order to discriminate heavy long-lived staus from muons, the measured 5 = v/c is required
to be less than 0.95.

- We impose pr > 50 GeV and |n| < 2.5 for each long-lived stau.

The trigger efficiency for heavy long-lived sleptons is estimated to be larger than 60% [356].
In our calculation we impose this value, in order to be conservative. Current searches exclude
long-lived staus lighter than m# = 342 GeV, a bound that we also take into account.

The resulting number of events that pass all the cut is displayed in Table 5.5 for benchmark
points S3a and S3b and considering the current and future LHC configurations. As we observe,
none of these benchmark points are observable in the current LHC configuration, since the number
of events is below 2 (thereby being in agreement with the negative results of current searches).
However, they could be probed in the future with a higher energy and luminosity, for which as
many as 30 events could be obtained.

Upon detection, the mass of the stau can be determined using ms = p/v53, where p is
the magnitude of the momentum vector of the long-lived particle, p, and g and ~ are the usual
relativistic factors. Notice however that this would not be sufficient to identify this scenario and
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Figure 5.12: Long-lived stau production considered in this model. A neutralino/chargino pair is produced after the
original collision and undergoes a short decay chain that ends in the production of long-lived staus and tau leptons.

Vs=8TeV, L=20fb 1 [ /s =13 TeV, £L=100fb !
a?jf‘;z‘?’ =1.17 fb Uifi?c%v —4.77 fb
S3a 1.7 30.3
S3b 1.5 28.9

Table 5.5: Number of events that pass all the cuts for the LHC configurations /s =8 TeV, £ = 20fb~! and /s = 13
TeV, £ = 100fb~ 1. An efficiency of 60% is assumed in the trigger cut.

distinguish it from other possibilities with long-lived charged particles such as the MSSM or NMSSM
(when the mass-difference between the stau NLSP and the neutralino LSP is smaller than the tau
mass), gauge mediated supersymmetry breaking (GMSB) models in which a stau NLSP decays into
a tau and a gravitino LSP, or various R-parity breaking models.

Another analysis of long-lived staus in the MSSM with sneutrinos (which mixed LH-RH
states) has been presented in Ref. [357] in which the origin of the long stau lifetime is due to a
small mass gap between the LSP and the NLSP. In our case, the stau lifetime is controlled by the
small neutrino Yukawa, thereby providing more flexibility in the choice of sparticle masses. In any
case, since this signature would be the same, it would be difficult to use it to discriminate between
these two scenarios.
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Triplet extension of the MSSM

6.1. Generic Features of the TMSSM

In the TMSSM the matter content of the MSSM is extended by a Y = 0 SU(2)r-triplet

superfield
_(&E€NV2 g
Y= < e _502/\@ > . (6.1)

In comparison with the MSSM, the TMSSM superpotential and soft-breaking Lagrangian contain
respectively two and three extra renormalizable terms [101,102]:

1
Wrmssm = Wwussm + AH1 - X Ha + L Try?, (6.2)
Lrvssmgy = Lmssmgs +mi Tr(STE) + [By Tr(E?) + AANH, - SHy + heel] (6.3)
where A- B = eiinBj with €97 = —€19 = 1 and €992 = €17 = 0. For sake of simplicity we assume no

sources of CP violation and consequently all parameters are taken as real.

In general the neutral scalar component &0 acquires a VEV (£Y). Electroweak precision
observables impose (€°) < 4 GeV at 95% CL [104,358] which, unless of a tuning on the parameters,
corresponds to the hierarchy

+ A202/2

2
Axl, [ul, lus) < 10720 , (6.4)
~ v

with mQE =mi+ MQE + By uys. For Ay, p and pyxy at the electroweak scale, such a hierarchy requires
my, = 2TeV [104] L. As a consequence, the mixing between the MSSM Higgs sector and the scalar
triplet is rather small and it can be safely neglected for my, 2 5TeV [103]. These values of my as
well as the hierarchy in eq. (6.4) will be assumed in the following. This in particular allows to take
(€%) ~ 0.

As the ¥ scalar components decouple from the Higgs fields H; and Hs, which interact with
the down and up right-handed quarks respectively, the Higgs sector at the electroweak scale looks
like the one of the MSSM with some O(\?v?) shifts in the tree-level mass spectrum. By imposing

'For discussions on the naturalness of such a hierarchical scenario see refs. [103,104].
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the minimization conditions for the electroweak symmetry breaking, it turns out [104]

m2 = m2sinfcosf, (6.5)
2 2
2 my — g 2 2,2
= —— — A 2 6.6
mh = mi+ms+2ul’ + 2?2, (6.7)
mE = m4+miy + 2?2, (6.8)

where tan = v9 /vy, v = \/v% + v% = 174 GeV, myz and my are the Z and W vector boson masses,
and m?, m3 and m% are the usual MSSM soft parameters of the Higgs fields Hj o whose neutral
components are decomposed as Hio =wv; + (hi +ix5)/ V2. Moreover, the CP-even squared mass
matrix in the basis (ho, hy) is given by

m? cos? B + m?, sin? (A%v% —m?% —m?%) sin B cos 3 ) (6.9)

2
M = ( (A% —m? — m%) sin B cos B m? sin? 8 + m% cos? 3
The contributions O(A\%v?) lift the lightest eigenvalue m,% and the little hierarchy problem can be
then alleviated with respect to the MSSM. This can be easily seen in the limit m4 — co where

)\2
m%tree = m% cos® 283 + ?112 sin? 23 . (6.10)

The O(A\?v?) term can provide a sizeable boost to my. In particular, no large radiative corrections
are required to catch my, ~ 126 GeV for large A and small tan 3 2.

On the other hand, some rather large radiative corrections to the Higgs sector are unavoidable
due to the lack of experimental evidence of stops and gluinos. Within the specific assumptions the
experimental analyses are based on [359], stop and gluino bounds in the presence of any lightest
neutralino mass are quite stringent, namely m; 2 650 GeV and Mz 2 1.4 TeV [360-362] (for
loopholes see e.g. refs. [363,364]). Their radiative corrections to the Higgs sector are then sizeable
and need to be stabilized at the expense of a certain amount of fine tuning in the model (for details

see e.g. ref. [365]).

A further important source of tuning comes from the triplet if my is large. We require this
to be subdominant to the gluino and stop ones in order to alleviate the little hierarchy problem as
much as possible. Notice that this condition does not prevent from msy > mj; since triplets have
less degrees of freedom and (typically) smaller coupling to H, 4 than stops. In this respect, the
parameter choice my, 2 5TeV, m; 2 650 GeV and X < 1 is allowed [103,104].

In order to simplify our analysis, we will restrict the parameter space to a subset where all
the above issues are taken into account. We will focus on the parameter region

mg= 5TeV, A =A,=0, M3=14TeV, ms=15TeV, (6.11)
A<1, tanB~O(1), m>750GeV , (6.12)

2Nevertheless, large values of \ generate a Landau pole and the TMSSM may require an ultraviolet completion
to maintain perturbativity up to the unification scale.
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with m = my = mp = mg. This choice indeed (i) alleviates the little hierarchy problem as it
boosts my with subdominant 3 radiative corrections. Moreover, as far as puy and p are not too
large, it (i7) naturally satisfies the hierarchy (6.4) and (%ii) allows to neglect the mixing between the
> scalars and the low energy sector. All sleptons are considered heavy enough not to interact with
the relevant SUSY spectrum; numerically they have been taken to be 3 TeV. The precise parameter
space we consider is defined in section 6.4, together with all observational constraints used in this
analysis.

The Higgs Mass

Nowadays the LHC measurement of the Higgs mass is very accurate. The most recent analyses
present 2-o uncertainties of about 1% on the central value my, ~ 125.6 GeV [305,308]. Such accur-
acy goes much further than the typical precision that beyond-the-SM theoretical papers achieve.
These works indeed are more aimed to capture the qualitative features of new frameworks than to
accurately evaluate their predictions.

In this spirit, seminal works on the TMSSM have analyzed the Higgs sector at tree-level
approximation [101,102,366]. Dominant one-loop corrections coming from stops and scalar triplets,
as well as one-loop contributions from heavy Higgsinos and Triplinos, have been included only
recently [103,104,367]. Despite these efforts, the theoretical uncertainties on the TMSSM Higgs
mass spectrum is far from being comparable with the experimental one.

A pragmatic approach to this problem is to absorb the (potentially large) theoretical error on
my, into an effective uncertainty on the high energy parameters, especially on the my, mg and my,
soft-breaking terms (and on the trilinear parameters if they are allowed to be large). It is however
problematic to quantify the latter uncertainty and how it propagates to the physical observables.
For instance, big effects can arise in the DM relic density in the neutralino-stop coannihilation
region, or in the SI cross-section when stop mediation dominates the interaction. On the other
hand, less dramatic effects arise when the parameters absorbing the Higgs theoretical uncertainty
provide sub-leading corrections to the observables. In order to reduce these uncertainties, here we
improve the recent TMSSM Higgs mass calculations [103,104,367] and consider loop effects in the
whole mass spectrum.

For this purpose we use the SARAH-3.3.0 program [368,369] to obtain the full two-loop
Renormalization Group Equations (RGEs). The code, which works in the DR renormalization
scheme, also provides the full one-loop ElectroWeak-Symmetry Breaking (EWSB) conditions and
full one-loop spectrum to which we include some O(h?g3) and O(h}) two-loop contributions.

The RGEs are solved numerically by the SPheno-3.2.4 [370,371] code. The solution fulfills
the above EWSB conditions at the electroweak scale myz, as well as some experimental constraints
(e.g. the quark mass spectrum; for details see refs. [370,371]). It is univocally determined once we
choose the values of the residual free parameters of the theory 3. These inputs are given (and we
will quote them) at the SUSY renormalization scale, Q).

Once the RGEs are solved, all running parameters and couplings at the scale @) are known.

3The quantities M7, M2 and A, are fixed as functions of the other parameters through the EWSB equations with
Bs, =0.
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Figure 6.1: Left: The Higgs mass my as a function of the SUSY renormalization scale @ in the one-loop ap-
proximation. Right: Same as left in the two-loop approximation. Same color identifies same input value of A, as
labelled. A subset of parameters is fixed at: uy; = M; = 150 GeV, ma = 1.5TeV, my = 5TeV, A, = 4, =0
and M3 = 1.4TeV. Solid lines (dashed lines) [dotted-dotted-dashed lines] are evaluated for m = 700 GeV and
= My =300GeV (m =T700GeV and u = My =1TeV) [m = u = My = 1TeV].

These are used to determine the pole mass spectrum. In this way, we determine the pole mass my,

at full one-loop plus O(h?g3) + O(h#) two-loop order on top of the two-loop RGE resummation 4.

The renormalization scale dependence my(Q) highlights the improvement in the Higgs mass
calculation and it is presented in Figure 6.1 for several values of A and the parameter setting
in eq. (6.11) with uy; = M; = 150GeV. In the figure solid (dotted) [dotted-dotted-dashed] lines
are plotted for m = 700GeV and p = My = 300GeV (m = 700GeV and p = My; = 1TeV)
[m = u = My = 1TeV]. The scale dependence is strongly reduced by going from one-loop (left
panel) to two-loop (right panel) order. The addition of the O(hZg3) + O(h{) contributions is then
crucial to improve the result, as it is well known in the MSSM ® (cf. curves at A = 1073), whereas
the undetermined O(A2h?) corrections seem to be subdominant even at A ~ 1.

Figure 6.1 also guides in the choice of Q. The O(h?g3) + O(h}) corrections are minimized at
@ nearby the electroweak scale, and my(Q &~ m;) is then expected to be quite stable under further
radiative corrections. Although the exact number slightly depends on the parameter choice, for
concreteness we fix () = my in the rest of the analysis.

“We include the O(hig3) and O(h}) two-loop effects since we expect O(hiA?) corrections to be subdominant in
the regime A < 1 and small tan 8 due to the color factors and h7 = m?/sin®> 8 < A% These O(hig3) and O(h})
corrections match with those of the MSSM and are therefore easy to implement in SPheno (for details see ref. [372]
and references therein).

®Notice that the lines with very small A reproduce the MSSM result except of modifications due to the extra
SU(2)r-charged content provided by the triplet.
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A last comment concerns the chargino and neutralino parameters. As shown in the figure, if
(part of) the chargino spectrum is heavy, relevant negative corrections to my, can arise [367]. For
instance, depending on the value of A, my, is lowered by about 1+4 GeV by moving p = Ms from
300 GeV to 1TeV when m = 700GeV and puy = M; = 150 GeV (c.f. dotted and solid curves of
Figure 6.1). Of course, this decrement can be compensated by modifying either (A, tan 3) and/or
by increasing m, as the dotted-dotted-dashed lines highlight.

6.2. Higgs signatures

Since our aim is to explore the qualitative capabilities of the TMSSM, in particular those
related to DM features, we do not look for interplay of Higgs production and decay widths to
overcome the LHC bounds. We instead try to work well within the ballpark allowed by data, that
is, we attempt to reproduce a SM-like Higgs sector.

The first step in this direction is to fix the tree-level Higgs couplings to SM fields. They are
SM-like if, on the top of our assumption my > my, it occurs either (i) m 4 is much larger that my,
or (i) tan 8 and A have values within the so-called alignment region [104]. Here we focus on the
first possibility. In this case results are independent of the specific choice of m4 and we can thus
fix my = 1.5 TeV without lack of generality.

The second step is to check the radiative corrections to the Higgs couplings coming from
non-SM particles. For our parameter choice, given in egs. (6.11) and (6.12), loop corrections to
tree-level interactions are negligible. They may instead be responsible of important deviations from
the SM in loop-induced processes. For gluon fusion, which is the main Higgs production mechanism
at LHC, no relevant deviation arises in our analysis since squarks are assumed rather heavy and
tan g is small. Therefore, the total Higgs production is SM-like. On the contrary, charginos may
be light and eventually the I'(h — ) and I'(h — Z~) widths may depart from their SM values.
However, these two processes are not yet well measured due to lack of statistics and of indirect
impact on other processes: in practice I'(h — ~7) and T'(h — Z7) are so small that they play
no role in the branching ratios of other Higgs decays. For this reason we do not force them to be
SM-like, as we aim to do with the dominant Higgs channels.

Finally, one has to guarantee that no new relevant Higgs decay process is open. This typically
occurs when the mass of the lightest neutralino is sufficiently small to allow for the h — YIx¥
channel. In such a case, any signal strength Rxy = BR(h — XY)/BRgm(h — XY') calculated by
disregarding the invisible width, should be corrected by the factor 1 — BR(h — X°x°) 6. As the
branching ratio BR(h — X°x°) is bounded by ATLAS and CMS analyses [373,374], it is worth to
estimate it.

SThis definition of Rxy is based on the fact that the Higgs production is SM-like for the setting in egs. (6.11)
and (6.12).
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The h — XX} channel

The Higgs decay channel into a pair of lightest neutralinos is open for mgo < mp /2. Tts width
is given by

~0~0y _ UFMyy X 2
where
. A :
Inyox0 = (N2 — Z—;Nll)(sm BN14 — cos BN13) + 5]\715(]\714 sin 8 + Nigcosf3) . (6.14)

Here the quantities N; are the components of the lightest (unitary) eigenvector of the neutralino
mass matrix Mzo which is determined at one-loop after the RGEs flow achieved via SPheno and
SARAH as explained in section 6.1. The quantity mso is the pole mass of the lightest eigenstate of
Mso. At tree level Mo reduces to

My 0 —3g101 3102 0
tree 1 / 1]\4’2 %92 . - %92U2 10
M%o = —1591111 §1gQU1 0 iy —?Ug)\ . (615)
50101 —50202  —[ 0 —3U1A
0 0 —%1}2)\ —%1}1)\ 125>

Notice that due to the LEP chargino mass constraint Mt 2 100 GeV, a lightest neutralino

with mass mzo < My /2 must be predominantly Bino. The coupling Inx0x0 is then dominated
by the Higgsino and Bino mixings, namely N1 Ni3 and Ny11Ni4. Consequently, for a given set of
parameters, the experimental constraint on BR(h — XVX}) turns out to be a lower bound on p.
When mso Is even smaller, namely lighter than mz/2, also the LEP bound I'(Z — x9x?) <
2MeV [187] has to be taken into account. As the constraint on BR(h — X7X}), it imposes a lower

bound on g once the other parameters are fixed. We quantify it by the expression

2 3/2
() 1 Gr 4mo 2
Z

Moreover, when Higgsinos are extremely heavy and the lightest (Bino-like) neutralino is below
the threshold of about 20 GeV, the further channel h — X9x} may be kinematically open without
any dangerous enhancement to the invisible width of the Higgs or Z bosons. However, being u
very large, the chargino ﬁc and the neutralino Y9 are almost degenerate. The LHC analysis on
three leptons plus missing energy [360] excludes the parameter region of this scenario where Y9
mostly decays into Z (*)ig. In the remaining region where the channel Y3 — h(*) XY competes, it
is instead unclear what the experimental limits are. Determining them would require a specific
analysis that goes beyond the scope of this study and we then conservatively focus on the region
with BR(h — X°X°) = BR(h — X{x9).
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The h — 7+ channel

Since the Higgs production is SM-like, the diphoton signal strength R., depends only on
BR(h — 7). For our setting in egs. (6.11) and (6.12) only charginos can induce deviations from
the SM prediction of I'(h — ~). Their contributions to R~ have been already calculated by means
of the low-energy approximation [103,104] or in the My decoupling limit [102], starting from the
tree-level chargino mass matrix

M> govsin 0
M%’fe = | govcospf I —Avsin 8 . (6.17)
0 Av cos 8 s

It has been observed that maximal diphoton enhancement occurs when all chargino mass parameters
are light (compatibly with the chargino mass bound) and moreover, in the regime of very small
tan 8 and large A (linked one to each other by the Higgs mass constraint), when Triplino and
Higgsino mass parameters are degenerate [104].

In the present analysis we improve the previous estimate by including loop-corrections in
M. In many cases these radiative contributions increase the lightest chargino mass by about
10% with respect to its tree-level value. They can hence be important when one cuts the allowed

parameter space due to the LEP bound M > 100 GeV.

When only charginos provide new (sizeable) contributions to the diphoton channel and the
Higgs production is SM-like, R, is given by

AT 2

1,2,3

fon =114 oA (6.18)
> 2MW

Y

AL = X T Wiy + S alrss). (6.19)

where A, /5 is the spin-1/2 scalar function (see e.g. ref. [375] for its explicit expression) with ar-
gument TgE = My, 2/ 4m~i, and Inwix: is the lightest Higgs effective coupling to charginos. The

quantities Aw and AW are the W-boson and top-quark contributions whose values are respect-
ively -8.3 and 1.9 for mj, >~ 126 GeV.

In the procedure we apply, which corresponds to the one SPheno and SARAH employ, I, is
calculated by plugging the chargino pole masses into A; /Q(T%i). Moreover, the couplings gi?%*)?-_

and g]fﬁ%_ are the particular case ¢ = j of the expressions
7/ 3

Ingix; = 9h~+~— P + g}]j%:'%j— Pr (6.20)
with
; 1 A A
Instz; 7 [(Ujlvﬂ - gQUj2Vz‘3> sin 8 + < UjaVir + U]3V12> 0085] ; (6.21)
gh . = L [(U-lv-2 — AU-2v-3> sin 8 + ( 2 Vi + A U-3V-2> oS ﬁ] (6.22)
ene /2 iVje = ViV Vit Ui ;
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where U and V' are the unitary matrices diagonalizing the one-loop chargino mass matrix M+

such that UMz V7T = diag(mﬁ Mk m%g’[)

The h — Z~ channel

LHC constraints on Rz, are still very weak [376,377]. Nevertheless, the h — Z~ channel,
likewise the h — v decay, is worth to analyze since it is particularly sensitive to new color-
less electrically-charged particles which do not change the Higgs production. At the best of our
knowledge, in the TMSSM the Rz, signal strength has never been calculated.

Similarly to the case of R,,, for our setting (6.11) and (6.12) only charginos can move
I'(h — Z~) from its SM value. This leads to

A%y
Ry, = |14+ — %23 | .
! AL+ AD

The contributions Aﬁ; and AtZ 7 have been first obtained in refs. [378,379]. They can be expressed

in term of Passarino-Veltman three-point functions and turn out to be Aﬁ] = —12 and AtZ T=0.6
for mj, ~ 126 GeV [380].

In the TMSSM the chargino contribution comes from triangular loops where all three chargino
mass-eigenstates run in and can be flipped from one to another at the vertices (both clockwise and
anti-clockwise helicity directions must be taken into account). No flipping however occurs at the
vertex involving the photon. For this reason only up to two chargino mass-eigenstates run inside a
given loop and each diagram involves a loop integration that is formally similar to those arising in
the MSSM calculation (where only two charginos exist). Consequently the study of the I'(h — Zv)
is a straightforward generalization to three charginos of the MSSM expression given in ref. [380].

In the view of the above considerations, we can generalize the procedure of ref. [380] and we
obtain

3
g2 Mo+
Zy Xj ( > L R L R
A%fzg = Ek gmy f mgjivmgfvmgz: (gh%;r%; +gh§j%;)(gzgj%; +9Z5<*j %;> ) (624)
j7 =

in which: f is a linear combination of Passarino-Veltman functions defined in ref. [380]; my =+ are
J

pole masses; g’fﬁi-— and gi?)?*)?-’ are provided in egs. (6.21) and (6.22); gé)?-*)?-_ and g]z%ﬁg.— are
J M J M J N g i

given by
o 1 . .
ggxi Xj— = — (V;'l‘/jl + 5‘/1'2‘/]'2 + ‘/i?,‘/jg — 51']'8%[/) s (625)
* 1 * *
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Figure 6.2: Left: Dependence of several physical quantities on M;: the black line denotes Qpnh?2, the red a;g([e X
10”pb, the green the LSP, the blue mso, the yellow Mg The lightest chargino is degenerate with the next-to-lightest
neutralino. Right: Component of LSP as a function of M;: in red is the Bino fraction, in brown the Triplino, in yellow
and green the two Higgsino components and in blue the Wino fraction (as labelled in the caption). In both panels
w =500 GeV, My =1.5TeV, ux = 180 GeV, tan § = 2.9 and A = 0.88.

6.3. Dark Matter Phenomenology of the TMSSM

In this section we present the TMSSM phenomenology in the presence of a neutralino DM
candidate. As previously motivated, we require that no supersymmetric particle but neutralinos
and charginos interferes during freeze-out, to achieve the correct relic density. To understand the
relevant consequences of introducing the Triplino component, we first analyze the Wino decoupling
limit.

In Figure 6.2 (left panel) the behaviors of the lightest-neutralino relic density and SI cross-
section (black and red lines, respectively) for the limit My > 1TeV are depicted as a function of

M. The corresponding masses M0, Mg, M (left panel) and the lightest neutralino compositions

(right panel) are also displayed by the mark code reported in the legends. The choice u = 500 GeV,
us; = 180GeV, tan 8 = 2.9 and A\ = 0.88 is assumed. The SI cross-section is normalized to 10~
pb, which is close to the maximum of LUX sensitivity given by ¢! < 8 x 10~%pb at mgo ~ 50
GeV [206].

It results that at low M; the lightest neutralino, which is almost pure Bino, overcloses the
Universe until it reaches the Higgs resonance. In this region the lightest neutralino can provide the
correct relic density and, moreover, its SI cross-section is below the LUX upper bound (i.e. the red
curve is below 0.8). This occurs because the Higgsino components in the coupling InxOx0 is enough
suppressed to be compatible with LUX results. The Higgs pole region is only mildly sensitive to the
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presence of the Triplino. For different parameter configurations, the correct relic density is achieved
also at the Z boson resonance. We will discuss these two poles more in detail in section 6.3.

Above the Higgs resonance, the relic density increases until it reaches the opening of the
WTW ™ annihilation channel and then decreases. It reaches the experimental value when the
coannihilation with the lightest chargino Sﬁ (and marginally with Y9) becomes efficient enough.
Since the field ﬁ[ is dominantly Triplino (we are assuming p > ux), the coannihilation cross
section strictly depends on the tuning between uy, and M;. In particular, the correct relic density
occurs for My < px and the LSP is Bino-like (cf. right panel). Since in this region also the LUX
constraint is fulfilled, it results that in the TMSSM a well-tempered Bino-Triplino neutralino can
be a good DM candidate.

The behaviors of the relic density and SI cross section shown in the figure is then a proof of
concept for the DM in the TMSSM. Indeed we find two qualitatively-different regions where the
LSP satisfies the DM constraints. In the next two sections we discuss them in detail, still in the
My decoupling limit.

Well-tempered ‘Bino-Triplino’ neutralino

As it is well known, in MSSM scenarios with well-tempered neutralinos the correct relic
density is achieved by a tuning of the Bino and Wino (or Higgsino) mass parameters to get an
opportune balance between the large annihilation cross-sections of the Bino and the small ones of
the Wino (or Higgsino) [105]. In the TMSSM with My above the TeV scale, the role of the Wino
is replaced by the Triplino, which still has gauge interactions with the W bosons. but suppressed
by the chirality factors

—592 (2U;1Ni2 + 22U} Njs + \/inzNis) (W : 1_275) (6.27)

+ = 92 (2VVi + 2N5Via — VNV ) (- 152) (6:28)

The channels contributing to the relic density are the chargino annihilation into WtW =, ZZ fol-
lowed by the coannihilations X! )zli — ZW™*,qq. The relevance of the former processes with respect
to the latter ones depends on the exact hierarchy between M; and px. The p parameter is instead
constrained by LUX. Indeed, due to the LUX bound the Higgsino components of the LSP have
to be small in order to suppress the In0%0 coupling that is the main responsible for the SI cross
section via Higgs exchange. This is illustrated in Figure 6.3, where the SI cross section is plotted
as a function of uy.

In all panels of the figure we fix tan 8 = 2.9, A = 0.88 and My = 1.5 TeV. Besides the quant-
ities shown in Figure 6.2, also the values of R, are displayed (for the color code of each quantity
see the legend). At each point the parameter M; is adjusted just below s to reproduce the ob-
served relic density. For p = 300 GeV (top panels), the LSP is mostly Bino but the amount of its
subdominant components vary at different ps. For light LSPs, the Triplino mixing is comparable
to the Higgsino ones and the SI cross section is below the LUX limit. As soon as both Higgsino
components reach the Triplino one, the SI cross-section is excluded by the LUX bound. By in-
creasing p to 500 GeV (bottom panels), the Higgsino mixings at a given uy become smaller than
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Figure 6.3: Top left: Dependence of af{e (red line), R, — 1 (brown line), mso (green line), Mgt (yellow line) and

mso (blue line) on pi5;. M; is adjusted to satisfy Qpnh? = 0.12 (black solid line) for the well-tempered neutralino.
The other parameters are . = 300GeV, A = 0.88, tan 5 = 2.9 and My = 1.5 TeV. Top right: LSP composition as
a function of uy, as labelled in the caption. The other parameters are as in the left panel. Bottom: As above but for
© =500 GeV.

in the = 300 GeV case, and the SI remains below the LUX bound in a wider range: X} satisfies
all DM constraints in the mass range of 90 =200 GeV. The Higgsino components tend to be always
larger than the Triplino one, as the Triplino connects with the Bino only via the Higgsino mixing
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(see Eq. (6.15)). The figure confirms as well that the mechanism that provides the relic density is
a balance between annihilation and coannihilation with the lightest chargino, as both particles are
close in mass. The contribution of X3 in coannihilation is marginal and depends strongly on the
exact mixing.

Of course, the minimal p value that LUX allows depends on the parameters that we have
kept fixed in the figure. In particular, the LUX bound on p becomes stronger at small tan 3
(see Eq. (6.14)). This anti-correlation is discussed more in detail in section 6.4. However, we can
anticipate that it affects negatively the enhancements of both vy and Z~ Higgs signals. Indeed, as
previously discussed, large R, and Rz, require either tan 8 and p to be small. This is confirmed
by the brown line in the left panel of Figure 6.3: for the considered parameter set, the maximal
R, drops as p goes from 300 GeV to 500 GeV.

DM at the Higgs and Z resonances

The Higgs and Z boson resonances are fine-tuned regions as they rely on the fact that for
My ~ myp/2 and M; ~ myz/2 the annihilation cross-section gets enhanced, hence decreasing the
relic density. We first comment on the Higgs pole.

The case of the Higgs resonance is peculiar because the phenomenology of the LSP can
be reconducted to one coupling only. The vertex Bino-Higgsino-Higgs is responsible for both the
annihilation (Y)x? — h — ¢g) and the SI scattering cross-section since the neutralino is mostly pure
Bino. Hence the key parameters are M and u, whereas there is a minor dependence on both uy and
M>. Similarly to the case of the well-tempered neutralino, the p parameter is constrained by the
LUX bound, as illustrated in Figure 6.4 where at each point M is tuned at the Higgs resonance to
achieve the observed relic density. (The plotted quantities and their color code are as in Figure 6.3).
Indeed for p = 300 GeV (top panels), the SI cross-section is only marginally compatible with the
LUX constraint at large puy and clearly a small decrease in p will exclude these points (cf. top and
bottom left panels). The behavior of the SI cross-section is only mildly dependent on usy, as it is
almost flat over all uy range. This is even more manifest for p = 500 GeV (lower panels). For such
a u value the SI cross section is well below the experimental bound. From the right panels it is
clear that the LSP is almost pure Bino and that the the dominant annihilation channels is a Higgs
exchange on s-channel. Indeed, due to the large mass gap between the lightest neutralino and the
other charginos and neutralinos (left panel), coannihilation is completely irrelevant.

In the Higgs resonance region one might expect to have large R,, and Rz, signal strengths
because the DM phenomenology is not tightly bounded to the Triplino component. In other words
the uyx;, parameter is not correlated to cr>S<Ie or Qpyh?, and therefore can take low values such that
the lightest chargino mass is close to the LEP bound. However, the anti-correlation between tan /3
and ¢ mentioned in section 6.3, is present in this region as well. Therefore, the enhancement in the
R, turns out to be at most ~ 10% for u = 300 GeV and negligible for u = 500 GeV, as indicated
by the brown line in the left panel of Figure 6.4. We will discuss this issue in detail in section 6.4.

A similar reasoning applies to the Z resonance region, with the difference that in that region
the process that fixes the relic density, which is proportional to the Z-Higgsino coupling of the LSP
(given in Eq. (6.16)), is uncorrelated from the SI elastic cross-section.
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Figure 6.4: All panels: Same as Figure 6.3 for the Higgs pole. M,
My ~ my, /2.

6.4. Numerical analysis setup

is chosen to satisfy the relic density and to be

The TMSSM involves several free parameters. Some of them have to be fixed for practical
purposes but play no role in our analysis. This is the case for the whole slepton sector whose masses

are assumed above the TeV scale not to interfere with the

chargino and neutralino phenomenology

we analyze. Other parameters have a minor impact, and their choice given in eq. (6.11) is motivated
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Table 6.1: Nested Sampling (NS) parameters and their prior ranges. The priors are flat over the indicated range.

NS parameters Prior range
logo(M1/GeV),logo(ps/GeV) 1—3
logo(1/GeV),logo(Ma/GeV) 2—3

i/ TeV 0.63 — 2
logo(tan ) 0—1
A 0.5 —1.2

in section 6.1. Some have to satisfy the EWSB conditions (as explained in section 6.1), and finally
only the followings are still undetermined:

{91} - {M17M27M7M27m7tan67)\}' (629)

To accomplish an efficient sampling on these seven parameters, we adopt an approach based on
Bayes’ theorem

p(Bi|d) o< L(d]6;)(6:) (6.30)

where d are the data under consideration, £(d|6;) is the likelihood function and p(6;|d) is the
posterior Probability Distribution Function (PDF). The function 7(6;) is the prior PDF, it is
independent of data and describes our belief on the values of the theoretical parameter, before the
confrontation with experimental results.

All priors 7(6;) used in the analysis and their ranges of variation are summarized in Table 6.1.
A flat prior is assumed for the stop parameter m, with an upper bound at 2 TeV in order not to
introduce a large electroweak fine-tuning. For gaugino, Higgsino and Triplino masses, we instead
consider logarithm priors and values below the TeV scale. Such a choice is aimed to improve the
statistics in the parameter space where charginos tend to be close to their LEP mass bound, may
enhance R,, and Rz,, and may open the window of the lightest neutralino DM particle. For
the same purpose, and in order not to barely reproduce a MSSM-like phenomenology, we also
impose tan 8 smaller than 10. A similar reasoning applies for the chosen range for A. Within such
values we expect to fully cover the TMSSM parameter region where the little hierarchy problem
is alleviated (with respect to the MSSM) and perturbation theory does not break down before the
GUT scale [103]. On the other hand, we neither exclude a priori scenarios with Landau poles at
the PeV scale because these may be avoided in ultraviolet completions of the TMSSM.

The likelihood function is the conditional probability of the data given the theoretical para-
meters. The data d used in £(d|6;), which are the observables and constraints summarized in
Table 6.2, are as follows.

Collider data: We require the lightest CP-even Higgs mass my to be compatible with the
ATLAS and CMS measurements [305,381], which we (indicatively) combine by a statistical mean.
Its uncertainty is dominated by the theoretical error, which is estimated to be around 3 GeV [372].
We also assume chargino and stop masses that fulfill the bounds Mgx > 101 GeV [358] and
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Table 6.2: Summary of the observables and constraints used in this analysis.

Type Observable Measurement /Limit Ref.
Collider data mp, 125.85 £ 0.4 GeV (exp) £3 GeV (theo) | [305,381]

I'(Z —xX%) < 2 MeV [358]

mg, > 650 GeV (LHC 90% CL) [360]

Mt > 101 GeV (LEP 95% CL) [358]

DM data Qpmh? 0.1186 4 0.0031 (exp) £20% (theo) [118]

ogl LUX (90% CL) [206]

mz, > 650 GeV [360]. Finally, we require the invisible decay width of the Z boson to be smaller
than 2 MeV [187].

DM data: We impose the lightest neutralino relic abundance to match Qpyh? measured by
Plank [118], as we are interested only in single-component DM. Notice that the experimental error
on this observable has become incredibly smaller than the theoretical one, hence we consider an
additional 20% of theoretical uncertainty [382]. Furthermore, we enforce the neutralino SI cross-
section off nuclei, 057, to be compatible with the LUX direct detection exclusion bound [206] at
90% CL. For the theoretical prediction of the SI cross-section mediated by the Higgs boson, we do
not introduce uncertainties related to the strange quark content of the nucleon: we fix the ratio of
nucleon mass and strange quark mass to be fs = 0.053 MeV, accordingly to ref. [383] (for effects
due to different choices of fs and similar quantities such as o, see e.g. refs. [384-388]).

For either the relic density and the Higgs mass we use a Gaussian likelihood function whose
peak corresponds to the measured central value and whose width reproduces the standard devi-
ation of the measurement (explicit quantities are quoted in Table 6.2). For the ¢3! constraint we
instead implement a Heaviside likelihood function. The DM constraints are implemented in the
likelihood function Lpy(d|6;), the collider constraints are implemented in the likelihood function
Lcon(d|6;) and the full likelihood is simply the product of every individual likelihood associated to
an experimental result. Finally, the above stop and chargino mass limits as well as the constraint
on the Z-boson invisible width are absorbed into the prior PDFs: each parameter point generating
a TMSSM mass spectrum that violates these bounds is discarded.

For some given values of the theoretical inputs #; the collider and DM observables are com-
puted by means of some public codes. We briefly summarize the programming procedure. We
employ SARAH-3.3.0 and SPheno-3.2.4 to calculate the TMSSM mass spectrum (where radiative
corrections are taken into account as described in section 6.1). Also I'(Z — Xx}), BR(h — X9x?),
R, and Rz, are determined by dint of SPheno-3.2.4 along the lines of section 6.2 (for Rz, we
also use the Passarino-Veltman functions that are implemented in the CPsuperH2. 3 libraries [389)]).
Afterward, the SPheno-3.2.4 output is elaborated by micrOMEGAs_2.4.5 [268]. In this way we
compute the DM observables listed in Table 6.2.

To explore the parameter space we link SPheno and micrOMEGAs_2.4.5 to the nested sampling
algorithm MultiNest_v3.2 [390] (with specifications of 4000 live points and tolerance parameter set
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to 0.5). This algorithm produces the posterior samples from distributions with a large number of
parameters and with multi-modal likelihoods more efficiently than Markov Chain Monte Carlo. At
practical level we run two samples: for analyzing the Higgs phenomenology we use only Lcon(d|6;)
(sample 1), whereas when exploring the DM constraints as well, we use the full likelihood (sample
2). MultiNest_v3.2 might however populate with an insufficient number of points regions where the
likelihood is flat. This is relevant for the R, and Rz, observables, as we do not impose constraints
on their values in the likelihood function. To address this issue we run two additional samples with
E(dwz)g = LColl(d|9i) X ‘C’V’Y(dwl) and ,C(d|91)4 = ,Ccou(d’@i) X LDM(d|ez) X [,,W(d‘el) (fOl" the case
without and with the DM constraints respectively, sample 3 and sample 4). These two likelihood
functions include a fake information associated to an extra Gaussian likelihood function £~ (d|6;)
with R, = 1.64+0.2 to ensure a efficient exploration of region with large h — vy and h — 2 signal
strengths 7. We do not provide a statistical analysis of the samples but show the result for points
drawn randomly from the posterior PDF, which are provided in the *post_equal weight.dat
file constructed by MultiNest_v3.2, hence we can safely combine the samples originating from
different run with different likelihood functions. Before discussing our findings, let us mention
some experimental bounds that we do not enforce in the sampling phase.

Different bounds on BR(h — X{X{) exist in the literature [310,311,313,314,373,374]. Im-
posing any of them would make our results of difficult interpretation if a different bound should be
considered. We thus prefer not imposing any cut on BR(h — X{X{) and just presenting its value
in the results we present.

We are also aware of the bounds on the chargino and neutralino masses based on simplified
models: in scenarios with mso < 100 GeV and Mg o= Mg, data analyses impose Met 2 2 350 GeV at

95% CL if X9 decays 100% 1nto Z boson, or m+ 2170 GeV if X9 decays 100% into h boson [391,392].
However, due to its not straightfoward 1ntepretat10n in the generic TMSSM parameter space, we
do not impose such constraints. Instead, in the post processing phase of the samples we verify that
these bounds do not apply in the interesting ballpark of our analysis. Indeed, in particular when we
achieve a relevant diphoton enhancement, the fields Y9 and )Zéc are mixed states and consequently
(i) their masses are not degenerate and (i) the neutralino decay channels into Z and h bosons can
compete especially due the Triplino component and its potentially sizeable coupling .

Finally, we also consider the By — u™p~ and B — X,y observables and the neutralino Spin-
Dependent (SD) cross-section off protons and neutrons. We use SPheno-3.2.4 and micrOMEGAs 2.4.
respectively to calculate them. As expected in scenarios with low tan [, these B-meson signatures
are in full agreement with experiments [327,393]. We will compare the results for SD cross-section
with COUPP and XENON100 limits [394,395] on proton and neutron respectively and comment
them in section 6.6.
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Figure 6.5: Top left: Analytic behavior of R, (black) and Rz, (turquoise) as a function of tan 3 for A = 0.85. The
solid lines are for 4 = uy = Mo = 230GeV (scenario A), the dashed lines stand for 4 = puy = 230 GeV, My =
1TeV (scenario B) and the dot-dash lines for uy, = My = 230 GeV, . = 400 GeV (scenario C). Top right: De-
pendence on tan 3 of the lightest (turquoise) and next to lightest (black) chargino masses, which contribute to the
R, and Rz, shown in the left panel (the solid/dashing code is as in the left panel). Bottom: Same as above as a
function of A fortan 8 = 1.1
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6.5. Rz, and R,, without DM contraints

Within the TMSSM, the possibility of achieving sizeable enhancements in R,, has been
previously highlighted in refs. [103,104]. These analyses were performed by considering tree-level
chargino masses and low-energy limit approximations. They were moreover carried out for some
illustrative parameter regions. In this section we extend the previous analysis focused on the
ma > my, regime [103]. In particular, we explore a broader parameter space (but still keeping
large m4) and we include the radiative effects discussed in section 6.2. We also present our findings
for Rz in Eq. (6.23).

Before reporting the result of the full parameter sampling, it is educative to understand the
role of some inputs. The essential parameter dependence of I, and Rz, is shown in the left panels
of Figure 6.5. In the figure we assume the setting in eq. (6.11), as well as A = 0.85 in the upper
plot and tan 8 = 1.1 in the lower one. At each point the stop parameter m is adjusted to obtain
myp, = 126 GeV. The signal strengths R, and Rz, (black and turquoise lines, respectively) are
calculated for three chargino mass settings: p = uy = My = 230 GeV (solid curves; scenario A),
w=py = 230GeV, My = 1TeV (dashed curves; scenario B) and uy, = My = 230 GeV, p = 400 GeV
(dotted-dashed curves; scenario C). The corresponding chargino masses M and My are presented
in the right panels by employing the same mark code of the left plots.

For the parameter choice considered in the figure, the enhancement in h — ~~ is always
larger than the one in h — Zv. Moreover, R,, and Rz, are strongly correlated and a sizeable
enhancement in R, requires a departure from the SM also in the h — Z~ channel. These behaviors
will be confirmed in the results of the full parameter sampling.

As Figure 6.6 shows, in each scenario the largest R,, and Rz, are achieved by reducing
tan 8 and increasing A, which also corresponds to requiring less tuning in the electroweak sector
(cf. eq. (6.10)). The enhancement is mostly due to the decrease of Mgt and the consequent smaller
suppression of the loop functions in eqs. (6.18) and (6.24) (cf. right panels of the figure; the masses
Mg, are large in the three scenarios and hence provide a subleading effect). However, also the

coupling IngExE plays an important role. This can be deduced by comparing R,, (or Rz,) in
different scenarios in correspondence to the same M value. For instance, for A = 0.85 both
scenario A with tan 8 ~ 10 and scenario B with tan 8 ~ 1.1 have the same chargino mass Mgt =
150 GeV but quite different R... These observations are in agreement with previous results obtained
for R, [103,396,397].

A last remark concerns the parameter range of Figure 6.5. We do not enter the regime of
tan 5 ~ 1 and A 2 1 to achieve larger enhancements. Besides the reasons previously provided, there
is a further issue that imposes such a restriction: the more the tree-level Higgs mass is boosted,
the smaller the radiative corrections have to be not to overstep the mj ~ 126 GeV constraint. In
particular, this may require stop masses below the bound of Table 6.2, as it happens in scenario
C at A 2 0.85 with tan 5 < 1.1. Of course, slightly bigger enhancements would exist by allowing
for my < 650 GeV and/or my, < 5TeV. However, since prooving the experimental suitability of

"We check that the upper bounds on R, and Rz, we will obtain do not change by requiring large Rz, instead
of high R,.
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Figure 6.6: Top left: R, (third direction) projected in the {us; — M>}-plane. The values of R, are encoded in the
colors: R, < 1.lingray, 1.1 < R,, < 1.2inblue, 1.2 < R,, < 1.3ingreen, 1.3 < R,, < 1.4 in brown, and
R, > 1.4 inyellow. Top right: Same as left in the {ux — p}-plane. Bottom left and right: Same as top left for
the Triplino component of the lightest chargino as a function of s and {\ — tan 3}-plane respectively.

such modifications would require specific collider analyses, and lowering my may also increase the
electroweak fine tuning, we do not further discuss this possibility.

The two samples obtained with Lcon(d|6;) are presented in Figure 6.6. The amount of
diphoton enhancement is encoded in the color of the points: R, < 1.1 in gray, 1.1 < R,, <1.2in
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blue, 1.2 < R, < 1.3 in green, 1.3 < R,y < 1.4 in brown, and R, > 1.4 in yellow (this color code
will be maintained in the rest of the Chapter). The bottom left panel of the figure proves that the
presence of the Triplino is fundamental to achieve R, 2 1.3. Indeed, if the Triplino component of
the lightest chargino is negligible, R, falls to MSSM-like values, i.e. Ry, < 1.2 [396] 8. However, in
some extreme cases, Triplino effects may be still present even when usy is quite large and the Triplino
component of the lightest chargino is subdominant (but not negligible), as the case sy, ~ 900 GeV
and R, 2 1.4 shows.

The features of the parameter regions where the yellow points accumulate can be explained
as follows. As observed in Figure 6.5, large diphoton enhancements are allowed for small tan
and rather large A (cf. bottom right panel). In such a case, the relation A > g9 arises. Con-
sequently, in the Higgs-chargino-chargino coupling the contribution proportional to A can push
gffgtﬁ above the maximal value obtained in the MSSM. This of course occurs only if both Triplino

and Higgsino components are unsuppressed. Large R,, enhancements then require 4 and pyx, at the

electroweak scale (cf. top right panel). On the other hand, also the MSSM-like contribution of the

Higgs-chargino-chargino coupling can provide an additional boost to g}f;%i if the Wino mixing is
1 A1

sizeable. Therefore, also Ms has to be small to achieve maximal enhancements (cf. top left plot).

In particular, in order to minimally suppress the loop function A; /2(7')#), the parameters have to

be correlated in such a way that Mgx = 101 GeV.

The effect of the Higgs and stop mass constraints is pointed out in the bottom right panel of
the figure. The region with small A and small tan 5 is not populated because the tree-level Higgs
mass (6.10) is very small. In such a case, only large stop loop corrections to my, could push it up to
126 GeV, but such corrections are not allowed due to the m range of Table 6.1. On the contrary, in
the upper empty area with small tan 3, the tree-level Higgs mass is too large. In this case stop loop
corrections have to be small not to overstep the Higgs mass constraint, but they are incompatible
with the bound mg > 650 GeV. Curiously, the mass bound cuts off most of the parameter space
where the TMSSM exhibits a Landau pole at a scale Q < 108 GeV (see ref. [103] for estimates of
the Landau pole scale). We stress however that the border of this empty region could be mildly
moved by considering larger values of My, u, and py than those in Table 6.1. Heavier charginos
would indeed provide bigger (negative) radiative correction to my, that should be compensated by
slightly larger stop masses to keep my, ~ 126 GeV [367].

Although Figure 6.6 presents only R, results, the above considerations apply also to Rz.,.
Indeed, in the TMSSM R, and Rz, are tightly correlated. This is proven in Figure 6.7, which
displays the values of R,, and Rz, arising in the samples 1 and 2. Since the sampling also
explores the region with small My, the h — XJx? channel can be open. Depending on the value
of BR(h — X9xV), the points in the figure are colored as follows: BR(h — X9X}) < 1% in light
blue, 1% < BR(h — XIX}) < 20% in violet, 20% < BR(h — X{x}) < 50% in dark yellow and
BR(h — XiXY) > 50% in red (this color code will be followed in the rest of the Chapter).

In the left panel of the figure, the light blue area is not aligned with the remaining region.
We have investigated the origin of this feature and it seems related to the different kinds of con-

8This MSSM upper bound on R,., is obtained by assuming a mass spectrum similar to ours, where only charginos
can enhance the diphoton rate. Due to different crucial assumptions, we do not compare our results to those of
refs. [83,397].
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Figure 6.7: Correlation between R, and Rz for the equal weight posterior sample. The color code is: light blue
for BR(h — X9X3) < 1%, violet for 1% < BR(h — Xx?) < 20%, dark yellow for 20% < BR(h — XIx?) < 50%
and red for BR(h — X{x%) > 50%.

figurations of chargino parameters in that region. In fact, in the upper-left part of the light blue
area, the typical chargino configuration yields to very large gl%??;?? (for M; < 100 GeV). Therefore,
only when mgyo is tuned just below the my/2 threshold, BR(h — XIx?) is small. Unless of this rare
accident, BR(h — YXV) is either huge or zero. Consequently, for the configurations of chargino
parameters that populate the upper-left part of the light blue area, R,, and Rz, are typically
either larger or much smaller than one, and an empty region at R,, ~ 1 and Rz, =~ 0.9 is thus
produced.

The opposite effect instead occurs in the lower part of the light blue region: the typical
chargino parameters yield tiny g’f)’z?%? and hence BR(h — X{X?) is small for very most of the values
that M; can assume. For these configurations of chargino parameters, therefore, R,, and Rz, do
not jump from one value to a very different one at the threshold msgo ~ My /2 but slowly change
as function of M;j. For this reason the violet region is abundantly populated by such chargino
configurations.

Finally, let us summarize the most striking result of this section. From our analysis we obtain
the following TMSSM bounds (see Figure 6.6):

Ry<16, Rz S14, 095 <Ry /Ry S 1.2 (no DM obs.) (6.31)

and we stress the tight degree of correlation between the two loop-induced processes.
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6.6. Constraints on %, and Rz, from DM phenomenology

DM in the TMSSM: global survey
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Figure 6.8: Left: Equal weight posterior sample in the {o5L — m%?}-plane. The solid blue line stands for the LUX
exclusion limit, while the black dotted line is the projected sensitivity of XENON1T. The color code is as in Figure 6.7

and indicates the Higgs into invisible branching ratio percentage when the channel is open. Right: Same as left in

the {051 — o5P}-plane. The brown points stand for points at odds with the XENON100 exclusion bound for o5P.

In this section we present the results of a comprehensive sampling of the TMSSM parameter
space, using the likelihood Lp(d|f;) and the prior ranges described in section 6.4.

Figure 6.8 (left panel) shows the mass value for which the LSP is a viable DM candidate
compatible with LUX (blue solid). As discussed above, there are two separate regions: one with
the resonances at 40 GeV< mso < 70GeV, and one with a well-tempered neutralino at mso 2
90 GeV. The apparent upper limit at about 600 GeV is an artifact of the prior range choice for
the mass parameters. Notice that almost all the parameter space is in the sensitivity range of
XENONIT [127] (black dotted line), so an effective TMSSM might be probed by DM direct searches
in 5-7 years time ?. In our sample the minimal values of O')S<Ie correspond to the contribution to
the SI cross-section due to squarks exchange, when the Higgsino component start to be negligible.
The value is similar in all the sample as the squark sector is kept heavy. More interestingly,
the requirement of having the LSP as good DM candidate sets as well an upper bound on the
Higgs invisible branching ratio BR(h — X{X}) < 20% (violet points), which is comparable to
current LHC bounds [310, 311, 313, 314] (indeed there are the very few dark yellow points with

9However, we stress that the accuracy of the present analysis does not allow for refined comparison between
the TMSSM and XENONI1T. Indeed, our estimate of the SI cross section does not take into account loop-induced
corrections of the order of O(107*) pb [398].
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BR(h — X{x}) > 20%). This illustrates the complementarity between DM direct searches and
colliders: significant values of the Higgs invisible width can be fully probed by XENONI1T.

In the right panel of Figure 6.8 we show the O')S(Ie versus the SD cross-section on neutron (which
is equivalent to the one on proton). As in the previous figures, violet points represent parameter
configurations with BR(h — XIxV) > 1%, whereas brown points correspond to SD cross-section
values at odds with the XENON100 exclusion bound, whose strongest limit o>° < 3 x 10™% pb is at
mgo ~ 50 GeV. We do not remove the brown points from our samples as the nuclear uncertainties
on the structure functions for the nucleons are large and can affect the predicted number of events
by a factor of 3-4 [281,395,399]. In addition the predictions for the SD on proton give the same
value, however these values are below the COUPP sensitivity, which reaches the maximum at
USD ~ 5 x 1073 pb for msg ~ 40 GeV. These points with large 052 are associated to the ¢-channel
Z boson exchange and arise when Higgsino components are sizable. They correspond to the Z
resonance region, where the coupling 977050 is large. In the case of SD scattering there is a one-
to-one correspondence with the annihilation cross-section mediated by the Z boson. The main
bulk of the sample is however below the current SD bounds, because the coupling to the Z boson
tends to be suppressed for most of the LSP composition, being predominantly Bino-like. The sharp
cut on the upper values of SD and SI when the Higgs channel into invisible is open is due to the
LUX bounds. XENONI1T will be less sensitive to SD interaction (perhaps ~ 1075 pb), hence the
model is more likely to be tested with the SI cross-section and the brown points will all be probed,
independently of the nuclear uncertainties.

When M5 is decreased to the same scale as the other chargino parameters, the phenomenology
of the DM is wider and the tight bound on the lower limit of 1 described above (sections 6.3 and 6.3)
is relaxed by the additional admixture with the Wino component. This is illustrated in Figure 6.9,
where we display the LSP mass versus the neutralino and chargino parameters as labelled. From
the top left panel, it is clear that the LSP is mostly Bino, as M0 and M follow each other over
all the allowed range. From the other three panels it is striking that the Higgs and Z resonances
are mostly independent from My and uy as they can acquire approximately any allowed value.

The case of the well-tempered neutralino, where all possible combinations of compositions
for the are available, is more interesting. Indeed the LSP can be mixed Bino-Triplino, as dis-
cussed above, but it can never be Triplino dominated because the LSP would be the corresponding
chargino. Successful DM candidates can also show up as MSSM-like states, that is Bino-Wino,
in which case the relic density is achieved by neutralino annihilation into W™W ™ and coanni-
hilation with the lightest chargino producing ¢q’. These MSSM-like scenarios are however less
appealing because the condition M; ~ M5y is not recovered by the usual supersymmetry-breaking
mechanisms. Of course, a large portion of the parameter space presents mixed Bino-Triplino-Wino
LSP, for which the dominant annihilation and coannihilation channels are %929,2 — WTW™ and
)Z(I)S{Ii — q7'. Due to the LUX bound only p larger than about 300 GeV is allowed. Moreover,
the relic density is achieved by a mixture of annihilation and coannihilation. More specifically
the main processes are XX\ — hZ,qq and 5{?)?% — ZW#*. Instead, when all components (Bino-
Triplino-Wino-Higgsino) in the LSP are sizable, the main annihilation channels are the following:
NixE — WEWE X% — hW* and YY) — hZ.
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Figure 6.9: Top left: M7 dependence of the mass of the LSP mso. Top right: Same as left for My. Bottom: Same
as top left for ux; and p. The color code is as in Figure 6.6.

DM implications on R, and Ry,

Figure 6.10 shows the vy signal strength versus the Z+v one, similarly to Figure 6.7. The
possible R, and Rz, that can be achieved in the TMSSM where the DM constraints are satisfied,
are displayed in cyan. They are superposed to the points of Figure 6.7 where no DM observable
is imposed (here displayed in green). The DM constraints alleviate the change in slope that arises

134



Chapter 6. Triplet extension of the MSSM

||||||||||||||||||.||$

2 3 4 5 6 7 8 9 10

0_2|||||||||||||||||||||||||||
0.2 0.4 0.6 0.8 1 12 1.4 16

RZy tan B

=)
[T

Figure 6.10: Left: Correlation between R, and R, for the equal weight posterior sample for the no DM case
(green points) and for the DM case (cyan points). Right: Correlation between tan 8 and u for the equal weight
posterior sample for the DM case. Same color code as in Figure 6.6.

in the correlation plot without DM constraints (cf. left panel of Figure 6.7): the cyan points follow
a smooth pattern with respect to the dark green ones. As previously discussed, the missing dark
green zone in the upper part of that plot is due to a Higgs branching ratio varying very fast as
soon as it is kinematically open. There, to get small reduction in the signal strength, M; should
lie exactly on the threshold value, which is a very infrequent situation. On the contrary, with the
LSP being DM, the relic density constraint requires M; ~ my, z/2 (or the well-tempered neutralino
conditions) and therefore a large portion of the sampled parameter space is concentrated in the
pole regions.

On the other hand, on general basis, the DM constraints are not encouraging about the
collider Higgs phenomenology. Indeed, our analysis leads to

Ry <125, Rzy<1.2 (with DM obs.) . (6.32)

The most stringent constraint on the parameter space where large R,, and R,, are achieved, is
the LUX bound on SI cross-section, which rules out the configurations where either p and tan
are simultaneously small: the anti-correlation between these two variables is striking from the
right panel of Figure 6.10 '°. In particular, for tan 8 ~ 1 the LSP is a viable DM candidate
only for p > 500 GeV, i.e. it is incompatible with the ballpark that provides the largest possible
enhancements (see Figure 6.7). The possibility of achieving sizeable loop-induced decays of the
Higgs and at the same time a successful neutralino DM particle, starts arising at tan 8 2 3 and
i 2, 300 GeV: this is exactly the region that saturates the bounds in eq. (6.32), as shown by the

9This correlation is proper of the MSSM and has been noticed for instance in ref. [400].
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green points in the right panel (these points have R,, > 20%). The mild enhancement of 10% is
viable in all tan 8 range, as it is due to small values of px. This is illustrated in Figure 6.11. In
the left panel we show the projection of the R,, values as a function of A\ and tan 3: the range
of the Triplino coupling A that provides the enhancements is limited with respect to Figure 6.7,
being scattered at around 0.8--0.9. Signal strengths larger than one can only be achieved for small
values of uy (central panel); they are however only marginally sensitive to My. The same points
are instead concentrated to both small values of p and py (right panel) and they mostly correspond
to the Higgs and Z resonance regions. This is confirmed by looking at the same sparse green/blue

points in Figure 6.9, which are mostly concentrated at values of mso around 4070 GeV.
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Figure 6.11: Left: R, (third direction) projected in the {\ — tan 3}-plane. Same color code as in Figure 6.6.
Central and right: Same as left in the {us, — M2} and {ux — p} planes.
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Conclusions

7.1. English

In this Thesis we have studied the collider phenomenology perspective from which one can
address the DM problem. As we know, DM is approximately the 27% of the content of the Universe
and it is the 85% of the total amount of matter in the Universe, however, its nature is still unknown.
The most favoured perspective is the fact that the DM is a particle that interacts weakly with the
SM content, the well-known WIMP DM. Taken into account this assumption, a huge amount of
possibilities appears under different models extending the SM in order to account for a dark sector.
On the one hand, one can choose a simple scenario where the DM sector and the SM one are
coupled through a particle that plays the role of mediator. This kind of constructions are usually
dubbed portals. In Part I we have shown two constructions differing in the nature of the mediator,
either a scalar or a vector boson.

In Chapter 3 we explore the singlet-extended model. This is the simplest extension of the
SM scalar sector that connects to the dark sector. It predicts a universal deficit in the Higgs
boson couplings to the SM fermions and gauge bosons caused by the mixing between the two
neutral scalar states. In the coming years, the LHC will further explore the properties of the Higgs
boson by looking for possible deviations from the SM predictions [401]. In particular, after the
high-luminosity upgrade, LHC is expected to deliver 3000 fb~! at 14 TeV [402]. This would allow
to measure the vy, WW, ZZ, bb, and 777~ Higgs couplings within a 2 — 8% error [401,402].
Alternatively, a new contribution to the invisible Higgs width would imply the reduction of the
visible Higgs decays, which can also be interpreted as a generic Higgs coupling deficit. The direct
production and detection of the new Higgs would certainly elucidate this point. Since the relevant
cross section depends on the mass and the mixing of the extra Higgs state, we have first reviewed
the present experimental bounds on these two parameters. Concerning the constraints by EWPO,
we have improved previous analysies by using the full set of electroweak observables instead of the
oblique parameters (S, T'), since the last ones only provide an accurate descriptions of the heavy
Higgs effects in the mp ~ my, region.

In order to illustrate the detection of the direct heavy Higgs production, we have chosen
two benchmark points compatible with present bounds, in particular, the LHC Higgs data and the
EWPO. We have studied the resonant SM Higgs boson pair production in the hh — bb WW —
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bb¢T vl 7 decay channel. The main background to the signal is the di-leptonic tf process. Besides
some basic selection cuts, we have applied Mo cuts to the 2¢ + Fp or 2b + 2¢ 4+ Fp systems in
order to optimise the signal significance. Using the di-leptonic channel alone, a significance ~ 30
for 3000 fb~! can be achieved at the 14 TeV LHC for my = 400 GeV if the mixing is close to
its present limit and BR(H — hh) ~ 1. A lower branching ratio or a smaller mixing angle would
require combining various hh decay channels. The complementarity between H — hh and H — ZZ
channels is studied for arbitrary BR(H — hh) values.

We have also checked that it is possible to extend the model by including a DM candidate.
The next generation of direct detection experiments will be capable of probing a large amount of
the parameter space of the model.

In Chapter 4, we have performed a thorough study of phenomenological features of hidden
sector scenarios with Stiickelberg Z’ portals that arise as low energy effective actions of certain
type II string compactifications with intersecting branes. For our purposes, the crucial property of
these constructions is the unavoidable extension of the SM gauge group by several (‘anomalous’)
abelian gauge bosons which gain a mass and can mix with analogous bosons from hidden sectors.

Many interesting phenomenological properties of such setups are determined by the charges
of the SM spectrum under the extra U(1)s of the visible sector, together with a handful of mixing
parameters (a, b, c,d). The possible choices for the charges are rather scarce, due to the necessary
identification of these symmetries with approximate global symmetries of the SM. We have focussed
on a particular gauge structure, the Madrid models that arises in a large class of intersecting brane
constructions. Some other configurations are possible, and they could be studied in analogy. We
believe, nevertheless, that our analysis covers a significant portion of the landscape of semi-realistic
brane models.

Once the extra visible U(1) bosons mix with those from the hidden sectors, the lightest Z’
mass eigenstate generates interactions between DM and SM fermions. A particularly appealing
and characteristic feature of such models, is the natural appearance of rich patterns of isospin
violating DM interactions, which contrasts with other simple portals traditionally considered in
the literature. We have explored the prospects for f,/f, and a,/a, in six different BM points of
the parameter space of these constructions, incorporating LHC and LUX bounds showing that in
general values of these ratios tend to be dominated by the neutron contribution. Target materials
with more sensitivity to neutron interactions are thus very suitable to explore these scenarios.

Generically, this setup provides isospin violating couplings both in the SI and SD interactions.
We have confronted our prospects with LUX and LHC bounds for a set of BM points. By using
our own simulation of the LUX experiment, we have performed a check of the exclusion regions
for each point using the maximum gap method. This has allowed us to analyse consistently a
general scenario with SI and SD (proton and neutron contributions) interactions as well as in
general cases of isospin violating couplings of DM. For the LHC we have calculated, for each point
of the parameter space, the production cross section of a Z’ boson times the branching ratio of a
specific decay. With this, we have included ATLAS searches for dilepton (e*e™ and p*u~) and
dijet resonances. Remarkably, all regions experimentally allowed entail much higher neutron than
proton cross sections for the SI interactions while for the SD the situation is less constrained.

The findings of this work open the door to a generic scenarios in which the signals in dir-
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ect detection experiments can be dominated by neutrons. Moreover, we show that the existing
complementarity between LHC searches and direct detection experiments is specially relevant to
disentangle the couplings of the Z’ boson to SM particles. It is gratifying to see how, not only
different experimental strategies, but also phenomenological and fundamental theoretical input can
be combined into a single framework to shed some light into the possible properties of the so far
elusive nature of dark matter.

On the other hand, one can study the DM phenomenology from the point of view of a
theoretically motivated model that could afford to solve other pathological problems that arise
in the SM. SUSY is one candidate that fulfills the above requirements, it can account for the
DM particle while solves different issues such as the hierarchy problem. However the minimal
phenomenologically viable realization of it, the MSSM, is nowadays in tension with the results from
Run 1 of the LHC. In particular in order to achieve a mass of the SM Higgs boson, my ~ 125 GeV
requires a tune of the parameters within the MSSM. One can consider different extensions of this
minimal model in which new contributions to the Higgs mass appear at tree level. Moreover these
new extensions provide different prediction on the DM and collider phenomenology. In Part II
we study two extensions of the MSSM Higgs sector of the superpotential that are allowed by
gauge invariance, the singlet extension, dubbed NMSSM extended with a singlet RH neutrino
superfield, and the triplet extension with Y = 0, named the TMSSM. Both of them present a DM
phenomenology that is directly connected with their LHC signatures.

In Chapter 5 we have investigated exotic collider signatures of the Next-to-Minimal Super-
symmetric Standard Model with a right-handed neutrino and sneutrino. This is a construction in
which an extra singlet superfield, NV, is included in the NMSSM in order to account for RH neutrino
and sneutrino states. After electroweak symmetry-breaking takes place, a Majorana mass term is
generated for the RH neutrinos which is of the order of the Higgs expectation value and implies an
electroweak scale see-saw mechanism, with a small Yukawa coupling yn ~ 107%, for neutrino mass
generation. Such a small neutrino Yukawa leads to a tiny mixing between right and left-handed
fields. It is for this reason that the RH neutrino, when produced at the LHC, can be long-lived and
give rise to displaced vertices.

We have incorporated the recent constraints on the masses of supersymmetric particles, as
well as on low-energy observables. We also impose the presence of a Higgs boson with a mass
of approximately 125.5 GeV and consider the existing results on the reduced signal strengths for
its decays into Standard Model particles, which place a bound on its invisible and non-standard
decays. We study the effect of these constraints on the parameter space of the model.

In the first part of this Chapter we have investigated the production and late decay of RH
neutrinos. We show that, due to the small neutrino Yukawa, the RH neutrino can decay in the
inner detector of ATLAS or CMS, giving rise to a displaced vertex. This can be observed through
the decay products, which involve two leptons (2¢ 4+ Fr) or a lepton with two jets (¢jj). For a
representative number of benchmark points we have simulated the production of RH neutrinos in
the current LHC configuration (with a center of mass energy of 8 TeV and an integrated luminosity
of £ =20 fb~!), and a future one (13 TeV and £ = 100 fb~!), defining a number of basic cuts
to single out the signal. We have found that some points of the parameter space can already be
probed with the current LHC data, and others can become accessible in the future upgrade. We
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have constructed the two-lepton (my,) and two-jets one lepton (my;;) invariant mass distributions
for the different benchmark points, showing that the end-point in my, and the peak in my;; can give
valuable complementary information on the mass of the RH neutrino that can help distinguishing
this scenario from models with R-parity violation.

In the second part of this Chapter we have considered the possibility that the stau is the
NLSP. We have shown that the stau decay can also be suppressed by the small Yukawa couplings
in certain regions of the parameter space. We have simulated the production of staus in the current
and future LHC configuration for two benchmark points. The results suggest that some points in
the parameter space can be within the reach of the future LHC configuration.

In Chapter 6 we have considered the Higgs phenomenology of the Y = 0 triplet extension of
the MSSM, dubbed TMSSM, in which the new coupling between the triplet and the MSSM Higgses
can alleviate the little hierarchy problem and modify the chargino and neutralino sector.

We have first accurately determined the couplings and pole masses of the stops, charginos,
neutralinos and lightest CP-even Higgs h. Then, we have tackled the subtle effects of the Triplino in
the h — vy and h — Z~ loop-induced processes. We have shown that the additional Triplino com-
ponent in the chargino sector provides a maximal enhancement of 60% in the R, signal strength,
which is slightly larger than previously estimated (i.e. Ry, < 1.45) [103]. An enhancement up to
40% can be achieved in the Rz, signal strength, which we find to be highly correlated with the
diphoton channel, even though it is always smaller than R,,. The parameter region leading to the
largest R, and Rz, is characterized by tan3 < 2 and pu ~ pusx ~ My ~ 250 GeV, and in partic-
ular by light charginos close to the LEP bound. The enhancement in the TMSSM is significantly
larger than the one achievable in the MSSM (~ 20% for R,,) for the same chargino lower mass
bound [396]. The measurements of these processes are likely to improve in the next years. LHC is
indeed expected to probe the SM prediction of I'(h — Z7) once O(100 tb~!) data is collected [403],
and to measure the gy, effective coupling within a 10% accuracy after a high luminosity 3000 fb~1
run [404]. With these further data the Higgs diphoton signal strength will plausibly converge to
the SM value. In such a case, sizeable deviations in h — Z~ would not be compatible with the
TMSSM. On the contrary, if data will still exhibit a positive deviation from the SM, there would
be a clear indication of physics beyond the SM. The above predictions and the tight correlation
between R, and Rz, could be thus crucial to rule out or provide hints for the scenario considered
here.

Besides the Higgs decays, we have investigated the DM phenomenology in the TMSSM, fo-
cusing on the interplay of the neutralino and chargino sectors enlarged by the triplet components.
Similarly to the MSSM, the LSP is a viable DM candidate in the Higgs or Z pole region, and
in the so-called well-tempered regime. The Higgs and Z pole regions are characterized by a Bino
DM and are poorly sensitive to the Triplino, as the Higgs-Higgsino-Bino is the only relevant coup-
ling. However, the well-tempered neutralino, where the LSP achieves the correct relic density via
coannihilation with the lightest chargino, presents a new feature. Indeed the Triplino component
of the LSP can substitute the Wino in the well-tempered neutralino and can solve the problem
of having M; ~ M> from grand unified model perspective. Indeed the requirement of DM comes
at the expenses of satisfying the LUX exclusion limit for SI elastic cross-section on nuclei. The
dominant contribution is due to Higgs exchange, which imposes a lower bound on pu. Interestingly
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we found that this has an impact for the R, and Rz, enhancements: the Higgs-chargino coupling
is reduced as well suppressing the signal strengths to at most 20%. Notice that these values are
once again larger than the ones provided by the MSSM with DM constraints [396], when the Higgs
production is SM-like.

The scenario considered here nicely illustrates the complementarity of DM direct searches with
LHC. For instance the next generation of direct detection experiments, such as XENONI1T, will
probe a consistent portion of the neutralino TMSSM parameter space. Moreover it will be capable
of constraining the Higgs invisible decay branching ratio up to 1%, in a time scale comparable to the
LHC one. In general the TMSSM is less constrained by current LHC bounds on simplified models
or supersymmetric searches. Indeed the presence of the Triplino can modify the couplings and
the decay modes. This has been already observed for stops in the TMSSM [405] even though
a precise estimate of their current mass bound is still missing. On the other hand no study
exists for the chargino and neutralino mass bounds. Although we have checked that the present
constraints [391,392] do not apply to our analysis ballpark, a dedicated investigation would be
required in order to accurately determine the allowed parameter region. Present data should
primarily affect the chargino parameter region with light lightest-neutralino and with small h — Z~
and h — vy enhancements. With more LHC data strongest bounds are expected, in particular for
the DM mass close to the Z or h resonance. On the other hand, in order to probe the coannihilation
region (where the spectrum is compressed), ILC data and analyses similar to that proposed in
ref. [406] would be crucial.

It is the aim of this Thesis to study different collider aspects of DM models so in a future
we can discriminate among them. Specific experiments such as direct and indirect detection ones
are specialised in the search of DM, however collider experiments that are designed for different
purposes can also help in the identification of the DM nature. In fact, several efforts are taken to
improve searches in every different kind of experiments so the searches could be complementaries.
We expect in the near future that experiments will corner the dark matter parameter space (or
even find it) so we could have some information about it. If this happens the collider information
about its properties will be crucial to extract all the relevant information of the DM nature, such
as mass, couplings and so on. We are living exciting times with upgraded experiments and maybe
future experiments that for sure will reveal us more about the face Nature has.

7.2. Castellano

En esta Tesis hemos estudiado diferentes perspectivas desde las cuales se puede estudiar el
problema de la MO. Como sabemos, aproximadamente el 27% del contenido del Universo y el 85%
del contenido total de materia es MO, sin embargo la naturaleza de ésta es atin desconocida. La
propuesta mas favorecida es el hecho de que la MO esté compuesta de particulas que interaccionan
débilmente con el contenido del ME, la conocida materia oscura WIMP. Si tenemos en cuenta
esto un numero indeterminado de posibilidades aparecen bajo diferentes modelos que extienden el
ME para cobijar un sector oscuro. Por una parte, uno puede escoger un escenario simple donde el
sector de MO y el de ME estan acoplados a través de una particula que asume el papel de mediador.
Esta clase de construcciones usualmente se les llama portales. En la Parte I hemos mostrado dos
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construcciones basadas en la naturaleza del mediador, ya sea un bosén escalar o un bosén vectorial.

En el Capitulo 3 exploramos el modelo extension de singlete que es la mas simple extension
del sector escalar del ME. Este modelo predice un déficit universal en los acoplos del bosén de
Higgs a fermiones del ME y bosones de gauge causado por la mezcla entre los dos estados escalares
neutros. En los afios venideros, el LHC explorara las propiedades del bosén de Higgs centrandose
en posibles desviaciones de las predicciones del ME [401]. En particular, después de su mejora para
alta luminosidad, se espera que el LHC acumule cerca de 3000 fb~! a 14 TeV [402]. Esto permitird
medir los acoplos vy, WW, ZZ, bb, y 77~ con una precisién del 2 — 8% de error [401,402].

Alternativamente, una reduccién de la anchura invisible del Higgs implicaria la reduccién de
las desintegraciones visibles del Higgs, pudiendo ser interpretado como un déficit en los acoplos. La
produccién directa y posterior deteccién de este nuevo Higgs podria ciertamente arrojar luz en este
punto. Dado que la seccion eficaz relevante depende de la masa y de la mezcla del estado de Higgs
extra, hemos aplicado los limites experimentales actuales sobre estos dos pardmetros. Respecto a
los limites provenientes de los EWPO, hemos mejorado andlisis previos usando todo el conjunto de
observables electrodébiles en lugar de los pardmetros oblicuos (S, T'), dado que estos tltimos solo
son presentan una descripcion fiable de los efectos del Higgs pesado en la regién mp ~ my,.

Para ilustrar la deteccién de la produccién directa del Higgs pesado, hemos elegido dos puntos
de referencia compatibles con los limites actuales, en particular, con los datos del Higgs provenientes
del LHC y de los EWPO. Hemos estudiado la produccién resonante de pares de bosones de Higgs en
el canal de desintegracién hh — bb WW — bb¢+ v~ . El principal ruido de la sefial es el proceso ¢t
dileptonico. Ademds de aplicar una seleccién de cortes basicos, hemos aplicado cortes a la variable
Mrs a los sistemas 2¢ + Fp o 2b 4+ 2¢ + Jop para optimizar la significancia de la sefial. Usando
solamente el canal dilepténico, una significancia de ~ 30 para 3000 fb~! puede ser alcanzada para
el LHC funcionando a 14 TeV para una masa del Higgs pesado de my = 400 GeV si la mezcla
es cercana al valor del limite actual y BR(H — hh) ~ 1. Una fraccién de desintegracién menos o
un angulo de mezcla més pequeno requeriria combinar varios canales de desintegracion de pares de
bosones de Higgs. La complementariedad entre los canales H — hh y H — ZZ es analizada para
cualquier valor de BR(H — hh).

También hemos comprobado que es posible extender el modelo incluyendo un candidato a
MO. Con ello la préxima generacién de experimentos de deteccion directa seran capaces de probar
una regién grande del espacio de pardametros del modelo.

En el Capitulo 4, hemos llevado a cabo un estudio de las caracteristicas fenomenolégicas del
sector oculto en escenarios con portales de Stiickelberg con bosones Z’ que surgen como acciones
efectivas a baja energia en ciertas compactificaciones de tipo II en cuerdas con branas intersecantes.
Para nuestros propédsitos, la propiedad crucial de estas construcciones es la extensién del grupo
gauge del ME con varios bosones gauge abelianos (“anémalos”) que adquieren masa y pueden
mezclarse con bosones analogos del sector oculto.

Muchas propiedades fenomenoldgicamente interesantes de dichas construcciones estan de-
terminadas por las cargas del espectro del ME bajo los U(1) extra del sector visible junto con un
punado de pardmetros de mezcla (a, b, ¢, d). Las posibilidades de eleccién de dichas cargas es escaso
debido a la necesaria identificacién de estas simetrias con las simetrias globales aproximadas del
ME. Nos hemos centrado en una estructura gauge en particular, los modelos de Madrid que surgen
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en una gran cantidad de modelos con branas intersecantes. Otras configuraciones son también
posibles, y pueden ser estudiadas andlogamente. Creemos, sin embargo, que nuestro andlisis cubre
una porcién significativa de todo el panorama de modelos semirealistas de branas.

Una vez que los bosones de los U(1) extra visibles se mezclan con aquellos de los sectores
ocultos, el bosén Z’ més ligero en masa genera una interaccién entre la MO y los fermiones del ME.
Una caracteristica remarcable de estos modelos es la aparicién natural de patrones de violacion de
isospin en las interacciones de la MO, contrastando con otros portales simples considerados en la
literatura. Hemos explorado las perspectivas para las cantidades f,,/f, v an/a, en seis puntos de
referencia del espacio de parametros en estas construcciones, incorporando limites provenientes del
LHC y de LUX mostrando que en general los valores de estas fracciones tienden a estar dominados
por la contribucién de los neutrones. Asi pues materiales con mas sensibilidad a interacciones con
neutrones son los mas apropiados para estudiar estos escenarios.

De manera genérica, esta construcciéon nos provee de acoplos que violan isospin tanto en
las interacciones que son independientes del espin como en las que son dependientes. Usando
nuestra propia simulacion del experimento LUX, hemos llevado a cabo una prueba de las regiones
excluidas en cada punto usando el método de maximo hueco. Esto nos ha ayudado a analizar de
manera consistente un escenario general con interacciones independientes y dependientes del espin
(contribuciones del protén y del neutrén) asi como en casos generales de violacién de isospin en los
acoplos de MO. Respecto al LHC, hemos calculado para cada punto del espacio de parametros la
seccion eficaz de produccién de un bosén Z’' multiplicado por su fraccién de desintegracién de cada
desintegracién. Con esto, hemos incluido las buisquedas de resonancias en dos leptones (ete™ y
put ) y dos jets del experimento ATLAS. De manera remarcable, todas las regiones que son vélidas
experimentalmente presentan una seccion eficaz a neutrones mucho mayor que la de protones para
las interacciones independientes del espin mientras que para el caso de las interacciones dependientes
del espin el escenario esta menos acotado.

Lo que se ha encontrado en este trabajo abre la puerta a escenarios genéricos en los cuales
las senales en los experimentos de deteccién directa puedan estar dominados por los neutrones.
Ademads, hemos mostrado que la complementariedad existente entre las busquedas del LHC y los
experimentos de deteccién directa de MO es especialmente relevante para desenmaranar los acoplos
del bosén Z' a particulas del ME. Es gratificante ver cémo, no solo los resultados experimentales,
sino las consecuencias fenomendlogicas y tedricas del modelo pueden ser combinadas en un solo
marco para poder arrojar algo de luz sobre las posibles propiedades de la tan elusiva materia
oscura.

Por otro lado, uno puede estudiar la fenomenologia de la MO desde el punto de vista de un
modelo motivado desde la teoria pudiendo resolver ciertos problemas patolégicos que adolece el ME.
Supersimetria (SUSY) es un candidato que retine los requerimientos anteriores, puede contener la
particula de MO mientras que resuelve diferentes problemas como el problema de las jerarquias.
Sin embargo, la versién fenomenolégica viable de esto, el MSSM, esta en tensién con los datos
actuales provenientes del primer Run del LHC. En particular para poder alcanzar la masa del
bosén de Higgs, my, ~ 125 GeV, éste requiere un afinamiento de los parametros dentro del MSSM.
Entonces se pueden considerar diferentes extensiones de este modelo minimal en las cuales aparecen
nuevas contribuciones a la masa del Higgs a nivel arbol. Ademads, las nuevas extensiones proveen
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predicciones diferentes en lo que a fenomenologia de MO y colisionadores se refiere. En la Parte 11
estudiamos dos extensiones del sector de Higgs del MSSM en el superpotencial permitidas por
invariancia gauge, la extension singlete, nombrada NMSSM que a su vez extendemos con un super-
campo neutrino dextrogiro, y la extension triplete con hipercarga cero Y = 0, comtinmente llamada
TMSSM. Ambas presentan una fenomenologia de MO altamente ligada a las senales en el LHC

En el Capitulo 5 investigamos senales exdticas en colisionadores dentro de NMSSM con neut-
rinos y sneutrinos dextrogiros. Esta es una construccién en la cual un extra supercampo singlete es
anadido, N, al NMSSM para poder tener estados de neutrinos y sneutrinos dextrégiros. Después de
que la ruptura de la simetria electrodébil tiene lugar, un término de masa Majorana se genera para
los neutrinos dextrégiros que es del orden del valor esperado en el vacio del Higgs lo que implica un
mecanismo de see-saw a escala electrodébil, con un acoplo Yukawa yy ~ 1076 para la generacién
de masa de los neutrinos. Tal acoplo Yukawa pequeno hace que exista una pequena mezcla entre
los campos levogiros y dextrogiros. Por esta razon, el neutrino dextrégiro, una vez producido en el
LHC, puede tener un tiempo de desintegracion largo dando a su vez vértices desplazados.

Hemos incorporado cotas experimentales a las masas de las particulas supersimétricas al
igual que a observables de baja energia. Ademas imponemos la presencia de un bosén de Higgs de
aproximadamente una masa de 125.5 GeV y consideramos los resultados existentes de las senales
del Higgs en las diferentes desintegraciones en particulas del ME ya que determinan una cota en
desintegraciones no estandar o invisibles. También estudiamos el efecto de dichos limites al espacio
de parametros del modelo.

En la primera parte de este Capitulo hemos investigado la produccién y posterior desinteg-
racion de neutrinos dextrégiros. Mostramos que, debido al pequeno acoplo Yukawa del neutrino,
el neutrino dextrégiro puede desintegrarse en el detector interno de ATLAS o CMS, dando lugar
a vértices desplazados. Esto puede ser observado a través de sus productos de desintegracién, que
involucran dos leptones (2¢ + Fr) o un leptén y dos jets (£57). Hemos simulado la produccién de
neutrinos dextrégiros para un nimero representativo de puntos de referencia para la pasada con-
figuracion del LHC (con una energia de centro de masas de 8 TeV y una luminosidad integrada de
L =20 tb=1) y la actual para el estado de alta luminosidad (13 TeV and £ = 100 fb~!) definiendo
un numero bésico de cortes para aislar la senal. Hemos encontrado que algunos puntos del espacio
de parametros pueden ser ya probados con la configuracion pasada del LHC y otro seran accesibles
en el futuro cercano. Hemos construido ademas la distribucién de la masa invariante de dos leptones
(mye) y de dos jets y un leptén (my;;) para los diferentes puntos de referencia, mostrando que el
punto final en la distribucién de my, y el pico en my;; pueden dar informacién complementaria de la
masa del neutrino dextrogiro ayudando con esto a distinguir este modelo de aquellos que presentan
violacién de la paridad R.

En la segunda parte de este Capitulo hemos considerado la posibilidad de que el stau es la
particula supersimétrica siguiente a la mas ligera. En este caso hemos mostrado que la desinteg-
racion del stau esta también suprimida por el pequeno acoplo Yukawa en ciertas regiones del espacio
de pardmetros. Para ello hemos simulado la producciéon de staus en la antigua configuracién del
LHC y en la actual para dos puntos de referencia. Los resultados sugieren que algunos puntos del
espacio de parametros pueden ser alcanzados en la futura configuracién del LHC.

En el Capitulo 6 hemos considerado la fenomenologia del Higgs de la extensién con un triplete
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de hipercarga nula, Y = 0, del MSSM, llamado TMSSM, en el cual el nuevo acoplo entre el triplete
y los Higgses del MSSM puede aliviar el pequeno problema de las jerarquias y ademas se modifican
los sectores de charginos y neutralinos.

Primero se han determinado los acoplos y masas de los stops, charginos, neutralinos y del
Higgs mas ligero que es par bajo CP, h. Después se ha investigado los efectos del Triplino en los
procesos inducidos por loops h — vy y h — Z~. Hemos demostrado que la componente adicional
del Triplino en el sector de los charginos provee un aumento del 60% en la sefial R~ que es un poco
mayor que la estimada anteriormente (i.e. R,, < 1.45) [103]. Para la senal Rz, el factor de aumento
puede llegar hasta el 40%, y se encuentra que estd muy correlacionado con el canal de difotones,
aunque siempre este factor es mas pequeno que para R,,. La regién de pardmetros que produce
la mayor senal R,, y Rz, viene dada por tan3 < 2y pu ~ px ~ My ~ 250 GeV, y en particular
por charginos ligeros cercanos al limite de LEP. El aumento de dichas seniales en el TMSSM es
significativamente mayor que el que se puede conseguir en el MSSM (~ 20% en R,,) para el misma
masa minima del chargino [396]. Las medidas de estos procesos mejorardan en los siguientes anos.
De hecho se espera que el LHC pruebe la prediccién de la desintegracién I'(h — Z7) dentro del
ME una vez que se hayan recogidos del orden de O(100 fb=1) [403], y por tanto medir el acoplo
efectivo gp~ con una precisién del 10% una vez que se alcance una luminosidad de 3000 fb=! [404].
Con esa cantidad de datos futuros posiblemente la senal difoténica del Higgs puede converger a su
valor dentro del ME, en cuyo caso si se observan desviaciones significativas en el canal h — Z~
sabemos que no son compatibles con el TMSSM. Sin embargo, si los datos exhiben una desviacién
positiva con respecto a lo esperado en el ME, habrd una indicacién clara de fisica mas alla del ME.
Las predicciones anteriores junto con R, y Rz, podrian ser cruciales para descartar o bien proveer
pistas del escenario aqui considerado.

Ademas de las desintegraciones del Higgs, hemos investigado la fenomenologia de MO en el
TMSSM, centrandonos en las repercusiones que juegan las componentes del triplete. De manera
similar a lo que ocurre en el MSSM, la particula méas ligera es un candidato viable a MO en los
polos del Higgs y del boson Z y en el llamado régimen bien temperado. En las regiones del polo
del Z y del Higgs estan caracterizadas por una MO del tipo Bino y es insensible a la componente
Triplino, dado que el tinico acoplo relevante es el siguiente: Higgs-Higgsino-Bino. No obstante, el
neutralino bien temperado, donde la particula mas ligera es capaz de conseguir la densidad reliquia
mediante la coaniquilacion con el chargino mas ligero, presenta un nuevo atractivo. Ciertamente, la
componente Triplino de la particula mas ligera puede sustituir a la componente Wino del neutralino
bien temperado y ademadas puede resolver el problema de M; ~ Ms que habria si consideramos
modelos de gran unificacion. Asi pues el requerimiento para ser MO viene de la mano del limite de
exclusion que impone el experimento LUX en la seccion eficaz con nicleos independiente del spin.
La contribucién mas importante es debido al intercambio del Higgs lo que impone un valor minimo
al pardmetro p. Esto tiene un gran impacto en las senales 12, y Rz, el acoplo Higgs-chargino se
ve reducido con lo que también se ver reducida la senial llegando a ser cémo méximo un 20%. Es
importante notar que estos valores siguen siendo mayores que los que provienen del MSSM cuando
se le aplican los limites de MO [396], es decir, cuando el la produccién del Higgs es como la del ME.

El escenario aqui considerado ilustra de manera elegante la complementariedad de las biisquedas
directas de MO con el LHC. Por ejemplo la proxima generacién de experimentos de deteccién dir-
ecta, como XENONI1T, serdn capaces de probar una regiéon consistente del espacio de parametros
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del neutralino en el TMSSM. Ademads serd capaz de poner cotas a la fraccién de desintegraciéon
invisible del Higgs hasta un 1%, en una escala de tiempos comparable a la del LHC. En general el
TMSSM estd menos limitado por las presentes cotas del LHC de busquedas supersimétricas. De
hecho, la presencia del Triplino puede modificar los acoplos y los modos de desintegracion. Esto
ya ha sido observado en el caso de los stops en el TMSSM [405] incluso aunque todavia no hay
una precisa estimacién de sus actuales limites en la masa. Los datos actuales deberian afectar
prioritariamente a la regién de pardmetros del chargino con un neutralino ligero y con pequenos
desviaciones de h — Z~v y h — v7y. Con maés datos se esperan limites mas severos, en particular
para masas de MO cercanas a las resonancias del Z o del Higgs. Por otro lado, para probar la
region de coaniquilacién, dado que el espectro de masas estd comprimido, los datos provenientes
del ILC y los analisis similares a los propuestos en Ref. [406] serdn cruciales.

Es por tanto la razén de esta Tesis estudiar diferentes sefiales en colisionadores de modelos
de MO, de tal manera que en el futuro podamos discriminar entre todos ellos. Experimentos
especificos como deteccién directa e indirecta estan especializados en busqueda de MO, sin embargo
los experimentos basados en colisionadores disenados para otros propositos pueden a su vez ayudar
en la identificacién de la naturaleza de la MO. De hecho, se estan tomando muchos esfuerzos para
mejorar las bisquedas en toda clase de experimentos para que todas las diferentes bisquedas puedan
ser complementarias. Esperamos que en un futuro cercano los experimentos cerquen el espacio de
parametros de la MO (o incluso la encuentren) obteniendo asi informacién sobre ella. Si esto ocurre
la informacién proveniente de los colisionadores acerca de sus propiedades sera crucial para extraer
informacién relevante acerca de la naturaleza de la MO, como por ejemplo su masa, acoplos, etc.
Vivimos tiempos emocionantes con experimentos mejorados y quizas con futuros experimentos que
de manera segura arrojaran luz acerca de como es la Naturaleza.
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