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Resumen / Abstract

Gracias a resultados experimentales pero también a argumentos teéricos, sabemos que el Modelo
Estandar de la fisica de particulas es solo una descripcién a bajas energias de una estructura mas
fundamental. Supersimetria, una simetria del espacio-tiempo que relaciona bosones y fermiones,
proporciona algunos de los candidatos para completar el Modelo Estdandar més favorecidos desde
un punto de vista tedrico. Sin embargo, la bisqueda sin resultado de particulas supersimétricas
pone a estos modelos bajo cierta tension, sobre todo porque muchas de las propiedades de super-
simetria en su aplicacion a la fisica de particulas estdn directamente relacionadas con su presencia
a escalas de energia del orden de las que estan siendo exploradas en LHC. Sin evidencias directas
de supersimetria, jexiste alguna medicién indirecta que los fisicos de particulas podrian usar para
estudiar estos modelos? La particula de Higgs descubierta en 2012 en LHC no es solo la ultima
pieza del Modelo Estdndar, también es una nueva ventana que podria ser 1til en el estudio de
fisica mas alla del Modelo Estandar.

En la primera parte de esta tesis estudiamos las consecuencias del descubrimiento del bosén
de Higgs para versiones minimas (construidas con el menor numero posible de elementos) de
supersimetria. Encontramos que la masa del Higgs es mas pesada de lo que uno esperaria en
las extensiones supersimétricas del Modelo Estandar mas minimas. Por lo tanto concluimos que
puede que la busqueda de “minimalidad” a la hora de formular teorias méas alld del Modelo
Estandar, no sea el camino méas adecuado en este caso. Por eso construimos una realizacién un
poco mas “barroca” de supersimetria con la esperanza de que solucione el problema de la masa
del Higgs, la teorfia se llama “Modelo de Tripletes con Simetria Custodial”. Este modelo presenta
un sector de Higgs extendido y usa simetrias para resolver algunos de los problemas asociados a la
introduccién de nuevos grados de libertad en el potencial escalar de una teoria, al mismo tiempo,
es capaz de proporcionar una masa para el Higgs en acuerdo con la medicién experimental.
Dedicamos la segunda parte de la tesis al estudio pormenorizado del Modelo de Tripletes con
Simetria Custodial, de donde derivamos resultados muy interesantes con aplicaciones tanto en
fisica de particulas como en cosmologia.



We know from experimental results but also from theoretical arguments that the very successful
Standard Model of particle physics is just a low energy description of a more fundamental struc-
ture. Supersymmetry, a space-time symmetry that relates bosons and fermions, provides some of
the most theoretically favored candidates to complete the Standard Model. However, null results
in the searches for supersymmetric particles put these models under stress, specially since many
of the nice properties of supersymmetry at the particle physics level are directly tied with its
presence at the energy scales that are now being probed at the LHC. With no direct evidence
for supersymmetry, is there an indirect measurement that particle physicists could use to test
these models? In 2012 the Higgs particle was discovered at LHC. Its discovery gives closure to
the Standard Model but also opens up a new window that could be useful in the study of physics
beyond the Standard Model.

In the first part of this thesis we study the consequences of the Higgs discovery for minimal
versions of supersymmetry. We find that the measured mass of the Higgs particle is heavier
than what is expected by the minimal realizations of a supersymmetric Standard Model. We
thus consider that the search for minimality, i.e. building models with the least number of
elements, in the formulation of beyond the Standard Model theories may not be such a good
guiding principle in this case and construct a more baroque realization of supersymmetry, the
Supersymmetric Custodial Triplet Model. This theory features an extended Higgs sector and
uses symmetry as a tool to get rid of some of the problems associated with the introduction of
new degrees of freedom to the scalar potential of a theory, at the same time, it is able to provide
a Higgs that fits properly the experimental measurement of its mass. We devoted the second
part of the thesis to an in depth study of the Supersymmetric Custodial Triplet Model, deriving
very interesting results that can be useful both for particle physics, and cosmology.
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“They sat thus for sometime while the light faded, Belle in another temporary vacuum
of discontent, building for herself a world in which she moved romantically,
finely and a little tragical |[...]”

- William Faulkner, excerpt from Sartoris






Introduction







The Standard Model (SM) of particle physics found experimental completion on the 4" of July
2012, when the ATLAS and CMS experiments at the Large Hadron Collider (LHC) announced
jointly the discovery of a new particle with a mass of 125 GeV and characteristics similar to that
of the Higgs boson predicted by the SM [1,2]. The beauty of the Standard Model relies not only
on its capacity to explain with great accuracy a wide range of observed phenomena, it is also
remarkable that it does so by means of a few symmetry rules and some particle content. By being
able to explain a large set of complex dynamics within a single and simple structure, the SM
is a great testament to the power of the reductionist approach. For centuries reductionism, i.e.
trying to explain the largest amount of phenomena given the least amount of ‘universal’ rules,
has proven to be very successful. For instance, it allowed Newton to understand that the force
that pushes objects to the ground was also responsible for the movement of stars and planets,
Maxwell to write a set of equations that explained electricity and magnetism as manifestations
of the same force, and Einstein to unify the concepts of space and time.

GA

MNon-relativistic

Newtonian ;
Quantum gravity

gravity

GR TOE
h
>

Classical Quantum
mechanics mechanics

/e A, QFT
/ (Standard Model)

Figure 1: Cube that schematically represents what are the features of the frameworks in which
the SM (QFT) and ACDM (GR) are formulated. The axes are three fundamental constants
that correspond to gravity (Newton’s constant, G), quantum mechanics (Planck’s constant, h)
and special relativity (the inverse of the speed of light, 1/c). As a thought experiment one can
vary them and modulate the importance of gravitational interactions, quantum mechanics and
special relativity respectively. We can see from the cube that while GR is the relativistic classical
field theory that describes gravitational interactions and fails to incorporate quantum mechanical
nuances, QFT is the relativistic theory of quantum fields that is not able to include gravity. The
theory of everything (TOE) will be the one able to explain phenomena in which velocities are
relativistic and both gravity and quantum mechanics are taken into account.

Quantum Field Theory (QFT), which describes the dynamics of relativistic quantum particles,
and General Relativity (GR), our most sophisticated understanding of the force of gravity, also
follow from considering the above strategy (see Figure 1). By using QFT and GR as frameworks,
one is able to formulate the Standard Model and the Standard Model of Cosmology (ACDM)
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which, together, can accurately predict the properties of matter from distances down to about
~ 10718 meters to the extreme conditions of the very early universe. In the spirit of reductionism,
the logical next step would be to consider the SM and ACDM as part of the same structure, in
other words, consider the SM as the microscopic description behind the physics at enormous
scales of ACDM. The biggest issue that one faces when searching for a unified description of both
models is that gravity runs into problems when quantized and GR can only be trusted as the
low energy limit of a QFT with particles of spin-2 (gravitons). This is the infamous problem
of quantum gravity; the absence of a framework that consistently incorporates GR and QFT
(getting to the TOE tip of the cube in Figure 1) forbids us to write a model that would describe
nature in a unified manner. However, only in very extreme conditions is a quantized theory of
gravity necessary and for the most part we can try to describe the microscopic physics behind
the properties of ACDM using the SM. The problem is that the SM falls short at describing a
large set of observations which are well below the quantum gravity regime. This is an indication
that, if we want to construct a unified picture, the SM needs to be completed by new physics
Beyond the Standard Model (BSM).

On top of that, quantum field theories and in particular the SM have problems of their own
when stabilizing scales related to elementary scalar masses. The Higgs boson is the excitation of
the scalar field that is responsible for Electroweak Symmetry Breaking (EWSB), the mechanism
that gives masses to SM fermions and massive gauge bosons. Under quantum corrections this
field shows an extreme sensitivity to ultraviolet (UV) physics, i.e. physics at the highest possible
energies. This sensitivity introduces such a degree of arbitrariness in the theory that the value of
the electroweak (EW) scale (Qpw, the scale at which EWSB takes place) with respect to other
dimensionful scales (for instance the Planck mass Mp, the scale at which gravity needs to be
quantized) appears to be a ‘lucky’ accident (Qgyw /Mp ~ 10716) rather than something predicted
from first principles. This is what is known as the hierarchy problem of the Standard Model.
Actually, the hierarchy problem is not the only problem of this nature in fundamental physics; the
cosmological constant problem (why the measured vacuum energy of the universe is so small?)
is another big hierarchy for which our current understanding of the universe does not provide a
satisfactory explanation. Although a ‘lucky’ accident is not logically excluded, these problems
signal a ‘theoretical discomfort’ that may hint to bigger structures where these coincidences are
explained in a more satisfying manner. The search for new physics beyond the SM based on these
arguments is often dubbed as the naturalness strategy.

Supersymmetry (SUSY) is a space-time symmetry that relates fermions (matter) and bosons
(radiation). In its presence dangerous quantum corrections to scalar masses cancel and there
is a reason to explain Qgw < Mp, therefore if supersymmetry is realized at a scale which is
not much larger than Qpw !, it elegantly solves the hierarchy problem of the SM. Moreover,
supersymmetric QFT’s not only solve possible hierarchy problems but also unify the concepts of
matter and radiation by grouping them as part of the same structure. As a sign of this SUSY
has deep roots in String Theory, the best candidate that we have so far for a TOE.

However, for now supersymmetry has failed to pass experimental scrutiny and the world we
are able to test looks non supersymmetric. SUSY (along with any other standard BSM proposal)
does not appear as LHC pushes the scale that we probe to higher and higher values, hence, one
is left with the question of what is the mechanism that stabilizes the EW scale after all. Also,
the Higgs boson further increases the tension between SUSY and naturalness; with a mass of
125 GeV and couplings to other particles that are perfectly consistent with that of the SM, the

'If the masses of the supersymmetric copies of SM particles (superpartners) are not very heavy.



Higgs boson pushes the spectrum of superpartners towards even heavier masses than the current
experimental limits 2. In particular the Minimal Supersymmetric Standard Model (MSSM), the
most economic formulation of a supersymmetric SM, is only able to fit the observed Higgs mass
in extreme corners of its parameter space or with a very heavy spectrum of superpartners.

The absence of low energy signals and such an ‘unnatural’ Higgs mass have led some physi-
cists to believe that maybe the answer to the hierarchy problem is not based on symmetries or
new dynamics (bigger structures), but rather on environmental considerations. This would very
roughly mean that the value of the EW scale is determined by probability and we just happen
to live in a universe with observers (us) that are able to measure it. To embrace the latter as a
solution (or answer) to the hierarchy problem is to take an alternative path to the naturalness
strategy, which is very much related to the reductionist approach, that has brought physics so
much success.

Bounds on SUSY + a [25 GeV Higgs

Giving up on Giving up on
minimality / simplicity naturalness
Extended Higgs sectors Split SUSY
Extended gauge sectors High scale SUSY

Compressed spectra

Figure 2: Depiction of the crossroads in which SUSY phenomenology has entered after the first
run of LHC. With limits on supersymmetric particles getting to the ~ 1 TeV mark and a Higgs
mass that is ‘heavy’ and difficult to encompass with minimal versions of supersymmetry, one
has to give up either on minimality/simplicity or on naturalness, the two driving principles for
supersymmetric model building during the last few decades.

Even if SUSY fails to solve the hierarchy problem of the SM, it still represents a step forward
in the search for the unification of physical laws. In addition, its realistic particle physics imple-
mentations have very good phenomenological properties beyond solving the hierarchy problem.
Thus, if we believe that SUSY is interesting enough and consider that it has to be realized in
nature regardless of its position as a solution to the hierarchy problem, we are left with the
situation depicted in Figure 2. A 125 GeV Higgs plus the absence of supersymmetric signals at
LHC means that:

e Maybe the universe is indeed supersymmetric but at energy scales (distances) so large
(so small) that LHC will not be able to probe it. In this case the EW scale is fixed by
environmental considerations or non standard mechanisms that do not follow the usual
naturalness strategy.

21f we consider natural a theory where the EW scale has no hierarchy problem, the heavier the superpartners
are, the less natural the theory is.



e Maybe low-energy SUSY is indeed present but the version of supersymmetry that nature has
chosen is not the simplest (more minimal) possibility and we need to consider models beyond
the MSSM. This is not a very unreasonable option since the MSSM actually represents only
a small fraction of the SUSY theory space.

The situation is such that making a decision is unavoidable. Either we give up on naturalness
and focus on solving other problems, or we give up on minimality and try to come up with non
minimal supersymmetric extensions of the SM that could ameliorate the tension between SUSY
and naturalness.

The work presented in this thesis follows from making the choice to stick with naturalness
and give up on minimality. We first analyze in detail the consequences of the Higgs discovery for
minimal versions of SUSY theories and then, after concluding that the Higgs mass is difficult to fit
naturally in the MSSM, we elaborate on the construction and properties of the Supersymmetric
Custodial Triplet Model (SCTM). The SCTM is an extension of the MSSM which features a
Higgs sector with three extra SU(2)r triplets of chiral superfields that will generate new tree
level contributions to the Higgs mass. Thus allowing to accommodate the observed 125 GeV
value without having to give up on naturalness.

Plan of the thesis

We will first set the grounds on Chapters 1 and 2, where we provide a brief overview of some of
the topics needed to understand the rest of the thesis. In the former we introduce the Standard
Model and some of its features, in particular the process by which the electroweak symmetry is
spontaneously broken but also the custodial symmetry of the Higgs sector. After that, we moti-
vate the need for BSM physics by listing some of the SM shortcomings, with special focus on the
hierarchy problem. In Chapter 2 we introduce supersymmetry and the minimal supersymmetric
generalization of the SM (the MSSM); we also comment on how low-energy supersymmetry solves
the hierarchy problem.

The rest of the chapters are devoted to the presentation of the original research done by
the author and collaborators (Luis Cort, Antonio Delgado, Stefania Gori, Bryan Ostdiek, Jose
Santiago, Mariano Quirés, Roberto Vega, Roberto Vega-Morales and Tien-Tien Yu) on model
building and the phenomenology of supersymmetric theories.

In Chapter 3, which is based on [3], we perform a thorough study of the consequences that
the Higgs discovery has had on supersymmetric theories, in particular we focus on the MSSM an
use the analysis to vindicate the naive depiction of Figure 2. As a consequence of this, we choose
to stick with naturalness and try to come up with a model that could fit the experimentally
measured Higgs mass without the need to go to extreme corners of the parameter space, or have
very heavy superpartners. In our search for a model with such characteristics we find the SCTM,
which we introduce in Chapter 4 only at tree level to analyze the interesting SU(2), ® SU(2)r —
SU(2)y invariant structure. This chapter is based on [4]. In Chapter 5 we discuss how loop
corrections modify the naive tree-level picture and propose a SUSY breaking mechanism in which
the SCTM can be embedded. Once the UV completion is defined we can calculate realistic
spectrums and the corresponding modifications to Higgs observables. We comment on the non
standard phenomenology associated to these benchmark scenarios and end with a summary of
the properties that the realistic realizations of the SCTM will show at the EW scale. This chapter
is based on References [5] and [6].



The next Chapters are devoted to the study of features of the SCTM which are relevant for
cosmology. In Chapter 6 we look at the neutralino Dark Matter (DM) properties of the model
and find new ways of generating the correct relic abundance together with possible ‘blind spots’
in the direct detection cross sections. This chapter is based on [7]. Chapter 7 is based on [8]. In
it we study the properties of the EW phase transition in the SCTM and analyze its viability for
an Electroweak Baryogenesis (EWBG) scenario.

Finally, in Chapter 8 we study the collider consequences of the model which, as we will
motivate along the rest of the work, are very important to probe its non standard features. This
chapter is based on [9)].

Disclaimer

By the time this thesis is being written some of the results presented are a few years old. The
experimental input may (or may not) have changed with the release of LHC’s early 13 TeV data.
However, even if some bounds need to be updated, it is not going to be (yet) of great relevance
for the overall picture that we present.

It is rare that results in theoretical particle physics can get outdated within the year, let this
act as a testament of how exciting are these times in the field.






Part I: Particle physics in the LHC era







The Standard Model of particle physics

The Standard Model of particle physics, our current understanding of the tiniest scales to be
probed at experiment, is a quantum field theory that describes three of the four fundamental
forces, the Strong and Weak forces and the Electromagnetic force. It is formulated as a gauge
theory, a type of field theory in which the Lagrangian is invariant under a continuous group
of local transformations. We use gauge theories as a way of describing interactions between
elementary particles.

In the first section of this chapter we construct the SM Lagrangian by determining its gauge
group and the particle content, we then describe in detail the process by which the electroweak
symmetry is broken and the gauge bosons become massive (Sec. 1.2). In Section 1.3 we look at
the custodial symmetry of the Higgs sector that, as we will see, is of great relevance for the work
that we present. Finally, we summarize the shortcomings of the MSSM with particular focus on
the hierarchy problem (Sections 1.4 and 1.5 respectively). Note that this chapter is solely based
on a series of books, reviews and articles and is by no means a thorough introduction suitable
for the unexperienced. For more complete and pedagogical references we refer the reader to
Refs. [10,11].

1.1 Particle content and Lagrangian

The Standard Model gauge group is
Gsm = SU3)e @ SU(2), @ U(1)y , (L.1)

where SU(3)¢c describes the strong force of Quantum Chromodynamics (QCD) and SU(2)r ®
U(1)y is the group of the Electroweak theory, which is responsible for the Weak and Electro-
magnetic forces. After EWSB the latter gets broken to the U(1)ggrp that describes Quantum
Electrodynamics (QED), leaving at low energies SU(3)c ® U(1)grp (see Sec. 1.2).

A direct consequence of imposing a gauge symmetry is the appearance in the spectrum of new
massless spin-1 degrees of freedom (DOF’s) that transform in the adjoint representation of the
gauge group, these are called gauge bosons and they are the carriers of the force that is described
by the gauge group. The particle content of the theory is completed after the matter fields
and their transformation properties under the gauge symmetry are specified, for the Standard
Model, these are listed in Table 1.1, where we also write the transformations under the space-time
symmetries (Lorentz group).



Chapter 1. The Standard Model of particle physics

Name | Fields SU(3)c SU(2)r U(l)y SL(2,C) Spin
Gluons G4 8 1 0 1.2 1
W-bosons | W? 1 3 0 %) 1
B-boson B 1 1 3. 1
Quarks qt 3 2 % (%’ 0) %
uly 3 1 2 (0,3) 3
di, 3 1 -3 (0,%) 3
Leptons I 1 2 —3 (3,0 :
el 1 1 -1 (0,3) 3
Higgs H 1 2 : (0,0) 0

Table 1.1: SM particle content. On top are described the Gauge bosons: GA’s (A =1,...,8),
We’s (a =1,2,3) and B, these last two will miz after EWSB to give rise to the massive W* and
Z and the photon. Below we have the matter fields: quarks and leptons, the i index runs over the
three families of fermions present in the SM. At the bottom of the table lies the Higgs, the field
responsible for the breaking of the electroweak symmetry.

Once the particle content and the gauge group are set we can write the most general La-
grangian that is compatible with both internal (gauge) and space-time symmetries,

»CSM = »CGauge + EFermions + L:Higgs . (12)

The gauge part of the Lagrangian features

L a4 Ay Q3 ~ Ay 1. o A2 =0
EGauge = _EG'LW (G e egﬂG ® ) — ZW/“’ (W Hy QQEW Iz )
1 ay ~
— 2B, (BW y 73“”) , 1.
4 # 147’[‘ ( 3)

v

where a; = g2/(4r) and the field strength tensor F = OuAy — 0L A] — gje“bCAZAC with its
dual ﬁuv = eMP?F,5 /2. The 0; proportional terms are set to zero, in particular 63 is bounded to
be really small, otherwise it will generate an amount of CP violation in the QCD sector that is
excluded experimentally (Sec. 1.4).

The fermionic kinetic terms are,
£Fermions = \i’iquu‘l}a (14)

where the covariant derivative is defined as D,, = 8, —i¢'Y B, — gWiTg — gSGﬁtj{%. The fermions
are grouped in U7 = (¢} ulh df 1% €%) and the i index runs over the three fermion families
of the Standard Model. The matrices t% and T depend on the fermion representation; for the
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1.2.  Electroweak symmetry breaking

fundamental representations of SU(3)c and SU(2).! they are given by the Gell-Mann matrices
A /2 and the Pauli matrices 0% /2 respectively, while they are 0 for singlets.

And finally the Higgs part,
Citiggs = S|DLHP +m?|H|? + 2| H|*
nggs_2| o |+m‘ ‘+2| |
— GRS A H — gy hiwly H — T b el H + hec. (1.5)

The covariant derivative for the Higgs field is defined as D, = 9, —ig'/2B,, —gWjo, H =ioyH*

and hlfj are the Yukawa matrices. For simplicity we omit SU(2), indices. Dirac masses for
fermions are not possible in the SM without breaking the gauge symmetry, note that through the
Yukawa terms, fermions get masses after EWSB once the Higgs field gets a vacuum expectation
value.

A small note on higher dimensional operators

Above we are considering the SM as a d = 4 renormalizable field theory which does not feature
any input coming from possible new physics at higher scales. A more subtle description of the
SM is given in terms of Effective Field Theories (EFT’s). The SM, as any field theory, can be
though as an effective description of UV dynamics that generate higher dimensional operators.
Therefore, the Lagrangian needs to be completed such that Lgy = £ 4+ £4>4, where

1
Lt =3 Ad_40;.1. (1.6)
id

These higher dimensional operators will always be suppressed by the scale at which they start to
become relevant, which is normally considered the scale of new physics, and their effects can be
used as a somewhat model independent probe of physics beyond the Standard Model, e.g. [12].
The use and study of EFT’s is of great importance in all areas of theoretical physics, for instance,
a description of the hierarchy problem of the SM in terms of an EFT will be given in Section 1.5.
However, we will not go on much further than this on this topic; in this thesis we describe a
specific model of new physics and there is no need to work in a model independent manner.

1.2 Electroweak symmetry breaking

The understanding of the process by which the electroweak symmetry is broken was an interdis-
ciplinary 2 effort and, incontestably, one of the milestones of XX century physics. It describes
why the gauge structure of the SM follows

SU(3)C®SU(2)L®U(1)Y —>SU(3)C®U(1)QED (1.7)

and gives rise to massive gauge bosons, moreover, it is directly related to the Higgs boson and
therefore crucial for the studies carried out in this thesis. We will now try to describe it in detail.

'"Which are 3 and 2, since n is the fundamental representation of any SU(N) group.

2The people who contributed to the formulation of EWSB drew concepts and ideas from condensed matter
physics, showing how different natural phenomena that in principle look unrelated can have a very close theoretical
link. As a way of ‘returning the favor’, insights coming from fundamental physics are now being used to develop
new tools that describe the behavior of different materials [13].

11



Chapter 1. The Standard Model of particle physics

As explained above, in the presence of gauge symmetries a set of massless spin-1 DOF’s
appears in the spectrum. Experimentally we do observe massless gauge bosons (the gluon and
the photon) but also massive ones, the ones responsible for Weak interactions (W* and Z). This
is already an indication that something is happening within the theory. Mass terms for gauge
bosons explicitly break the gauge symmetry and one needs a way of giving them masses without
spoiling the gauge structure of the theory. This can be done if instead of doing it explicitly we
break the symmetry spontaneously, i.e. the Lagrangian has the symmetry but the parameters are
such that the ground state of the Hamiltonian is not symmetric. After the process of breaking
one may argue that some terms (for instance, mass terms for gauge bosons) in the Lagrangian
exhibit an explicit breaking of the symmetry, however, this is not the case since the coefficients
of the breaking terms are related by parameters that respect the symmetry. We will now present
this point in more detail after a short comment.

The need to restore unitarity with a Higgs boson

Above we described briefly the somewhat top-down understanding of EWSB, another beautiful
way of looking at this is by taking the bottom-up approach. It is tempting to think that the
left hand side of (1.7) is useless if we end up having another symmetry structure that perfectly
describes low energy physics. Therefore, let us take a Lagrangian that features massive gauge
bosons and only respects the symmetry of the right hand side. If one tries to compute the
scattering of massive gauge bosons (e.g. WTW ™= — WTW ™) what he finds is that the amplitude
loses unitarity at some point and new degrees of freedom need to come in to restore it. This is
precisely the role of the Higgs in this picture, it is though as the DOF that prevents the theory
to break down more than the DOF that triggers EWSB. For a great pedagogical discussion see
Section 2 of Ref. [14].

Spontaneous symmetry breaking

When we say that a theory is invariant or symmetric under a certain transformation we usually
mean that the dynamics of the theory respect the symmetry and that there are observables which
are invariant under those transformations too. However, it is possible that a symmetry is only
respected at the level of the dynamics, with some observables breaking it. In this case one says
that the theory is symmetric but the vacuum breaks the symmetry, this phenomenon is known as
Spontaneous Symmetry Breaking (SSB) and it is precisely what happens in the Standard Model,
where the electroweak symmetry is ‘hidden’ at low energies.

As a first example of SSB let us take a classical field theory which features a complex scalar
field transforming non trivially under a global U(1) symmetry (¢ — e~'%¢)

L= -0,610"0 — m*61o — [ \$0)". (19)

If m? < 0 the potential takes a mexican-hat shape (Fig. 1.1), therefore having a continuum of

degenerate vacua given by
2 .
= \/:m e ¥ (1.9)

Where 6 is the phase that parametrizes the position in the flat direction.

12



1.2.  Electroweak symmetry breaking

Figure 1.1: Representation of a spontaneous symmetry breaking potential, ‘the mexican hat’. The
flat direction in field space gives rise to the massless mode, x, while the radial direction has a U
shaped potential and gives rise to the massive p.

For simplicity we choose # = 0 and note that, when evaluated in the vacuum, the field ¢ will take
a non zero value

0[]0y = /2/Am=v#0. (1.10)

This is what is called the Vacuum Expectation Value (VEV) and it sets the scale at which the
spontaneous breaking of the symmetry happens. To see how the spectrum is affected let us study
perturbations on top of one of these backgrounds. If

1 .
¢(x) = —=(v+ p(x))e XD/ (1.11)
V2
then the Lagrangian is
1 1 P2 oo VA 4 1,
- o £ I _ _
L 5 00" p 5 (1+ v) OuxO'x +m-p 5 Mp 16)\p . (1.12)

Which describes a massless excitation parametrized by the perturbation of the phase xy and
a massive mode described by p. x corresponds to the Nambu-Goldstone (NG) mode present
whenever a symmetry is spontaneously broken, a direct consequence of the Goldstone theorem:

‘The number of massless particles (Nambu-Goldstone bosons) is equal to the number of
spontaneously broken generators of the symmetry’

Therefore with a U(1), one broken generator, one massless mode in the spectrum. In the mexican
hat picture x and p correspond to moving in the angular (with zero energy cost, massless) and
in the radial (where the value of the potential changes at every point, massive) directions. This
extends naturally to the non-abelian case. Moreover, the effects of the quantization do not affect
the main results, as the masslessnes of the NG mode holds at the quantum level.

13



Chapter 1. The Standard Model of particle physics

SSB of local symmetries: The Higgs mechanism

The situation described above is not exactly what happens when one describes the spontaneous
breaking of a gauge symmetry, which is local instead of global ®. Let us see what happens to the
U(1) toy model if we promote the symmetry to a local one. The Lagrangian is then

L=~ (Dud)' Do — 2616 — AGT6F — [P F, (113)

where the derivative in the kinetic term has been promoted to a covariant one, D,,, that introduces
the interaction between the gauge and scalar fields. This potential is minimized for a non-zero
VEV of the scalar field, that we can parametrize as v + perturbations

1

8(r) = o+ pla))e 0D, (1.14)

As in the global case we can set § = 0. The Lagrangian is now

2
L= —%F“”FW + dup(x) 0" p(x) + %Av%(w)z + W (0"x + vA") (Oux +vA,) . (1.15)

This Lagrangian is explicitly gauge invariant, however we can now use a gauge transformation
to set x(x) = 0, this is a concrete gauge called unitary gauge. Of course, if we now look at the
Lagrangian

1 1
L= _ZFWFW + Oup(x)0tp(x) + 1)\2}2;)@)2 + (v + p(x))2A* A, (1.16)

we see that it is not gauge invariant anymore, this should not be a surprise since we have chosen
a particular gauge. In addition we see that the gauge field has acquired a mass and that the NG
mode has disappeared from the Lagrangian. This is the interesting difference with respect to the
global case, the (apparent) Nambu-Goldstone boson is now non-physical since it can be removed
by the appropriate choice of gauge. The number of degrees of freedom however remains unaltered
compared to the global SSB case since now the gauge field has a mass and therefore an extra
longitudinal polarization mode. The massive mode p remains there and cannot be removed by
gauge transformations, this is the Higgs mode and the process by which the NG mode is ‘eaten’
by the vector boson is dubbed the Higgs mechanism.

This U(1) toy model can easily be generalized to the SU(2);, ® U(1)y of the SM *, for
concreteness, we choose just to highlight some of the main features of the SM Higgs potential
and SSB mechanism, without getting into too much detail.

The Higgs mechanism in the SM

We now come back to Eq. (1.5) and take a look at the scalar potential of the SM

A
V(H) =m2|Hl2+§|H\4, (1.17)

3This topic is extremely subtle due to the fact that local symmetries are actually redundancies and cannot
be broken. As we do not deal with these subtleties in this thesis we approach it by using the usual jargon of
spontaneous breaking of gauge symmetries.

“The SU(3)c part of the symmetry remains unaltered after EWSB.
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1.2.  Electroweak symmetry breaking

where the Higgs doublet has a structure determined by its quantum numbers,

G+
H= <h°+iGO>' (1.18)

To look for the VEV we take the neutral and real part of the potential V' (h°) and search for its
minima using the extremal condition OV (h")/0h%|,= 0 °. Provided that m? < 0, the values that
satisfy the condition are

(0|h°)0) = — = . (1.19)

m
vy
v is the electroweak VEV, the order parameter that will give masses to all particles in the SM.
In the presence of the background (h°) = v, gauge bosons get masses (we say that they ‘eat up’
the goldstone modes and get longitudinal polarizations) through the kinetic terms in Eq. (1.5)
and fermions through the Yukawa couplings, my = hyv. The value of v is fixed by experiment
so by measuring the masses of fermions we measure the entries of the Yukawa matrix. The Higgs
particle is just a perturbation over the aforementioned background, we parametrize it in the
following manner A’ = v 4+ h/v/2 and from experiment we know that v = 174 GeV ©.

The Higgs potential of the SM depends only on two parameters m and A, by the process
of EWSB we are trading these two for v and mj. Since we can determine the value of the
physical Higgs mass by taking the second derivative of the potential, m;, = V" (h°)|,/2, we can
infer the values of A and m if we know the mass of the Higgs and the electroweak VEV, v.
From myp = 125 GeV and v = 174 GeV we get that m = 88 GeV and A\ ~ 0.26. After the
Higgs discovery and the determination of its mass, all SM parameters are known. This allows to
extrapolate the theory to higher energies and, provided that there is no new physics below the
scale that is being explored, make interesting predictions, for instance about the nature of the
SM EW vacuum [15].

What happens with the SM gauge symmetry after EWSB?

After the Higgs field gets a VEV the vacuum state of the SM is not invariant under SU(2),®U (1)y
because T- (HT) = T-(0,v)T # 0, where T is any of the SU(2);, or U(1)y generators. The gauge
bosons corresponding to these broken generators are the ones who become massive, W+ and Z.
However, (75 +Y)|0) = Qgrp|0) = 0 is a symmetry of the vacuum and so the photon ~ remains
massless. This is why we say that SU(2);, ® U(1)y is broken to U(1)grp electromagnetism. Just
for completeness, we write the gauge boson mass eigenstates after EWSB

_ L

W:I:
V2

(W FiWs), Z=co,W3—sp,B and v =sg,Ws+cg,B. (1.20)

where Oy is the weak angle that rotates from (W3, B) to (Z,7), sg,, = sinfw = ¢'/\/g*> + g'?

and cg,, = cosby = g//\/g*> + g'*.

5We want only neutral real scalar fields to acquire a VEV, other fields acquiring VEV’s would generate dangerous
breaking of symmetries for which we do not see any e.g. charge, CP, Lorentz symmetry, etc.

5There is another possible normalization where h® = (v + h)/v/2 and v = 246 GeV, this one is used in the U(1)
example described above.
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Chapter 1. The Standard Model of particle physics

1.3 SM accidental symmetries and custodial symmetry

The actual structure of the Standard Model shows more internal symmetry than just the gauge
group Ggm and the CPT invariance of the Lagrangian. There are a few global symmetries that
are not imposed and for which the SM Lagrangian shows an accidental (full or approximate)
invariance. The presence of this accidental symmetries has interesting phenomenological conse-
quences and it is taken as a guide when constructing models of new physics. We will focus here
on the custodial symmetry of the Higgs sector, however, let us mention the rest as they are also
of great importance in BSM model building. They are the U(1)® flavor symmetry, which is fully
recovered when Yukawa couplings are set to zero, and the Lepton and Baryon number conserva-
tion, broken by neutrino oscillations and sphaleron transitions respectively, although these last
two features are not present in the standard perturbative formulation of the SM.

The custodial symmetry of the Higgs sector

Let us now present in detail the custodial symmetry that protects the mass relation between the
W* and Z fields

2

My,

—— =1 1.21
cos Oy M2 ’ (1.21)

p=
thanks to the following global symmetry breaking pattern
SU(2)L®SU(2)R—>SU(2)V. (1.22)

To make this pattern manifest, we now rewrite the Higgs part of the Lagrangian, Eq. (1.5), in
an SU(2)r ® SU(2)g invariant manner. In order to do this, we first build an object for which we
know the transformation rules under the global symmetry,

(1.23)

_ - HO* H+
H:(HvH):<_H HO>

H transforms as a (2r,2R) of SU(2); ® SU(2)r and we identify Y = T3 .

The complex conjugate representation is chosen for the SU(2)x ordering such that H gets a
diagonal form after EWSB, this is why the SU(2)y is often called the diagonal subgroup, one
could also write (2, 2gr) and get the same result although maybe the symmetry breaking pattern
would be less manifest. The SU(2)y, is gauged, it corresponds to the usual SU(2)y, group and acts
on the components of H and H, the SU(2)g part acts on H, considering the SU(2)1, doublets H
and H as components of an SU(2) g structure ®. This reasoning will also be applied in Chapter 4
to build ‘bitriplets’.

The Higgs Lagrangian in terms of this ‘bidoublet’ H is

1 _ _ 9 L )y L \2
Litiggs = 5D, ) (D'H) +m? tr [HH] + <tr [HTH]> , (1.24)
"It may seem that we used Y = —Tsr but remember that when writing the complex conjugate of a triplet the
generators change and T3r () = —T3(n).

8See Appendix A.1 for further information.
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1.8. SM accidental symmetries and custodial symmetry

where h;; — 0 and ¢’ — 0. We set these parameters to zero because U(1)y and the Yukawa
couplings are the two sources of explicit SU(2);, ® SU(2)r breaking in the SM potential, in
particular the top Yukawa will provide the main effect because of its relative size to the others °.

After EWSB H gets a VEV and

(H) = (8 2) : (1.25)

thus, provided that the parameters of the SU(2)r g transformations (Ur r = exp {i0] roa/2})
are equal (0, = 0r), the symmetry is broken by the vacuum to SU(2)r+r = SU(2)y. This is
what we call the custodial symmetry '°.

The relation (1.21) is experimentally measured to a very good degree and large discrepancies
to the p = 1 picture are not expected. At tree level, the SM features p = 1 automatically, however,
it is not ensured in the presence of extended Higgs sectors that feature SU(2)y representations
beyond the doublet if these acquire sizeable VEV’s after EWSB. Imposing a symmetry breaking
pattern such as that of Eq. (1.22) can be of great help when trying to build models with extended
Higgs sectors as it will keep p = 1 at tree-level automatically (see Chap. 4).

The benefits of custodial symmetry do not stop at tree level, it also acts as a shield to
dangerous loop contributions that could spoil the p = 1 relation, hence the name ‘custodial’. Let
us investigate this in more detail by considering radiative contributions to p,

HZZ (0) . Hwiwi (O)
my miy

ol =Ap = , (1.26)

where I1;;(0) are contributions to the self energy of gauge bosons. o' is actually one of the Peskin-
Takeuchi parameters [16], a set of observables that constrain the appearance of new physics in the
electroweak sector by using measurements of different I1;;(0)’s. Deviations from the relation (1.21)
will be parametrized as p =1+ oT.

We now get rid of hypercharge impurities (¢’ — 0) to continue with the argument, then

o1 — Hwsws (@ﬂ;ﬂwiwi(o) . (1.27)
w

Since it is made out of W boson self energies the T-parameter can be though of as being a
spurious field that transforms in the (3, ® 3,), with the following decomposition into irreducible
representations: 1@®3@5, and with o7 sitting in the 5 irrep. If 07, = 6g, the custodial SU(2)r+r
is a symmetry of the vacuum, thus forbidding anything but a singlet from getting a VEV, i.e.
aT will be exactly zero and Eq. (1.21) will also hold at loop level. Since ¢’ and the Yukawa
couplings break explicitly SU(2)r ® SU(2)g, SU(2)y will not be an exact symmetry of the
vacuum and 1" will get non zero values. We can consider the T-parameter as the measure of the
custodial breaking that a theory suffers. Models of new physics can introduce new contributions
to custodial breaking beyond ¢’ and h; that will show up in oT, spoiling the p = 1 relation.

9Note that if h* = h* one could write (ur,dr) as a 2 of SU(2)r and we would have an enhanced custodial
symmetry, however, this is not the case and the Yukawa sector is a source of custodial breaking.

190ften ‘custodial’ refers to both the global SU(2); ® SU(2)r symmetry and the SU(2)y subgroup interchange-
ably. We will explicitly distinguish between them since the custodial symmetry is a symmetry of the gauge boson
mass matrix and thus it is only well defined at the EW scale, while the global SU(2); ® SU(2)r can in principle be
imposed at any scale. This point will be of great importance in the study of the SCTM as we will see in Chapter 5.
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1.4 Open puzzles in fundamental physics

Let us now motivate extensions of the Standard Model by listing some of the puzzles in funda-
mental physics for which the SM has no explanation. These problems can be classified as being
data driven or theoretical suggested.

Data driven

As successful as the SM is, it is not able to give an explanation to a number of experimental
results.

e Neutrino masses: The observation of neutrino oscillations is an indication that neutrinos
have a non zero mass. In the the renormalizable version of the SM no mass for neutrinos
can be accommodated, however, if we consider higher dimensional operators, a d = 5 term
that generates Majorana masses for the neutrinos via see-saw mechanism can be added to
the Lagrangian. In order to generate the correct neutrino masses, the appearance of such
a higher dimensional operator is probably tied to new physics at ~ 10 GeV.

e Dark Matter: Astrophysical (e.g. galaxy rotation curves) and cosmological (e.g. structure
formation) observations reveal the presence of an extra contribution of matter to the energy
budget of the universe that cannot be accounted for with SM particles. Thus far, the only
evidence of this extra contribution is gravitational however, unless one changes radically the
cosmological evolution determined by the very successful ACDM, it seems that the answer
to the dark matter problem lies within particle physics beyond the Standard Model. In the
form of a neutralino LSP, the SCTM can offer a viable DM candidate (see Chapter 6).

e Matter antimatter asymmetry: The baryon asymmetry of the universe (the imbalance be-
tween baryonic and antibaryonic matter) needs a microscopic mechanism that explains it.
Both Leptogenesis and Electroweak Baryogenesis, the only mechanisms constructed up to
now which are successful, cannot rely only on SM dynamics and one needs to go beyond.
The SCTM offers an interesting avenue to construct successful EWBG models, we study it
in Chapter 7

e Inflation: It is now well established (although not 100% experimentally confirmed) that
the early universe went through a period of inflationary expansion after which structure
was generated from initial quantum perturbations. If not, one would need satisfactory
answers to the flatness and horizon problems that inflation solves elegantly. As elegant as
the cosmological point of view is, it still lacks a microscopic picture that explains it. The
SM, even if it looks like it could do the job in a very minimal way, fails to provide a good
inflaton ' candidate [17].

Theoretically suggested

Besides not being able to explain some experimental results, the SM gives reasons for ‘unease’.
These are not a clear indication that there ‘must’ be something else (and therefore not at the
same level as the items described above), but rather a suggestion that the different features of

M The scalar field that drives inflation.
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the SM that look ad-hoc are pointing towards a bigger structure, where arguments based on
symmetries or new dynamics can give satisfactory answers.

e Fermionic structure: The top quark couples to the Higgs field with O(1) strength while the
other fermions of the SM couple very weakly, on top of that, the Yukawa matrices for quarks
seem to follow a hierarchical structure with no explanation whatsoever (Yukawa couplings
are determined from experiment by measuring the masses of the different fermions in the
SM). Where does this structure comes from? Also, leptons are parametrically lighter than
quarks, why would that be?

e Gauge couplings: By extrapolating to higher energies the gauge couplings corresponding to
the Ggu structure of the SM, one finds an approximate unification at ~ 10> GeV that could
be interpreted as a hint of a bigger group where Gy € Gour. A unified group structure
will also give an explanation as to why anomalies cancel in the SM.

e Strong C'P-problem: The absence of C'P-violation in QCD has been tested to great accuracy
via measurements of the electric dipole moment of the neutron. Nevertheless, the gauge
part of the SM Lagrangian (Eq. (1.3)) contains a term which can be a source of C P-violation
unless it is tuned #3 ~ 0. One is allowed to set this parameter as small as it needs to be,
however, since in principle there is no reason for it to be zero (no symmetry protecting it,
see Sec. 1.5) one is left with the question of what makes it so small. The Peccei-Quinn
mechanism solves the strong C'P-problem by means of a spontaneously broken symmetry,
in addition it predicts an extra particle, the Axion, that can be a good DM candidate.

e Cosmological constant: The accelerated expansion of the universe can be accounted for by
adding a vacuum energy term in the Lagrangian which is measured to be A4CC ~ 10747
GeV* . However, in a similar manner to what happens with the Higgs mass (see Sec. 1.5),
its natural value is A‘éc ~ M} ~ 107 GeV?. This represents an enormous fine-tuning of
about 129 orders of magnitude, even bigger than that of the Higgs mass, which has found
no compelling solution yet. Only Weinberg was able to derive an upper bound (actually
very close to the measured value) by considering anthropic arguments, i.e. the cosmological
constant has to have the right value so we are able to measure it [18].

e Hierarchy problem of the SM: The hierarchy problem of the Higgs mass (or in a more
general way, why is the EW scale much smaller than the Planck mass) is the only puzzle of
the SM that points towards new physics at the TeV scale and it is central to the development
of this thesis. We will further elaborate on it and naturalness arguments in general in the
next Section (Sec. 1.5).

1.5 The hierarchy problem and naturalness

Let us first define the naturalness paradigm that we want our theory of the Weak interactions to
fulfill:

‘The EW scale scale should be insensitive to quantum effects from physics
at much Higher scales’
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Chapter 1. The Standard Model of particle physics

The SM fails to confront this, elementary scalar masses such as the Higgs show an extreme sen-
sitivity when coupled to heavy degrees of freedom. When computing radiative corrections to the
Higgs mass generated by new heavy DOF’s, a huge fine-tuning between Lagrangian parameters
and counterterms is required in order to keep the mass of the Higgs light. By fine-tuning we
mean the miraculous cancellation that makes a —b = ¢ hold while a,b > ¢. As explicitly showing
this cancellation is subtle since it depends a lot on the choice of regulator and renormalization
scheme, we rather present the problem in a Wilsonian approach by using effective field theory.

The SM as an EFT and quantum corrections to scalar and fermion masses

The SM as a renormalizable theory that is valid all the way up the UV does not have a hierarchy
problem per se, it is only when we consider that the Higgs is coupled to new physics above the
EW scale that it appears. However, with no direct signs of BSM physics that couple to the
Higgs sector, is it reasonable to consider the SM as an EFT? There is overwhelming experimental
evidence for BSM already at the particle physics level (see Sec. 1.4). Moreover, even if we think
that every problem of the SM is solved by dynamics that do not couple to the Higgs and therefore
do not generate dangerous loop contributions, we will always end up having to deal with gravity,
i.e. graviton loops, at Mp 2. This is why it is very reasonable to consider the SM as an EFT.

E
UV completion

A —4— Where the Higgs wants to be.

_ 1
Lom = L4+ Z WOf
1,d

VEW ==  Where the Higgs actually is.

Figure 1.2: Depiction of how the SM looks like when regarded as an EFT. The shaded region is
the range of validity of the EFT, the full Lagrangian is the d = 4 renormalizable Lagrangian +
higher dimensional operators generated by new dynamics beyond A.

Once we consider the SM as an effective theory we generate a physical cutoff A that represents
the scale at which the EFT breaks down and new dynamics need to enter to explain the observed
phenomena, see Fig. 1.2. This allows to compute corrections to the masses of different particles
and get an explicit dependence on the scale of new physics without having to specify a concrete

'2This is true provided that our current understanding of the Planck mass as a UV cutoff for the low energy
field theory description holds. It may happen that Mp is not as related to field theory as we think, then, in the
absence of new physics below Mp and considering that the field theoretical description breaks down above, the
Higgs mass will not suffer a hierarchy problem [19].
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UV completion. We do so by using a regulator that introduces the cutoff in a sharp manner so
that the dependence on it is explicit. We first consider corrections to fermion masses. Take for
instance one of the SM fermions and consider the diagram depicted in the left panel of Figure 1.3,
which is generated by the kinetic term for fermions in the SM Lagrangian, Eq. (1.4). A gauge
boson generates a loop and therefore a correction to the mass of the fermion,

dmy ~ mylog (ﬂ?) . (1.28)
!

Note how the correction to the fermion mass is proportional to itself. This is the key point, if
the mass is zero at tree level no mass is generated radiatively. In this case we say that the mass
is protected by a symmetry, the chiral symmetry that is recovered when fermion masses are set
to zero,

V=Y, = =P, (1.29)

Something similar happens for vector bosons whose masses are protected by the gauge symmetry.

A, v

|
=

Figure 1.3: Left: Generic correction the mass of a SM fermion generated by gauge bosons. Right:
Correction to the SM Higgs generated by one of the SM fermions.

Now we consider the correction to the mass of the Higgs which is shown in the right panel of
Fig. 1.3 and is generated by a Yukawa type term yph as those of (1.5),

smi ~ y*A2. (1.30)

Here the correction is not proportional to the mass and even if we set it to zero at tree level a
mass of the order of the cutoff is generated through loops. No symmetry arises if we set the mass
of the Higgs to zero so no symmetry protects it from becoming as heavy as A (see Figure 1.2).
This is in agreement with the naturalness criterion proposed by 't Hooft [20]:

‘At any energy scale, a physical parameter a is allowed to be very small only if the replacement
a = 0 would increase the symmetry of the system’

Which is followed in the SM by fermion and gauge boson masses while it does not by the Higgs
mass, i.e. the Higgs mass is unnatural.

With this in mind, it is important to stress that the hierarchy problem does not break the
consistency of the SM as the absence of a Higgs would (see Sec. 1.2). The correct Higgs mass can
be fitted after the renormalization procedure by adding counterterms to the Lagrangian such that
the large loop contributions cancel. However, how large are the cancellations needed between
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different Lagrangian parameters to keep my ~ Qgw? For instance, if we take the cutoff of the
effective theory to be A = Mp, the cancellations must be of the order of one part in 1032. Just
to put things in perspective, the degree of accuracy needed for these to happen is similar to that
of trying to balance a pencil on its tip where the tip is one millimeter wide and the length is
roughly the diameter of the solar system 3!

Of course, such degree of fine-tuning is unsettling. In fact it is so unsettling that it has been
the main motivation for constructing BSM theories during the last decades and it is the reason
why one expects new physics to appear in the (now in his second run) LHC. Every other SM
problem could be solved by new physics at a scale out of the current experimental reach, however,
common solutions to the hierarchy problem predict new physics at or just above (~ 1 TeV) the
EW scale.

Standard and new solutions to the hierarchy problem

To stabilize the EW scale one can:

e Lower the cutoff of the effective SM so that the hierarchy between A and my, is mild enough
(see Figure 1.2). This is the case of theories which feature extra dimensions or consider the
Higgs as a composite particle, both can be related through the AdS/CFT correspondence
and are usually classified as strongly coupled proposals for solving the hierarchy problem. In
particular the composite Higgs idea is a variation of the strong symmetry breaking paradigm
that interpolates between Technicolor theories and the Higgs model. Inspired by the chiral
symmetry breaking of QCD, one can obtain a scalar boson naturally lighter than the other
resonances belonging to the strong sector if it emerges as the pseudo Nambu-Goldstone
boson of an enlarged global symmetry breaking pattern [14,22] '*. At low energies the
composite Higgs will almost look as an elementary one so the theory will be able to satisfy
electroweak precision tests. Concerning the hierarchy problem the situation is really similar
as to what it happens in QCD with the pion, corrections to its mass are saturated at the
scale where the pion decays (fr ~ 130 MeV). The same thing will happen here, a scale
(f > v) at which corrections to the Higgs mass saturate is set, depending on how much
difference between scales we have (roughly & = v/f), the amount of tuning needed can be
considered natural or not.

e Introduce a new symmetry such that large radiative contributions cancel out, the paradigm
of that being supersymmetry. One advantage of SUSY with respect to other proposals is
that it robustly solves the hierarchy problem without UV sensitivity, once present, scalar
masses will be protected against dangerous loop corrections up to Mp. While compositeness
solves the hierarchy f/OQgw, it does not give an answer to what might happen between f
and Mp. We will further discuss supersymmetric theories and the solution they provide to
the hierarchy problem in Chapter 2 (Sec. 2.5).

During recent years and due to the absence of BSM signals at colliders, solutions who do not
follow the common strategies have been explored. One recently proposed possibility is that the

13This analogy is taken from [21], a very interesting reference where these topics are discussed.

MNote that ‘pseudo’ comes from the fact that this enlarged global symmetry will be explicitly broken by couplings
between the strong and the elementary sector. Due to this, radiative corrections will generate a non vanishing
mass for the normally massless Nambu-Goldstone bosons.
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EW scale (the Higgs mass) is fixed dynamically in the early universe [23], also, motivated by the
success of the anthropic arguments that Weinberg used to derive the bound on the cosmological
constant, some effort has been thrown into explaining the smallness of the EW scale and the
different hierarchies between fundamental constants through the notion of the multiverse and
the landscape of vacua in string theory (for a review see Ref. [24]). Another interesting class of
solutions is that of neutral naturalness, where the top partners associated to the introduction of
new physics are color ‘neutral’ (not charged under SU(3)¢) and their collider bounds are greatly
reduced. The best known realization of the latter is the twin Higgs model [25].
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Supersymmetry and the MSSM

In this chapter we introduce the paradigm of supersymmetry, whose nature beyond that of a
mathematical entity is yet to be confirmed. In the first section of the chapter (Sec. 2.1) we
present the concept of SUSY and its most interesting theoretical features. Then, in Sections 2.2
and 2.3 we briefly detail N = 1 supersymmetric field theories in d = 4 dimensions in order to
build realistic supersymmetric generalizations of the SM. We introduce the MSSM in Section 2.4,
paying particular attention to the way in which EWSB is achieved and to the features of its Higgs
sector. We also discuss the solution to the hierarchy problem that SUSY provides (Sec. 2.5) and
some extra phenomenological consequences of building supersymmetric extensions of the SM
(Sec. 2.6). As with the previous chapter, we do not pretend to make an in depth dissertation
about supersymmetry as there is plenty of literature discussing these topics in a more pedagogical
manner [26-29].

2.1 What is supersymmetry?

Supersymmetry maps particles and fields of integer spin (bosons) into particles and fields of half
integer spin (fermions) and viceversa

Q |boson) = |fermion) and @ |fermion) = |boson) . (2.1)

Since it changes the spin of the particle (hence, its space-time properties) it is a space-time
symmetry. When introducing SUSY, the usual space-time Poincaré invariance of the theory is
extended with fermionic generators that together with the bosonic ones form the Superpoincaré
algebra. The bosonic generators are the usual ones

MM — Lorentz group and P! — translations, (2.2)

where within the Lorentz group we have: boosts (k' = M®Y) and rotations (J; = €jmn M™").
The fermionic generators are

Qa, Q4 (2.3)

Where « are two component weyl spinor indices and A is an index that runs over the number
of fermionic generators, i.e. the number of supersymmetries. The commutation relations with
other generators are the following

[@Q,P']=0, [Q,G=0 and [Q,M"]#0. (2.4)
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@ commutes with translations and quantum numbers given by internal symmetries such as gauge
or global symmetries !, it does not with Lorentz generators. What this means is that in a
theory where SUSY is exactly realized, particles with different spin will be classified into (su-
per)multiplets with common mass and quantum numbers.

Formal motivations for supersymmetry

From a purely theoretical point of view there are a few arguments which should be able to
convince ourselves that the study of SUSY theories is an avenue worth being pursued.

e Up to now, the path of understanding physical laws has always pointed towards unification.
The formulation of the Standard Model, which describes in a unified way all known non-
gravitational interactions, is the greatest accomplishment of this strategy. By relating
bosons and fermions supersymmetry provides a unified description of radiation (particles
which are force carriers) and matter. It is therefore reasonable to think that SUSY looks
like a really natural framework where to formulate a theory that is able to describe all
known interactions in a unified way.

e Through the Haag-Lopuszanski-Sohnius extension [30] of the Coleman-Mandula theorem [31]
(which does not include fermionic generators in the Poincaré algebra) we know that the
most general continuous symmetry group allowed by the S-matrix is

Superpoincaré @ Internal symmetries

Which is precisely what a SUSY quantum field theory features. Maybe nature has realized
all possible kinds of allowed symmetries?

e Finally, space-time supersymmetry is a prediction of String Theory, the best candidate for
a theory of everything we have so far.

While all three arguments point towards SUSY as probably being realized in nature, they do not
tell us anything about the scale at which this should happen, we might just happen to live in a
universe that features supersymmetry but at such small distances that we will never be able to
tell it.

2.2 N =1 supersymmetric field theories

Although one can have several supersymmetries > for almost all phenomenological purposes one
only deals with theories which realize only one, N = 1. The MSSM is constructed as the most
economic N = 1 extension of the SM so in order to describe it in detail, let us first briefly
introduce the formulation of N = 1 supersymmetric field theories.

! Actually, some particular internal symmetries (e.g. R-symmetries, which are relevant for the study of SUSY
breaking) do not commute with Q.

2Note that there are limits on the maximum number possible which come from the maximum spin that is
allowed for local interacting theories. The reason is that any supermultiplet contains particles with spin as large
as (1/4)N, therefore to describe gauge theories with maximal spin-1 we can have N = 4 at most, whereas we can
have N = 8 for theories that incorporate gravity and have maximal spin-2 (supergravities).
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The superfield formalism

In SUSY theories one does not deal with single particle states but with supermultiplets of particle
states with common mass and quantum numbers but different spin. It is for this reason that a
Lagrangian written in terms of single particle states will not feature manifest supersymmetry.
In order to make supersymmetry manifest, one needs to construct a framework where supermul-
tiplets are mathematical entities whose transformation properties under all symmetries are well
defined. In the IV = 1 case this framework is the superfield formalism that we now introduce.

The first step is to enlarge the usual space-time coordinates z* to include anti-commuting
Grassman coordinates (6, f;) which are associated with the fermion generators (Qa, Q4), this
enlargement is a direct consequence of extending the Poincaré symmetry. We call this the super-
space

(", 00,04) , (2.5)

and it is just a trick to make the properties of supersymmetry more transparent. A field in the
superspace is dubbed a superfield and it is a function of the variables in (2.5), Y = Y (z,6,8).
Since 0, and 4 anticommute, any product of more than two 6’s or two §’s will vanish. Hence,
the most general superfield has the following form

Y(2",0,0) = f(x) + 0¢(x) + 0x(x) + 00m(x) + 00n(z)+
+ 0ot Gv,(z) + 000 p(x) + 0000d(z). (2.6)

Note that each of the terms is a Poincaré transforming field, this shows that a superfield is just
a collection (a multiplet) of ordinary fields.

The construction of actions invariant under supersymmetry will provide further constrains on
the form of the superfields. Supersymmetric invariant actions are constructed by integrating in
superspace a suitable defined superfield, this is because

/d4a; d?0d*0Y (x,0,0) (2.7)

is a supersymmetric invariant quantity when Y is a superfield. We can thus construct products
of superfields Y = [], ¥; ® which should give rise upon integration in superspace to a Lagrangian
density that is real, dimension four and that transforms as a scalar density under Poincaré
transformations,

S = /d% d?0d*0 Y(x,6,0) = /d%ﬁ(gb(:p),w(:n),Au(x),...). (2.8)

Actually this last point is automatic, if the action is constructed in this way we can guarantee
that the Lagrangian in the right hand side of the equation is Poincaré and supersymmetric
invariant. We just have to make sure that ) is constructed in such a way that the realness and
dimensionality are correct and that the given internal symmetries are also respected.

The superfield Y is in general a product of superfields that cannot be the basic object to
construct invariant actions, i.e. it is not an irreducible representation of the supersymmetry
algebra. By imposing supersymmetric invariant constrains we can restrict the form of ) while
making sure that the resulting object is still a superfield and hence a representation of the SUSY

3A product of superfields is a superfield.
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algebra. Two of these constrains are very important to construct realistic particle models and
will result in the definition of chiral and vector superfields, these are the objects where the matter
(chiral) and radiation (vector) of the SM are embedeed.

A chiral (anti-chiral) superfield ® is a superfield such that
Dy® =0 (D,¥ =0), (2.9)

where Dg = 04 + @ Gﬁagdaﬂ (Do = O +1 agﬁ.e_ﬁ'aﬂ). Note that if ® is chiral ® is anti-chiral and
thus chiral superfields are not real. Once the constrain is applied to (2.6) the form of a chiral
superfield is

V2
— 209 00 0¢(x) . (2.10)

O(x,0,0) = p(x) + V200 () +i00"00,6(x) — 0F (x) — —=000,,3(x)o"0

¢ is the scalar part (squarks, sleptons or Higgs), ¢ is the fermion (quark, leptons or higgsino) and
F' is an non-dynamical auxiliary field that is needed to match the number of degrees of freedom
of bosons and fermions on-shell *. Actually, the number of DOF’s coincides precisely with those
of an N = 1 chiral supermultiplet that is built on states rather than on fields, hence a chiral
superfield is an irreducible representation of the SUSY algebra.

In order to get vector fields we impose a reality condition
V=V, (2.11)

after applying the constrain to (2.6) and gauge fixing to the Wess-Zumino gauge ° we get
_ _ __ __ 1
Vwz(x,0,0) = 0040V, (x) + 1000 X(x) +i000 \(x) + 5 0000D(x) . (2.12)

V), corresponds to gauge particles (v, W*, Z, gluon), \, A to the gauginos and D plays the same
role as the F field in the chiral superfield. It can also be shown that the DOF’s match those
of a vector supermultiplet thus making the vector superfield an irreducible representation of the
SUSY algebra.

N =1 Lagrangians

Once we know the objects where we will accommodate the DOF’s we can construct a SUSY
invariant Lagrangian to determine the interactions of the theory. The most general N = 1
renormalizable (thus, with canonical Kahler potential) Lagrangian is

L= ESYM + »Cmatter + »CFI . (213)

The pure gauge sector for any Yang-Mills group with coupling constant g is

1
Lsym = z=—Im <T / d%0 tr [W“Wa])
327

1 1 -
= tr [4FWF‘“’ —iAe"D A+ 202] + 0y M% tr [ Fu P (2.14)

4In a supermultiplet nfDOF =n%0op.
SFrom now on and during the rest of this discussion we will assume to be in the Wess-Zumino gauge.
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where W< is the supersymmetric generalization of the field strength, i.e. the gauge invariant
object that should enter the action, 7 is the complexified gauge coupling 7 = 0y s /27 + 47i /g
and « and Oy s where previously defined below Eq. (1.3).

The matter Lagrangian describes the interactions between the chiral superfields ® (also xsr),
and with the vector superfields V' (also Vgr) corresponding to the gauge group described in Lgy,

Lomatter = / d?0d*0 & e*V o + / d2OW (@) + / d?0W (®)

= D, ¢D"¢ — iho"D,p + FF +ivV2 g pMp — ivV2 gihbrd + g D (2.15)
ow . oW 1 0*W 1 0°W
- in_ - i i ﬂ”ﬁ]—* TZMZJJ
¢ i 20¢° 07 2 8¢i0¢;
W is the superpotential, an holomorphic function of ysp’s (and not their complex conjugates),
thus the superpotential is a ygp itself and it is ensured that the last two integrals in the first
line of the equation are supersymmetric invariant. Also, the superpotential does not contain
derivatives since D,® is not a xsg and in order for the theory to be renormalizable it has to be
at most cubic in the fields °. Once the gauge structure is set, the superpotential is the only thing
left to be defined when constructing an N = 1 renormalizable theory.

Finally, we need to also introduce the Fayet-Iliopulos term,
Ly = 2gZ§A/d20d2§VA =g) &aD*, (2.16)
A A

that is present for any abelian U(1) factors that the gauge group contains and where 4 are real
constants *. This term is neglected in most phenomenological studies of the MSSM, its presence
either leads to SUSY or gauge symmetry breaking, hence generating phenomenological problems.
To have £ = 0 is also motivated by UV considerations since it is a term that is not allowed in
supergravity theories.

The total Lagrangian can be written on-shell by integrating out the auxiliary fields D and F
using their equations of motion

1 ) - o ~ _ ] _
L =tr _ZFWFW — Z)\O"LLDH)\:| + 9YM1677T tr [FWFW} + D¢ D" ¢ — ivpot D yap

. - . - 1 0°W 1 *°W _
+iV2gdAp — V2 gPrd — 2%28@1/} W—%@a@wz% Vi(p, ), (2.17)
where the scalar potential is
 min Loan  OWOW g2 T mani 4G | ca|2
V(¢;¢)—FFz+§D Da_agbi(%—i_Q;’@(T )i’ + €7, (2.18)

and where £* = 0 for non abelian group factors (when a # A). If the total gauge group is a direct
product of groups (as it is with Ggnr), then the scalar potential

oW oW

T ap, _ IWIW
V(¢7¢>=FF@+2;DDG—3¢Z.%

PSRBT H e, (219)

SFor the f d*0 W type terms in Eq. (2.15) to be of dimension 4, the superpotential is bounded to have at most
dimension 3 since the mass dimension of a xsr is 1. If we want the theory to be renormalizable the superpotential
can have only linear, quadratic and cubic terms in the ysg’s.

"A=1,2,...,n where n is the number of abelian factors.
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where again, £ is only present for U(1) factors and is normally set to zero in most phenomeno-
logical studies (this work included).

2.3 Supersymmetry breaking

If present in nature at all, SUSY must be broken since we see no superpartners which are degener-
ate with their corresponding SM particles. Just as the electroweak symmetry is (see Section 1.2),
we expect the breaking of supersymmetry to be spontaneous, i.e. with a Lagrangian that pre-
serves supersymmetry and a vacuum state that does not. In that way SUSY will be hidden at low
energies in accordance with the absence of SUSY signals at experiment, so with spontaneously
broken SUSY one expects the picture to be similar as to what is depicted in Figure 2.1.

M SUSY (MSSM, SCTM...)
| | 2
! - == !
Qew <o Mp

Figure 2.1: If superpartners lie around some scale Qy, above that scale (E > Qq) the theory would
behave in a supersymmetric way while below, E < Qq, not.

Spontaneous supersymmetry breaking

We will now present a few basics on spontaneous SUSY breaking (SSSB) and mention the main
shortcoming of SSSB models when applied to realistic situations, thus motivating the soft super-
symmetry breaking paradigm.

If supersymmetry is spontaneously broken it means that the vacuum is not invariant under
supersymmetry transformations, therefore in the N =1 case

Qal0) #0 and  Qul0) #0. (2.20)

Using the supersymmetry algebra ({Qa,Qa} = —20",P,) we can relate the SUSY generators
with the Hamiltonian of the theory since H = Py. If the equation above holds (if supersymmetry
is broken in the vacuum state) then

(01H10) = i (1Q110)]” +1Q10)* +1Q2/0)[* +1Q2/0)*) >0, (2.21)

and so the vacuum has positive energy. We can neglect spacetime dependent effects and possible
fermion condensates and consider that (0|H|0) = (0|V|0), where V is the scalar potential of the
theory, Eq. (2.19). V only depends on the scalar components of the superfields and features two
contributions: (i) the F-terms, which are fixed by the Yukawa couplings and fermion masses of
the superpotential ® and (ii), the D-terms, determined by the gauge structure.

8The derivative considers only the scalar part of the superpotential W, in practice it is just a matter of taking
scalar fields instead of chiral superfields.
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The set of supersymmetric vacua is described by the following equations,
Fi(¢) =0 and D%¢,¢)=0. (2.22)

If there is any field configuration that solves both equations simultaneously then the vacuum is
supersymmetric. If there is no field configuration that solves (2.22) then the F-terms and/or the
D-terms acquire VEV’s and (0|V]0) > 0, thus breaking SUSY. Whether SSSB is triggered by
F-terms or D-terms acquiring a VEV classifies the models as being of the O’Raifeartaigh type or
the Fayet-Iliopoulos type respectively.

Although appealing, SSSB runs into difficulties when constructing models that aim at pro-
ducing realistic particle physics scenarios. This is due mainly because of the following sum rule

Strfm? =Y "(~=1)% (25 + 1) tr[m3] , (2.23)
J

that relates the masses of bosons and fermions in any spontaneously broken supersymmetric
theory. In order for the sum rule to hold, some of the superpartners need to be lighter than their
actual SM partners, in clear contrast with experiment. It is for this reason that SSSB cannot be
triggered by DOF’s that couple to the MSSM fields directly, we instead need to postulate a new
‘hidden’ sector whose dynamics are decoupled from the (MSSM-like) ‘observable’ sector. The
hidden sector will break SUSY spontaneously and then the breaking will be transmitted to the
observable sector by some messenger fields that are sensitive to the dynamics in both sectors.

Soft SUSY breaking and mediation mechanisms

After SSSB in the hidden sector, the imprint left by the messengers of SUSY breaking will be in
the form of explicit breaking terms in the Lagrangian. An explicit breaking of supersymmetry
is dangerous in the sense that it can spoil the nice properties that SUSY introduces, not only
at low energies but all the way up the UV. In order to keep the UV behavior of SUSY safe,
not all explicit breaking operators are allowed, only those whose dimension is d < 4 do not
produce a dangerous breaking of supersymmetry. This is because their coefficients have positive
mass dimension, i.e. they are relevant terms in the Lagrangian that vanish in the UV, where
SUSY will still hold as a symmetry. The key point here is that any SSSB mechanism can be
parametrized by terms of this kind as it is precisely what a spontaneous breaking does, it hides
the symmetry in the IR while in the UV it is fully recovered. Consequently, if we expect SUSY
breaking to happen in some hidden sector and then, through its transmission, leave and imprint
in the form of explicit breaking terms in the Lagrangian, we are sure that these breaking terms
will be of the type described above. Hence, after SSSB the Lagrangian will be

Lsusy + Lsoft » (2.24)

where Lgysy is defined in Eq. (2.17) and Lgog for an N =1 theory is
Loote = — | SMAIN + Laitbgy0; Y g + 1) + 2)id ¢, 2.25
soft = — 5 a + éa ¢z¢]¢k + 5 ¢z¢] +t'¢; | +h.c. — (m )jd’ oi . ( . )

The equation above includes: Scalar squared mass terms for the scalar components of the xygg’s
(Higgses, sleptons and squarks), (mQ); and b, masses for the fermionic components of Vgp’s
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(gaugino masses for each gauge group), M, trilinear terms for scalars (a*/*) and tadpole couplings
(") which will only be present if there is a singlet in the theory °.

Observable sector

MSSM, NMSSM, SCTM, etc. Messenger sector Hidden sector
Soft breaking terms determined / Gravity mediation \ SSSB through F-terms
by the mediators. Gauge mediation or D-terms.

Feels SUSY breaking and transmits
it to the visible fields.

Figure 2.2: Depiction of what is presumed to be the structure of SUSY breaking in most phe-
nomenological scenarios.

The way in which the breaking is transmitted to the observable sector (what the messenger
sector is) is critical to determine the texture of the soft breaking terms. The messenger fields
will couple in such a way that they will feel the breaking once the F' or D-terms of the hidden
sector get a VEV, after that, direct couplings or loops involving messengers will generate the soft
terms for the visible fields. Actually, to generate a spectrum of superpartners, it is sufficient to
just propose a set of messenger fields and assume that they couple to a superfield whose F' or
D-term gets a VEV that breaks SUSY. There is no need to specify the mechanism by which this
superfield has acquired the VEV. This is the power of the soft breaking paradigm, it is a tool to
study a supersymmetric model without having to specify every single piece of it, specially since
coming up with SSSB mechanisms free of problems of their own is a challenging task.

Before presenting the two main ways in which SSSB can be mediated to the observable sector,
let us remark that there are a few exceptions which do not follow precisely the soft breaking
paradigm and still produce phenomenologically viable situations. For instance, SUSY breaking
is neither transmitted by gravitons nor extra messenger fields when the breaking is triggered by
the presence of large extra dimensions [32,33], also, terms beyond those appearing in (2.25) are
generated.

Gravity mediation

Gravity couples universally to everything that has a mass, therefore, gravitons are perfectly valid
messengers of supersymmetry breaking if there is some hidden sector that is a singlet under Ggnm
and breaks SUSY. If we parametrize the breaking by a spurion xsr, X, the most general form
of the Lagrangian that describes the gravitational interactions between X and the visible sector

9There exist a few other soft terms that we choose not to include, these are either not present in minimal
pictures or set to zero by the mediation mechanism and will not be relevant in this work.

32



2.8. Supersymmetry breaking

fields is

(XX _. XX X
2 2 i
E:/d 0d 9<al%ym+b]%mfj+cpmfj+h.c.>

X X
+ /d29 <d M—ngwg +e M—mejyk + h.c.> : (2.26)

Where for the MSSM, Y are the xsg’s of Table 2.1 and every term is written in a Ggy invariant
manner. After SSSB, (Fx) # 0 and we recover the Lagrangian (2.25). Specifically, the scalar
squared mass terms will be generated by the first and second terms in the upper line, (mz); and
b" respectively, in the second line, the first term will be responsible for the gaugino masses M,
and the second term will generate the trilinear terms a”*. The third term in the first line does

not generate a soft breaking term but an effective superpotential mass '°.

As we see from the structure of (2.26) gravity mediation generates universal soft terms up to
order one coefficients, therefore, they share a common mass scale

Mgoft ™~ <7 . (227)

If we want mgof; ~ 1 TeV, then SUSY will be broken around +/(Fx) ~ 10! GeV. This is why
gravity mediation is considered to be a high-scale SUSY breaking mechanism, the scale at which
the soft terms are generated is orders of magnitude above the EW scale. We explore scenarios
with universal soft parameters (typical of gravity mediation) for the MSSM in Section 3.2.

The gravitino mass

Because it is a space-time symmetry, to include gravity supersymmetry needs to be promoted
from global to local and thus become what is dubbed supergravity. Once this is done, a new spin-
3/2 massless ‘gauge’ field appears in the spectrum, the gravitino ''. After SSSB, the goldstino
(the goldstone mode of a fermionic symmetry) also appears and through what is called the super-
Higgs mechanism (in analogy to the bosonic Higgs mechanism of gauge theories) the gravitino will
absorb the latter as its longitudinal helicity +1/2 components and become massive. The mass of
the gravitino is then given by ms,, = (Fx)/ V/3Mp. In particular for gravity mediated scenarios,
the mass of the gravitino is m3/; ~ 100 GeV and a neutralino LSP is normally expected.

Gauge mediation

In this scenario it is through gauge interactions that SUSY breaking is transmitted. A set of
messenger fields that do not couple directly to the observable sector but transform non trivially
under Gsyr is responsible for the mediation once SUSY is broken. In the minimal version of
gauge mediation (MGM) the interaction between the spurion X and the messengers is given by
the superpotential W = AX®®. After Fy gets a VEV, gauginos will get masses at one loop by
direct couplings with the messenger fields, then, scalar sparticles will get a contribution to their
squared masses at two loops via the now softly broken Vgp’s (i.e. gaugino masses). a“*’s and

10 Actually, through this term supergravity may be able to solve the p-problem of the MSSM that is explained
below Eq. (2.33), [34]. )
1 As SUSY is a fermionc symmetry, the generators of the SUSY algebra @ and @ are of spinorial nature.
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b"’s are heavily suppressed in this scenario as they will only get contributions at higher loop
orders, they can be considered zero. As we will discuss below, the latter is a source of tension
for gauge mediation since ensuring correct EW breaking with the right value of the Higgs mass
gets complicated when ¥ ~ a™* ~ 0. The typical values for the soft masses in MGM are given
in Section 3.2 (Egs. (3.20) and (3.21)), they are all of the same order of magnitude, which can
be considered to be
2
g° (Fx)

~ 2.28
Mol ™ Y602 0 (2:28)
where M is the messenger mass.

The great advantage of gauge mediation with respect to gravity mediated scenarios is that it
automatically solves the flavor problem of softly broken supersymmetric theories: In principle,
a general set of soft terms can spoil the flavor structure of the theory and be responsible for
dangerous flavor changing neutral currents (FCNC’s) unless a special texture is introduced ad-
hoc. Gravitational interactions are flavor blind and give no explanation whatsoever for a flavor
texture at the field theory level, only considering particular string compactifications can this
problem be addressed in gravity mediated situations. Meanwhile, gauge interactions are flavor
diagonal and gauge mediation is free from any flavor problem. The latter holds provided that
gauge mediation is the only source of SUSY breaking, the flavor structure can always be spoiled
by gravitational interactions and we need to ensure that the terms in (2.26) are sufficiently
suppressed 2. With this in mind we can derive bounds for the SUSY breaking scale and the
messenger mass. If we require that gravity mediated contributions do not account for more
than 1/1000 of the soft squared masses then M < 107%/2(a/4m)Mp ~ 10'° GeV, so asking for
Mgots ~ 1 TeV gives the following upper bound on the SUSY breaking scale /(Fx) < 1010
GeV. We also want that the RGE running does not spoil the flavor structure so even lighter
messenger masses (the scale at which the soft terms are generated) are favored and one really
expects \/(Fx) < 101 GeV (hence, low-scale SUSY breaking). Since mg/s = (Fx)/v3Mp the
gravitino will always be the LSP in gauge mediation '3.

In summary, gauge mediated supersymmetry breaking (GMSB) is a very predictive mechanism
that automatically solves the flavor problem, however, minimal GMSB models fail at ensuring
correct EW breaking. In particular minimal GMSB does not generate a b-term (m3 in the MSSM)
that is able to solve the Eqgs. (2.33). One needs to go beyond MGM or expect m3 to be generated
by new and unknown dynamics. Actually, even considering extensions of MGM, it is really
difficult to accommodate EW breaking since any new contributions to m% will most likely affect
also the value of p and there will be a mismatch of a few orders of magnitude (m3/u? ~ 10%)
between parameters that should be similar. This is what is called the p/B, problem of gauge
mediation [36]. On top of that, since a% ~ 0 in MGM models, the Higgs mass measurement is
a source of serious tension if one wants to get a light spectrum of superpartners (see Chapter 3).
We explore gauge mediated scenarios in depth in Sections 3.2 (MGM for the MSSM) and 5.3
(where we construct a non standard realization for the SCTM).

120ne cannot get rid of gravitational contributions to the soft terms, gravity mediation will always be there as
a source of SUSY breaking, however, since the terms in (2.26) are suppressed by Mp, if the scale at which SUSY
is broken (Fx) is low enough, the contribution of gravity to Lsos will be negligible.

130nly recently a mechanism that features gauge mediation without a gravitino LSP has been proposed [35], it
uses extra dimensions to make the gravitino superheavy and opens up the possibility of having neutralino LSP in
a gauge mediated context.
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2.4. The MSSM.

2.4 The MSSM.

With the particle content listed in Table 2.1 we can write the following renormalizable superpo-
tential for the MSSM

W = pHy - Ho + 4% Q; - Hyuj + vy Qi - Hidj + v L; - Hye; . (2.29)

A note on ‘R-parity’ and dark matter

Eq. (2.29) is not the most general superpotential that is holomorphic in the ysp’s and in agreement
with the symmetries of the theory, it should also include terms that violate either baryon number
B or total lepton number L. The existence of such terms is forbidden by the experimental
searches for B and L-violating processes (remember that B and L number conservation are
accidental symmetries of the SM Lagrangian). In the search of a way to forbid such B and L
violating terms one could consider them to be exact symmetries of the MSSM Lagrangian, still,
B and L are known to be violated by non perturbative effects so it is difficult to think that they
are fundamental symmetries of nature. By means of imposing and extra discrete symmetry to
the MSSM Lagrangian one is able to forbid the unwanted terms while allowing Eq. (2.29) to
be constructed. This extra symmetry is called ‘R-parity’; SM particles have charges Pp = +1
while superpartners Pr = —1, hence, only an even number of superpartners is allowed at every
vertex and the lightest supersymmetric particle (LSP) must be stable. Therefore, if R-parity is
assumed, supersymmetry can provide a good dark matter candidate.

Scalar potential and EW breaking in the MSSM

A full study of the MSSM Lagrangian will be too lengthy and out of the scope of this thesis, we
therefore restrict ourselves to the presentation of the part that is most interesting for our studies,
the scalar potential. The latter is the piece that will trigger EWSB and will determine the Higgs
physics of the theory. The scalar potential of an N =1 SUSY theory is

V=Vr+Vp+ Viost, (2.30)

where for the MSSM Vi +Vp is simply (2.19) for the superpotential (2.29) and Gsy, and the scalar
part of the soft terms (2.25) is determined by the SUSY breaking mechanism. More specifically

Vi =1 (|H3)? + |Hy |?) + p® (HY)? + |HT ) (2.31)
1 _on2 1 X .
Vp = 1(92 +¢'%) (|H|? — |HY ) + [HS|? — |HT |*)" + 592!H2+H? + HyHy *?,
Viots = miy, ([HS1? + |HF ) + m¥y, (|HY)? + |Hy |?) + {m3 (Hf H — HYHY) + h.c.} |

where we are considering all parameters real. We now demand that the minimum of the potential
breaks the electroweak symmetry down to Electromagnetism. We thus rotate away all possible
VEV’s for charged and imaginary components of the scalar fields and keep only the neutral and
real part,

1
V = md (Y2 +m3 |HO? — md (HYHS + he) +1(6° + %) (HSP = [HOP)* . (2.32)

where we consider that ¢ = ¢ and mi2 = m%h,z + MQ'
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Name Vep  Spin 1/2 Spinl  SU@B)c SU2), U(l)y
gluino, gluons GA GA GA 8 1 0
wino, W-boson | W W* W0 W= w0 1 3 0
bino, B-boson | B BO BO 1 1 0

XsF  Spin 0 Spin 1/2

squarks, quarks | Q'  (ar dp) (ur, dr) 3 2 %
u’ Uup u}r% 3 1 —%
di s d, 3 1 !

sleptons, leptons | L* (v eér) (v er) 1 2 —%
& &, ely 1 1 1

Higgs, higgsinos | Ho (HS HY) (HS HY) 1 2 :
Hy (H{ Hy) (H) H) 1 2 -3

Table 2.1: MSSM particle content. Vg and xsp stand for vector and chiral superfields respec-
tively. We explicitly show the SU(2)r, structure for doublets and the i index runs over the three
families of fermions (although it is omitted in the component fields). Superpartners of the SM
particles are specified with a tilde.

Now, applying the minimization conditions |0V/0H?|,, = 0 and |0V/0H3|,, = 0 and after
some algebra we get a set of equations that, by taking p, ms and mpy, , as input parameters,
should return the Z boson mass and tan f3,

2 2
Sin 25 == % 5
mi +mj
2 |m%{1 - m%{2| 2 2 2
my = 2u”. (2.33)

Wi ~ M| 2 2
V1 —sin?23 : !

The Z boson mass is defined as mz = (¢’? + ¢*)(v] + v3)/2. From the equations above we can
see what is called the ‘u-problem’ of the MSSM. Without tuned cancellations, one expects the
parameters appearing in the equations to be O(mgz), this is feasible for m3 and mpy, , which are
SUSY breaking parameters, it will be a task of the SUSY breaking mechanism to keep them close
enough to mz. However, u is a supersymmetric invariant parameter of the superpotential with
no reason to be O(my), it can in principle take much bigger values as one expects the cutoff of
the MSSM to be well above the EW scale.

The Higgs sector and its decoupling limit

After ensuring that the scalar potential of the MSSM produces correct EW breaking we can
calculate the scalar spectrum. Since we have introduced an extra complex doublet the number
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of scalar DOF’s of the Higgs sector is doubled in the MSSM, it features, besides the massless
Goldstone modes which will be eaten by the gauge bosons, 4 massive states, the light and heavy
neutral CP-even Higgses (h and H), a pseudoscalar (A) and a charged scalar H*.

2m3
2 3 2 2 2
= — = 2
my sin(25) 7] +mH1+mH2
1 .
m}%,H =3 (mi +m% F \/(m?4 —m%)? + 4m2m? sin’ (25)) (2.34)

2 2 2
M+ = M4 +my

By taking the limit m4 — oo one recovers the SM Higgs sector, only one massive CP-even mode.
Every state but h becomes super heavy in that limit and therefore we can identify h as the
SM-like state.

Although the decoupling limit is here taken in the mass basis, it can also be thought of at
the SU(2)r, doublet level: From the H; and Hy MSSM basis one can rotate to a basis where we
have a light SM-like doublet H and a superheavy one H. This procedure is used in Chapter 3
where we further elaborate on the Higgs mass, loop corrections and the consequences of the 2012
discovery for supersymmetric theories.

2.5 The importance of the scale

Supersymmetry provides a solution to the hierarchy problem. It is actually the symmetry that
will be recovered in full glory if the scalar mass is zero, thus making the Higgs mass in agreement
with 't Hooft’s criterion for the naturalness of Lagrangian parameters. SUSY prevents the scalar
masses to become ultra heavy by introducing new degrees of freedom (the superpartners) which
will generate diagrams (Fig. 2.3) that will cancel the very large corrections that enter the Higgs
mass at loop order (remember that loops of bosons and fermions have a relative minus sign).

Figure 2.3: Contributions to the Higgs mass given by the top/stop sector.

The solution to the hierarchy problem is however very dependent on the scale at which
supersymmetry is realized, i.e. the mass of the superpartners Qy, so in order to cancel dangerous
loop contributions to the Higgs mass without much fine-tuning, all superpartners need to remain
as light as possible. Some contributions will present a more severe tuning than others, for instance,
the contribution coming from a loop of top quarks will be larger than any other since it will be
proportional to h? (see Eq. (1.30)) which is larger than the other Yukawas. This requires the
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Chapter 2. Supersymmetry and the MSSM

stops (the scalar superpartners of top quarks) to be as light as possible, while other superpartners
can be somewhat heavier as they have to cancel smaller contributions. We can thus identify the
stop mass as the fine-tuning measure in the model, i.e. the lighter the stops are, the more natural
the model is '*. Let us make this point as clear as possible by taking the one loop correction to
the MSSM Higgs mass given by the top/stop system (Fig. 2.3),

3hdy? m?2
dmy, ~ —t—1 —L . 2.35
mp A2 0og (m% ( )

From the above we can see that if the stops are very heavy the logarithm gets very large and the
contribution given by radiative corrections can exceed that of the tree level piece.

A Higgs mass which is mainly achieved through radiative corrections is a reason for unease if
one follows Veltman’s naturalness criterion [37]:

‘Radiative effects should not exceed tree-level effects in size’

It is thus needed that stops are as light as possible in order to make the logarithm small. Other
particles will generate a situation similar to Eq. (2.35) but their couplings to the Higgs will be
smaller than h; and therefore the logarithm can be larger while generating a contribution of the
same order. Another way of looking at this is by considering Qg (stop masses) as the cutoff of
the SM. As we discussed in Section 1.5, effective field theory ties the cutoff to the scale of new
physics so in order to keep the Higgs mass stabilized one should keep it as low as possible.

As we just showed, the naturalness of the theory is directly tied to the masses of the superpart-
ners, which are given by the supersymmetry breaking mechanism rather than the EW breaking
procedure by which the SM DOF’s get masses. It will be a challenge of the SUSY breaking
mechanism to generate a spectrum of superpartners that is light enough, this is why studying
SUSY breaking mechanisms and its mediation to the observable sector is such an important task.

A note on the little hierarchy problem

The Standard Model is consistent with all present experimental data including the recent mea-
surements of the Higgs mass and its couplings to gauge bosons and fermions. By the same token
experiments are also putting bounds on possible BSM physics whose aim is to solve the SM
hierarchy problem, i.e. to understand the big hierarchy Qg /Mp ~ 10716, or equivalently the
stability of the electroweak vacuum. The fact that there is already a small hierarchy between ex-
perimental bounds and the EW scale (Qgw /Qpzp ~ 1072) is becoming a problem, specially since
the the non observation of additional particles pushes the cutoff to higher and higher scales '°.
This is what is dubbed the little hierarchy problem (Fig. 2.4) and it is shared by any natural
explanation of the EW scale, e.g. supersymmetry, compositeness or extra dimensions.

MFortunately, the RGE running will make the 3' generation fermion superpartners lighter than the 15 and 29,
this is because the former couple directly to Yukawa couplings that are parametrically larger than the ones of the
1% and 2"¢ generation, so the RGE running will tend to lower their masses in a more severe way. Depending on
how much running the correlations will be strong or negligible.

LHC will only give a final word on the scale of new physics at the end of its current (second) run. Actually, as
this thesis is being written, an intriguing excess at 750 GeV in the v invariant mass spectrum has been reported
both by the ATLAS and CMS collaborations. A plethora of BSM realizations for the excess have been proposed,
some of them within supersymmetry [38] or even in the non supersymmetric GM model [39].
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E
Mp
New physics? |
I Hierarchy

—J_ QEXD problem
SM Little Hierarch
T problem

i QEW

Figure 2.4: If we treat Qgxp as the SM cutoff, experimental searches at the LHC are already an
indication that, at least in the simpler realizations of BSM theories, the EW scale is already a
bit tuned. This problem is worsened in the minimal MSSM, where LHC bounds are not the only
indication for heavy stops (Chapter 3).

2.6 Further phenomenological advantages of SUSY

The phenomenological advantages of supersymmetry are beyond only solving the hierarchy prob-
lem. One can construct theories where supersymmetry is present at an intermediate or high
scale, thus not fully solving the hierarchy problem, that still provide a great deal of interesting
solutions to tackle some of the SM problems '°. The discussion about phenomenology is however
very model dependent and here we shall just list a few features which are common to a wide class
of supersymmetric theories.

e [t predicts that EWSB happens through an elementary scalar, in good agreement with
observation. On top of that, SUSY can also give a dynamical explanation as to why
the SM potential features a tachyonic mass, i.e. why the SM potential breaks the EW
symmetry [41] (see Chapter 3).

e The MSSM and some of its extensions improve considerably the unification of gauge cou-
pling constants and provide a better behaved IR limit for Grand Unified Theories (GUT’s).

e [f R parity is assumed, the LSP is stable and if it is neutral it can be a dark matter candidate
that freezes out to the correct relic density. We explore the cosmological consequences of
R-parity in the SCTM in Chapter 6.

e [t is the natural low energy limit of string theories which aim at describing the phenomenol-
ogy of particle physics and cosmology [42].

SFor instance, Split SUSY theories [40].
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The MSSM after the Higgs discovery

After the 7 and 8 TeV runs the Large Hadron Collider (LHC) has firmly established the existence
of a scalar boson with a mass my, ~ 125 GeV. In particular the strengths measured in the WW
ZZ, vv, bb and 77 decay channels by the ATLAS and CMS collaborations are consistent with
the Standard Model (SM) Higgs with a mass m;, = 126 &+ 0.4 (stat) £ 0.4 (syst) GeV [1] and
myp, = 125.3 £ 0.4 (stat) £ 0.5 (syst) GeV [2], respectively. The Higgs discovery is of the utmost
importance as it is the first direct experimental confirmation of the mechanism of EWSB. It is
therefore interesting to explore the consequences of the present Higgs mass data on a possible
underlying supersymmetric theory, in particular on the way supersymmetry triggers EWSB at
low energy, on the scale at which supersymmetric partners first appear (Qp) and also on the scale
M at which supersymmetry breaking is transmitted from the hidden to the observable sector.
We do this by adopting the following attitude: We assume that supersymmetry is solving the big
hierarchy problem from Qy/Mp but perhaps not necessarily the little hierarchy problem from
Qrw/Qo and see what LHCS8 data is telling about the parameters of the supersymmetric theory.
Thus, by determining Qg we will learn about where supersymmetry (the MSSM) stands after the
Higgs discovery as a solution to the hierarchy problem.

The following analysis just reflects the present experimental situation concerning the Higgs
discovery and the non observation (yet) of any supersymmetric particle. In the future, it might
happen that supersymmetric signals are found or that they are not. In both cases the analysis
presented in this chapter should be correspondingly constrained. In case where supersymmetric
signals are found, they would give information about our energy scale Qy which in turn will give
indirect information about the scale at which supersymmetry breaking is transmitted M. In the
other case, in which supersymmetric signals not be found at the end of the LHC13-14 run, the
data will put a lower bound on the scale Qp by which also the scale M will be correspondingly
constrained, suggesting that perhaps we will need a higher energy collider to uncover BSM physics
as the HE-LHC (at 33 TeV) & VHE-LHC (at 100 TeV) [43].

We start Section 3.1 giving naive estimates of Qy by looking at the one-loop Higgs mass
formula, which we then vindicate using a proper run-and-match procedure that will take care of
very large logarithms. Comments on the nature of EWSB at low energy (does EWSB proceed
via radiative breaking or not?) are also made. In Section 3.2 we discuss the scale M, getting
first results from a bottom up perspective that will be then confirmed by top down examples.
Finally, in Section 3.3 we make a small summary of the results concerning Qg to motivate our
interest in building extensions of the MSSM.
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3.1 EWSB in SUSY with a 125 GeV Higgs

Before doing a proper analysis we can learn a lot by simply looking at the MSSM analytical
one-loop expression for the Higgs mass [44]

3ms Q2 x2 x2
2 _ 2 2 t 0 t t
mj, = m7 cos” 20 + 122 {log (m? + o2 1— 2az)| (3.1)

where z; = (A; — p/tanB) and we consider that Qo = /myz my,. This formula has three
contributions: (i), the tree-level contribution, that is maximized when tanf is large, (ii), a
logarithm that gets larger has the stops get heavier and finally, (iii), a threshold correction that
depends on the mixing in the stop sector and that gets larger whenever this mixing is maximized.
It is clear by looking at this formula that making m;, = 125 GeV is not automatic. If we want to
keep stop masses light (in order to solve the hierarchy problem) we are forced to go to a corner
in the parameter space where tan § and x; are as large as possible and we can generally say that:

‘The MSSM runs into difficulties when combining a light spectrum of
superpartners (light stops) with a 126 GeV Higgs’

Roughly, what this means is that either we give up on SUSY as a solution to the hierachy
problem ! [45,46], or we give up on minimality (or simplicity) and build models beyond the
MSSM that could more naturally accommodate the measured Higgs mass. This is depicted in
the Figure 2 of the introduction.

Using the analytical Higgs mass is useful to get a qualitative understanding of the situation,
however, it is not enough if we want to make quantitative statements. The logarithm present
in (3.1) gets dangerously large for heavy stop masses and one needs to take care of it by performing
a resummation to get trustable results. Thus, it is more convenient to use a run-and-match
procedure. Since we know from experiment that Qg is reasonably above the EW scale, we can
assume that the SM is an EFT that emerges at Qp from an underlying MSSM to extract the
relevant information on the mechanism by which the MSSM triggers EWSB.

The matching and the scale Q,

Consistently with present experimental data we assume that below the scale Qy we just have
the SM spectrum and the matching conditions are the ones to enforce EWSB at the EW scale
Orw = my. The quadratic terms in the MSSM potential can be written as

Vs :m%\Hl\Q—i—m%]Hﬂz—i—m%(HI -Hg—‘rh.c.) (3.2)

with Hy - Hy = Hfsang (612 = —1) and we are defining m? = m%{l + u? and m3 = m%h + 12,
where mpg, is the soft breaking mass for H; and p is the supersymmetric Higgsino mass. They
can also be written in matrix form

. 2 2 H
V:HT,HT<’"1 m3)<~1) 3.3
o= (H| Hy) | m3 T, (3.3)

wrno

LOr at least to the little hierarchy problem, SUSY can fail to explain the hierarchy between the EW scale and
Qo but still stabilize the hierarchy Qo < Mp.
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where Hy = eH3. The diagonalization of the mass matrix

2 2
M2 = (m% m3> (3.4)

m3 My

then yields the mass eigenvalues

2 2 2 .2\ 2
mizmlgma;\/("’%%> +md. (3.5)

We wish to match the MSSM with the SM at the (common) scale Qp = my of supersymmetric
masses. In particular we will rotate the MSSM Higgs sector (H;, H2) into the basis (H,H) where
H is the SM Higgs doublet and H its heavy orthogonal combination. We then identify the mass
squared of the (light) SM Higgs H with the tachyonic mass m? = —m?(Qp) and consequently
the mass squared of its (heavy) orthogonal combination H with m?2 = m%_t = m3 +m3 + m?2.
This can be done by the fixing

mj = (m3 +m?)(m3 +m?) (3.6)
leading to the mixing angle 3 given by 2
2 2 2 20,2
my+m o, m2o M mj tan® 3 7
tan? 3 — 1
where all quantities are evaluated at the matching scale @ = Qp, which rotates the Higgs basis
(H1, Hs) into the mass eigenstates (H,H) as

H = cosfH; — sinﬁf]Q
H = sinfBH; + cos BH, . (3.8)
The potential for the SM Higgs then reads as

tan? 3 = (3.7)

m3 +m?2’

A(Q

Vom = —m?(Qo)|H|* + (20)]H]4 4 (3.9)
In order to make a precise calculation of the Higgs mass we have to first match the SM

quartic coupling A and the supersymmetric parameters at the scale Qy. We will improve over

the tree-level (¢ = 0) matching by considering the one-loop (¢ = 1) and leading two-loop (¢ = 2)

threshold effects as given by [47]

MQo) =D AU, (3.10)
>0
where
1
AON = (e + )k
24 (1) 4.4 2 X7 L 44 2, 3 99,9 2y
167 AYN = 6y; s Xy | 1— )~ Eybsﬁ(:u/g()) + v s3(9” +97) Xicop
1 3 1 1 1
+ <6C§,@ - 4> g' = 59°" = 79" = 15 (9" +9%)7sis,
1 1
(1672)2AP )\ = 16yfs%g§ <—2Xt + ng’ - 12X;1> + O(h?s%, gt 4*d%, g, (3.11)

2Note that here the 8 angle is defined at Qp and not at the EW scale after EWSB as it is usually presented,
thus it is defined in terms of masses instead of VEV’s.
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and we are using the notation X; = (A:(Qo) — p(Qo)/tan3)/Qo, sp = sin and so on. For
the numerical calculation we are also taking into account the O(yfs%, ...) two-loop threshold
corrections whose explicit expression can be found in Ref. [47]. We are neglecting the corrections
proportional to y? as we are not envisaging values of the parameter tan 3 such that y, is relevant .

The couplings y; and y; are the top and bottom Yukawa couplings in the MSSM. They are
related to the corresponding SM couplings h; and hy, by [47]

1
he = yis3 <1 — 5393 0X I (my,, mi,, Qo) + Olwy, 9%, 9’2))) :
1 1
hy = ypes (1 - @ﬁ%xbl(mgl,mgz, Qo) + 62 yits Qe XiI(my ,my,, Qo) + .. ) . (3.12)

where X, = (A:(Qp) — u(Qop) tan 3)/Qp, we are assuming a nearly degenerate spectrum at Qp,
and only the leading one-loop QCD and top Yukawa coupling corrections are kept. The function
I(z,y, z) can be found in Ref. [47].

The parameters of the potential (3.9) have to be run with the SM renormalization group
equations (RGE) down to the scale Qgw = my, where minimizing the SM potential should lead
to m?(my,) = 2m3, m3 = 2X(my,)v%. For a similar analysis see Refs. [48] and especially [49, 50]
where the relation between the mass of the Higgs and the scale of supersymmetry breaking was
first analyzed. Here in agreement with the used threshold corrections we are using the two-loop

RGE as given in [51].
Finally going from the running Higgs mass myj to the pole Higgs mass M} requires the
calculation of the Higgs boson self energy II(p?) as M? = mi + AIl where AIl = II(p? =

M?) — II(p* = 0). Here we keep only the leading correction to AIl coming from the top quark
loop exchange given by [52]

3hZ M}
42
For the actual values of M; ~ m(m;) + 10 GeV [53] (the pole top quark mass) and My, the
correction in (3.13) is of the order of the experimental error in the Higgs mass. Any uncertainty

coming from neglected higher order corrections will therefore be much smaller than those from
the experimental errors in a3, M; and Mj, which can be estimated to £2 GeV at 20 [47].

[2—Z(M?/M§)], Z(z) =2V4x — Larctan (1/v4z — 1), 2 >1/4  (3.13)

Notice that, for fixed values of the supersymmetric parameters tan 8 and X;, Qg is a function
of the Higgs mass my. This prediction comes from the intersection of the function A\(Q), which
is determined mainly by the value of the Higgs mass (with some dependence on the actual values
of hi(my,) and as(my,)), with the value A(Qp) given by Eq. (4.2). So given that the Higgs mass
is fixed to my, = 126 GeV, we can predict Qp = Qp(tan 3, X;) as it is shown in the left panel plot
of Fig. 3.1. We have used as an input the running top mass in the MS scheme evaluated at the
top mass T (my) = 163.5 GeV. We can see that for small values of tan 5 the values of Q are
large and insensitive to the values of the mixing X;. This is due to the fact that the threshold
effect is proportional to h?(Qg) and the Standard Model RGE leads to small values of h;(Qp)
for large values of the scale Qy. On the other hand for large values of tan 8 the values of Qy are
smaller and consequently the RGE running is small and Qy becomes sensitive to the mixing Xj;.
In particular values of Qp in the TeV region require large values of tan 5 (tan 8 2 5) and large
values of X; (X 2 1.8).

3The yukawas in the MSSM are m., /v2 and mq/v;1 for up-type and down-type particles respectively.
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Figure 3.1: Left panel: Contour lines of log,y[Qo/GeV] (for the values specified in the plot) in
the plane (tan 3, X;). Right panel: Contour line of m3(Qo) = 0, as given by Eq. (3.14), in the
plane (tan B, X;). The inner region corresponds to radiative electroweak breaking.

As for the error in 7 (m;) it is safe to consider the experimental range of the running top
mass to be given by Am; = £2 GeV at 20 [53,54]. In order to see the relevance of the error in
my(my¢) we plot, in the left panel of Fig. 3.2, Qg as a function of tan 3 for various values of X,
and in the right panel of Fig. 3.2, Qg as a function of X for different values of tan 5. In fact the

Log,(Qo/GeV)
Log,((Qo/GeV)

2L . . . . . . L]
1.0 1.5 20 3.0 50 7.0 100 150 20.0
tan 8

Figure 3.2: Left panel: Plot of Qo as a function of tan 8 for X; =0 (upper band) and X; = /6
(lower band). The width of bands corresponds to the experimental error Am; = £2 GeV. Right
panel: Plot of Qy as a function of Xy for tan 8 =2 (upper band) and 15 (lower band).

upper border of each band corresponds to Am; = —2 GeV and the lower border to Am; = +2
GeV. We can see from both panels of Fig. 3.2 that the error in the determination of Qy, AQq
arising from the error in m:(m;) is large (small) for small (large) values of tan 8. The reason for
this behavior is that the error m;(m;) is amplified by the RGE running and it is consequently
large (small) for large (small) running, which means small (large) values of tan 8. In the same
way, as we can see from the right panel of Fig. 3.2, the error AQy is uncorrelated with X; as it
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has little influence on the RGE running. This translates into a big overlapping in the left panel
of Fig. 3.2 for small values of tan § and different values of X;. In fact notice that for the limiting
case tan f = 1 and Xy = 0 we have that A\(Qy) < 0 and the Standard Model potential is unstable.
This corresponds, for the central value of the quark top mass, to Qg ~ 10! GeV. However for
the lowest allowed value of the top quark mass the instability scale can go to Planckian values in
agreement with various calculations in the literature [15,55]. In this case it has been shown that
the Veltman condition [37] (or absence of quadratic divergences) can also be satisfied [56]. Note
that this conclusions are not qualitatively different from what was guessed using Eq. (3.1).

The nature of electroweak breaking

Eq. (3.7) actually implies the existence of the electroweak minimum in the SM effective theory
and indeed it is reminiscent of the minimum equation in the MSSM *. In fact Eq. (3.7) can be
traded by the SM minimum equation. It can be written as

m%_[(Qg) —m?(Qp) tan?
tan2 B8 + 1

m3(Qp) = (3.14)

where we identify m%[(QO) = Q2 and the value obtained for m3(Qp) characterizes the type of
electroweak breaking, e.g. radiative versus non-radiative symmetry breaking °, provided that
after the SM RGE running we get m?(Qgw) = m3 /2. For instance in the limit tan 8 — oo
(or more precisely for tan? 8 > m2,(Qo)/m?(Qp)) we get the conditions for radiative breaking,
m3(Qp) ~ —m?(Qp) < 0, while for small values of tan 3 we get the conditions for non-radiative
breaking m3(Qo) ~ m%,(Qo)/(tan® +1) > 0. In particular we show in the right panel of Fig. 3.1
the contour plot corresponding to m3(Qp) = 0 for the central value of 7;(m;) (thick solid line)
and for the 20 values corresponding to +A7m;(m;) (thin solid lines). The inner area corresponds
to the region where there is radiative electroweak symmetry breaking m3(Qp) < 0 while in the
outer region the breaking is not radiative and m3(Qp) > 0. Of course the values of m2(Qy) should
depend to a large extent on the values of tan 8 and X;.

In Fig. 3.3 we plot the absolute value of ma, |m2(Qo)|, as a function of tan 3 for different
values of X; (left panel) and as a function of X; for different values of tan 8 (right panel). Notice
that points where electroweak breaking becomes radiative are characterized by the fact that
|ma| = 0 and for larger values of tan 3 (left panel of Fig. 3.3) or larger values of X; (right panel
of Fig. 3.3), m2 becomes negative and thus |ms| takes on positive values. Again we can see that,
as for the results in Fig. 3.2, the effects of the error Amy;(m;) are amplified for small values of
tan 8 while they stay small for large values of tan 3. We can also see that radiative breaking only
occurs for large values of tan 3, tan 8 = 8, and/or large values of the mixing X; > 1.8 in the
range tan 5 < 20.

4Were neglecting the Standard Model RGE running both equations would be equivalent upon identification of
m3 < m%.

5 Although EW breaking is in all cases driven by the MSSM RGE running from M to Qp, we will be conven-
tionally dubbing radiative breaking the case where m3(Qo) < 0 so that the EW breaking proceeds by a tachyonic
mass as in the SM.
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Figure 3.3: Left panel: Plot of |ma(Qo)| as a function of tan for X; =0 (upper band) and
X; = V6 (lower band). The width of bands corresponds to the experimental error Ay = +2
GeV. Right panel: Plot of |m2(Qy)| as a function of Xy for tan 8 = 2 (upper band) and 15 (lower
band).

3.2 The messenger scale M

Above we have computed, using the measured value of the Higgs mass, the value of the scale Qg
at which the MSSM matches with the Standard Model and the value of the parameter m2(Qy)
which guarantees a correct electroweak Standard Model breaking at the scale Qpw = my. We
are here making the conservative assumption (alas, consistent with present experimental data)
that only the SM states survive below the matching scale Qg. For large values of Qg this amounts
to assume a high-scale MSSM beyond Qy, in contradistinction with other possibilities, as those
dubbed as split (or mini-split) supersymmetry. Using these tools we will now get information on

the scale at which supersymmetry breaking is transmitted to the observable sector, the messenger
scale M.

As we have seen both Qg and m%(Qo) are (for fixed values of the Standard Model parameters)
functions of the MSSM parameters tan § and X; defined at the scale Qp: Qy = fo(tan 8, X;) and
m3(Qp) = fo(tan B, X;). Now from the EWSB condition (3.7) one can also compute m?(Qy) =
fi(tan B, Xy) as

m3(Qo) = m3(Qo) tan® 5 + m*(Qp)(tan” 8 — 1) (3.15)

so that both squared mass parameters m3 and m3 are fixed at the scale Q for fixed values of
tan 8 and X;. We will now define the scale at which supersymmetry breaking is transmitted M
as the scale at which

mi(M) = mi(M) . (3.16)

where we are running the MSSM parameters from the scale @ = Qg to the scale @ = M by
using the two-loop RGE [57]. Notice that this condition is rather generic in most models of
supersymmetry breaking, as models based on gravity mediation or minimal gauge mediation, as
well as in string constructions [45,58,59]. In models where the former assumption on the Higgs
bosons mass at M is not fulfilled the condition of Eq. (3.16) should be accordingly modified.

As we are assuming that the effective theory below Qg is just the Standard Model we are
implicitly assuming that, at the matching scale the heavy Higgs H decouples, so that my(Qo) =
Qp. On the other hand the scale at which supersymmetry breaking is transmitted, given by (3.16),
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Chapter 3. The MSSM after the Higgs discovery

does have little dependence on the spreading on boundary conditions imposed for the rest of the
supersymmetric spectrum. Actually any moderate splitting among the different superparners
will have little impact in the value of M, as its dependence is logarithmic, and the corresponding
results fall inside the bands defined by the experimental errors in M; and a3(Mz). Thus we will
next consider two generic situations.

Bottom-up approach

The most precise (and ideal) way by which the Standard Model will emerge as the low energy
effective theory below the matching scale Qg is when all supersymmetric particles are (approx-
imately) degenerate at the decoupling scale ®. So we will here assume for all sfermions (f),
Higgsinos (with mass p) and gauginos a degenerate mass at the matching scale Qg

mi(Qo) = Mi(Qo) = (Qo) = o (i =1,2,3) (3.17)

We will leave X;(Qp) (and consequently the mixing A;(Qp)) and tan §(Qp) as free parameters in
the plots.

Note that by imposing the matching scheme in Eq. (3.17) the merging between the SM and
the MSSM happens at the scale Qg and the running from the low scale Qg to the high scale
M can be done straightforwardly using the two-loop MSSM RGE and the boundary conditions
(3.17). This is shown in the left panel (right panel) of Fig. 3.4 where we plot contour lines of
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Figure 3.4: Contour lines of constant log,o[M/GeV] in the (tan S, X;) plane for X; > 0 (left
panel) and X; < 0 (right panel).

constant log;,(M/GeV) in the (tan 3, X;) plane for the central value of the top quark mass and
positive (negative) values of the parameter X;.

50f course in practice there should be some spreading of supersymmetric masses over the scale Qp, a (more
realistic) situation which will be studied in the next section.
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We can see from the left panel of Fig. 3.4 that having supersymmetry breaking transmission
at high scale requires both large values of tan 5 and small and positive values of the mixing X;.
For example for values of M of the order of the unification scale M ~ 10'6 GeV one requires
tanfB 2 3 and X; < 0.3. Moreover for large values of tan 8 the value of M depends almost
uniquely on the mixing X;. For example even for tan 5 =~ 20 the scale at which supersymmetry
is broken can go down to values as low as M ~ 10° — 105 GeV for values of the mixing X; ~ 2.
On the other hand for low values of tan 8 and large values of X; there is small dependence on
the mixing. As we can see from the left panel of Fig. 3.4 for values X; ~ 0 we can get values of
M as large as Mp. For negative values of X; the value of M grows quickly to trans Planckian
values and rapidly disappears as there is no solution to the Eq. (3.16). A solution appears again
for values X; ~ —1.5 for which we have again values of M ~ Mp, and again the values of M
decrease when we increase the absolute value of X; as we have shown in the right panel of Fig. 3.4.

Of course, as it was the case of the matching scale Qp, the scale at which supersymmetry
is transmitted M is affected by the experimental error in the determination of the top quark
mass Am;. This effect is shown numerically in Fig. 3.5. We plot in the left panel of Fig. 3.5

log,,(M/GeV)
\
log,,(M/GeV)

5 10 15 20 0.0 0.5 1.0 1.5 2.0
tan 8 X

Figure 3.5: Left panel: Plot of log,o[M/GeV] as a function of tan for Xy =0 (upper band),
X; =0.5 (central band) and X; = /6 (lower band). The width of bands corresponds to the
experimental error Ay = +2 GeV. Right panel: Plot of M as a function of X; for tanf = 2
(wider band) and 15 (narrower band).

log,o(M/GeV) as a function of tan 3 for different values of the mixing X; =0, 0.5, and v/6 for the
values of the MS top quark mass 7, (m;) = 163.5 &= 2 GeV. This effect is mainly inherited from
the uncertainty in the determination of the matching scale Qg, which explains why the effect is
larger for tan = 1. Similarly the plot of log;,(M/GeV) as a function of X; for fixed values of
tan 8 =2 and 15, is shown in the right panel of Fig. 3.5 where we can also see that the uncertainty
in the determination of M decreases with increasing values of tan .

Top-down approach

In the previous section we have assumed that all supersymmetric particles exactly decouple at
the matching scale Qg, by which we were assuming a degenerate spectrum at this scale. Of course
this is not the generic case in (realistic) models of supersymmetry breaking which provide some
pattern of masses at the scale M. These masses run, with the MSSM RGE, from the scale M
to Qp and thus they decouple at the scale ~ Qy with different thresholds.

49



Chapter 3. The MSSM after the Higgs discovery

In this section we will consider different supersymmetric spectra, for which the scale at which
supersymmetry breaking is transmitted and the matching scale with the Standard Model sat-
isfy the general values which have been obtained in the previous section: in particular they are
consistent with electroweak symmetry breaking with a Higgs mass of 126 GeV. We will not com-
mit ourselves to any particular mechanism of supersymmetry breaking but instead will consider
generic pattern of supersymmetric spectra at the scale where supersymmetry breaking is trans-
mitted, which can arise from different mechanisms. In particular we will consider two classes of
models, which are simply particular examples while many others can be easily found and studied:

e Models with universal soft parameters, typical of gravity mediated-like models, although
not necessarily arising from gravity mediation.

o Gauge mediated models, where the values of supersymmetric parameters satisfy, at the
scale M, typical ratios provided by gauge mediation.

Universal soft parameters

We now consider some universal soft breaking parameters at the scale M. In particular we will
assume the rather general pattern

mg, (M) = mﬁg(M) = mf)g(M) =mo, M;(M)=myp, mi(M)=ma(M) (3.18)

by which all third generation squarks ’ are degenerate at the scale M, as well as the three
gauginos and the two MSSM Higgs doublets. We have then considered the common masses
mo and my/y as free parameters only subject to the constraint of getting a correct electroweak
symmetry breaking.

We have considered in Fig. 3.6 two generic models which correspond to tan3 = 10, and

Masses [TeV]

log;,[Q/GeV] log,,[Q/GeV]

Figure 3.6: RGE running between M and Qg of the supersymmetric spectrum for the case tan § =
10, Xy =0 (left panel) and Xy = 2 (right panel) with universal boundary conditions.

X = 0 (left panel) and X; = 2 (right panel). As for the case of X; = 0 a quick glance at the left
panel of Fig. 3.1 shows that the matching scale is Qy ~ 100 TeV while from Fig. 3.4 the scale
where supersymmetry breaks is M ~ 2 x 10'® GeV. Also from the right panel of Fig. 3.1 (X; =0

"Third generation sleptons as well as first and second generation sfermions do not play any role in the RGE
and thus their values decouple from the present problem.
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3.2. The messenger scale M

does not appear in the plot as it is well below the area where radiative breaking exists) we see
that the breaking is not radiative in the sense that m3(Qp) > 0 and indeed from Fig. 3.3 we can
see that, according with the correct electroweak symmetry breaking, ms(Qq) ~ 3 TeV. As we can
see from the left panel of Fig. 3.6 the values for the common squark and gaugino masses which
fit these conditions are: mg =~ m;/, =~ 30 TeV. Also the value of X; = 0 at the matching scale
Qo translates into the mixing A;(M) ~ 1.7my. Notice that, as the value of M is around the
Planck scale, this scenario could arise in models where supersymmetry breaking is transmitted
by gravitational interactions.

If we now increase the value of Xy, as in the right panel of Fig. 3.6, in which X; = 2, then
looking again at Fig. 3.1 we see that the matching scale is Qp ~ 1 TeV and the electroweak
breaking is (almost) radiative as ma(Qp) ~ 100 GeV. Likewise, from Fig. 3.4, the scale at which
supersymmetry is broken is M ~ 5 x 10° GeV. Here we can see a general phenomenon by which
the scale where supersymmetry breaking is transmitted (i.e. the scale of unification of m; and
my) strongly goes down when the mixing increases if we fix the correct conditions for electroweak
breaking. The reason is the contribution of the mixing to the RGE as

2

3 = %A? SRR (3.19)

To prevent electroweak breaking at high scale (Q > Q) we then let the scale M go down. For the

same reason we need gauginos heavier than squarks as the former ones contribute with negative

sign to 5m§- As we can see in the right panel of Fig. 3.6 this condition translates into mg ~ 3.3

TeV and my/, ~ 5.3 TeV while at the matching scale Qg all the supersymmetric spectrum is in
the interval 3 — 6 TeV.

Gauge mediated models

In this section we will apply the previous results to the particular case in which supersymmetry
breaking is transmitted to the observable sector by gauge interactions (GMSB). We will assume
in particular the minimal GMSB model whose main features we now summarize.

Supersymmetry is broken, in a hidden sector, by a spurion chiral superfield X = F6? which
is coupled to a set of pairs, ®; + ®;, of messenger fields, in vector like r 4+ T representations of the
gauge group with the superpotential W =", ®;{\; X + M;}®;.

Gauginos acquire a Majorana mass, by one loop diagrams, given by [29]

Qg M )\iF F

where n; is the Dynkin index for the pair ®; + ®; %, and N = >;ni. For the last equality
of Eq. (3.20) we are assuming universal messenger masses as M; = A\M (for Vi). Likewise
supersymmetric scalars (squarks and sleptons) acquire soft breaking squared masses through two
loop diagrams as

-~ 2 2 2
2 _ Z f ag(M) 49 2 _ Z ,(Az’F) o F

i

8We are using a normalization where nsy) = 1 for the N + N representation of SU(N), ny1) = 6Y2/5, and
a1 is the U(1) gauge coupling which satisfies the unification condition aq(Mgur) = acur.
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Chapter 3. The MSSM after the Higgs discovery

where CJ is the quadratic Casimir of the representation to which fv belongs in the group G, ?,
and again for the last equality of Eq. (3.21) we are assuming universal messenger masses. In
fact for the case of universal messenger masses the ratio A%, /A% = N is given by the number of
messengers, however in more general cases (which can arise e.g. for several X fields overlapping
with the Goldstino field) one can treat Ag and Ag as free parameters. The soft breaking parameter
Ay is not generated at one loop so we will fix it as A;(M) = 0 and will let it to develop at the
scale Qg by the MSSM RGE running, which is equivalent to a two loop effect.

-—- m.c
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ams m_c
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- M,
— M,

—_—my

1 5 6 7 8 --- my
log([Q/GeV] log,,[Q/GeV]

Figure 3.7: RGE running between M and Qg of the supersymmetric spectrum for the case
Ay (M) =0 and tan 8 = 15 (left panel) and tan 5 = 8 (right panel) with gauge mediated boundary
conditions.

In Fig. 3.7 we are presenting two typical cases where GMSB is consistent with the conditions
imposed by electroweak breaking for a 126 GeV Higgs mass. The case tan 8 = 15 is presented
in the left panel and tan S = 8 in the right panel. In both cases we have fixed Aq = 2Ag which
corresponds to four messengers, N = 4, in minimal GMSB models. Both cases are, as we will
see, consistent with perturbative unification.

For the case tan 8 = 15 in the left panel of Fig. 3.7 we get Ag ~ 1.4 x 10% GeV, M ~ 3 x 108
GeV, and the scale of supersymmetry breaking v/F ~ 107 GeV while the expansion parameter
F/M? ~ 1073 is small, and the gravitino mass is mgz, ~ 20 keV. Notice that m3 (M) <
m%(/\/l) although m?(M) > m%(./\/l) because of the contribution of u? in m?. This case is
perfectly consistent with perturbative unification and the messengers change the value of the
gauge couplings at the unification scale by 5045%” ~ —11. Even if A;(M) = 0 a nonzero (and

negative) value is generated at the scale Qp such that X; ~ —1.8.

For the case shown in the right panel of Fig. 3.7 that corresponds to tan 3 = 8 we get the
following values of the parameters: Ag ~ 2 x 106 GeV, M ~ 10! GeV, VF ~ 3 x 108 GeV with
the expansion parameter F//M? ~ 4 x 1076 and my s2 = 20 MeV. This case is also consistent
with perturbative unification with a value of the gauge couplings at the unification scale and
the messengers change the value of the gauge couplings at the unification scale by 60[5[le ~ —8.
Similarly a nonzero negative value of X; is generated as X; >~ —1.6.

We are using a normalization where for SU(3) triplets, C3 = 4/3, for SU(2)r doublets, Co = 3/4, and
C1 = 3Y?/5. In all cases C, = 0 for gauge singlets.
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3.3 Discussion: 9, and the reasons to go beyond the MSSM

It is now widely accepted that the simplest versions of supersymmetry with the simplest assump-
tions about the supersymmetric spectrum are under stress. As it is summarized in the left panel
of Figure 3.1, to accommodate the Higgs mass and if we want to retain the minimal framework,
we are forced in a position of either tolerating large stop loops (heavy stops) or attempting to
induce large threshold corrections which have tuning problems of their own, since the large tri-
linear couplings A; which feed the mixing parameter X; are not a prediction in most models
of supersymmetry breaking. Therefore, the tension between the MSSM and naturalness goes
beyond stops not showing up in experiment. Even if we come up with a model that is able to
evade experimental searches for superpartners ', we are left with the problem of how to adjust
the Higgs mass in a natural way.

In summary, if we decide to stick with naturalness as a driving principle in the search for BSM
physics, we have to do some model building in order to properly fit the Higgs mass. To raise the
Higgs mass without superheavy stops or maximal mixing we have a couple of possibilities:

e Enhance the tree-level contribution to the Higgs mass. Since the size of the tree level
contribution is set by the Higgs quartics, this suggests new contributions to the quartic
couplings which can be given by either F' or D-terms. New F-term contributions imply
additional DOF's coupled to the Higgs (singlet extended MSSM, NMSSM; triplet extended
MSSM, TMSSM [62, 63]; etc.), while new D-term contributions imply new gauge groups
broken at a low scale [64].

e Enhance the loop-level contribution to the Higgs mass with additional matter. We know
that chiral multiplets with large couplings to the Higgs enhance the radiative contribution
to the physical Higgs mass; it is easy to imagine a situation where new loops add to the
dominant top sector contribution.

The former are in some sense the most ‘natural’, since they do not require radiative corrections
to exceed tree-level contributions and can be made in agreement with Veltman’s naturalness
criterion (Sec. 2.5). In particular, the SCTM adds three extra SU(2)p triplets of xsp’s to the
MSSM and thus raises the Higgs mass through F-term contributions in a natural way.

0T here are a few possibilities which can alleviate the bounds on stops. Some of them just require a smart choice
for the spectrum (compressed scenarios [60]) while others do require some model building (Dirac gauginos [61]).
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The Supersymmetric Custodial Triplet Model

The MSSM extensions which can increase the Higgs mass by a tree-level F-term are limited to
fields in the superpotential which can couple at the renormalizable level to the MSSM Higgs
sector Hj 9. They are an SU(2)r, singlet S and/or triplets with hypercharge ¥ = (0, 1), 3¢ +1.
Any of the above extra Higgses would add (depending on the value of tan 8) an extra tree-level
contribution to the Higgs mass.

The singlet extension of the MSSM dubbed the NMSSM (the next to minimal supersymmetric
Standard Model) is the extended Higgs sector that has been studied the most. It has been
shown that it can raise the Higgs mass and solve some drawbacks of the MSSM such as the
p-problem, however as it is noted in Refs. [65, 66], it also suffers from problems of its own.
Extra doublets would not feed the tree level Higgs mass and so the next possible choice is the
SU(2) triplet. Adding triplets to the Higgs sector raises the Higgs mass and gives rise to
interesting phenomenology that is worth studying. The problem with triplet representations is
that introducing only ¥y or 41 has a general problem, the neutral component of the triplets
will acquire a vacuum expectation value va which will spoil the p = 1 relationship unless va is
small enough. This requires a large soft mass for the triplet that introduces a tuning problem, for
instance, in calculable models such as gauge mediated supersymmetry breaking it is difficult to
get heavy triplets while keeping the rest of the spectrum light. The way out is using the whole set
Yo, +1 and providing the theory with a global SU(2);, ® SU(2)r symmetry, spontaneously broken
to the custodial SU(2)y symmetry after electroweak breaking. This kind of models were first
introduced in the context of non supersymmetric theories by Georgi and Machacek in Ref. [67]
and further studied in Refs. [68-70]. As the hierarchy problem is worsened with respect to
the Standard Model (extended Higgs sector means more scalar masses to stabilize) it is worth
considering the supersymmetric generalization.

In this chapter, we introduce the Supersymmetric Custodial Triplet Model and study some of
its main features. As a prologue, in Section 4.1 we begin by briefly discussing the GM model and
its relation to custodial symmetry. We then present the particle content and the scalar potential
of the SCTM in Section 4.2 and also discuss the interesting tree level structure of the scalar
spectrum (Sections 4.3 and 4.4), the fermion sector (Sec. 4.5), the restoration of unitarity in the
model (Sec. 4.6) and the impact on Higgs observables that the addition of the triplets might have
(Sec. 4.7). We end by arguing in Section 4.8 that the tree level picture cannot be the end of
the story as loop corrections will break custodial symmetry, hence modifying the naive picture
presented in this chapter.
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Chapter 4. The Supersymmetric Custodial Triplet Model

4.1 'Triplets and custodial symmetry: The GM model

Let us first describe the non supersymmetric cousin of the SCTM, the GM model. As the SCTM
does, it uses custodial symmetry to protect the p parameter from dangerous contributions, thus
allowing for sizeable triplet VEV’s. In the GM model, two SU(2)[, scalar triplets are added to
the SM in such a way that the Higgs potential preserves a global SU(2); ® SU(2)r symmetry
which is then broken to the vector custodial subgroup SU(2)y after EWSB, thus predicting p = 1
at tree-level.

More specifically, on top of the SM Higgs doublet, it introduces one real scalar triplet
with hypercharge Y = 0, ¢ = (¢1,¢° ¢7)T, and one complex scalar triplet with ¥ = 1,
x = (xTH xT,x%)T. The doublet and triplets are then organized in terms of representations
of SU(2)g in order to have objects for which the transformation rules under SU(2);, ® SU(2)r
are defined, just as in Section 1.3. The bidoublet is the same as what is defined in Eq. (1.23)
while the (3r,,3r) transforming bitriplet

WO gttt
Aecm=X 0 x)=1| x ¢ x"|. (4.1)
x ¢ X°

If EWSB proceeds such that vy = (HY), vy, = (¢°) = vy, = (x°), i.e. the triplet VEV’s are
aligned and 61, = O, then SU(2)r ® SU(2)r will be broken to the custodial subgroup SU(2)y,
which ensures that the p parameter is equal to one at tree-level as in the SM. This can be explicitly
seen by taking the gauge boson masses and computing the deviation from p = 1 when the triplet
VEV’s have a generic configuration,

2(v2 —v?)
l=Ap= 2 X 4.2
p P U%{+4U>2< (4.2)

Thus, having custodial symmetry, which requires vy = v,, ensures that p = 1 at tree-level and
protects it from radiative corrections.

Main drawbacks of the GM model

In the GM model the p problem of theories with triplets is solved in and elegant way by using
a global symmetry that is already accidentally present in the SM. However, the nice tree level
structure that it provides does not hold under quantum scrutiny. Besides worsening the hierarchy
problem of the SM by adding more scalars, the GM model suffers from some consistency problems
when radiative corrections are taken into account.

As in the SM, the Yukawa and hypercharge interactions lead to an explicit breaking of the
SU(2)L ® SU(2) g symmetry by radiative corrections. Thus, even if the Higgs sector of the theory
is SU(2)r ® SU(2)g invariant at one particular scale, in general it will be driven by the RGE
evolution of the couplings and mass parameters to a point which violates this global symmetry. In
the GM model this implies that, if the scale at which SU(2); ®SU(2)g holds (which we call Qys)
is far above the electroweak scale, RGE evolution will typically lead to large deviations from p = 1
at the EW scale, in conflict with experiments. Thus in the GM model one is forced to impose the
scale Q.us, which is a priori unrelated to v, to be close to the electroweak scale. The particular
choice of the scale Q.us will also greatly affect the phenomenology of the model [69,70]. Let us
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4.2. Introduction to the SCTM: Tree level definitions

also emphasize that there should be new dynamics at the scale Qc,s where the SU(2)r, ® SU(2)r
symmetry is imposed. Otherwise, this SU(2);, ® SU(2)r symmetric point is simply an arbitrary
point in the RGE evolution which ‘accidentally emerges’ via running from some SU(2);,®@SU(2)r
violating point at higher energies, a scenario that is certainly unappealing. In other words, to
avoid relying on this accidental emergence of the global SU(2); ® SU(2)g, the scale Q.5 should
also be taken as the cutoff of the theory. In the GM model this implies a cutoff at or around the
electroweak scale, i.e. the introduction of new dynamics or degrees of freedom beyond those found
in the GM model (e.g. a strongly coupled sector as originally proposed [67]). These problems
can be seen as an indication that the GM model should be embedded in a larger theory which
would presumably resolve these issues.

We will show during this work how the supersymmetric generalization of the GM model (the
SCTM) can not only stabilize the scalar masses but also provide a way of circumventing the issues
listed above. It will give a natural scale at which the SU(2); ® SU(2)r symmetry holds, the scale
at which supersymmetry breaking is transmitted to the observable sector Q.,s = M (Chapter 5),
and also a reason to why having v < M does not generate p # 1 in all cases (Appendix A.1).

4.2 Introduction to the SCTM: Tree level definitions

Field content and SU(2), ® SU(2)r representations

The model features a Higgs sector manifestly invariant under SU(2);, ® SU(2)g. The MSSM
Higgs sector Hy and Hy with respective hypercharges Y = (—1/2, 1/2)

(). 5 (%)

is complemented with SU(2), triplets, ¥_1, ¥y and ¥ with hypercharges Y = (-1, 0, 1)

X~ 0 ¢° + ¥t +4

o= 2 N me=( 2 o) m=( )
Y _xXZ ) _o wO _vr
V2 V2 V2

where QQ = T3, +Y . The two doublets and the three triplets are organized under SU(2),®SU(2)r
as H = (2,2R), and A = (31, 3R) where

X _y
Er:(Hl), A= v (4.5)
Hy I

and Tsp = Y. The invariant products for doublets A - B = A%, B® and anti-doublets A - B =
A, B, are defined by €21 = €2 = 1.
Scalar potential

The SU(2)r, ® SU(2)g invariant superpotential is then defined as

Woz)\H'Af_I—l—%trA3+gf[-ﬁ+%tr52, (4.6)
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Chapter 4. The Supersymmetric Custodial Triplet Model

and the soft terms are also written in a SU(2)r, ® SU(2)g invariant manner

_ _ 1 .-
Viors = miy | H[> + i tr | AP + sm3H - I

1 f | _
+ {ZBA tr A2+ A\H-AH + gAAg tr A3+ h.c.} . (4.7)

Then the total potential is
V =V + Vp + Viots (4.8)

and can be easily computed. We have chosen not to write the superpotential yukawa terms and
their soft trilinear counterparts to make the SU(2);, ® SU(2)g invariance manifest. The total
expression in component fields can be found in Appendix A.2.

The neutral components of all fields can be parametrized as

Xp+iX;
\/i )

X =vx + X =H{, HY,¢° x°,¢°, (4.9)

where we define by vy, v2, vg, vy and vy the VEV’s for the fields H?R, HSR, ¢%, X% and
1/)% respectively. When the field VEV’s are related by vy = vy = vy, vy = vy = vy = va,
the SU(2)r, ® SU(2)r symmetry is broken to the custodial (diagonal) subgroup SU(2)y (see
Appendix A.1) and the (tree-level) parameter p = 1 '. The value of vy (va) can be determined
by the experimental measurements of the W mass if va (vg) is given,

v? = 2u% + 8k, (4.10)

where v = 174 GeV. It is more convenient to use va as a free parameter and then fix vy, as va is
the parameter that controls the decoupling of the scalar triplet sector (Section 4.4). The tadpole
conditions 2
12)%
0
oH} p,

A%
~ OHY,

oV
o O

4
0 8X(1)%

v
o Uk

=0 (4.11)

0

at the custodial VEV allow to eliminate the parameters m%{ and mQA in the potential as a function
of the other parameters

m3 4 3uaMAzva — pa) — Ay] + 6Apva — 3X2 (v + 303),

2 v%{(Q)\u — 6X20A — Ay) —vaBa + (2\3vA — MA)[/\U%, — (Asva — pa)val
m3 = o L (412)

My

'The nature of the p parameter discussed in this chapter and Appendix A.1 is that of a vacuum determined
from an SU(2)r ® SU(2)r invariant potential. In Chapter 5 we discuss quantum corrections to p, these do not
come from the explicit computation of diagrams but rather from an RGE improved situation where the potential
is not SU(2) ® SU(2) g invariant anymore. To avoid clutter we choose not so signal this in our notation and expect
that context will help the reader to distinguish between both situations, the full tree-level and the RGE improved.

2For the sake of clarity, in the next chapters and when working with the scalar potential and minimization
conditions we will consider the real part of the neutral fields without specifying so.
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4.2. Introduction to the SCTM: Tree level definitions

SU(Q)L ®SU(2)R — SU(Q)V

Singlets Triplets Fiveplets

Figure 4.1: A schematic figure of the scalar spectrum and its tranformation properties under
SU(2)y, the mixing angle between the SU(2)r doublet and triplet sectors will determine how
much of doublet or triplet component will have each mass eigenstate. From now on, we will refer
to the former and their orthogonal as being doublet-like and triplet-like states respectively.

SU(2)y representations

Before discussing the mass spectrum we will change the states H and A, which are representations
of the Lagrangian group SU (2),®SU(2) r symmetry, into representations of the custodial vacuum
SU(2)y symmetry. To this end we will decompose the representations as H = h; @ hz and
A = §; ® 63 @ 65 where the subscripts indicate the dimensionality of the SU(2)y representations.
For the doublet part

1
h():i HO—|—H0 ’
1 \/i( 1 2)
W= Hf, hy=—=(H? - HY), hy = Hf, (4.13)
V2

while the triplet decomposes as

0:¢0+X0+¢0

d :
1 \/g
Yt —ot X' -0 e —xT
5+:7,5 = , 0 = ——F—— 4.14
3 \/i 3 \/i 3 \/5 ( )
s+t — ++75+:¢ , 89 = , 0 = ———— 0 =
5 (4 /2 5 /6 5 V2 5 X

Notice that the field components of k13 and 41,35 are complex. After electroweak breaking they
decompose into real representations of SU(2)y with a common mass for all components, includ-
ing the massless Goldstone triplet.
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Chapter 4. The Supersymmetric Custodial Triplet Model

We then decompose the neutral components of fields in (4.13) and (4.14) as

Ko, + ih? 60 + 80
B = Vovg + B 50 — /3y B AL
! a V2 ! A V2

h3p + ihgy 50 — J3p + 105
\/5 ’ 3 — \/i )
dgp + 105
A
Note that as expected, only SU(2)y singlets acquire vacuum expectation values if custodial
symmetry is present.

hy =

69 = (4.15)

4.3 The Higgs sector

We will describe in this section the spectrum of the scalar and pseudoscalar sectors. After
EW breaking in the custodial minimum and because of the residual custodial invariance of the
Higgs sector the mass eigenstates transform as representations of the custodial group SU(2)y
(i.e. singlets, triplets and fiveplets). Therefore a change to the SU(2)y basis will greatly simplify
the mass matrix, making it possible to compute analytical expressions for the mass eigenvalues
and mixing angles. By an abuse of language we will sometimes refer to a scalar (pseudoscalar)
multiplet as one whose neutral component is a scalar (pseudoscalar).

SU(2)y scalar singlets

‘Features the Higgs boson and its orthogonal triplet-like state’

There are in the spectrum two real neutral scalar (h{5,d75) singlets mixed by the mass matrix

M2, )
h
(0t (567 ) (4.16)
1R
where

(MZ)11 = 6X%v7;,
(M3)22 = i [A2p = pa) — AN + v [~ A3 + A3(4As3va — 3ua)]
VA )

(M%) 12 = (M%)a1 = V6ug [Ax + N(6Ava — 2X30A — 20 + pa)] (4.17)

The eigenvectors can be written in term of the rotation with angle ag as

S1\ [ cosag —sinag h?R (4.18)
Sy )\ sinag cosag 85 '
where the mixing angle ag is given by

2(M3Z)12
Vi 2(M2) — ddet(M3)

(M%)22 — (M1
Vi (M2) — 4 det(M3)

(4.19)

sin 2ag = , Ccos2ag =
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4.3. The Higgs sector

and we are assuming that m%l < 'm%Q.

As we can see from Fig. 4.3 one expects va < vy and therefore it will be useful to provide
the series expansion of the different masses and mixing angles in powers of va. We will just
present series expansions in powers of va to have an analytical feeling of the results although the
numerical analysis will be done with the complete expressions. In particular for the above masses

m%MSSM = m%& = 6)‘27)125{ + O(va),
A2p — pa) — Ay
m?S'z = VA + O(UA) s
sin g = —\/6% +OMA). (4.20)
H

We can see from above that the scalar singlet Sy plays the role of the light C'P-even MSSM Higgs
h when the triplet scalar sector is decoupled (in the limit where va — 0) *

SU(2)y pseudoscalar singlets

‘Features the MSSM pseudoscalar and its orthogonal triplet-like state’

There are two pseudoscalar singlets (h(l) I 5(1)1) mixed by the mass matrix ./\/l%;

hO
ot () (4.21)
11
where

(Mp)11 =2 (m3 — 3va [Ax + A(=Azva + pa)])
(M) = vH(Ay — 22) +va(—3A3va + 2Ba — 4\av}) + (W — Az )ua
VA

(MP)12 = (MP)a1 = Vv [A(—2A3va + pa) — Ay] - (4.22)

The eigenvectors can be written in term of the rotation with angle ap as

P\ [ cosap —sinap h(l)l
< Py ) o < sihap cosap 69, (4.23)
where the mixing angle ap is defined as in Eq. (4.19) and we are assuming that m? P, < m2 P, The
expansion of the mass eigenvalues and the mixing angle in powers of va yields

m?“MSSM = m%ﬁ = 2m§ +O(va),
2 IN2u — —A
m%JQ = vi A2 UANA) 2y — 2B + 4\\3v% 4+ O(va),
. 2(Aua — Ay)  va 2
= — . 4.24
sin ap N — jin) — Ay vn + O(v) ( )

Notice also from Eq. (4.24) that the pseudoscalar P; plays the role (in the limit va — 0) of the
massive MSSM pseudoscalar.

3 As the custodial ordering holds at tree level, during this chapter we will use S; to refer to the light doublet-like
CP-even Higgs, i.e. the Higgs boson.
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Chapter 4. The Supersymmetric Custodial Triplet Model

SU(2)y scalar triplets

‘Features the MSSM heavy and charged higgses and their orthogonal triplet-like states’

There are two scalar triplets (T, T ) defined as

75(hd +h57) 7504 +057)
Ty = K , Ta= L. (4.25)
75(hg +h{") 7505 +057)
which are mixed by the squared mass matrix M? as
2 Tu
(T, Ta) M ( ) (4.26)
Ta

where

M3, = G%0% 4 20 (—4 vk + Moy + dpva) + 2m3 — 2ua[Ax + Mpa — Azva)],

M2, — 4G?v3 — 200 (Ava — 1) — va[2Ba — 3AX30% + 20a (A3 + ANva)] — (W3 — 2A30% ) pa
22 — )
vA

Miy = M3y = 20y [~ Ay +va(G? — 407 = AX3) + Aual - (4.27)

In (4.27) G? = ¢ for the charged components and G? = g%+ ¢’? for the neutral components. This
just reflects the fact that the hypercharge coupling ¢’ breaks the custodial SU(2)y symmetry and
thus spoils the triplet structure of Ty and Ta and therefore of the two triplet mass eigenstates.
The triplets eigenvectors are given by *

T cosar —sinar Ty
= 4.2
< T ) < sinop  cosar Ta (4.28)
where again the mixing angle a7 is defined as in Eq. (4.19) and we are assuming that szl < mQTQ.
The expansion of the mass eigenvalues and the mixing angle in powers of va yields

m?{i =m7, = G2} + 2m3 + 22703 + O(va)
MSSM

2
v
m3, = i A(2u — pa) — Ax] — 2Ba — 2070 + 3\\30%; + O(va),

2(Apua — Ay)  va

2
N a) Ay ay OCR) (129)

sinap =

As it happens with other MSSM-like states, T7 does not get super heavy when va — 0. This
triplet, which features neutral and charged components, will correspond to the MSSM charged
and heavy Higgs, which in the MSSM custodial limit will be degenerate in mass.

“The presence of the O(g'?) terms can be easily accounted for by just keeping in mind the different definition
of G? for the mass eigenstates and mixing angles of the neutral and charged components of the triplets. This
breaking will be tiny.
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4.3. The Higgs sector

SU(2)y pseudoscalar triplets

‘Features the

Goldstone triplet and its massive orthogonal triplet-like triplet’

There are two pseudoscalar triplets, the massless triplet G = (G*,GO,G*)T describing the
massless Goldstone bosons with components

G® = cosOhY; +sinf 8y,

h:t* KT 5:|:* _5F
GT =cos 22— +sinh 2—3 4.30
7 7 (4.30)
and the massive triplet A = (AT, A°, A‘)T
AY = —sinf hd; + cos 03,
h:l:* — T (5:t* _5F
AT = —sinfh 32— 4 cosfh 32— 4.31
7 7 (4.31)
where the mixing angle is defined as
2v/2 2
sinf = M, 050 = Y2UH (4.32)
v v
The mass of the triplet A is given by
9 v%{ + 41)2A
MAT T (A2 = pa — (2A + Az)va] — Ay) - (4.33)
The expansion of the mass eigenvalues and the mixing angle in powers of va yields
2 _ Vi 2
my = == [A2p — pa) — Ax] + M Az = 2X)vg + O(va) (4.34)

SU(2)y fiveplets

The complex fiveplet in

VA

A splits into two fiveplets: A scalar fiveplet Fg which contains the neutral

scalar 55?1%’ and a pseudoscalar fiveplet Fp which contains the neutral pseudoscalar 5?1. They are

defined as

Fg

with masses squared

HOT+5) =)
7305 +357) 5057 = 65)
. , Fp= 69, (4.35)
7505 +057) 75057 = 05)
(657 + 671 (6 —657)
/2% 5 2% 5

6A202 — A)) + va[3AA30% + 2va (As — Mva)] — (W% — 6X302 )pa

)
VA

6)\27)2A + Asva — Ay) —2vaBA — ()\v%{ — 4)\37)2A)MA (4.36)

v (2 —
mi, = 1

2 (2Ap —
m%P _ v (2Au

VA
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Chapter 4. The Supersymmetric Custodial Triplet Model

. . 2 2
The power expansion in va of m 7y and my,, reads as

2
v
m%s = i A2 — pua) — Ax] — 32X — )\3)7)%1 + O(va),
2
v
my,, = i A2u — pa) — Ax] — 2Ba — AM6X — A3)v% + O(va) . (4.37)

4.4 Parameter dependece and decoupling considerations

In order to investigate the parameter dependence of the model we choose a set of benchmark
parameters

Ay = Ay, =0, p=pa =250 GeV, mz =500 GeV, Ba = —m3, \3 = —0.35 . (4.38)

As for the value of A we will trade it for the mass mg, ~ 125 GeV. Since the relevant values of A
are moderately small we will consistently neglect the radiative corrections to the mass eigenvalue
arising from the A coupling and those from the bottom quark Yukawa coupling (since tan 8 = 1),
and will only keep those coming from the top Yukawa coupling. Moreover as we are neglecting
trilinear soft supersymmetry breaking terms in Eq. (4.38) we will do so for the trilinear coupling
Ay in the stop sector which we will neglect. On the other hand this choice is the most conservative
one as, in the absence of threshold corrections from the stop sector, the only tree level contribution
to the Higgs mass comes from the coupling A which (along with the leading radiative corrections)
has to cope with the experimental value of the Higgs mass. Therefore by including the leading
(o< h?) one-loop corrections and the subleading two-loop QCD corrections (oc h?as) [44] one
obtains for m; ~ 650 GeV that radiative corrections amount to a contribution ~ (72 GeV)? to
the squared Higgs mass which leaves a tree-level squared mass contribution ~ (104 GeV)2. The
corresponding value of A is plotted in Fig. 4.2 as a function of va.

1x107 F

5x100F

2x10%F

1x10%F

A (GeV)

038 5x10°F

0.36f

2x10°E
0

0 5 10 15 20 25
va (GeV) va (GeV)

Figure 4.2: Left: Plot of A as a function of va for the values of supersymmetric parameters in
Eq. (4.38), A3 = —0.35 and mg, ~ 126 GeV. Right: Plot of the scale at which the couplings reach
Landau poles as a function of va for the (initial) values of X(my) as given in the left panel.
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4.4. Parameter dependece and decoupling considerations

Conditions for correct EW breaking

Conditions (4.12) guarantee the existence of a non-trivial extremal but by no means enforce
electroweak breaking. A set of sufficient conditions for the existence of a non-trivial minimum
can be imposed by the condition det H|g < 0 (where H|o is the Hessian matrix, or matrix of
second derivatives, at the origin) which implies that the origin is a saddle point. This condition
translates into a set of constraints in the space of supersymmetric parameters. To leading order
in va these conditions can be written as

)\(2” - ,uA) — Ay >0
3052 — 2m2 <0 (4.39)

which hold for small values of va. Of course when va grows conditions (4.39) are not a good
approximation. In order to illustrate this fact we show in Fig. 4.3 the plot of det H|o/v'°, where
v? = 20% + 8v%, in the (A, va) plane for A3 = —0.35 (left panel) and in the (A3,va) plane for
A = 0.45 (right panel). In both plots the region on the left (right) of the thick solid line fulfills
(does not fulfill) the EW breaking condition. In the plots of Fig. 4.3 we can see that, for fixed
values of the supersymmetric parameters, there is an upper bound on the value of va such that
beyond the bound electroweak symmetry breaking does not hold. As we will see in the next
sections the chosen values of supersymmetric parameters are consistent with a SM-like Higgs
with a mass ~ 125 GeV.

10 15 20
va (GeV) va (GeV)

Figure 4.3: Left: For the values of supersymmetric parameters given in Eq. (4.38), contour lines
of det H|o/v™® =-10 (dashed line), 0 (solid line) and 5 (dotted line) in the (\,va) plane for
A3 = —0.35. Right: Contour lines of det H|o/v'® =-10 (dashed line), 0 (solid line) and 5 (dotted
line) in the (As,va) plane for A = 0.45.
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Chapter 4. The Supersymmetric Custodial Triplet Model

Landau poles

A very general feature of this model is that it requires an ultraviolet (UV) completion as the
dimensionless couplings reach Landau poles for scales below the Planck scale as an effect of the
renormalization group running. In the right panel of Fig. 4.2 we plot the value of the Landau
pole for the couplings as a function of va for the custodial values of the parameters at m; given
in Eq. (4.38). The origin of the existence of the Landau pole is three-fold:

e The very existence of three SU(2)y, triplets makes the weak coupling g to become non-
perturbative at one-loop at a scale ~ 10'3 GeV.

e Since the top sector obtains its mass at tree-level only from the SU(2); doublet VEV vy,
large values of va necessitate large top Yukawa couplings at the electroweak scale in order
to reproduce the observed top mass. One can see this by writing the top Yukawa coupling
in terms of va as

g = mt , (4.40)
UH (v2 —8v%)/2

which leads to the absolute constraint v > 2v2va = va < 62 GeV. Furthermore, if we

~

demand y; < 47 at the scale M, then it is typically difficult to get values for va much

larger than ~ 30 GeV if we want to have a UV completion around O(100 TeV), because y;
increases when run up to higher energies.

e The starting value of A(m;) has to cope with the experimental value of the Higgs mass
mp = 125 GeV after considering the top-stop sector radiative corrections to the Higgs
mass. We have conservatively assumed zero mixing in the stop sector A; ~ 0 so that for
other values of the mixing (as e.g. for maximal mixing A; ~ v/6mg) the initial value A(m;)
can be decreased and thus the location of the Landau pole moved away.

As a consequence of this behaviour we conclude that the considered model requires low-scale
supersymmetry breaking (see Chapter 5).

General considerations on decoupling regions

The masses of the eigenstates studied earlier are provided in Fig. 4.4 for the choice of supersym-
metric parameters given in Eq. (4.38). We are using the same color code for the mass eigenstates
which are mixed, through a mixing angle, from the original interaction states: in all cases the
eigenstates which decouple in the va — 0 limit (triplet-like) are presented in solid lines and their
companions in dashed lines. As we can see from Fig. 4.4, Sy (the SM-like Higgs) is the lightest
scalar and the second to lightest scalar is Fg which is supermassive for vA — 0 but becomes as
massive as 51 for va ~ 25 GeV. We could think that this is in conflict with present experimental
data for the present choice of supersymmetric parameters. However, as we will see in the following
section, this state will be weakly coupled to gauge bosons, as its couplings are suppressed by sin 6,
and it is not coupled at all to fermions (see Chapters 5 and 8). The third to lightest scalar is Sy
which is supermassive in the limit vA — 0 and whose mass becomes ~ 300 GeV for va ~ 25 GeV.
Unlike Fg this state is coupled to both gauge bosons and fermions but, as it is the orthogonal
combination to the SM-like Higgs 57, it is weakly coupled and should not be easily detected at
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4.4. Parameter dependece and decoupling considerations

LHC. Finally the heaviest scalars, T and 75 are superheavy. Similarly the lightest pseudoscalar
is A, the orthogonal combination to the Goldstone bosons, whose mass grows when va — 0. In
the region va ~ 25 GeV its mass is my ~ 250 GeV. It does not couple to gauge bosons and its
coupling to fermions is suppressed by sin . Notice that rates with couplings proportional to sin
are suppressed by sin? 6 < 0.16 for va < 25 GeV.

From the previous results in this section it is clear that there are three decoupling limits in

the Higgs sector:

mg (GeV)

e The limit ma — oo (i.e. va — 0) in which case all states arising from the triplet A are very

heavy and decouple from the Higgs sector in the doublet H. In this limit the heavy states
are the scalar Sy and pseudoscalar P» singlets, the scalar T5 and pseudoscalar A triplets
and the scalar Fis and pseudoscalar Fp fiveplets. Similarly the light states are (apart from
the massless Goldstone triplet ) the scalar S7 and pseudoscalar P; singlets and the scalar
triplet T1. As va < vy we expect this limit to provide an approximate classification of the
states.

The limit my — oo (i.e. m4 — oo) in which case the previous light states split into heavy
and light states. Heavy states, with masses controlled by the supersymmetry breaking
parameter m%{, i.e. by m%, are the pseudoscalar singlet P; and the scalar triplet 77. In
particular P; plays the role of the massive MSSM pseudoscalar, and the scalar triplet T}
that of massive neutral and charged Higgses in the MSSM with decoupled triplets. Finally
the only light scalar (not controlled by the supersymmetry breaking scale) is the scalar
singlet S7 which plays the role of the MSSM light SM-like Higgs.

There is also the limit |Ba| — oo and m3 — oo in which we recover the scalar spectrum
found in the GM model. By is the triplet sector equivalent of m3 so this limit is like taking
the decoupling limit of the MSSM thus getting rid of all scalars and pseudoscalars which
are controlled by the supersymmetry breaking parameters.

1200 —— 1200
1000 1000
800} | 800}
[ 1< [
L 4 o L
600 S 600
[ ] a [
[ ]l 8 [
400} 400

200} ] 200f j

0 L L L L \7 0 L L L L L

5 10 15 20 25 5 10 15 20 25

va (GeV) va (GeV)

Figure 4.4: Left: Masses (in GeV) of scalar multiplets as a function of va. From bottom-up the
different lines correspond to the mass eigenstates: Si, Fs, Sa, Ty, Ty. Right: The same for the
pseudoscalar multiplets. From bottom-up the different lines correspond to the mass eigenstates:
A, P, Fp, Ps.
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Chapter 4. The Supersymmetric Custodial Triplet Model

4.5 The fermion sector

In this section we will present the mass matrices for fermions in the Higgs doublet-triplet mixed
sectors. These matrices also present ordering under custodial symmetry since the change to
the custodial basis holds at the superfield level, however, the eigenvalues cannot be analitically
computed due to the presence of gauginos, which spoil the SU(2)y structure.

Neutralinos

In the basis (B, W, ﬁ?, FIS, o, %0, 1;0) the neutralino Majorana mass matrix is given by

My 0 —g:}%{ giq/%{ 0 —V2g'va V2g'va
0 Mo g\%{ —97’—’2{ 0 V2gua —V2gva
—g/vf g\%f 2 va  Ava —p Avg 0 2 v
M?/2 - gl\/vg —g% A — i 2dva vy 2 v 0
0 0 vy Avyg LA —A3VA —A3VA
—V2¢'va  V2gva 0 2o —Agva 0 —A3vA + A
V2¢'oa  —V2gua  2X\vg 0 —A3vA —A3vA + pa 0
(4.41)

In Fig. 4.5 we make contour plots in the plane (va, M2) of the lightest neutralino mass eigenvalue
(left panel) and the heaviest neutralino mass eigenvalue (right panel), both in GeV, for the values
of parameters in Eq. (4.38) and M; = 200 GeV.
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Figure 4.5: Contour plots in the plane (va, Ma) of the lightest (left panel) and heaviest (right
panel) neutralino masses for the values of the supersymmetric parameters in Eq. (4.38) and
My =200 GeV. All masses are in GeV

70



4.5. The fermion sector

Charginos

The mass Lagrangian for charginos with @y = +1 in the basis Ut = (W, .F~I2+, ¢+, vH)7T and
U~ = (W~,H;{,¢~,x )7 is given by

1 0o ML o+
+ __ - +T -T 1/2
Ll = 5 (v v ( MT/Q h ) ( o~ ) + h.c. (4.42)
where
M, gun V2gua  —V2gva
£ gUE a4+ —V2 g V2 g
M1/2 | —V2gva  V2Mug UA A3VA (443)
V2gua =2 A Asva KA

In Fig. 4.6 we make contour plots in the plane (va, M2) of the simply charged lightest chargino
mass eigenvalue (left panel) and the heaviest chargino mass eigenvalue (right panel) for the values
of parameters in Eq. (4.38).
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Figure 4.6: Contour plots in the plane (va, Ms) of the lightest (left panel) and heaviest (right
panel) chargino masses for the values of the supersymmetric parameters in Eq. (4.38). All masses
are in GeV.

Finally for the doubly charged fermions (1Z++, X~ ) the Dirac mass is given by

M5 = na = Agva (4.44)

which using the chosen set of parameters in Eq. (4.38) is /\/lic/g ~ pua = 250 GeV.
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4.6 Comments about unitarity restoration in the model

Perturbative unitarity translates into bounds on scattering amplitudes involving longitudinally
polarized gauge bosons [71]. In particular the condition to achieve perturbative unitarity is that
tree-level scattering amplitudes ViV — ViV, where Vi, denotes the longitudinal polarization
of the gauge boson V', mediated by the Higgs sector reproduce at high energy (s — oo) the SM
behavior. These amplitudes involve the trilinear couplings gxyvy where H goes over the set of
mass eigenstates described in Section 4.3. The relevant couplings can be found in Appendix A.3.

In order to exhibit how unitarity works in this model we will choose two particular amplitudes:
the elastic scatterings Z LVVEr — 7 LWZ and WZF WZ — WZF WZF .

The scattering Z, W, — Z, W,

In this reaction the SM Higgs h contributes in the ¢-channel and therefore in the limit s — oo
the amplitude is proportional to ¢t with the coupling

Ghvw - Ghzy = g°miy ] cos” O . (4.45)

In the supersymmetric custodial triplets model (SCTM) there are neutral scalars HY =
S1,99, F SO which contribute in the t-channel and provide an amplitude proportional to t in the
limit where s — oco. On the other hand F' ; is exchanged in the s and u-channels and provide
amplitudes proportional to s + v ~ —t. Therefore the total amplitude is proportional to ¢ with
a coupling equal to

Z IHOW+w- " IH0z7 — g%w_z - (4.46)
HO=51,55,F

Now we can see that using Eqs. (A.33) the coupling in Eq. (4.46) reproduces the SM coupling of
Bq. (4.45).

The scattering W, W, — W, W}

In this reaction the SM Higgs h contributes in the ¢ and u channels so that in the limit where
s — 0o the amplitude is proportional to ¢ + u with a coupling

(gt ) = g*miy . (4.47)

Similarly to the previous amplitude, in the SCTM the neutral scalars ’H? contribute to the ¢
and u channels with an amplitude, in the limit s — oo, proportional to t+u ~ —s. Moreover the
doubly charged scalar F;r * is exchanged in the s channel with an amplitude proportional to s.
Adding up the four terms one gets an amplitude which, in the asymptotic limit, is proportional
to the coupling

2 —g? 4.48
Z Inow+w—- = Iritw-w- (4.48)
HI=51,52,F)

which, using the actual values of the couplings in (A.33), reproduces the SM result, Eq. (4.47).
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4.7 A study of the light Higgs behavior

In this section we will study the light CP-even Higgs rates to a pair of gauge bosons V'V (V =
W, Z,~) and SM fermions ff (f =t,b,7). We will first consider tree-level processes. The ratios
ryxx are the quantities

rHXX = gg’sﬁx H =25, with X=V(W,2),f(br1) (4.49)
hX X

where gy xx and gf)]\fx are the couplings between the Higgs H and the field X in the SCTM and
in the SM, respectively.
Tree-level rates

The angles ag and 6 play a fundamental role in the interactions of the Higgs with the SM fields,
as shown in Eq. (A.33) and Table 4.1.

rs\vv TS\ ff
. . cos ag

cos ag cos — \/§s1n agsinf
cos 0

Table 4.1: Ratios (4.49) for the different channels.

We plot in Fig. 4.7 the ratios of the SM-like Higgs S; couplings to gauge bosons rg, vy (left
panel, solid line) and fermions rg, ¢ (left panel, dashed line). As we can see from the left panel
of the couplings of the Higgs (S1) to VV and ff are in very good agreement with the 68% CL
intervals on rpyy and 745¢ (when profiling over the other parameter) as measured for instance
by the ATLAS Collaboration [72]: rpyy = [1.05,1.21] and rp¢r = [0.73,1.07].
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Figure 4.7: Left: Plots of the ratios rs,vv (upper solid line) and rg, ¢y (lower dashed line) as
functions of va. Right: Plots of the ratios rs,vy (upper solid line) and rs, ¢y (lower dashed line)
as functions of va.
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Chapter 4. The Supersymmetric Custodial Triplet Model

Other CP-even neutral states

The triplet-like singlet counterpart of the Higgs Sy and other C' P—even neutral states couple to
SM particles as listed in Table 4.2. While the couplings of the singlets (S; and S3) are controlled

TS vv rsaff
. . sin ag
sin ag cos 6 + \/gcos agsin g 9
cos
rrovv T"T0uu T'10dd TT9uu T"19dd | "FOWw | TFYzz | TFYff
0 cosar | cosar sinap | sinag sin 6 2sinf 0
cos 0 cos 6 cosf | cosf V3 V3

Table 4.2: Ratios (4.49) for the different channels. Notation is u =1, d =b,T.

by the angles aig and 6, the couplings of the C' P-even scalars contained in the triplets T; (i = 1, 2)
and fiveplets Fg are controlled by the angles ar and 6. We plot results for the couplings of Ss
to gauge bosons rg,yy (right panel, solid line) and fermions rg, ¢ (right panel, dashed line) in
the right plot of Figure 4.7. As we can see, in the given range of va the signal strengths for the
orthogonal eigenstate Ss is very suppressed. For instance for the gluon fusion Higgs production
decaying into V'V or ff the signal strength is o r%QVV( ) < 0.1. Similarly the pseudoscalar A
can decay to fermions with a signal strength o 7“31 if < 0.1. This is a direct consequence of their
triplet-like nature.

The diphoton rate

In this model the extra charged states will contribute to the S; — 77 decay rate when they
propagate in the loop. This rate is dominated in the Standard Model by the propagation of W
gauge bosons and top quarks in the loop. The extra contribution from a bosonic or fermionic
(Q)-charge sector can be determined from the QED effective potential [73,74]

o
E’Y’Y = Fsyﬁ2zb? 1Og det M?(XR)v J =0, 1/2; X = H?a Hg’ ¢Oa¢07 XO (450)
J.Q

where le/fQ = %NCch for a @Q-charge Dirac fermion, bgzs = %NCQ% for a complex @)g-charge
spin-0 boson (N, being the number of colors of the corresponding field) and where we have
subtracted from the determinant in (4.50) possible zero-modes (e.g. charged Goldstone bosons).
By expanding £, to linear order in the fields X and projecting them into S; we get for the
ratio rg, 4, the general expression

4
a(rw) + A1) iy

8 . . 4 cos o
= (cos g cost — \/;sm g sin 9) Ai(tw) + 3 oos HSAI/Q(Tt)
cos ag of af _\/§sinozg af af af
ton { cos 0 <8H?R * 8H§R) 3 cosf \ Y * oxY% * oly ’ (4.51)
vx
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where A1 () ~ —8.3 and Ay 5(7) ~ 1.4 and

f(XR) = bQ log det M9 (Xg)

%@M

2 2 2
=3 log det M1/2 logdet M1/2 + - log det |M(ﬂ + glog det |M3[i’ ) (4.52)

Where we have replaced the minimum conditions (4.12) in the mass matrices ./\/l? in (4.52) but
not the field VEV’s so that they depend on the background fields H?R,HSR,gbO ,w%,XOR. In
particular it is easy to deduce the contribution from the SM particles (¢, W) in the second line
of Eq. (4.52) from the general expression in the third line of (4.51) by using the background
dependent masses

my = hHyp, miy = 392 [(Hig)? + (Hip)? + 4(0%)% + 2(v)* + 2(x%)*] - (4.53)

As we have, both in the fermionic and the bosonic sectors, doubly charged fields they are
expected to dominate the v production since it is proportional to Q%. Actually we define the
excess in yy with respect to the Standard Model production as

TSyyy = 14 AT‘SI’W (4.54)

where Arg, - is the excess in 7g,~, With respect to the Standard Model contribution, coming
from the modified coupling of the Standard Model fields and from the extra charged particles.
This excess is plotted in the left panel of Fig. 4.8 where the solid line corresponds to the extra
contribution from W and t coming from the modified coupling of these particles to the Higgs S1,
the dashed line is the contribution from the doubly charged scalar F! ;Ei which becomes lighter
with increasing values of va (see Fig. 4.4) and the dotted line the contribution from the doubly
charged charginos, where we have taken M> = 150 GeV. The full value of rg,- is plotted in the
right panel of Fig. 4.8 for My = 150 GeV (solid line) and My = 300 GeV (dashed line).

008 ~ T T
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Figure 4.8: Left: Contribution to Arg,y, from W and t (solid line), from the doubly charged
scalar FgFjE (dashed line) and from the doubly charged chargino (dotted line) for My = 150 GeV.
Right: Solid (dashed) line is the plot of 75,4 for My = 150 GeV (300 GeV).
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Chapter 4. The Supersymmetric Custodial Triplet Model

Higgs signal strengths

From the values of rg, xx determined in the previous section one can compute the predicted
signal strength R, xx of the decay channel S; - XX, with X =V, f, y:

o(pp — S1)BR(S] — X X)

[o(pp — h)BR(h — X X))y, (4.55)

Rsixx =

In particular for the gluon-fusion (gF), the associated production with heavy quarks (S1tt), the as-
sociated production with vector bosons (V'S7) and the vector boson fusion (VBF) production pro-

. F Sitt VBF Vs
cesses, one can write R(é:qu)X = RE.;IIX)){ = r%lffr%IXX/D and R(Slxx) = RE%XB)( = r%lvvr§1XX/D
where D o~ 0.747% ;¢ 4 0.2673, 1y,

14} ] 14l

(gF)
(VBF)
Ry xx

Rg, xx

. -
.
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- -
Tt -

: e
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Figure 4.9: Left: Plot of the gluon fusion Higgs strengths, normalized to the corresponding Stan-
dard Model values, for the vy channel (solid line), bb and 7 channels (dashed line) and WW
and ZZ channels (dotted line) as a function of va. Right: The same for weak vector boson fusion
Higgs strengths. -

In Fig. 4.9 we plot Rgf;()x (left panel) and Rgl/g? (right panel) for X = ~ (solid lines),

X =, 7 (dashed lines) and X = W, Z (dotted lines). The supersymmetric parameters are fixed
in Eq. (4.38) and My = 150 GeV. We can see that large values of va trigger deviations with
the Standard Model expectations although no strong statement can be made at this moment
from experimental results. We can just quote the ATLAS best fits for global signal strengths
in individual channels [72]: Rp.r = 0.8 £ 0.7, Rpww = 1.0 £ 0.3 and Rjzz = 1.5 £ 0.4 and
Rhpyy = 1.6 £0.3.

4.8 Discussion: Towards the realistic SCTM

We have presented in this chapter a supersymmetric model which feeds new F-term contributions
to the tree level part of the Higgs mass. As a consequence of adding extra ysp’s to the particle
content of the MSSM, a set of new states which are not present in the minimal picture does
show up, these are ordered under a residual SU(2)y symmetry that the vacuum has if the VEV’s
acquired by the neutral components of the scalar triplets are aligned (vy = vy = vy = va). At
the same time this symmetry also protects the relation p = 1. It is shown in Figure 4.4 how
the new scalar states can be light if va is sizable; these can contribute non negligibly to Higgs
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observables (Sec. 4.7), moreover, a sizable va will be responsible for a great deal of the SCTM
interesting features as we will explore in the following chapters.

Thanks to the SU(2)y invariant structure, the model shows a great deal of calculability,
however, during this chapter we have considered that the Higgs sector respects a global SU(2)r ®
SU (2) g invariance which is then broken to the diagonal (custodial) symmetry subgroup SU(2)y .
As the Yukawa and hypercharge couplings explicitly violate the custodial symmetry, radiative
corrections, mainly those of the top quark Yukawa coupling, will spoil the SU(2);, @ SU(2)r
structure and therefore the custodial invariance of the vacuum. Since the model at tree-level
has proven to have interesting properties that we do not want to spoil, if we want the custodial
vacuum to be considered as a good approximation, we should study the effect of these custodially
breaking quantum corrections and see whether we can have realistic realizations of the SCTM
with remnants of the SU(2)y invariance.
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The SCTM at the quantum level

In order to perform a realistic study of the SCTM the first thing that should be determined
is at which scale the full SU(2);, ® SU(2)g invariance holds, Q.,s. We point out that, as this
theory is supersymmetric, a natural choice for Qs is the messenger scale M, the scale at which
supersymmetry breaking is transmitted from the hidden to the observable sector. Thus, unlike
in the GM model, this allows Qs to now be associated with a physical scale which, once known,
can be used to predict the value of p at the electroweak scale through RGE evolution. Conversely,
a measurement of p now gives a constraint on the scale of SUSY breaking. If we where to fix
Ocus to be below the messenger scale M we would reintroduce the accidental emergence problem
of the global SU(2), ® SU(2)r described in Section 4.1. Also, requiring M to be above the
messenger scale will need of assumptions about the SUSY breaking mechanism which we will not
consider here. We conclude then that the best choice is Q.us = M and study different situations
generated by this assumption (Fig. 5.1).

We first show how to parametrize the custodial breaking of the vacuum in Section 5.1, then
in Section 5.2 we study a general case without specifying the mechanism of supersymmetry
breaking but that will be useful to shed light on the nature of custodial breaking. We also study
a precise case of low-scale supersymmetry breaking where the SCTM is embedded into a gauge
mediation mechanism, thus providing a realistic UV complete scenario of the SCTM at the EW

=

scale (Sec. 5.3). We end up by summarizing the properties of the custodially broken SCTM at
the EW scale (Sec. 5.4) and compare them to the results of the tree level situation of Chapter 4.

5.1 Custodially breaking SCTM

Due to the presence of SU(2); ® SU(2)r breaking by U(1)y and Yukawa interactions, the RGE
running will split the SU(2)r, ® SU(2)g invariant operators into SU(2)z, ones, therefore, the
custodial potential of Chapter 4 needs to be rewritten !

W = —AoH1 - S1Hy 4+ MHy - X1 Ho + V2A\Hy - SoHs + V23 tr $1 5054

_ _ 5.1
—qu‘Hg—l—%trE%—i—,ubtrElE_l+th~H2t+be-Hlb—i—yTL'Hlé. ( )

'We implicitly assume global lepton number conservation so that the supersymmetric SU(2)r,®SU(2) g violating
operator X1 LL is forbidden but in principle it can be included as part of a model to generate neutrino masses [75,76].
It is actually a natural choice to not introduce this operator since we expect the superpotential to be generated
in a custodial manner at the messenger scale M, however, assuming lepton number conservation ensures that also
the trilinear term in the soft part of the potential is kept to zero.
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Chapter 5. The SCTM at the quantum level

The scalar potential will be as in Eq. (4.8), where

with X = HY, HY, 4%, ¢°, XY, (5.2)

which are the neutral components of the SU(2), doublets and triplets. Also, the neutral compo-
nents of the D-terms are given by

:g2_|_g/2

Vb 3

(HYP? = [H3? + 21X = 2[0°%) (5:3)

and vanish in the custodial limit. ¢ and ¢’ are the SU(2) and U(1)y couplings respectively.
Finally, the soft SUSY breaking terms are given by 2

Viott = m¥y, Hi Hy +m3, HiHo +m%, 2550 + md 212 +m 2V 2 —m2H - Hy

B
+ {2&‘61"2% + Bptr X X1 — A, Hy - X1 Hy + ApHy - X _9Hoy + \/iAc H; -YogH,
+ V243051508 1 + a; Q - Holly + ay Q - Hibs + ar L - Hi75 + h.c.} : (5.4)

Note that we are introducing the SU(2);,® SU(2) g explicit breaking related to the Yukawa sector
as we are not considering the custodial case anymore. The full SU(2);, ® SU(2)g invariance of
the Higgs sector is recovered whenever

A =MN=A= N, o= pp = pa,
My, =M, =myg, My, =my, =My , =mMA, (5.5)

Aa:AbIACEAA, Ba:BbEBA.

After solving the equations of minimum (EOM’s) for the scalar potential corresponding to the
five neutral field directions (HY, HY, 1% ¢° %) we can parametrize the minimum by two VEV’s
(v, va) and three angles (3,01, 60),

v = V2cosBuy, va=V2sinBuy,
vy = 2cosficosbyva, vy = 2sinb; cosbyva (5.6)
vy = V2 sin Oy va

With this parametrization, custodial symmetry is controlled by the three Euler angles (3, 6y, 01)
V2

where
2v
tanﬁ = tanel == UX and tan 90 = M’

in the custodial limit tan 8 = tanfy = tan; = 1. Notice that v = v? 4+ v3 + 2(21}5) + vi + 11)2() =
2v%, +8v3 (where v = 174 GeV) for any value of tan 3 and tan 6 o so one can trade the parameter

(5.7)

2We do not consider possible Dirac gaugino mass terms of the form mp ESW“ which would violate the global
SU(2)L ® SU(2)r. These terms could appear from D-term supersymmetry breaking corresponding to a hidden
U(1)" whose chiral density breaks supersymmetry as W/, = 8,D and the effective operator (1/M) [ d2OWLWase
yields a Dirac gaugino mass. We just assume that the UV completion of the SCTM can explain its absence.
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vy by va . In fact from the configuration in Eq. (5.6) the breaking of custodial symmetry (and
the value of the T' parameter) is measured by (tan?6y — 1) as

21}3) — (vi +0v2) - cos 20 v
3(v? +03) +2(v], +0v3) v +8cos2 vk

p—1=Ap=al = (5.8)

Note that, besides the custodial vacuum, also 21}3) = vi + vi can be responsible for p = 1.

Messenger scale
SU(2)L ® SU(2)r

invariant superpotential

-+

Soft terms determined by the
SUSY breaking mechanism . RG running

EW scale

Smooth deformation of a custodially
preserving Lagrangian

EW vacuum
Approximately custodial vacuum

Figure 5.1: Depiction of what we will consider as a realistic situation in the SCTM: Up to (small)
breaking effects caused by the SUSY breaking mechanism (Section 5.3), a (nearly) full SU(2)r ®
SU(2)r invariant situation is generated by UV dynamics at the scale at which supersymmetry
breaking is transmitted to the observable sector (the messenger scale, M). Then, due to the
explicit breaking of ¢’ and yi, the RG running of parameters down to the EW scale will deform
this situation into a non SU(2)r, ® SU(2)r invariant one and the vacuum will not fully respect
the remnant SU(2)y symmetry anymore. However, as we will consider O(100) TeV messenger
masses, the deformation caused by the running will be small enough and we expect the SU(2)y
breaking to be mild, i.e. most of the general features of the tree level (custodial) situation will
hold.

5.2 A study with universal soft terms

In this section we examine the electroweak vacuum of a theory that features SU(2)r ® SU(2)r
invariance at the messenger scale M which is then explicitly broken by the RGE running, in order
to derive constrains on how heavy the messenger masses M are and how large can va be, i.e.
how much of a contribution is given by the triplet sector to EWSB. We will find that p ~ 1 can
be accommodated even without custodial symmetry at the electroweak scale and with sizeable
contributions from the Higgs triplets to EWSB.

3The vacuum parametrization of Eq. (5.6) preserves the modulus (the EW VEV) and therefore the relation
(4.10) is valid for both custodial and non custodial situations.
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We begin by specifying that the messenger sector, which transmits supersymmetry breaking
to the observable sector, exhibits the SU(2);, ® SU(2)g invariance and then proceeds through
effective operators as

_XTx
/d29 d%6 WYTY, Y =H,A,Q,L U D E°, (5.9)

where X = #2F is the spurion superfield responsible for supersymmetry breaking.

Procedure

For our analysis, given the boundary conditions at the scale M, we will consider M and va as
free parameters. For each different (va, M) point we will run the RGE’s down to the EW scale
and after that solve the EOM’s to characterize the vacuum with the non custodial parameters
given after the running (see Figure 5.1), with the value of vy determined by (4.10) *. As m?3
and B, have their RGE’s decoupled from the rest of the parameters, we can consistently fix
two parameters m3 and By = B, + By from their respective EOM’s. The other three EOM’s
(including the one for B_ = B, — By), which vanish identically in the custodial limit, self-
consistently determine the values of the custodial breaking angles (tan g, tan 6y, tan 67 ), which are
therefore a prediction of the EOM’s for given values of va and M. This procedure is explained
in detail in Appendix B.2 while the full set of RGE’s is given in Appendix B.1.

Note that the EOM’s are just criticality conditions as they do not tell us whether we are
really exploring a minimum of the potential, and much less if this minimum is the absolute
one. The minimum condition will be provided by the absence of tachyonic states in the scalar
spectrum. Moreover, each minimum that we will find is likely the deepest one since it consists
on a smooth deformation of an SU(2)y preserving minimum where the D-terms vanish, therefore
with minimized energy (see App. A.1).

Benchmark values

For illustrative purposes and considering the SU(2),®SU(2) g invariant boundary conditions (5.5)
we will choose an example scenario by fixing the following parameters at the high scale M,

A3 = —0.35, u = pa = 250GeV,
AA:Angt:AbEAOZO, (5.10)
mpyg = ma = 1000 GeV, M7 = My = M3 = my /2,
mg = mye = mpe = mg = 500 GeV.
Our results will be shown for different values of my /o: (1, 1.1, 1.2, 1.3) TeV °. The parameter A

is fixed by the condition that the Higgs field dominantly responsible for EWSB (h) has a mass
of ~ 125 GeV.

“In contrast to the MSSM study performed in Chapter 3, this model features light stop masses and one can
consider v ~ Mmgtops = Qo to a good approximation. Hence, we neglect any threshold and running effects generated
between v and Qp.

5Since the values for the squark masses and for the gluino mass Mjs increase as we run to lower scales, we
find that our benchmark point leads to a spectrum that satisfies current direct search constraints from the LHC
searches.
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Figure 5.2: Running of (m%h,m%b) (red lines from top to bottom) and (m%o,m%ym%) (black
lines from bottom to top), normalized to their values at the scale M = 10° GeV for myp = 1.2
TeV and va = 20 GeV.

p parameter vs. custodially breaking vacuum

We show in Figure 5.2 the results of the RGE running parameters (m%,1 , m%h) (red lines from top

to bottom) and (m3, , m2z+,m22_) (black lines from bottom to top), normalized to their values at

the scale M (chosen to be 10° GeV), as functions of the renormalization group scale Q (< M)
and for va = 20 GeV, my/; = 1.2 TeV. The dispersion in (mfgl,m%b), which is responsible for
generating tan 8 # 1 at Qg , is much larger than the dispersion in the sector (mQEO, m%ym%i)
that is responsible for the departure of tanfy and tan6f; from their custodial values. This is
because the largest contribution to the doublet splitting comes from the custodial breaking by
the top and bottom Yukawa sectors to which the doublet couples at tree-level. The splitting
in the triplet sector is instead mainly driven by the hypercharge interactions since triplets do
not couple to the top and bottom sectors at tree-level. Thus the splitting in the triplet mass
parameters due to the top and bottom Yukawa interactions is a higher order effect, giving in

general |tanfy — 1|, |tanf; — 1| < |[tan — 1|.

These features can be seen by examining Eq. (5.8) and the right panel of Figure (5.3). In
the left panel we show the regions allowed at the 95% C.L. by the experimental value of the
T parameter (Ap = o), corresponding to the fit value T = 0.07 £ 0.08 [77]. We show results
for various values of the common gaugino mass m;/, = 1 (black lines), 1.1 (blue lines), 1.2 (red
lines) and 1.3 (orange lines) TeV, at the scale M. The allowed region is inside the corresponding
solid lines with the dashed lines indicating the 7" = 0 contour. One could interpret the funnel
regions that appear for large va values as a fine-tuning of the scale M. However, in the absence
of a precise theory of supersymmetry breaking one could also interpret these regions as a precise
prediction of the scale M which should be provided by the underlying supersymmetry breaking
sector. We also show the low SU(2);, ® SU(2)r scale M region only for illustrative purposes
to demonstrate that, as in the GM model, the parameter space for va opens up considerably
as M — v. A proper treatment of this region should also include threshold corrections in the
renormalization group running. Furthermore, one must ensure that the physical particle masses
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Chapter 5. The SCTM at the quantum level

are below M which is a consistency condition since, as discussed above, M serves as the cutoff
for the theory.

We see at this point that the extra freedom (A.27) of the SCTM with respect to the non-
supersymmetric GM model, comes into play allowing for 7' = 0 contours (dashed lines) through-
out the parameter space. In fact, generically the three VEV’s vy, vy, vy are not equal along the
T = 0 contours. The new direction allows for Qs scales well above ~ 100 TeV and sizable triplet
VEV’s to be comfortably within the allowed region. These T' = 0 contours will shift slightly after
including the sub-dominant one-loop corrections using the RGE improved Lagrangian, however,
as loop corrections to the p parameter are related to the custodial breaking and therefore pro-
portional to tan«; — 1 (with a; = 3,6, 01), we expect the shift to be small.

tang, tan@,, tanéy

Ap=aT
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Figure 5.3: Left: Regions allowed by the T parameter as a function of M and va. The region
between the solid lines corresponds to the allowed 95% CL interval, having fized the parameters
as in Eq. (5.10) and for my (M) =1 (solid black lines), 1.1 (solid blue lines), 1.2 (solid red
lines) and 1.3 (solid orange lines) TeV. The corresponding dashed lines are for T = 0. Right:
Contours of tan 3 (blue dashed), tan 6y (black solid), and tan 6y (dark green dotted) form; 5 = 1.2
TeV. Shaded pink region is allowed at 95 % CL by the T parameter.

In the right panel of Figure 5.3 we show contours of tan 8 (blue dashed), tan 6y (black solid),
and tan 6, (dark green dotted). The shaded region is the one allowed by the T parameter at the
95% CL for m; 5 = 1.2 TeV. As expected from Eq. (5.8), in the region allowed by the p parameter
deviations from tanfy = 1 are very small. Furthermore, as anticipated from the results of the
running in Fig. 5.2, the violation of custodial symmetry is much larger in tan 8, which can have
values as large as tan 8 2 2 than for the parameters tanfy and tan#; which depart from their
custodial values only by a few percent. We note the presence of a ‘crossover’ point where the
triplet VEV’s are aligned, tanfy = tanf; = 1, as found in the GM model. This limit is not
equivalent to the GM model since the scale M is still much greater than the electroweak scale
and after the RGE running it will lead to a significantly different scalar spectrum from the one
found in the GM model.
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5.2. A study with universal soft terms

After checking these results, let us emphasize that even a realistic (RGE improved) version
of the SCTM is free of the generic issues found in supersymmetric models with only one Higgs
triplet, which in general acquires a VEV that must be tuned to be very small (~3 GeV at 95% CL
from Ref. [77] for our normalization choice, v = 174 GeV) in order to satisfy electroweak precision
data (see for example Refs. [63,78]). In contrast, in the SCTM one can obtain triplet VEV’s as
large as ~ 25 GeV. Although 25 GeV does not appear large, the actual contribution to EWSB
is much larger. As we can see from Fig. 5.4, for va = 25 GeV triplets give a ~ 15% contribution

which is significantly larger than the 0(0.1%) allowed by the p parameter in conventional triplet
extended SUSY models.
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Figure 5.4: % of contribution to EWSB given by triplets (light blue) and doublets (light green)
derived from the relation (4.10), which at the same time is related to the definition of the doublet-
triplet mixing angle (4.52). Values of va > 25 GeV are disfavored for a number of reasons: p
parameter constraints (Fig. 5.3), issues with Landau poles (Fig. 4.2), etc. Due to this, the actual
contribution to EWSB coming from the triplet sector is roughly bounded to be at most ~ 15 %.

The Higgs boson Mass

Apart from electroweak data, the model needs to be contrasted with LHC data and in particular
with measurements of the Higgs properties. We focus on a subset of observables which reflect the
essential features of the model. Most of them will show a great similarity with the custodially
invariant picture, however, the mild custodial breaking induced by the RGE running will generate
properties that are unique of the quantum picture. We begin by analyzing the experimentally
measured Higgs mass and conclude that the value of ~ 125 GeV can be obtained for messenger

scales 2 100 TeV and triplet VEV’s as large as va ~ 25 GeV inside the allowed T-parameter
region.

The tree-level mass squared of the Higgs-like state (h °) deviates from its custodial value
m,zl = 6’)\21)%[ + O(’UZA). This mass is computed numerically, however in the decoupling limit
(large values of m?, and m%), and neglecting O(v3) corrections one can write the analytical

Tn the custodial theory this state was called S; as it is the lightest custodial singlet. We are changing the
notation here as custodial symmetry is broken and therefore it no longer provides a good classification.
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approximation
1
mi Jv? o~ 5(9% + g3) cos® 26 + A2 sin? 23 + 4\% cos® B + 47 sin' B (5.11)

which reduces to 6)\211?{ for vo = 0 and in the custodial limit tan 8 = 1, Ay = Ay = A¢ = A. Since
strictly speaking we are not working in the decoupling limit and/or in the va — 0 limit we will
compute the tree-level mass of the Higgs-like state numerically. For that we will compute the
squared mass matrix of the C'P-even neutral Higgs sector

5y 1 0%V
(M8)is = 5 Dpidp;

with ¢; = (H?,Hg,wo,(bo,xo) and where the minimum conditions are applied. The SM-like
Higgs h is easily identified as the only state whose mass is not controlled by supersymmetry

breaking parameters and yields the pure SM Higgs in the strict decoupling limit (see Section 4.4
of Chapter 4).

(5.12)

Let U be the orthogonal matrix diagonalizing the squared mass matrix (5.12) such that
Uijp; = H; where we are calling the mass eigenstates as H; (i = 1,...5) and we identify the
lightest eigenstate (the SM-like Higgs) as h = H1. Conversely the interaction states are projected
onto the mass eigenstates as ¢; = Uj;H; so that the projection of the state ¢; onto h is given by
the matrix element Uj;. In particular the superpotential top Yukawa coupling projects into the
SM Yukawa coupling as

Yy QLU Hy = U UUg b+ - = BPMULUC h + ... (5.13)

where
Yt = y htSM = Uglyt . (5.14)
sin 34/v? — 8v4

Finally vy, can be obtained consistently from
Up, =U1j<g0j) = <\6U11 COSﬁ + \/§U12 sinﬂ) VH
+ <2U13 cos 61 cos By + V22U sin Oy + 2U5 sin 04 cos 00) VA (5.15)

where the values of 3, 6; and 6y are provided by the solutions to the minimum equations
(App. B.2).

Radiative corrections are widely dominated by the top/stop sector as the top Yukawa coupling
is enhanced by a value of va > 0, which makes the denominator in (5.14) smaller than in the
MSSM. Now the leading radiative corrections from the top/stop sector are given by

3 4 Q3 . ~ A2
Am3i = e (hM) " wf [log E% + Xt} with X; = A? < — Té : (5.16)
and where A, = (A; — p/tan )/ Qo and Qy = /g, M, 7. The prefactor in Eq. (5.16) can be
written as
Uz mi

hSM 4 9 —
(™) o sin? B(v2 — 8vk)’

(5.17)

7t1 and ¢, are the physical stop masses which are calculated by diagonalizing the stop mass matrix, Eq. (5.19).
Also note that A; and p are given at the weak scale after the RGE running, in particular the trilinear A; is related
to the RGE parameter a; by A; = ai/y:.
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from where the enhancement with respect to the MSSM correction when va > 0 is manifest as
Ugi/sin B ~ O(1). Thus the SCTM allows in general for larger tree-level and one-loop contri-
butions to the Higgs mass than those that can be found in the MSSM ®. Taking as an example
A =0.5,va ~ 25 GeV, and M ~ 100 TeV gives a tree-level contribution to the Higgs mass ~ 100
GeV which is larger than my, the absolute upper bound on the tree-level contribution allowed
in the MSSM, Eq. (3.1).

By giving fixed boundary values for the soft-breaking terms and fixing the value of my, to its
experimental value, we can obtain the value of the parameter A (the custodial value of parameters
Aabc) as a function of (M, va). To determine which are the competing effects leading to the 125
GeV Higgs mass we show in the left panel of Fig. 5.5 contour lines of A (defined at the high scale
M) reproducing the observed Higgs mass (including the stop loop corrections) in the (va, M)
plane for the benchmark point (5.10) and fixing m;/, = 1.2 TeV. The Higgs mass is achieved
both at tree-level through A\ and radiatively through enhanced stop corrections at large va, or
large RGE effects for high scales of M. In particular, smaller values of A are required at large M.
This might be at first surprising since A (or more precisely A, p ) runs to smaller values as we go
down from M to Qpw, implying small tree-level contributions from the triplet sector. However,
as we increase M beyond > 10* GeV, the increasing values of tan 3 from tan 3 = 1 (see right
panel Fig. 5.3) lead to the ‘turning on’ of the tree-level MSSM contribution, allowing for smaller
values of A\ to be consistent with the observed Higgs mass. Fig. 5.5 also ensures that the correct
Higgs mass can be reproduced with perturbative values of \.

Stops in the SCTM

We also examine whether light top squarks (< 1 TeV) together with small trilinear terms can be
accommodated in the SCTM while still reproducing the observed Higgs mass, in contrast to the
MSSM which requires large A-terms to avoid multi-TeV top squarks. In order to do this we have
to diagonalize the stop mass matrix to get the physical stop masses. These are given by

e e E
£st0p = — (tL tR) Mg (f;) 5 (5.18)

with
m2~ + m? my (At — ﬁ)

: (5.19)
my (At — ﬁ) 7’Tlt2 + m%

where the values of mg and mj are given at the weak scale by the RGE’s (Appendix B.1). In
the right panel of Fig. 5.5 we show the allowed values for the physical lightest stop mass which
reproduces a Higgs mass of 125.54+1.0 GeV, for the example parameter point, A = 0.45, M = 65
TeV, my/5 = 1.2 TeV, va = 10 GeV and all other parameters fixed to the values in (5.10), except
we now allow the soft and trilinear mass parameters to be in the ranges mg € [500,1000] GeV
and Ag € [—250,500] GeV. In the region allowed by the p parameter (shaded pink) we see top
squarks as light as ~ 950 GeV which can produce the correct Higgs mass for modest values of
the trilinear couplings at the electroweak scale Xy = Ay — p/ tan f ~ —750 GeV. These numbers
should be compared to the MSSM prediction where for trilinear terms ~ 1 TeV and tan 8 ~ 20,
the top squarks should be heavier than ~ 6 TeV (Chapter 3 and [3,47,79,80]), showing that the
SCTM indeed helps to alleviate the MSSM fine-tuning problem (see also [81]).

8 Actually, in the custodial limit where tan 8 = 1 there is no tree-level contribution from the doublet (or MSSM)
sector to the Higgs mass (5.11), thus the SCTM makes most of the tree level Higgs mass with F-term contributions
coming from the triplet sector.
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Figure 5.5: Left: Contours of A, defined at the high scale M, reproducing the observed value
of the Higgs mass ~ 125 GeV for the SU(2); ® SU(2)r symmetric parameters in Eq. (5.10)
and myy = 1.2 TeV. Right: The solid black lines represent the region producing a Higgs mass
of 125.5 £ 1.0 GeV in the Xi/m; — m; plane, where m; is the physical mass of the lightest
stop and Xy = Ay — p/tan 3. The shaded pink band is the region allowed by constraints on
the p parameter. We have fized the parameters A\ = 0.45, M = 65 TeV, myp = 1.2 TeV,
va = 10 GeV while the rest are given in (5.10), except we now allow mg € [500,1000] GeV and
Ap € [-250,500]. We do not explicitly show the region favored by the MSSM since it arises only
at much heavier stop masses (my; 2 6 TeV [3,47,79,80]).

Smoking guns

The next observables we consider, and potential smoking guns of the model at the LHC, are the
normalized couplings of the Higgs to gauge bosons and bottom quarks: rpww, Thzz, and Thpp,
where rpxx is defined in Eq. (4.49). Of course the rotation matrix U plays a major role in the
interaction of the Higgs h with the SM fields and the normalized couplings are given by

roww = Uty cos B cosf + Uyg sin 5 cos
+ \@Ulg cos 01 cos B sin 0 + 2U14 sin 0 sin 0 + \/§U15 sin 64 cos 0 sin 8
rhzz = Upq cos B cos @ + Upg sin B cos 0
+ 2v/2U15 cos 01 cos B sin 0 + 2v/2U1 5 sin 6, cos 0 sin 0
Thuuw = Ur2 sin B cos
Thad = U11 cos B cos 6 (5.20)
where 6 is defined in (4.32).

In the left panel of Figure 5.6, we show results for r,w (dark green dotted), r,zz (blue
dashed), and rpp, (black solid) in the (va, M) plane. Again we superimpose the region allowed
by electroweak precision constraints (pink shaded region). In the SCTM the Higgs can have cou-
plings to W and Z bosons larger than the ones predicted by the SM (see also Refs. [82,83]), but
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still well within current experimental bounds [84,85]. In particular, at large values of va, the two
couplings can deviate from the SM prediction by as much as (5 — 10)% for our chosen parameter
point. Such a deviation could possibly be measured at a high luminosity LHC [86-89]. This is in
contrast to models with only additional Higgs doublets and singlets, which can only reduce the
Higgs couplings to gauge bosons. It has also interesting implications for trying to extract the total
width of the 125 GeV Higgs boson without making the theoretical assumption rpww, rhzz < 1
(see e.g. [90,91]). We also see in Fig. 5.6 that, for this parameter point, the Higgs coupling to
bottom quarks is only mildly modified with respect to the SM.

F'yww, M'Hzz, MHbb

Va (GeV)
185 19 195 20 205 21 215

100;0(M /GeV)

-

1170 1180 1190 1200 1210 1220
vy (GeV) my, (GeV)

Figure 5.6:  Left: Contours of rpww (dark green dotted), rnzz (blue dashed), and rpy (black
solid) in the (va, M) plane for the values of the parameters given in (5.10) and my s = 1.2 TeV.
Right: Deviation from the universal condition Az = 1 along the 21)35 = 1))2( + vi direction (or
tantly = 1, which provides Ap = 0) as a function of my o (black solid line) and va (red dashed
line) for parameter values given in (5.10) and M = 850 TeV.

The breaking of ‘universality’

We also examine the ratio of the normalized couplings rpww /rhzz = Awz [84,85] since it is
a direct measure of the violation of custodial symmetry induced by the RGE running. In the
SM and in the MSSM, custodial symmetry implies Az = 1, but in the SCTM it is possible to
have deviations from this universal relation. In the right panel of Fig. 5.6, we show the quantity
Awz — 1 as a function of the gaugino mass m;/; and va along the 21)3) = vi + vi} (i.e. tanfy =1
yielding Ap = 0) direction for parameter values given in Eq. (5.10) and M = 850 TeV. Since in
the SCTM the ratio Ay z is a function of all three vacuum angles (3, 8, 61) it will be in general
different from one, even in the direction 22135 = vi + vi, on which Ap = 0. At large values of va
deviations from universality as large as ~ (10 — 15)% are achievable. This is well within present
experimental constraints and potentially observable at a HL-LHC [86-89].
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Other observables

Of course there are many additional Higgs observables that could be used to test the SCTM. Gener-
ically, the particle spectrum has several charged particles which can contribute to the hyy decay
width. These particles will also modify the h — 4¢ and h — 2¢~v decays, which could be used to
probe the underlying CP properties of the model [92-98].

Furthermore, the model will be tested by the direct searches for the additional scalars and
fermions arising in the spectrum. Particularly interesting signatures are the decays of the doubly
charged Higgs scalars to WEW* [99-101] and the decay of the singly charged scalars to W*Z,
a decay found only in models with larger than doublet representations [69]. Additionally, in the
SCTM the doubly charged Higgsino will decay to same sign W boson pairs plus missing energy.
In particular, a doubly charged fermion with a mass near that of the doubly charged scalar would
be a strong hint of the SCTM. We will further explore these possibilities in the next section
where the spectrum of the model is computed in a few benchmark cases within a specific gauge
mediation mechanism.

5.3 Gauge mediated supersymmetry breaking in the SCTM

In this section we explore the possibility of having a gauge mediated mechanism to break SUSY
in the SCTM. The interest of this study is twofold: (i), it will provide a UV completion to the
SCTM in the form of low-scale supersymmetry breaking (as required by p parameter constrains)
and (ii), it will also be interesting from a gauge mediation perspective as GMSB models run into
difficulties if they want to encompass the Higgs mass with a light superparticle spectrum. Let us
now motivate this as if we where trying to build a model for low-scale supersymmetry breaking
and see how the SCTM arises as a natural possibility.

Gauge mediation vs. the Higgs mass

Gauge mediated supersymmetry breaking is an elegant mechanism to transmit supersymmetry
breaking from the hidden to the observable sector which solves the supersymmetric flavor problem
(see Section 2.3). The supersymmetric flavor problem is just the realization that, depending on
the mediation mechanism, the supersymmetric theory can introduce flavor violating interactions
that could spoil its phenomenological viability. The problem is automatically solved by GMSB
models, as the gauge interactions are flavor diagonal, provided that the scale of messengers is low
enough so that the gravitational contributions to SUSY breaking can be neglected.

A main feature of GMSB in the MSSM is that the predicted value of the stop mixing pa-
rameter A; is very small at the messenger scale M since it comes from two-loop diagrams. As
a consequence, minimal models of GMSB require superheavy (> 5 TeV) stops to reproduce the
experimental value of the Higgs mass (see Chapter 3 and Refs. [47,79]), this fact reintroduces a
little hierarchy problem with stops very far away from the LHC reach. Two options appear to
tackle this problem in GMSB theories. One option is increasing the value of the radiative contri-
butions to the Higgs mass, either by generating large values of the mixing parameter A;, or by
enlarging the MSSM with heavy vector-like fermions strongly coupled to the Higgs sector [102].
In particular, generating large values of A; can be done by introducing direct messenger-MSSM
superpotential couplings [103-112]. These models, dubbed extended GMSB, do not necessarily
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5.3. Gauge mediated supersymmetry breaking in the SCTM

lead to minimal flavor violation (MFV) and the flavor constraints require a special texture. The
second option, without enlarging the SM gauge group, is increasing the value of the Higgs mass
by means of a tree-level F-term from an extended MSSM Higgs sector.

As we already know from previous chapters, the MSSM extensions which can increase the
Higgs mass by a tree-level F-term are the following: The singlet S and/or triplets with hyper-
charge Y = (0,+£1), ¥, +1. We can exclude the presence of the singlet, as it does not get any
mass from GMSB unless we enlarge the gauge group such that S transforms as a non-trivial
representation of the enlarged gauge group, or we consider an extended GMSB model with direct
superpotential messenger-MSSM couplings [113], which could result again in flavor constraints.
The only surviving possibility is then adding the triplets ¥ 41, however introducing only > or
311 will spoil the p = 1 relationship unless va is small enough, which requires a large soft mass
for the triplet. Since in GMSB the contribution to each mass is tied by the the gauge structure
of the theory, it will be impossible for gauge mediation to generate large SU(2), triplet masses
while keeping the rest of the spectrum light. Therefore, trying to solve the p = 1 problem in
this way would recreate a strong naturalness (little hierarchy) problem. The way out is tied to
the SCTM, using the whole set £ 41 and providing the theory with a global SU(2)r ® SU(2)r
symmetry spontaneously broken to the custodial SU(2)y after EW breaking.

We know that custodial symmetry is spoiled by radiative corrections proportional to the
hypercharge and top Yukawa couplings and that the RGE running departs from the custodial
symmetry conditions. As concluded in the last section (see Fig. 5.8), one can allow for some
departure from the p = 1 custodial solution but not too much. This can be fulfilled in a GMSB
mechanism provided that the messenger scale M is low enough, which is a natural condition in
GMSB models, moreover, GMSB provides custodial boundary values to the Higgs sector, except
for the contribution of the hypercharge coupling that will break explicitly custodial invariance.
As we will see, this explicit breaking will not change the main features nor the phenomenology
of the model. The model is then able to fit the ~ 125 GeV measurement without the need of
super-heavy stops and generates large triplet VEV’s that can participate in the EW breaking up
to a ~ 15% order, as a byproduct, it will give rise to interesting phenomenology.

We are now going to define a non-minimal gauge mediated mechanism which will provide a soft
spectrum for the SCTM consistent with all electroweak and LHC data, thus alleviating the tension
between the Higgs mass, light stops and the supersymmetric flavor problem. Typical benchmark
scenarios for this model are proposed and a study on their phenomenology is performed.

Gauge mediation in the SCTM

In the minimal realization of gauge mediation (MGM) the messenger fields transform under r and
r representations of SU(5) and feel the breaking of supersymmetry through the superpotential,
W = AN9X®;®;, where X is an spurion field that parametrizes the breaking of supersymmetry
in the secluded sector. As MGM provides a very rigid framework to encompass low energy
phenomenology, we will consider a particular model of general gauge mediation (GGM) [114]
where there is more flexibility to accommodate the supersymmetric mass spectrum of the SCTM.
We will consider a model where messengers transform only under one of the SM gauge groups
SU3) ® SU((2)r, ® U(1)y and will choose (non-exotic) representations which are contained in
SU(5). In particular, to transmit supersymmetry breaking to the observable sector, we choose
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the messenger representations 9

g =(8,1)9, P3=(1,3)9 and [Py =(1,1);, P =(1,1)_4] . (5.21)

According with GGM we will explore the more general case where the messengers have inde-
pendent mass terms instead of getting all their mass from the spurion superfield. For simplicity,
we also consider that the scalar component of X does not acquire a VEV 19 thus (X) = 6F.

W= (WX + MY) Byiog; + (37X + MY ) 0y + (WX + MY) iy (5.22)

We now impose an O(ng) ® O(ng) @ O(n1) global symmetry in the superpotential, where ng, ng
and n; are the of number of copies of each messenger respectively ''. Due to this symmetry,
the dot product is the only invariant that can be built, thus ensuring the diagonal form of 5\2
(= 69 )4) and Mg (= 69 M) in the mass basis. Via messenger parity, this symmetry prevents
dangerous one-loop contributions to the masses of sleptons [36,116]. Moreover for simplicity we
will consider a common messenger scale so that we will assume M4 =M (A =8,3,1).

Within this setup and with Ag = AsA, As = A\3A and Ay = MA (A = F/M) the gaugino

masses at the messenger scale are;

M

Ms3 = agiﬂ >3n89(A8/M)A8,
M

My = aziw )2713 g(A3/ M)Az, (5.23)
M) 6

M, = aliﬂ )5n1 g(Ar/ M)Ay,

where we are using SU (5) normalization for the U(1). For sfermions,

2 2
=20 of () g jiaw/a a3+ of (L) 2 jiaa/ 00 45

vof (A0 (E) s ag)

=

(5.24)

a7 2\5

Where CJ is the quadratic Casimir of the sfermion f 2. The functions g(z) and f(x) come from
two loop exact results and were first computed in Refs. [117,118]

g(r) = 5 {0+ 2)log(1 + )} + (= = —a),

flz) = 1;1: {1og(1+a:) — 2Lig <1ix) +%Li2 (12f$>}+(96—> ) (5.25)

They become relevant for small values of M, as it is our case.

As showed in Egs. (5.23) and (5.24) an unusual messenger sector will modify the boundary
conditions at the messenger scale with respect to the minimal scenario. For instance, assuming

9®g and ®3 where already used as messengers in [115].

Tn fact we are assuming that (X) < M4, A =8,3,1.

1n the case of ni1, it is the number of pairs (1, <i>1) due to anomaly cancelation.

12Tt is equal to N221\71 for the fundamental N representation of SU(N) and, in our notation CJ = Y7, where Yy

is the SM hypercharge of f
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g(x;) ~ 1 we can write, at one loop, an RGE invariant gaugino mass relation which will be different
from the minimal case Mj(M)/a1 (M) = Ma(M)/as(M) = M3(M)/as(M). In particular

(M
My (M) Ma(M)  M3(M)

6 ~ ~ ~
= 5711)\1 : 2713)\3 : 3n8)\8 . (5.26)

This shows that, besides M and V'F, the boundary conditions depend on the two sets of param-
eters: (ng,n3,n1) and (Ag, A3z, A1). As a result of this, once the superpotential parameters, M
and ﬁ are fixed, the low energy features of the theory will be determined by our choice of n4
and A\g4.

Procedure

In a similar spirit to the one taken in the previous section (Fig. 5.1) we explore the model at
the EW scale by means of the EOM’s. Five neutral scalar fields will generate five minimization
conditions that will fix five parameters. Since we are working on a top down approach, where
we will run down from the messenger scale M to the EW scale, we will need to keep consistency
between the boundary conditions and the EOM’s. As the parameters m% and B, have their
RGE’s decoupled from the rest, we can consistently fix two of them, e.g. m% and B, at the EW
scale. The value of By, at the weak scale will be consistently fixed in agreement with its EOM by
choosing at the messenger scale M a custodial parameter Ba satisfying the boundary condition
By(M) = By(M) = Ba 2. The other three EOM’s self consistently determine the values of the
custodial breaking angles (tan 3,tan 6y, tanf;) which are then a prediction of the EOM’s for a
given value of va.

Benchmark scenarios

Due to the strongest color contribution, if gluinos are heavier than stops they will raise the
stop masses through the RGE running, making their boundary condition at the messenger scale
unimportant. In a gauge mediated context we can generally say that, the heavier the gluino, the
heavier the stop. Therefore we will fix the gluino mass at the electroweak scale as low as possible
consistently with the most stringent bounds released by the LHC data [120], i.e. M3 = 1.5 TeV
at the low scale. For a fixed value of M (after considering the RGE running effects) this will fix
the supersymmetry breaking parameter F'.

We will choose a low value of M so that the custodial breaking by the RGE running is
minimized. In fact loop corrections to the p parameter, that are related to the custodial breaking,
are parametrized by tan o; — 1, with a; = 3, g, 61. As explained in the previous section, because
of the strong effect of the top quark Yukawa coupling, the running differentiates the two soft
doublet masses from each other much more than the three triplet ones among themselves. This
results in a much bigger vacuum misalignment in the doublet sector that is dictated by the amount
of running (i.e. by the size of the messenger scale M) and with little dependence on va. We are
therefore left with a situation at the EW scale where tan 5 # 1 and (tanfp,tané; ~ 1) (right

13We expect the same physics responsible for generating the effective behaviour that we describe in this paper
to produce the correct values of m3 and Ba at the messenger scale M. However, without proper identification of
the UV dynamics, one faces a p-B,, like problem in the triplet sector as well. Both problems could be solved from
a bottom up perspective by introducing direct SU(2); ® SU(2)r invariant superpotential couplings between the
messengers and the Higgs fields (doublets and triplets) as it is done in more minimal scenarios [119].
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Figure 5.7: Left: Running of (mH ,mH ) (dashed lines) and (mE ,mzE ,m% \) (solid lines),
normalized to their values at the messenger scale for benchmark scenario #1. Rzght Running of
gaugino (solid: Ms orange, My blue and My red) and squark (dashed: meg black, mz gray and m;
brown) mass parameters for benchmark scenario #1.

panel of Fig. 5.8) and so the loop contributions to the p parameter coming from the doublet
(MSSM) sector will be dominant. As small values of M will minimize the resulting value of
tan 8 — 1, we will fix the messenger scale to M = 100 TeV. In particular, as we will see in the
next section, this will translate into tan 5 = 1.38 for the benchmark scenario #1 and tan 8 = 1.32
for the benchmark scenario #2.

As a consequence of the low value of the messenger scale, the gravitino (G’) is the LSP, as usual
in gauge mediation '*. Although the chosen value of M is also in agreement with cosmological
bounds on the gravitino mass [121], the gravitino will not provide the observed relic density by
itself, another component will have to enter to fill the DM relic density up to the current observed
value. Also, the next to lightest supersymmetric particle (NLSP) will play an important role in the
phenomenology of the model. In particular we will see that, in each of the benchmark scenarios
studied below, because of the low values of v'F the decay NLSP — G + ... will be prompt, i.e. it
will decay inside the detector but with no displaced vertex, and the experimental signature will
be an imbalance in the final state momenta and a pair of photons or charged leptons.

Benchmark scenario #1: a Bino-like NLSP

For this scenario we will choose the number of messengers and their couplings with the hidden
sector as ~ ~ ~
ny = 1, ns = 2, ng = 6 and )\1 = 0.9, )\3 = 0.5, )\8 =0.1. (527)

Note in particular the hierarchy that we establish between As and A;. We do this to have stops
as light as possible along with sleptons above their experimental bounds. In minimal versions of
gauge mediation the contributions given by different gauge groups cannot be disentangled and it
is difficult to accommodate light stops without too light sleptons.

As in the general example presented in the previous section the SU(2); ® SU(2)g invariant
A of the superpotential will be fixed at the messenger scale such that the correct Higgs mass is

MFor the neutralino to be the LSP in this scenario, one would need to apply to the SCTM a mechanism similar
as that of Ref. [35].
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reproduced '°,
A(M) = 0.68 (5.28)

We also fix the superpotential parameter A3 = 0.35, although it will have little effect on the low
energy spectrum. The boundary conditions at the messenger scale of p (and pa) are adjusted
to make sure that the vacuum is close enough to the direction tanfy = 1, and p falls within
the allowed T parameter band. In this case we choose both parameters p and pua equal at the
messenger scale

p(M) = pa(M) =1.3 TeV. (5.29)

Of course, the values that will actually fix the Higgs mass are at the EW scale. A and pa are
superpotential parameters that we assume to be generated in an SU(2); ® SU(2)g invariant
fashion. We show how the running will split these supersymmetric parameters and their EW
scale values in Fig. 5.8.
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Figure 5.8: Left: For benchmark scenario #1, running of Aq (red), \. (orange) and A, (blue).
Right: For benchmark scenario #1, running of p (red), g (blue) and py (orange).

In this scenario the NLSP is a bino-like neutralino that will mainly decay to the gravitino
through the following process y{ — ’yé. If we know its mass and the supersymmetry breaking
scale v/F, we can calculate the average distance travelled in the LAB frame by an NLSP produced
with energy E before it decays [29],

5 4
1 {100GeV VF [F2
LNESP — — — —1-1072 5.30
X oy \ e 100TeV |V m2 e (5.30)

X

with ky = [N11 cos Oy + Nigsin Ow|?, N11 and Njp being the projections of X! to the Bino and
Wino respectively (in our case Nij; ~ 1 and Njp ~ 0). In this scenario vVF = 94 TeV and

Mo = 143 GeV, this translates in an average distance of flight well below the detector precision

(~ 0.1 cm) even if the particle is boosted because it is produced with very high energy.

15To fit the 125 GeV value we include the dominant loop contributions to the Higgs mass [44].
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Benchmark scenario #2: Tr as the NLSP

Now we present an example of a spectrum where the NLSP is 7z. We also choose M =100 TeV
and a similar hierarchy between \’s, the main difference with #1 will come in the larger number
of messengers,

ni=10,n3=6,ng=5 and A =0.9, \3 =0.5, \g =0.2. (5.31)

Custodial values in the superpotential are also asjusted at the messenger scale to get the correct
Higgs mass and p = 1 at the electroweak scale,

A(M) =0.78, A3(M) =0.35 and (M) = ua(M) =1.5 TeV. (5.32)

The 7 will decay into the gravitino through 7 — 7G and we can get its average flight distance
from (5.30) with k, = 1. In this case VF = 73 TeV and mz = 343 GeV and one finds that
[NLSP _ [ NLSP

# 2 #1 -

Phenomenology of the Gauge Mediated SCTM

Figs. 5.9 and 5.10 show the spectrum in the two previous benchmark scenarios with light stops
(in both cases below 1 TeV) 9, the correct Higgs mass and a non negligible contribution of the
triplet sector to EWSB. In particular, in both examples va = 20 GeV (vp is set by the relation
(4.10)), which corresponds to about a 10% of the W and Z masses given by the triplets.

In both scenarios the gravitino cosmology is very simple as mg/, ~ O(few) eV and the
gravitinos are stable particles which do not overclose the Universe, {23 /2h2 ~ 1073. We now look
at phenomenological features and possible smoking gun signatures for the present model and in
particular for the two benchmark scenarios.

Neutralinos and Charginos

We first analyze the fermionic sector of the theory. The addition of three triplet chiral superfields

will enhance the number of neutralinos and charginos. Three extra neutralinos, two new charginos

and a doubly charged chargino will be present in the spectrum. The fermion spectrum comes
from the neutralino and chargino mass matrices, which are derived from the mass Lagrangian

oPwW

Lijg=—7—"

/ 00ip;

where ¢ are the Higgs scalars, 1) their fermionic superpartners (higgsinos and tripletinos) and A*

the gauginos corresponding to each gauge group, g*. For neutralinos we have then

,(bid}j - \/iga(d)Tad)))‘a + Lsoft—fermions s (5.33)

1 i
£, = —§¢?M‘l’ U+ hee., (5.34)

where wlo = (EO, WN/S, ﬁ?,ﬁg, qNﬁo, XY, @Z()). For charginos the mass Lagragian is as in Eq. (4.42)
but with a mass matrix different from Eq. (4.43) since the parameters are not SU(2) ® SU(2)r
invariant anymore. Finally, the doubly charged chargino mass matrix is given by

+ _ Lo - 0 M, (R
Lip=—5 (¢ x77) M, 0 o ) The (5.35)

'5The physical stop masses are derived as in the previous section by means of Eqs. (5.18) and (5.19).
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Figure 5.9: Left: Scalar spectrum for scenario #1. MSSM-like scalars are quoted as so. Right:
Fermion spectrum for scenario #1.

Figs. 5.9 and 5.10 show the different mass values for scenarios #1 and #2, respectively. As we
can see there is a clear hierarchy between states which in part will be determined by the relation
(5.26). In Fig. 5.9 this relation is,

My : M, : Ms _ 1.08:2: 1.8 [scenario #1]. (5.36)

o1 a2 Qa3
The lightest fermion is the NLSP, a Bino-like neutralino. The next neutralino and first chargino
correspond to a Wino-like multiplet, since My at the low scale is around 450 — 500 GeV (right
panel of Fig. 5.8). In this scenario x3 and the lightest chargino )Zf are (quasi) degenerate in mass.
The ATLAS supersymmetric searches [122] on xg;ﬁ production followed by W and Z decays,
combined with three-lepton searches, exclude a mass region for degenerate Y5 and )ﬁt between
100 GeV and 410 GeV. These bounds are satisfied since the mass of 3 and Xi is ~ 473 GeV.
The heavier states are doublet-like Higgsinos and tripletinos.

In scenario #2 the gaugino mass relation is

My My M
“L. 2.8 -10.8:6:3  [scenario #2] (5.37)
(65} a9 a3

this different hierachy is explicit in Fig. 5.10, with a fermion spectrum heavier than in the previous
case, also satisfying all present experimental bounds.
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Figure 5.10: Left: Scalar spectrum for scenario #2. MSSM-like scalars are quoted as so. Right:
Fermion spectrum for scenario #2.).

Sleptons

ATLAS and CMS searches place strong bounds on slepton masses [122,123] 7. These will change
depending on whether 7g is the NLSP or not. If 7g is the NLSP, LHC searches give mz, 2 250
GeV and mz, 2 300 GeV. Bounds are relaxed if we have a neutralino NLSP to which the 7p
decays. In this case, from the exclusion regions in the (mxfl), mszy,) plane from decays 7p — Y,
it turns out that for mgo 2 100 GeV there is no LHC constraint on msz,, so that only the LEP
bound msz, 2 100 GeV survives. The latter case applies to our benchmark scenario #1 where
mgo > 100 GeV. In the benchmark scenario #2 we explore the former case and we can see from

the mass spectrum that mz, and msz, are above their experimental lower bounds.
Higgs scalars

There are a total of five neutral CP-even, 4 CP-odd, 5 singly charged, and two doubly charged
massive Higgs scalar fields in this model. We will calculate the scalar spectrum by diagonalizing

"We consider the physical masses of 71, to be the RGE parameters mz, and msz,, neglecting any possible
mixing between them. This is a good approximation since yr < y:.
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5.3. Gauge mediated supersymmetry breaking in the SCTM

the corresponding mass matrices, e.g. for real neutral scalars Eq. (5.12), but also

B 0’V
agoil::l:agoj::t * )

1 0%V ) 02V

M25’L:7 ) ij = *

and (M cp)ij (5.38)

where,

ol = (HY, HYT 0T, 607 x0Ty,
o = (Hy X", ¢~ Hf ¢t ¢1), (5.39)
and FF = (x0T,

With the help of a smooth limit to the MSSM scalar sector when vao — 0, we can identify the
MSSM-like states as those which remain light in that limit (see Section 4.4). Due to the small
mixing angles between doublets and triplets, the MSSM-like scalars will have a larger doublet
component whereas the rest will be mainly composed of triplets.

Note that the doublet sector is in its decoupling regime and in both cases (Figs. 5.9 and 5.10)
there are some light triplet-like scalars, specifically a neutral (H), a charged (H*) and a doubly
charged (H**) one. From Chapter 4 we know that, in the custodial case, scalars align themselves
under degenerate SU(2)y multiplets and in particular these light triplet-like scalars correspond
to Fg, the SU(2)y fiveplet that for large enough va is the lightest triplet-like multiplet, just
above the Higgs-like custodial singlet (see Fig. 4.4 in Sec. 4.4). Of course, since SU(2)y does not
hold anymore, the multiplet is not degenerate in mass, thus the mass splitting between H, H*
and H** that we see in Figs. 5.9 and 5.10.

Probing these new triplet-sector states is challenging since the new SU(2), triplets do not
couple to matter at tree level. For the neutral ones, searches for fermiophobic Higgses constrain
their masses to be roughly above 194 GeV [124]. Moreover, the main production process for these
states is vector boson fusion and the coupling between a Higgs like scalar and two vector bosons is
proportional to its VEV, which for the triplet like states will be va, around an order of magnitude
smaller than v. Due to this, the production cross section will then be smaller than the production
of doublet-like scalars and the bound on triplet-like neutral states can be significantly relaxed.
In Chapter 8 we perform an analysis that enables us to derive bounds which are independent of
the triplet VEV, hence, much more robust. Although fermiophobic neutral scalars do appear in
this model, they are not an exclusive feature of triplet Higgs sectors and cannot be considered as
a smoking gun of the model. Nevertheless the model features a few characteristic signatures:

e The first one is the appearance of light charged scalars with the coupling H*WTZ and
decay channel H* — W*Z, which is forbidden for charged Higgses coming from doublet
representations. This possibility has been explored in [125]. Through the search of H* —
W=*Z, and in the context of the non-supersymmetric GM model, ATLAS is able to put
bounds on the mass of the triplet-like H*. Here we can do a similar consideration to the
one we did in searches of fermiophobic neutral scalars. The width of H* is proportional
to the squared of sin = 2v/2va /v, a factor which parametrizes the amount of mass given
by triplets to the W and the Z. The experimental bounds grow stronger as sin — 1 and
disappear for sinf < 0.5. In our model va is small compared to v so sin € is at most 0.35
and the bounds do not apply. The triplet-like nature that is responsible for this suppression
in the couplings is explicitly shown in Figure 5.11.
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Figure 5.11: Plot that shows the composition of the lightest HT state for points computed with
different values of the messenger mass scale, M. Thick lines correspond to components coming
from the triplet sector and dashed ones are components of the doublet sector. The lightest H*
will be dominantly triplet like even including the custodial breaking caused by the running, this
means that its couplings to gauge bosons will be weighted by the factor ~ va/v. The other possible
smoking gun of the model, the doubly charged state HT* will be totally triplet as there is no doubly
charged component coming from the doublet sector.

e The second one is a light doubly charged scalar. Since it does not couple to matter at tree
level its only decay mode is H** — W*IW*. In [101] this possibility is studied and bounds
on doubly charged scalars are given by looking at possible H¥+ — W+W# processes. The
authors find that with the current LHC data mpy++ = 96 GeV, a bound obviously satisfied
by our benchmark scenarios.

Finally, there is also a light pseudoscalar in the spectrum. These are mostly constrained by
flavor measurements and electroweak precision observables in the two Higgs doublet model [126]
and require m4 = 300 GeV. However, these bounds rely on the fact that the pseudoscalar has to
decay primarily on bb and 77 which happens only when tan 3 > 1. For our model tan 3 ~ 1 at
every point of the parameter space so the experimental constraints are relaxed.

Higgs couplings

We now calculate the normalized couplings of the Higgs to vector bosons and fermions, Eq. (5.20),
in the two benchmark scenarios to find that they agree with what was originally predicted in the
more general universal models (Fig. 5.6). We also look at the loop induced coupling 7, that will
contribute to the h — v rate '®. We end up by computing the predicted signal strength s x x

8The formula for rp,, is similar to what is given in Eq. (4.51), however, in the non custodial situation the
projections from gauge eigenstates to the Higgs mass eigenstate cannot be computed analytically and we have,

4 4
[AI(TW) + §A1/2(Tt)} THyy = A1L(Tw)ruww + §A1/2(Tt)h—tuu (5.40)
v of of of of
+ \ﬁ {UHTHIO + U128H20 + U“’aT;O + UMT#’ + U1567XO .
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of the decay channel h — X X, with X =V, f, 7. Results for the two benchmark scenarios are
presented in Tab. 5.3.

| Scenario #1 [ WW [ ZZ [ bb | T | vy |

| rmaxx || 1.05 [1.04]1.01]1.01]1.22]
P90 D o7 105 1 (099 145

pE a6 | 114 | 108 | 1.07 | 158
114 | 1.11 | 1.06 | 1.05 | 1.54

(ZF) (7h)
Scenario #2 | WW | ZZ | bb | t& | vy |

Ehxxs Paxx

| raxx [ 1.05 [1.04[1.01]1.01]118]
P M| 107 | 1.06 [ 099 | 0.95 | 1.35
pVE) 116 | 115 | 1.08 | 1.05 | 1.46
pd 200 2 115 [ 114 | 107 ] 1.03 | 1.45

Table 5.1: Top: Higgs couplings and signal strengths for scenario #1. Bottom: Higgs couplings
and signal strengths for scenario #2.

From Tab. 5.3 we see that the benchmark points are in agreement with the ATLAS current
measurements [127] within the present uncertainties. The Higgs is a doublet-like state and there-
fore its couplings to vector bosons and fermions will not be greatly modified since the rest of the
doublet-like spectrum is heavy enough. However, because custodial invariance is broken at the
electroweak scale by the RGE running, it turns out that there is a corresponding breaking of uni-
versality as the parameter A\yyz = rww/rzz departs from one. In particular as we can see from
Tab. 5.3, Awz — 1 ~ 1% for the benchmark scenario #1 and Az — 1 ~ 3% for the benchmark
scenario #2. As emphasized in Section 5.2 this breaking is one of the possible smoking guns of
our model (left panel of Fig. 5.6).

As the precision in the measurements of the Higgs properties increases, Higgs couplings can
offer one of the most promising avenues to probe this model, in particular through the 74,
coupling which is loop induced and can have large modifications. New charged triplet-like light
scalar states like HT or H** are present and will modify the coupling by circulating along
the loop. The lighter these particles are, the greater their effect will be in rj,, and since the
masses of triplet-like states scale with va, h — v will soon put bounds on va. In order to
illustrate this point we show in Fig. 5.12 a scenario with the same values of the parameters as
the benchmark scenario #1, but with va = 10 GeV. In this case the scalar spectrum is heavier
and the contributions to 7., are smaller 19

5.4 Discussion: General features of the SCTM

During this chapter we explored how we expect a ‘realistic’ realization of the SCTM to work
(Fig. 5.1), we scanned the departure from custodial invariance and explored what are the conse-
quences for phenomenology in this consistent picture.

9The presence of light charginos could also modify 71.,. Note however that in the cases under study fiq,p is
large and no beyond the MSSM light charginos appear in the spectrum.

101



Chapter 5. The SCTM at the quantum level

12002— — 4461
1000} _
; 895 | [ Ww ] ZzZ ]| b | tt | vy |
3 [ rxx [ 102 [102] T | 1 ]1.05]
o 6001503— .0 57 P M ] 103 | 1.03 [ 0.98 [ 0.98 | 1.1
g 508 —498 —485 (WF)  (Wh)
100l —a20 | VR VW | 107 [ 1.08 [ 1.03 ] 1.03 | 115
; P20 | 108 | 1.08 | 1.03 | 1.03 | 1.15
200+ 1
; y 53
ok

Figure 5.12: Left: Scalar spectrum of the benchmark scenario #1 with va = 10 GeV. X\, p and
uA are again adjusted at the messenger scale so the correct Higgs mass is reproduced and p = 1.
Other scalar states are above 1.3 TeV. Right: Higgs couplings and signal strengths with vao = 10
GeV.

We started by arguing that in the SCTM, the scale at which SU(2); ® SU(2)g holds is most
naturally identified with the messenger scale M, at which supersymmetry breaking is transmit-
ted to the observable sector. This leads to a connection between the experimentally measured
value of p and the supersymmetry breaking scale. With this identification, it is shown how once
the SU(2)r, ® SU(2)r boundary conditions are specified at the scale M, then for a given triplet
VEV va, the tree-level value of p can be predicted through renormalization group evolution (Ap-
pendix B.2). By utilizing an extra VEV direction (Appendix A.1), which itself is a consequence
of supersymmetry and anomaly cancellation, the scale M at which SU(2)r ® SU(2)g invariance
holds can be significantly higher than the electroweak scale. In particular, we have found that
scales M well above 100 TeV and triplet contributions to EWSB as large as 15% can easily
be accommodated with p within the T-parameter constrains, this is shown in the left pannel of
Fig. 5.3. At the same time we have checked that the ‘realistic’ SCTM can also give large tree-
level and one-loop contributions to the Higgs mass as it does in the fully custodial picture. This
allows to reproduce the measured Higgs mass even with small trilinear terms and top squarks
with masses below 1 TeV.

As a byproduct of this analysis we have found a way to reconcile the Higgs mass measurement
with low-scale supersymmetry breaking in the context of gauge mediation. We have proposed a
particular model of general gauge mediation characterized by three species of messengers trans-
forming as non-exotic representations under the SM gauge group, Eq. (5.21), with supersymmetric
masses and Yukawa couplings to the spurion field breaking supersymmetry in the hidden sector,
Eq. (5.22). In particular we have studied two benchmark scenarios consistent with all present
experimental bounds, with the lightest neutralino (Bino-like) (Fig. 5.9) and right-handed stau
(Fig. 5.10) as NLSP, respectively. For both scenarios the decay of the NLSP is prompt (inside
the detector but with no displaced vertex).

We now enumerate a number of characteristic features of the ‘realistic’ SCTM, some of them
particular to the SCTM embedded in gauge mediation:
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e The first distinct feature is of course (as we already mentioned) that we can reproduce the
Higgs mass with light stops (~ 1 TeV) while in the MSSM or in particular, minimal gauge
mediation, values of the stops mass 2 5 TeV are required (Chapter 3).

e There is an extended fermiophobic triplet Higgs sector, absent from the usual supersym-
metric extensions of the Standard Model, whose neutral components can acquire a sizeable
VEV va (Fig. 4.1).

e The triplet VEV’s can contribute with a non negligible amount to the mechanism of elec-
troweak breaking. There is a direct relation between a sizable va and light triplet-like states
(Fig. 4.4), in agreement with the upper bounds derived in [128]. This is a very interesting
fact that will be explored by LHC13, as well as the next generation of colliders.

e There is a rich phenomenology by new singly (H*) and doubly charged (H**) scalars
which, if light enough, can contribute sizeably in loops to r., (Table 5.3 and Figure 5.12).
The couplings H*W¥FZ and H¥*WTWT are proportional to va and can thus provide
unique signatures for models with extended Higgs sectors contributing to EWSB.

e From looking at the spectrums of Figures 5.9 and 5.10 we can see that, although exact
custodial ordering is lost due to the RGE running, there is some remnant degeneracy. In
particular the SU(2)y fiveplet Fs, Eq. (4.37), will be responsible for the appearance of a
neutral, a singly and a doubly charged state close in mass as the lightest scalars in the
spectrum (just above the light Higgs). Also, the lightest pseudoscalar and the next to
lightest singly charged state will correspond to the triplet A, Eq. (4.33).

e One can measure the amount of custodial breaking by the departure of the universality
parameter \yyz = rww/rzz from its custodial value A\yyz = 1 (Figure 5.6 and Table 5.3).

e The typical pattern for the values of M,/«, is strongly spoiled with respect to minimal
gauge mediation. Also the sfermion spectrum is completely different from that of typical
MGM, Eq. (5.26).

Let us end this chapter by making the remark that although we have constructed generic
scenarios consistent with all experimental bounds, the constructions are by no means unique.
Any of those scenarios should be contrasted with future experimental data, in order to find
exclusion regions or some positive signatures which could unveil the true nature of the SCTM.
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DM phenomenology with custodial triplets

As explained in the Section 2.6 of Chapter 2, supersymmetry also provides a nice solution to
the dark matter problem. If R parity is assumed the lightest supersymmetric particle is stable
and, provided that it is neutral, it may behave as a good DM candidate. However, not all
dark matter candidates yield the correct relic abundance, only specific regions of the parameter
space will allow the lightest neutralino to freeze out to the observed relic abundance and in the
MSSM these regions are getting heavily constrained by experimental searches for DM. In this
chapter we focus on the dark matter properties of the neutralino sector of the SCTM which,
besides the interesting features described in the previous chapters, is able to generate neutralino
phenomenology worth being studied. Moreover, a (nearly) custodial potential is interesting from
a direct detection standpoint: The coupling of the Z to the neutralinos vanishes at tree level in
the custodial limit of the MSSM (tan 8 = 1), leading to blind spots in the spin-dependent dark
matter searches [129], a property that will be maintained by a custodially symmetric extended
Higgs sector.

We start the Chapter by summarizing the status of neutralino dark matter as of today
(Sec. 6.1). We then explore the DM properties of the SCTM by means of a phenomenologi-
cal approach that parametrizes the custodial breaking while retaining some of the calculability
of the SU(2)y invariant situation (Sec. 6.2). From our study we find that there are large regions
of parameter space where dark matter annihilation in the early Universe occurs through the new
triplet states, we discuss these results and the consequences for direct and indirect detection in
detail in Section 6.3. We end up making a summary in Section 6.4.

6.1 The status of neutralino DM

If the mass parameters of the electroweakinos are well separated, mixing can be neglected and
the LSP can be a pure interaction eigenstate. If that is the case the pure bino does not annihilate
enough in the early Universe, while both the wino and higgsino annihilate easily and need a mass
near or above a TeV in order to freeze out with the correct relic abundance. If their masses are
lighter than this, the pure wino or higgsino leave too little dark matter ! and as SU(2), triplets,
the tripletinos should behave similarly to the wino in this regard.

To have neutralino dark matter lighter than a TeV and freeze out to the observed relic
abundance, the LSP must have a large bino component, and there must be a process which helps

! Actually, the pure wino may already be excluded by astrophysical gamma ray searches and after constraints
from LEP, the LHC, and astrophysics are applied, the only pure state that can generate the observed relic abundance
is the higgsino [130-132].
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the LSP to annihilate efficiently in the early universe. There are a few options to increase the
rate at which the bino annihilates:

e Mixing: If the composition of the LSP contains a substantial amount of wino, higgsino or
tripletino, the mixing can allow for efficient annihilations.

e Coannihilation: Having another supersymmetric particle slightly above the mass of the LSP
opens the possibility of t-channel annihilations, which can greatly increase the annihilation
cross section. For there to be enough of the heavier particle around as the universe expands
and cools down, the mass must not be more than ~ 10% larger than the mass of the dark
matter candidate.

e Funnel/Resonance: If the mass of the LSP is approximately half the mass of another state,
the s-channel propagator becomes very large. There is a peak in the annihilation cross
section, and a corresponding dip in the relic abundance after freeze-out.

If the LSP is coannihilating with squarks or sleptons, there are strong limits on the model
from LHC searches. This is due to the production rate of squarks and the relatively clean signals
for sleptons. In this case, one would expect to find the squark or slepton before the DM candidate.

In the literature, both mixing and coannihilation among electroweakinos are referred to as
well tempering, [133]. Well tempering implies that there are multiple states around that can be
produced, which is good for the production cross section of beyond-the-Standard-Model states.
However, achieving the correct relic abundance requires the splitting to be small, which makes
detection difficult. There have recently been studies on detecting electroweakinos with small
splittings at colliders [134-142].

The resonant/funnel annihilations of the LSP do not need extra particles at the same mass,
but instead at nearly twice the mass of the DM particle. In the MSSM, the funnel particle can
be either of CP-even (HY, HY) or CP-odd (AY) nature [143-149]. Since the dark matter particle
itself cannot be detected at colliders, the way to look for such a model is through the heavier
states, however, as exemplified by the long search for the Higgs, searches for neutral scalars are
difficult. As will be shown later, in the SCTM, the triplet scalars provide a resonant channel
over much of the parameter space. Moreover, because of the degeneracy of states in the custodial
situation (Chapter 4), there are charged states near the neutral funnel that could aid in discovery.

6.2 Phenomenological approach to the SCTM

We know from Chapter 5 that a totally custodial situation at the EW scale is not realistic
from a theoretical point of view and deviations from SU(2)y are to be taken into account when
performing studies of the SCTM properties. For this study, we take a middle ground between
the calculable (but unrealistic) fully custodial model of Chapter 4, and Chapter 5, where we
perform a detailed analysis of the custodial breaking generated by the RGE running. In the
latter, phenomenological studies which need parameter scans are challenging as every point in
the parameter space is calculated in a non trivial way. In this chapter we assume a Higgs sector
with a potential allowing for a non custodial vacuum, provided that it only comes from the ratio
of the doublet VEV’s, parameterized by tan 8. We do this in agreement with what is found
performing the RGE analysis, i.e. because of the influence of the top quark Yukawa coupling,
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the running differentiates the two soft doublet masses from each other much more than the three
triplet ones among themselves (Figs. 5.2 and 5.8), resulting in a much bigger vacuum misalignment
in the doublet sector. This misalignement in the doublet sector translates into a departure from
tan 8 = 1 and as the p parameter is affected only by the difference in the triplet VEV’s, one can
consider a breaking generated by tan 5 without worrying too much about p parameter constrains.

Let us now present this approach in detail as something similar will be also used in Chapter 7.
The SU(2)r ® SU(2)g invariant superpotential is defined as

W:AH.M+§HA3+§EH+%%A?, 6.1)

and again, the total potential
V =Vr + VD + Veoft » (6.2)

where the F and D terms are defined as in Chapters 4 and 5. The soft part of the potential in
this approach is

2 2 2 2 2
|” + miyg, [Ho|” + ms, tr |34

Voot = m%r1|H1 4—m%71 tr |Z,1|2 +m%0 tr |ZO|2

1 _ 1 _ _ o __ 1 _
+ {ngﬂ -H + §BA tr A2+ A\H-AH + gA,\3 tr A3 + h.c.} (6.3)

Note that the potential we just wrote is the same as that of Chapter 4 but with non custodial
soft masses that will be used to satisfy the EOM’s.

The SU(2)y breaking vacuum is parametrized as
v1 =V2cosBuy, vy =+V2sinBvy and Uy = Uy = Vg = VA, (6.4)

where the custodial symmetry is only broken in the vacuum by tan 8. As in the previous chapter,
the vacuum will preserve the relation (4.10) regardless of the tan 8 value, fixing a vy for every
va. From close inspection of Eq. (5.8), we can determine that the p parameter is not affected
if custodial symmetry is broken in this way, however, only from the consideration of tan 8 # 1
we already loose the degeneracy of minimization conditions present in the custodial situation.
The five EOM’s for this choice of vacuum are listed in Appendix C.1, where we can see that the
degeneracy is recovered when tan 8 — 1. For the rest of the chapter we will refer to tan 5 =1 as
the custodial case and tan 8 # 1 as the non custodial case.

Benchmark parameters

To begin a study of the dark matter properties of the model, we first choose a set of benchmark
values, given by

A3 = 0.35,
m3 = 500 GeV,
Ba = —(500 GeV)?, (6.5)

A=Ay, =4 =4, =4, =0,
meg, = 800 GeV, and mgg = 700 GeV,

where other scalar soft masses have been decoupled and the ones corresponding to Higgs multiplets
are determined by the minimization conditions. The SCTM triplet F' terms yield a large tree-
level Higgs mass, so smaller one-loop corrections are needed. This is the reason for our choice of
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relatively light stops albeit above the current experimental limits. The value of A3 will not have
much of an effect. We are considering the case m% = |Ba| for simplicity. Values of m3 and Ba in
the ballpark of those in Eq. (6.5) should provide similar results while larger values will decouple
the heavy scalars more, and in addition will affect on how large va can be in the minimization
of the potential. Similarly, we choose to examine the case in which all of the trilinear terms are
zero to help ensure that the EW vacuum is the deepest one. This leaves u, ua, A, and va as the
remaining free parameters to study.

Scalar spectrum

As noted in the previous chapter, there is a total of five C'P-even, five CP-odd, six singly charged,
and two doubly charged Higgs scalar fields in the SCTM. Since we will be examining both the
custodial and the non custodial setups of the model, we will not use the notation in terms of
SU(2)y multiplets, instead, we will work with mass eigenstates. After removing the Goldstone
bosons, they will be denoted as HR“_S), A(1],...4a Hf..sv and TligE

To study the dark matter annihilation in the model, we are only interested in the spectrum
of the lightest neutral scalars rather than the charged components. Annihilating the neutralino
through a resonance of the Higgs or the heavy Higgs has been shown before in the MSSM. As a
new feature of this model, there are substantial regions of parameter space in the SCTM where
the annihilation can proceed through a triplet-like resonance. To do this, the soft masses of the
triplets must not be too large. Upon close examination of the minimization conditions for m%o,
m%l, and m%il written in Appendix C.1, we see that there is a piece that scales as v%, Jua for
each soft mass. Smaller values for va yield large soft masses for the triplets, decreasing the chance

of annihilating through the triplet funnel.

The Higgs mass

The results for the Higgs mass are pretty similar to what is presented in previous chapters. For
tan 8 = 1, there is no tree-level contribution to the mass of the Higgs from the MSSM sector of
the model. Instead, the mass at tree level in the decoupling limit comes only from the triplet F'
terms, and is given (at leading order in va) by

M| gy = A0 (6.6)

We also examine the model in which tan 8 # 1 (but is still small ?) and the tree-level Higgs mass
can no longer be written in a simple form. However, we comment that there are now MSSM
contributions to the mass, and the triplet F' terms contribute as \? (4 cos* B + 4sin* § + sin? 26).
Again, the SCTM allows for large tree-level contributions to the Higgs mass with no need of large
one-loop corrections, and thus no need for heavy stops.

The dominant radiative corrections to the Higgs mass depend on the top Yukawa coupling
which is defined as in Eq. (5.14). In the SCTM, increasing va increases the top Yukawa, which
increases radiative corrections to the Higgs mass. In our study, we take the dominant one-loop
corrections found in Ref. [44], 3 we use 700 GeV for the right-handed soft mass and 800 GeV

In agreement with the tan 8 values found in Chapter 5.
3We will neglect radiative corrections proportional to A? as the parameter X affects the Higgs mass at the tree
level and thus the corresponding radiative corrections are constrained to be small by perturbativity.
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6.2. Phenomenological approach to the SCTM

for the left-handed soft mass. These were chosen to be slightly above the current experimental
bounds, regardless of the mass of the lightest neutralino. Raising the masses of the stops will not
affect our dark matter results, only worsen the fine-tuning of the model. Note that even though
the stop masses and A; are fixed in the study, changing 1 and tan 8 affects the mixing and thus
the one-loop contributions to the Higgs mass. Therefore, by fixing the mass of the stops, the only
way to alter the mass of the Higgs is through the remaining parameters, u, ua, A, and va. To
study the effect of the triplet-like states on dark matter, we examine the case in which either the
doublet- or the triplet-like fermions are lighter. We fix ua = 250 GeV and scan over the values
of .
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Figure 6.1: Top row: Mazimal values of V2va that allow X to set the Higgs mass to 125 GeV and
yield a minimized potential as a function of . Bottom: Value of \ needed to attain the observed
Higgs mass for va = 10/v/2 GeV. The triplet supersymmetric mass is set to pa = 250 GeV, and
the other values are as in Eq. (6.5).

Recall that in order to achieve a minimum of the potential from the minimization conditions
(see Appendix C.1) rather than a saddle point, there exist constraints on the relationship between
pu and pa beyond Eq. (4.39), which forces the origin to be a saddle point. However, the latter
equation might give us some intuition on which p and pa values we can take since a saddle point
at the origin forces the potential to have a minimum. When tan 8 = 1 and A, = 0 the equation
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simplifies to 2u > pa and we see that we cannot look at regions where pa is significantly heavier
than p and still minimize the potential *. Once p and pa are fixed, we have to chose A and va.
We do this in two different ways:

e Maximizing va: We start with va = 30/v/2 GeV °, which we take as the upper limit
as suggested by the analysis of Chapter 5. We then scan over A to set the Higgs mass
(including radiative corrections). Once the lightest C'P-even Higgs has a mass of 125 GeV,
we examine the rest of the spectrum. If other scalars have gone tachyonic, or the value of
A needed is greater than 0.75, this value of va is excluded. We then lower va and repeat
the process until a 125 GeV Higgs is obtained and the vacuum minimized. The resulting
values of va and A are plotted in the top row of Fig. 6.1 over a range of u.

e Keep the value of va constant as we scan across p. The region of p that can yield the
correct Higgs mass and successfully minimize the potential is smaller for large values of va.
Because of this, we set va = 10/v/2 GeV for our study of this method. The lower panel
of Fig. 6.1 displays the values of A needed for both tan = 1 and tan 3 = 2. Note that
tan 8 = 2 needs smaller values of A because there are tree-level MSSM contributions to the
Higgs mass, this allows for a larger range of p than the tan 8 = 1 case.

Rest of the scalar spectrum

The spectrum of the light neutral scalars is plotted in Fig. 6.2 for va = 10/v/2 GeV and wva
maximized in the left and right panels respectively. When tan § = 1, shown in the upper panels,
the scalars HY, AY, and HY have similar masses, which increase as a function of u. The lightest
that these scalars can be is ~ 300 GeV. The other neutral scalars all have masses greater than
600 GeV and therefore are not shown in the plots. In the lower panels, the same spectra is shown
for tan 8 = 2. In this case, both HS and A(l) are nearly degenerate in mass, and much lower in
mass than when tan 8 = 1. This partially comes from the smaller value of A needed to raise the
Higgs mass for tan § = 2. Conversely, the mass of Hg does not change much between the two
choices of tan 8. If the maximum wva is chosen instead of using the constant va = 10/v/2 GeV,
the masses of HS , A(l), and Hg will drop. The separation of the states will also depend on va so
increasing it helps to remove the degeneracy of the scalars.

We do not perform any collider constraints on searches for these extra possible scalars. How-
ever, we see that the model allows for some to be very light (Sec. 5.4). A dedicated search could
therefore exclude large regions of parameter space in a quicker and more conclusive way than
either Higgs precision measurements or direct detection experiments (see Chapter 8).

40Of course, this does not mean that triplets cannot be decoupled supersymmetrically. The limit ga — oo yields
the MSSM, in which case Eq. (4.39) does not apply.

5Because of computational issues, the paper in which this chaper is based, Ref. [7], had to be written using the
normalization where ¢ = (v+ ¢r+1 quI)/\/i and v = 246 GeV. To keep the text as cohesive as possible we change
it here to the one that we use in the rest of the thesis, ¢ = v+ (¢r + 4 ¢51)/ﬂ and v = 174 GeV; therefore some
of the numbers and figures in this chapter will show values of va weighted by a factor 1/+/2.
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Figure 6.2: Left panels: Spectrum of the neutral light scalars when va = 10/v/2 GeV and X is
changed to set the Higgs mass. Right panels: Spectrum of the neutral light scalars when we use
the mazimum allowed value for va for each p value. The upper (lower) panels contain tan f = 1

(tan B = 2). Changing tan 3 greatly affects the masses of HY and A9, but H:? ’s mass is similar
for both choices.
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Neutralino spectrum and mixings

The SCTM adds three neutralinos to the four MSSM ones; the bino, wino, and the two higgsinos.
There are also two new charginos on top of the charged wino and higgsino, and finally a doubly
charged triplet fermion. In the following, we will collectively refer to the fermion components of
all of the triplet fields as tripletinos and to the combination of the neutralinos, charginos, and
doubly charged tripletinos as electroweakinos.

The mass Lagrangian in the basis 1% = (BO, W3, f[?, lEIS, gZ;O, X0, 1/;0> is
1
LYy = —§(¢O)TM(1)/2¢O + h.c., (6.7)

where /\/l(l] /2 is written in Appendix C.1. Overall, the masses are controlled by Mj, M, 1, and
ua for the bino, wino, higgsinos, and tripletinos respectively, but there are also additional contri-
butions to the masses and mixings scaling with either vy or va. To provide a good dark matter
candidate, we want the LSP to be the lightest neutralino; its composition will then determine
the annihilation and direct detection cross sections.

The composition of the LSP in terms of the gauge eigenstates is shown in Fig. 6.3 for the case
in which the VEV of the triplets is constant (10 GeV) and tan 8 = 1(2) in the top (bottom) row.
The left panels have the higgsino-like states lighter than the tripletino ones, using u = 200 GeV
and pa = 250 GeV. The middle panel has both the higgsino and tripletino masses set to
p = pua = 250 GeV. Finally, the right panel examines when the triplet states are lighter than
the higgsino, with u = 400 GeV and pa still at 250 GeV. To simplify the situation as much as
possible, we decouple the wino by setting My =1 TeV.

In the custodial situation, the doublet components of the LSP are equal and the triplet
components are separately equal over most of the parameter space. The tan § = 2 case has each
higgsino and tripletino contributing differently to the LSP. Despite the complexity of the plots,
there are a few overarching trends.

In Sec. 6.1, we argued that the bino component of the LSP must dominate in order to
achieve the correct relic abundance of dark matter. The interesting regions to examine in the
compositions plots are then M; < p, pua. In this region, even when p > pa, the second-largest
component of the LSP is higgsino rather than tripletino which is true even for quite large values
of the higgsino mass. This is due to the mixing of the bino with the higgsinos or tripletinos,
which comes from off-diagonal terms in the neutralino mass matrix (C.4) weighted with vy or
vA, respectively. Because of Eq. (4.10), vy > va and the higgsino mass needs to be much larger
than the tripletino mass in order for the triplet contribution to the LSP to be larger than the
higgsino component. So even though the mass of the higgsino can be larger than the tripletino
mass, the mixing of the bino with the higgsino can be what causes the correct annihilation rate.
As p is further increased, the amount of higgsino in the LSP drops past the point where mixing
alone can yield the correct relic abundance. Looking only at regions where M7 < pa, we see
that the triplet states do not contribute much to the LSP. By removing the higgsino, the LSP
is made more pure bino, rather than increasing the triplet amount. The only possibility of well
tempering for this will then require coannihilations of the bino-like LSP with a triplet-like state.
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Figure 6.3: Composition of the LSP in terms of gauge eigenstates. The top row shows tan g = 1
and the bottom shows tan 8 = 2. The columns correspond to pu = (200, 250,400) GeV, respectively,
while the tripletino mass is set to ua = 250 GeV and va = 10/\/§ GeV. The wino has been
decoupled with Ms =1 TeV. Note in the top middle and top right plots the presence of a triplet-
like eigenvalue, which is totally decoupled from the rest of the neutralino mass matriz, made out
of only ¥, ¢, and X. It corresponds to an SU(2)y fiveplet in the custodial basis.

6.3 Dark matter phenomenology

To examine the dark matter phenomenology of the SCTM the model was implemented into
SARAH [150-154]. With this, a code was generated for SPHENO [155,156] and CALCHEP [157].
The SPHENO code calculates the spectrum, outputting a parameter card that can be read by
Mi1cROMEGAS 3 [158]. The program MICROMEGAS 3 uses the CALCHEP code to calculate
the dark matter properties.

Thermal relic density

For each of the choices of tan § and the method of picking va, we scan over the possible u values
for ua = 250 GeV, using 50 GeV step sizes. At each point in u, we then scan over M; to find the
bino masses that yield the correct relic abundance of dark matter. We start with M7 = 40 GeV
and take 1 GeV steps until M7 > 100 GeV, at which point a 5 GeV step is used to save on
computing time.

Figure 6.4 shows an example of the relic abundance calculated at each M value for the point
p = 200 GeV, va = 10/4/2, and tan3 = 1. The gray line marks Qh% = 0.1187, the observed
relic abundance in the Universe [159]. The scalar masses do not depend on the M; value and are
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Relic abundance
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Figure 6.4: Relic abundance for the model with p = 200 GeV, ua = 250 GeV, va = 10/\@ GeV,
and tan 8 = 1. The gray line marks the observed relic abundance in the Universe today. As the
mass of the LSP crosses over half the mass of one of the scalars in the model, the annihilation
cross section greatly increases, leading to lower relic abundances. When the LSP mass gets close
to the mass of the higgsino, the mizing and coannihilations take over and the relic abundance
stays below the observed value.

given by
mpo = 125 GeV, mpyo =299 GeV,
1 2

6.8
m 0 = 325 GeV, mpo = 337 GeV, and others > 700 GeV. (68)

Three dips in the relic abundance are seen in the plot. These correspond to the H ? funnel, the
HY funnel, and one for the nearly degenerate A and Hg states occurring when the bino mass is
roughly half the scalar mass. There are three M; values of this model point that yield the correct
relic abundance. The first two correspond to going into and out of the lightest Higgs funnel, and
the third one is at the start of the HY funnel. However, the next funnels corresponding to A and
Hg are close together, so the effect of having multiple nearly resonant s-channel annihilations
keeps the relic abundance below the observed value. Then M; runs into the region where M; > u
and the higgsino becomes the LSP, leaving not enough dark matter in the current Universe.

o : - 2 — Op2
Determination of the mechanism responsible for thheory = QhZ) orved

For each p value in our model scans, we do the same process. Whenever the relic abundance at
one Mj value crosses from one side of the observed value to the other at the next M; step, we
do a more dedicated scan to find the M; value to a higher degree of accuracy. We then classify
the point according to the process that is driving the annihilations by comparing the LSP mass
to half the mass of the scalars or 10% higher than the LSP mass with that of the next to lightest
electroweakino. The piece giving the minimum of
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yields a classification of the given scalar funnel or well tempering. This classification is only
an approximation of what is actually causing the annihilations. In the nonrelativistic limit,
annihilations through scalars occur through the p-wave, while pseudoscalars occur through the
s-wave. Thus, when A(l) is close in mass to either HS or HY, the classification scheme could point
to the scalar instead of the pseudoscalar, even though the pseudoscalar contribution is larger. In
addition, when the funnels are close to the well tempered region both process can be responsible
for the annihilation.

Results

The results of the classifications are plotted in Fig. 6.5 for the different model choices in the mgo
vs. p plane. The LSP is mostly bino, so M; ~ mgo. The triplet scalars can be very light for
tan8 = 2 or if tan 8 = 1 when the VEV of the triplets takes on the maximum value allowed.
Recall that Fig. 6.2 shows that these masses increase as a function of . As such, the funnels for
the triplet-like HY, A}, and H. g, scalars smoothly transition up to the point where well tempering
happens at a lighter mass than needed for a triplet funnel.

For every model choice examined, there is an M; value that will yield the correct relic abun-
dance either through a triplet-like scalar or well tempering. When u is large enough and the
triplet scalars funnels are not possible, the higgsinos are heavy enough that the well tempering
is not caused by bino-higgsino mixing but instead by coannihilations with the triplet fermions.
Thus, each model point examined is capable of setting the correct relic abundance using particles
beyond the MSSM content.

The large VEV of the triplets allows for the triplet scalars to be light. The lightness of these
scalars is what allows the model points examined to always be able to set the relic abundance
using either the triplet scalar funnels or the triplet fermions. However, lowering the triplet VEV
VA, raising the triplet supersymmetric mass pa, or lowering the wino mass Ms, can disturb the
possibility of achieving the correct relic abundance through a triplet state. The MSSM limit of
the model takes the VEV of the triplets to zero. In this case, the triplet scalar soft masses go to
infinity and do not contribute to the annihilations ®. The higgsino alone satisfies the correct relic
abundance if its mass is ~ 1.1 TeV. As such, if ua is much larger than that, the triplet fermions
cannot play a role in well tempering. Such a large value of p would also keep the triplet scalars
heavy, so such a case would have no way of using the triplet superfield to set the relic abundance.
Finally, the wino has been raised above the mass of the higgsinos and tripletinos for this study.
bino-wino well tempering can also be done if M; >~ Ms < u, pa. In this case the relic abundance
could be set before the triplets have a chance to affect things.

Direct detection

There have been many experimental searches for the direct detection of dark matter. For the
mass ranges considered here, the Particle Data Group [159] shows that the best limits are cur-
rently coming from the LUX Collaboration [161] for spin-independent searches and the COUPP
Collaboration [162, 163] for spin-dependent measurements. Super-Kamiokande [164] and Ice-
Cube [165,166] have better spin-dependent exclusions, but are indirect constraints that rely on
the annihilation of dark matter in the current Universe and depend on the byproducts of the

5This also happens in triplet models in which the p parameter is not protected by a custodial symmetry, as the
triplet extension of the MSSM [160], and va is strongly constrained by electroweak precision observables.
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Figure 6.5: Points that yield the correct relic abundance of dark matter. The upper row is for the
custodial case, while the lower has tan 8 = 2. The left panels keep va = 10/\@ GeV constant,
and the right panels use the maximum allowed value for va for each p value. The points are
labelled corresponding to which annihilation channel dominates in the early Universe.

annihilation that change as the LSP composition changes. We then only compare our results
with the LUX and COUPP constraints.

The spin-independent cross sections for the points satisfying the correct relic abundance are
shown in Fig. 6.6. The MICROMEGAS 3 output provides both the cross section of the dark
matter with a proton and a neutron; we take the maximum of these. The points are marked
in the same fashion as Fig. 6.5 to show how the relic abundance is being achieved. The upper
(lower) panels show tan 8 = 1(2) while the left and right panels display va = 10/v/2 GeV and
when va is maximized at each point, respectively. The shaded blue region is excluded by the
LUX bound, and the dashed blue line is the projected sensitivity of LUX.

The spin-independent cross section is mediated by the doublet scalars. There is not much
difference between the tan = 1 and tan = 2 models in terms of the cross sections. For
va = 10/ V2 GeV, both have a region where the dark matter mass is between 100 and 200 GeV
which can be excluded by LUX. The points are achieved through a triplet funnel, and to get
masses in this range for the LSP, the values of u are low. Referring back to Fig. 6.3, low values
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Figure 6.6: Spin-independent dark matter nucleon cross sections. Each point meets the correct
relic abundance with the annihilation mode marked. Points with smaller higgsino components
have a lower spin-independent cross section. Left (right) column features va = 10/v/2 GeV
(mazimum allowed va ) while top (bottom) row tanf =1 (tanf = 2).

for g and M; give the LSP a moderate higgsino component. This higgsino component is what
drives the nuclear cross sections to be so large. The cross sections are lower when the maximum
value of va is used. In this case, there are few points that are currently excluded by LUX. The
larger value of va lowers the masses of the triplet-like scalars. This pushes the triplet funnels and
the well-tempering regions to larger values of u, further decreasing the higgsino component and
the spin-independent cross section. Fortunately, there are still many points that can be probed
by LUX in the future. However, the points which are well tempered through bino-tripletino
coannihilations remain under the projected bound, due to the minimal higgsino component of
the LSP.

The spin-dependent interactions are mediated by the Z boson and the cross sections are
shown in Fig. 6.7. The panels use the same labelling as Figs. 6.5 and 6.6. In the custodial case,
with tan § = 1, the mass eigenstates of both the fermions and the scalars of the Higgs doublet
and triplet superfields form representations of SU(2)y. The parity-violating Z coupling therefore
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Figure 6.7: Spin-dependent dark matter nucleon cross sections. Each point meets the correct relic
abundance with the annihilation mode marked. The parity-violating Z couplings vanish in the
custodial case. Left (right) column features va = 10/v/2 GeV (mazimum allowed va) while top
(bottom) row tan f =1 (tan 5 = 2)

vanishes in this case. And while this is also true in the MSSM for tan 5 = 1, the SCTM provides
motivation for this choice of tan 8, whereas this situation is excluded in the former. The model
points examined for tan f = 2 no longer have vanishing Z couplings with the LSP. The cross
sections are much larger in this case, particularly for the well-tempered points, which have low

spin-independent cross sections. However, even these large cross sections are still ~ 2 orders of
magnitude below the COUPP bound.

Indirect detection

The direct detection experiments rely on dark matter interacting with detectors on Earth. It
is also possible to observe astrophysical objects containing large dark matter densities. In these
regions of space, the LSP can still annihilate. The annihilation does not occur through a diphoton
process, which would lead to a monochromatic signal. Instead, experiments must search for
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Figure 6.8: Annihilation cross section times velocity of dark matter in the Galaxy in the current
Universe. Fach point meets the correct relic abundance with the annihilation mode in the early
Universe marked. The lines mark the limits assuming the annihilation occurs 100% of the time
through the given channel, each resulting in different spectra of photons measured here on FEarth.

photons coming from the byproducts of the annihilation.

The annihilation cross section in the current Universe can be much different than in the early
Universe. Scalar funnels (not pseudo) are velocity suppressed in the nonrelativistic limit. As the
temperature has cooled since freeze-out, the annihilations proceeding through scalars should be
significantly smaller than the ~ 3 x 10726cm? /sec needed at freeze-out. For the well tempering
through coannihilations, the coannihilating particle is no longer around in the current Universe,
so we expect the annihilation cross section to be lower now as well.

The Fermi-LAT Collaboration [167,168] has placed limits on the annihilation cross section of
dark matter from the observation of satellite galaxies. The limits are framed in the context of
the annihilations proceeding 100% of the time through either the ete™, p*pu=, 77~ ua, bb, or
WTW ™= channel. In Fig. 6.8, the resulting limits are plotted with our model points yielding the
correct relic abundance. The upper (lower) panels show tan = 1 (2), while the left and right
panels display va = 10/v/2 GeV and when va is maximized at each point, respectively. A few
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Chapter 6. DM phenomenology with custodial triplets

points for the tan = 2 case are possibly excluded by these searches. However, these each have
the largest annihilation channel being Yx? — HYZ. The spectrum of photons coming from the
decays of the HY and Z will not map directly onto any of the Fermi-LAT limits. The fact that
the SCTM has more neutral Higgs funnels opens the possibility of having different annihilation
modes. A more detailed study would therefore be needed in order to conclusively exclude points
from the SCTM due to indirect constraints.

We also note that some of the points marked as annihilating through the pseudoscalar A? have
particularly large annihilations in the current Universe. These interesting points have A very
close in mass to either HY or HY, and there are interference effects in the early universe keeping
the annihilation cross section small enough. In the current Universe, when the scalars do not play
as much of a role, the annihilations proceed with less interference. Similarly, many points marked
as HY funnels seem to have annihilation rates larger than expected in the current Universe. If
the rates are scaled up by the larger velocity at freeze-out, the annihilation rate would seem to
be too large. However, these points lie close to the well-tempered region, so it is likely that a
simple classification does not work well for points where both processes are important.

6.4 Discussion

In this chapter, we studied the case where the lightest supersymmetric particle of the SCTM is a
neutralino. In order for the dark matter candidate to yield the correct relic abundance, it must
have a large bino component to not annihilate too quickly in the early Universe. Well tempering
mixes the bino with either the higgsino, wino or, in the SCTM case tripletino, in just the right
amount to give the observed relic abundance. If the bino component is too large, dark matter
does not annihilate quickly enough in the early universe, unless the mass of the dark matter
particle is about half the mass of a boson and there is a funnel (Section 6.1).

The SCTM offers new methods to annihilate dark matter in the early universe through triplet
fermion co-annihilations or triplet scalar portals. We studied the annihilation of dark matter in
the early universe over a large range of values for the higgsino mass parameter p (Section 6.3).
We compared the model points giving the correct relic abundance (Fig. 6.5) with the current
best direct detection limits (Figures 6.6 and 6.7). The points with low p values have at least
a moderate higgsino component and have either been excluded already, or can be discovered
in future results. At large values of p the light triplet states still provide an efficient means of
annihilating the dark matter, but hope of a direct detection is lost. This is an extra motivation for
a detailed study of the LHC phenomenology of the SCTM. Actually, for the study of dark matter,
we were only concerned with the neutral triplet states. However as we know from Chapters 4
and 5, the triplets contain charged states. In fact, the second lightest CP-even Higgs, HY, is
close in mass to both the lightest charged and doubly charged scalars. In addition, the mixing
of the triplet like fermions leaves charged and doubly charged states very near in mass to the
lightest neutral one. If the relic abundance of dark matter relies on these light states, they should
be accessible at the LHC. Thus a dedicated study of methods for searching for doubly charged
fermions and scalars could offer valuable constraints on models such as these with exotic particle
content (Chapter 8).
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Properties of the EW phase transition

Electroweak Baryogenesis is an interesting mechanism that could explain the observed asymmetry
between matter and antimatter in the universe [169] (for reviews see [170-175]). It ties together
cosmology and physics at the electroweak scale, specifically the process of electroweak symmetry
breaking. For this scenario to work, the Electroweak Phase Transition (EWPT) needs to be a
strong first order one, i.e. it should proceed through bubble nucleation and sphaleron transitions
should be sufficiently suppressed in the broken phase. The latter point prevents the asymmetry
generated in the bubble walls to not be washed out once the broken phase fills up the universe.
With a 125 GeV Higgs the Standard Model potential does not feature a barrier between unbroken
and broken phases at zero temperature, although this barrier could in principle be produced by
temperature dependent contributions to the potential via cubic terms. However, the SM degrees
of freedom are not sufficient to generate a large enough barrier [176] and one needs to add
light degrees of freedom beyond the SM ones to radiatively generate the barrier, heavy degrees of
freedom decouple from the thermal bath and only light states provide a non negligible contribution
to the effective potential. Moreover the Sakharov conditions for successful baryogenesis require
a much larger amount of C'P violation than the one present in the SM, one thus expects extra
sources from BSM physics. Supersymmetric extensions of the SM can be responsible for both,
the extra amount of C'P violation and a strong enough first order EWPT.

In principle, the MSSM is able to generate a first order EWPT by the introduction of light
stops which can generate large cubic terms at finite temperature. The problem in this case is
that stops are required to be really light (below ~ 150 GeV [177]) and, unless one goes to very
contrived models, this mass range for stops is excluded by experimental searches. Moreover such
light degrees of freedom modify the Higgs couplings and we would have seen these modifications
by now [178-180]. This problem can actually be generalized to any BSM proposal that tries
to generate a first order EWPT radiatively: new light degrees of freedom below experimental
bounds are commonly required and it often becomes difficult to accommodate a strong enough
first order EWPT with collider searches.

An interesting way out to the MSSM difficulties is to modify the tree level potential and try
to generate a barrier already at T = 0. This can be done by extending the Higgs sector of the
MSSM, for instance by adding a gauge singlet field, the NMSSM [181]. As we previously pointed
out, the NMSSM can run into problems with tadpole generation and/or domain walls [65, 66].
Therefore, it is interesting to consider different extensions of the MSSM such as the SCTM and
study the properties of their electroweak phase transition. The SCTM is able to generate a barrier
between the origin and the EW minimum already at tree level. In this chapter we explore this
fact and analyze the behavior of its EWPT for the purpose of being able to generate successful
EWBG in supersymmetric extensions of the SM.
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Chapter 7. Properties of the EW phase transition

The chapter is organized as follows. In Section 7.1 we study the finite temperature potential
of the model and then show the results for the strength of the phase transition in Section 7.2.
We then study the process of thermal tunneling (Sec. 7.3) and the possible Gravitational Waves
that could be generated as a result of the phase transition (Sec. 7.4). We discuss our results and
their connection to the collider phenomenology of the SCTM in Section 7.5.

7.1 The SCTM phase transition

For this study we take a similar approach to that of the previous chapter: We will parametrize
the possible custodial breaking of the vacuum by allowing for tan8 # 1 to deal with it. As
we already argued, the full RGE analysis of Chapter 5 is too rigid as a framework to perform
dedicated studies of non trivial features of the model such as the nature of the electroweak phase
transition (or the DM phenomenology). This approach will capture the main properties of the
custodial breaking without the need to perform a thorough study from a UV complete model.

Scalar potential at zero temperature and the vacuum

We will consider the SU(2);, ® SU(2)p invariant superpotential of Eq. 6.1. As always, the total
potential is given by

‘/tree = VF + VD + ‘/éoft y (71)
where the F- and D-terms are defined as usual and the soft terms are
Viott = miy, [Hi|> + mi, |Ho|* + m3, tr [S1 + m3_ tr [S1]2 + md, tr [Zo?
1 _ 1 _ | _
+ {2m§H -H + §BA tr A2+ A\H - AH + §A>\3 tr A3 + h.c.} . (7.2)

Note that the equation above is the same as that of Chapter 6. The custodial breaking of the
soft masses that explicitly spoils the SU(2);, ® SU(2) g invariant structure is accounted for in the
minimization process next described.

In order to explore the potential in detail, to the tree level piece one has to add the Coleman-
Weinberg contribution for the one-loop radiative corrections at 7" = 0, which will depend on
the considered background scalar fields: HY, HY from the usual MSSM SU(2); doublets, and
0, ¢, XY, corresponding to the new triplet sector. We will work for simplicity in the M S renor-
malization scheme for which

o m2
AVI=(6) = 3 Tt () (1og i) —c@-) | (73)

- 6472 Q?
where C; = 5/6 for gauge bosons and C; = 3/2 for the rest of states, and n; is the number
of degrees of freedom for each particle (ny = 6, nz = 3, ny = =12, n;;, =6, nz, =6, ...).
We also write ¢p = HY, HY, 9", ¢% x? for simplicity. In the MS (as in any mass independent
renormalization scheme) decoupling of heavy particles is not automatically implemented, but has
to be done by hand at a scale of the order of their mass where they are integrated out, eventually
leaving some threshold corrections (the run-and-match procedure) in the low energy effective
theory. The run-and-match procedure guarantees the absence of large logarithms in the effective
potential (for useful examples of this procedure in the MSSM see Refs. [182,183]). On the other

122



7.1. The SCTM phase transition

hand the M.S renormalization scheme changes the location of the tree-level potential minimum
as well as the value of the (running) Higgs masses. In other words the tree-level potential must
be minimized after inclusion of radiative corrections, as we will do next.

The total background-dependent one-loop zero temperature potential is then

Vi(@) = Viree(dr) + AV ~(05) (7.4)
and the EWSB vacuum is derived by solving the five minimization conditions
Vi (o) _ Vi(dn) AZIC) AZC) _ Vi(dw) _0
8H? Pr=Vk 8H3 Pr=Uk Y0 Pr=0k 9P Pr=vk Ox° Pr=uk 7
(7.5)
where we impose the EW vacuum to be at
v1 =V2cosBuy, vy =+2sinBvy and Uy = Uy = Uy = VA. (7.6)

So that we allow breaking of custodial invariance only in the doublet sector, which, as we know,
is a very good approximation as that breaking is triggered in the running mainly by the top
Yukawa coupling (Figs. 5.2 and 5.8). The Higgs mass is computed numerically from the scalar
mass matrix that is derived from the above potential, and we have checked that it is very well
approximated by the analytical expressions from Refs. [44,184], although the plots are based on
the numerical calculation. Note that we are only including dominant contributions to the Higgs
mass. From Chapters 4 and 5 we know that because we have introduced three extra SU(2)y,
triplets, the scalar sector of the model is enhanced with respect to the MSSM by a new set of
states, however, these carry a large triplet component and couple very weakly to the Higgs, thus
making their contributions to the Higgs mass unimportant.

To set the Z mass, we use the relation (4.10) that will fix vy once we choose va. Finally, in
order to solve the five minimization conditions we need to fix five parameters. We will choose for
them the soft scalar masses mg,, mpy, and myx,, my_,, myx, as we did in the previous chapter.

Finite temperature scalar potential

The finite temperature potential at one-loop is
‘/1(¢ka T) = Vvtree(gbk) + A‘/lT:O(Cbk’) + A‘/l(gbka T) + AVvdaisy(qbka T) (77)

with the finite temperature part

4 m2
AVi(grT) = 5 (Z = lT(fk)D , (7.9

1

where the thermal integrals are

Ji(y) = /OO dx z* log <1 F e*m> . (7.9)

0

!These integrals can also be written in terms of an infinite sum of Bessel functions [176]

- Z (:I:IQ)" v’ Ko (ny) .

J+(y) -

By truncating the sum to a large enough order, one can obtain a more calculable situation which still represents a
good approximation to the thermal integrals written above. We will not use any high (low) temperature expansion
in this work since our interesting parameter space does not qualify for any of the two regimes.
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Chapter 7. Properties of the EW phase transition

Here J; = J, (J_) if the i'" particle is a boson (fermion). The Daisy piece is given by

T
AVaaisy (01, T) = =15 D i [MP (k. T) —mlox)’] (7.10)
i=Dbosons
where
M = mi(on) + (5, T) - (7.11)

Since the thermal corrections to the (un-resummed) one-loop potential potential automatically
decouple heavy degrees of freedom we will only Daisy resum the longitudinal components of light
gauge bosons Wy, Z1, and 7, just as in the SM [172]. In the one-loop approximation

My, (¢x, T) =z, (¢r, T) = 1L, (¢4, T) = 0,

11 (7.12)
1_[VVL (¢k7T) - EQZTQ
and the SM Debye masses M? for Zp, vy, are given by
1 11 g2
M2ZL = 5 <m2z(¢k) + g 2 T2 + A((bk,T)) y
cos? Oy (7.13)
1 11 ¢ '
2 2 2
=— — T - A 7)) .
M'yL 2 (mZ(gbk) + 6 cos2 0w (¢k7 )>
Where y )
11 g° cos® 20w 11 g
A? T) =m} T 2 — T2 )12 . 7.14
(00.T) = mbon) + 5 T2 (o) + 330 (7.14)

7.2 Strength of the phase transition

We have found that g and pa are the parameters to which the potential shows more sensitivity for
creating a barrier between the origin and the EW minimum already at T" = 0, they are therefore
critical to the study of the phase transition. To simplify the study we will make contour plots
of different quantities on the (u, ua) plane while holding other parameters fixed. To start doing
numerical computations we first choose a set of benchmark values given by

Ay=Ay, = Ay =0, X3=0.35,
m3 = 750 GeV, Ba = —(750 GeV)?, (7.15)
me, = 800 GeV, and mgg = 800 GeV.

In the left panel of Fig. 5.9 we plot regions in the (va,pa) plane, for p = 750 GeV and
different values of tan 5, where the origin is a false minimum at zero temperature and therefore
there is a barrier separating the origin from the true EW minimum. These regions are then
eligible to generate, at finite temperature, a strong enough EWPT as that exhibited in the right
panel of Fig. 5.9. One can realize from the plot in the left panel of Fig. 5.9 that this region only
appears, and becomes important, when va is non negligible. By means of the needed sizeable
values of va, the plot shows how critical is for the appearance of the barrier to have a non
negligible contribution of the triplet sector to EWSB.
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Figure 7.1: Left: For A = 0.7, u = 750 GeV, and tanf = 1 (blue), tanf = 1.5 (red), regions
in the (UA,um&me where the zero temperature tree level potential shows a false minimum at
the origin. Right: For tanf = 1, vao = 20, GeV pu = 650 GeV and pun = 415 GeV sections
of the five-dimensional potential at different temperatures along the direction that joins the false
and true vacuums by a straight line, T' =0 and T =T, are depicted with dotted and dashed lines

respectively.

For any fixed value of tan 8 and points outside the corresponding band the zero temperature
potential does not fulfil our required conditions for having a strong enough EWPT at finite
temperature. In particular for points below the corresponding band the EW vacuum is a false
minimum (or even it does not exist) and thus no transition from the origin to the EW minimum is
possible at any temperature. This is exhibited at a particular point below the band, for the zero
temperature potential along the direction where the slope of the barrier is minimized, in the left
panel of Fig. 7.2 (solid line) where we can see that the EW minimum is not the true minimum. For
points inside the corresponding band the EW minimum is the true minimum and the EWPT can
proceed through a strong enough first order phase transition. The zero temperature potential for
a point inside the band is exhibited in the left panel of Fig. 7.2 (dashed line). Finally for points
above the corresponding band, the origin of the zero temperature potential becomes a saddle
point as shown in the left panel of Fig. 7.2 (dotted line). Therefore in this region the barrier
between the origin and the EWSB minimum can only be generated by thermal corrections, and
the EWPT is too weak (or not even first order) as it happens in the SM or in the MSSM. At each
point the value of the parameter A is adjusted such that the value of the Higgs mass reproduces
the experimental result mj; = 125 GeV. The needed values of A\ are provided in the right panel of
Fig. 7.2 where we show, for va = 20 GeV, in the (i, ua) plane contour lines of constant values
of X inside the bands for tan § = 1 (blue) and tan 5 = 1.5 (red).

Once identified the region in the parameter space where our potential is able to generate a
first order EWPT we will study its temperature dependence. We will search for points where the
phase transition is strong enough as to avoid any washout of the generated baryon asymmetry
due to sphaleron transitions. This condition translates into the following bound for the Standard
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Figure 7.2: Left: Sections of the potential at zero temperature in the direction of minimum slope
for values of i and pa above (dotted), inside (dashed) and below (solid) the bands where a first
order phase transition is realized. Right: For va = 20 GeV, values of A that are needed to get
the correct Higgs mass in the (u, ua) plane for tan g =1 (blue) and tan B = 1.5 (red).

Model [185],
v(Th)
Ty

z 1 (7.16)

where v(T},) is the VEV of the Higgs field at the nucleation temperature (the temperature at which
bubbles of the true vacuum start to nucleate and expand). We do not expect this bound to be
very different in the present model, since the sphaleron energy is dominated by the contributions
from the gauge field configurations excited in the sphaleron rather than the scalar ones [186].

The condition v(1;) /T, < v(Ty,)/Ty, where v(T,) is the Higgs VEV at the critical temperature

~

(the temperature at which both minima are degenerate) and is defined by

v(T) = \/H{)(Tc)2 + HY(T,)2 + 2¢°(T.)2 + 4¢°(T,.)2 + 2x9(T..)?, (7.17)

is generically satisfied, as we will see later on in this paper. Therefore, it is sufficient to consider
the EWPT strong enough when the condition v(7.) = T, is fulfilled. In fact, this sufficient
condition is much simpler to analyze than (7.16) as it can (and will) be easily done in the full
five-dimensional Higgs potential.

In Figure 7.3 we present results for the critical temperature (left panel) and the order param-
eter of the phase transition at the critical temperature (right panel) in the (u, pa) plane. Our
results for the EWPT are even stronger than what it is shown in the left and right panels of
Fig. 7.3, since the true order parameter of the EWPT (the order parameter at the nucleation
temperature) will be bigger than the one at the critical temperature, as it was already observed.
We only show points where the strong phase transition is generated by the zero temperature po-
tential exhibiting a false minimum at the origin, the blue (for tan 5 = 1) and red (for tan § = 1.5)

126



7.83. Thermal tunnelling and nucleation temperature
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Figure 7.3: Critical temperature in GeV (left panel) and order parameter of the phase transition
(right panel) in the (u, pa) plane for va = 20 GeV and tan 5 = 1 (blue), tan 8 = 1.5 (red). In
both plots we have shown the band where there is a barrier between the origin and the global EW
minimum in the zero temperature effective potential for tan =1 (blue) and tan 5 = 1.5 (red).
At each point X is adjusted such that the Higgs mass reproduces the experimentally observed value.

bands. We can see in the right panel of Fig. 7.3 that the strength of the phase transition increases
as we approach the lower boundary of the corresponding band, as we will see in section 7.4, this
region will be favored for the detection of the gravitational waves emitted during the EWPT.

7.3 Thermal tunnelling and nucleation temperature

Once we have computed the strength of the phase transition at the critical temperature, the next
step is to compute the tunneling temperature to make sure that bubble nucleation does happen.
Of course this is ensured if the phase transition is generated radiatively since there is no barrier
at zero temperature and, as the universe cools down, we will always cross a point where the
tunneling probability is O(1). However, in the region we are interested in, this is not guaranteed
as there is a barrier at zero temperature and it could be too strong for the field to tunnel from
the symmetric to the broken phase at any temperature.

The computation of the thermal tunneling in the five-field case presents computational chal-
lenges that are out of the scope of this work, hence, we will use an approximation to strip down
our five field configuration to a one-dimensional field space. We will first consider the following,

v (T)
ve(T)

T T
a5 D pe ng o o g0 0

0
(1) 0o(T) @ (7.18)

For the doublet sector this approximation is expected to be a very good one near the decoupling
limit, where all scalar masses are much heavier than the SM Higgs mass, which is nearby the
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spectrum we are considering in this paper 2, for the dependence of tan 3 on the temperature is
a mild one [187]. Also, the smallness of va with respect to vy will ensure that the triplet sector
is well approximated by Eq. (7.18). Moreover, as pointed out in Ref. [188], the tunneling path
is the one where the barrier is minimized and any approximation will only overestimate the size
of it. In other words, if one finds that tunneling happens within the approximation, it is certain
that it will also happen in the full five-dimensional field space.

In order to go from the two field configuration (HY, ¢°) to one direction we will further reduce
our field space by considering the smooth direction that joins the origin and the electroweak
minimum passing through the saddle point, as can be seen in Fig. 7.4. We have chosen this
direction by considering an ellipse in the (HY, ¢°) plane,

HY — f(¢°) = 1—a+\/a2+(a—1)2—(%:—a)2 va(T) (7.19)

where the parameter a is the eccentricity of the ellipse. By tuning a we can get the right path
and ensure that we connect smoothly the origin, the saddle point and the EW minimum at any
temperature.

V(H,A)

A (GeV)

Figure 7.4: Two dimensional projection of the tree level potential in a point which exhibits a first
order phase transition between the origin and the EW minimum (which for the considered point
is located at va =20 GeV and vy = 116.35 GeV). The orange plane that intersects the potential
corresponds to the ellipsoidal direction that joins the origin and the EW minimum.

2For a light spectrum our calculation of the approximated nucleation temperature might require strong correc-
tions.

128



7.4. Gravitational waves from the phase transition

The tunneling probability per unit time and unit volume from the false (symmetric) to the
real (broken) minimum in a thermal bath is given by [189)],
r S3(T)

o~ A exp[-B(T)], B(T)=—75

(7.20)

where the prefactor is A(T) ~ T* and Ss is the three-dimensional effective action. At very high
temperature the bounce solution has O(3) symmetry and the euclidean action is simplified to

% 1 (dor\?
Sy = 47r/0 r2dr [? 3 <dr’“) +V(ew, T)| , (7.21)
where 72 = 72, Using (7.18) and (7.19) we can rewrite it as,
00 2
S3 = 47r/ r2dr éF(qu) <Cif:> + V(1| , (7.22)
0
where (1) (@) o (1)
0y __ V1 1/ .0 ’U¢ v
Fieh) = (1+ 3 ) 7O+ (14 2 + ) (729

The bounce will be the solution to the euclidean equations of motion which yield the following
equation

2¢°  2d¢°1 1 dg?\ 2
F 0 - 7F/ 0 _ = "0 T .24
with the boundary conditions
lim ¢(r) =0 and d¢/dr|,— = 0. (7.25)

T—00

The nucleation temperature T, is defined as the temperature at which the probability for a bubble
to be nucleated inside a horizon volume is of order one, in our case it turns out to happen when

S3(T) /Ty ~ 135.

In Figure 7.5 we plot the effective action over the temperature for two points of the (u, ua)
plane. These plots show how the nucleation temperature depends on the strength of the phase
transition. If the phase transition is not very strong then there is no large gap between the 7, and
T. (right plot). When the phase transition is very strong, a supercooling phenomenon happens
and the nucleation temperature is quite smaller than T, (left plot in the figure). Of course if we
move in the parameter space to points where ¢(7)/T, is even larger, we will eventually find a
situation where S3/T never reaches the correct value and bubble nucleation does not happen as
the universe cools down. These points correspond to a thin band that is located at the bottom
of the blue and red bands that we plot in Fig. 7.3.

7.4 Gravitational waves from the phase transition

It is known that a strong enough first order phase transition can generate sizable gravitational
waves (GW’s). Since we are able to generate such a strong phase transition, due to the tree level
nature of the barrier, we analyze in this section the possible spectrum of GW’s. The spectrum
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Figure 7.5: Left: Plot of the effective action over the temperature for p = 650 GeV, uan = 475
GeV, va =20 GeV and tan 8 = 1. The order parameter at the critical temperature is o(Te)/ T, =
1.82 and T, = 89 GeV. The dashed line corresponds to Ss(T)/T ~ 135 and the crossing point
with the thick blue line happens at the nucleation temperature T,, = 65 GeV. Right: The same for
=650 GeV, upn = 375 GeV, va = 20 GeV and tan 8 = 1.5, where ¢(T.)/T. = 1.65, T, = 96
GeV and T, =79 GeV.

can be characterized by only two parameters: the duration of the phase transition 1/3, which is

given by
5 _pd (S
oot (%), -
and the latent heat 4 AV(T)
V(T
where
AV(T) =V (0,T) = V({p(1)),T). (7.28)

The latent heat is usually normalized to the energy density of the radiation in the plasma, through

the dimensionless parameter c,

a= (7.29)

™

@g*Tﬁf
where g, is the effective number of degrees of freedom at the temperature T,.

In Figure 7.6 we show results for the computation of the « (left panel) and 5/H (right panel)
parameters along a vertical straight line of the band in Fig. 7.3 which corresponds to a fixed
w1 = 650 GeV value. In Figure 7.7 we also show the values of the nucleation temperature (right
panel) and the order parameter at that temperature (left panel). Note that for stronger values
of the phase transition, « gets bigger and §/H smaller. This means that the energy gap between
the false and the true vacuum is big at the nucleation temperature and that the phase transition
happens fast, which is precisely what one needs to get observable gravitational waves.

The above described parameters, which only depend on the finite temperature effective poten-
tial, are the only input coming from the particle physics model. Once we determine these two, we
have to plug them into the cosmological picture. First we will treat the expanding bubbles, and
the fluid they drag with, as if the bubbles where the only existing object. The collisions of these
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Figure 7.6: Left: Values of the a parameter for va =20 GeV, p= 650 GeV and tan 3 = 1. The
number of effective degrees of freedom at the time of nucleation is g, = 115.75 . Right: Values of
the B/H parameter for the same values of the model parameters.
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Figure 7.7: Left: Values of the order parameter at the nucleation temperature as a function of
pA for va = 20 GeV, u = 650 GeV and tan B = 1. Right: Nucleation temperature T, for the
same values of the parameters.

vacuum bubbles will then generate a GW spectrum [190]. In the second part we will consider
calculations that model the fluid in a more detailed manner, in this case the phase transition
leads to the creation of sound waves which in turn will produce gravitational waves [191]. The
formulas corresponding to each case are detailed in Appendix C.2.

Results for the spectrum of GW’s

As we said in the previous section, when the phase transition is not radiatively generated, there
can be points in the parameter space where the barrier is so large that no nucleation is possible.
It is precisely close to these regions, but still inside the region where the nucleation still happens,
where the characteristics of the phase transition will be optimized for the detection of its GW
spectrum. In particular the parameter 8/H, will be minimized close to the region where Ss/T
never reaches the value ~ 135 and 8/H ~ 0. As can be seen in Fig. 7.6, approaching this region
we have found points where §/H ~ 50 and a ~ 0.22. A spectrum coming from a point of these
characteristics is shown in Fig. 7.8 and may be probed by eLISA [192,193] and BBO [194, 195].
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In the case of eLISA, the chances for detecting GWs improve with the design. Design 3, which
features three 5 Gm arms and 5 years of data taking, is the one that could probe both GW’s
coming from bubble collisions, in the envelope approximation, and GW’s coming from sound
waves. We also see that the latter could be detected by eLISA, even with design 1.
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Figure 7.8: Spectrum of the stochastic gravitational wave background coming from bubble col-
lisions (dashed) and sound waves (solid) for a point where o ~ 0.22 and S/H ~ 57, which
corresponds to pu = 650 GeV and ua = 455 GeV. The sensitivity curves of the eLISA designs are
displayed in blue; design 1 (dotted), design 2 (dashed) and design 3 (solid).

7.5 Discussion

During this chapter we have explored the nature of the EWPT in the SCTM. We have shown
that, thanks to a tree level effect by which there is a barrier separating the minimum at the
origin and the EWSB minimum, an important part of the parameter space of the model exhibits
a phase transition whose order parameter is strong enough, both for the purpose of EWBG and
for the detection of gravitational waves. We have decided not to focus on the regions where no
barrier is generated at tree level (above the bands in Figs. 7.3 and 7.2), as analyzing the phase
transition in this region would involve the consideration of higher order loop corrections in the
thermal effective potential, which goes beyond the scope of our study.

In Sec. 7.2 we have discussed how the appearance of the barrier is directly linked to a non
negligible contribution of the triplet sector to EWSB (Fig. 7.1). Moreover, as large va is tied to
the presence of light triplet-like states, we can establish a relation between a strong EWPT and
collider searches. One therefore expects these new states to be there in the regions where a barrier
is generated at tree level, however, their detection is challenging due to their triplet like nature.
In Chapter 5, we already studied the consequences for collider phenomenology of a scenario where
EWSB is driven by doublets, but also features some triplet impurities. Modified Higgs coupling
rates (b — ) or some signals such as W*W* or W*Z, which are specific of Higgs sectors with
triplet representations, could act as smoking gun signals of the model and therefore probe the
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nature of the phase transition at high temperature. A dedicated search of the lightest neutral
triplet-like state could also be of great help in constraining this scenario (Chapter 8).

We also have checked that nucleation does happen in most parts of the parameter space where
the order parameter is larger than one. The potential of the model features a five-dimensional
field space due to the introduction of three new triplet chiral superfields, on top of the two usual
MSSM doublets. To simplify the calculation of the nucleation temperature, we have minimized
the euclidean action functional in the multi-field configuration space by using a smooth path
going from the minimum at the origin to the EWSB minimum at finite temperature through
the saddle point. Because of the character of our parameter space we are confident enough that
the approximation works properly up to small corrections. In the last section it is shown how
future interferometers such as eLISA could observe gravitational waves generated during the
phase transition for some parts of the parameter space.
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As it can be seen for instance in the Figures 5.9 and 5.12 of Chapter 5, the SCTM scalar spectrum
features a doublet MSSM-like spectrum that is difficult to probe, it is superheavy and out of the
reach of LHC. However, there is also a set of light triplet-like states which is well within LHC reach
and could thus provide a promising avenue to test the model, moreover, in Fig. 4.4 (Chapter 4)
and Section 5.4 (Chapter 5), it is shown that the mass of the triplet-like states is tied to the value
of va. Therefore searching for these scalars is also testing the nature of EWSB and probing the
interesting properties that the SCTM has shown to feature when va is sizable (both in particle
physics and cosmology). It is then of great importance to perform a collider study searching for
these triplet-like states. In particular to search for the SU(2)y custodial fiveplet (Hs) ! that
features a neutral C'P-even (HY), singly (HZ), and doubly (HZ*) charged components and that,
for reasonable values of va, is always going to be in the ballpark of O(150 — 400) GeV masses.

As the fiveplet does not couple to quarks (it is fermiophobic), production via gluon fusion
is not available. Furthermore, if the VEV of the fermiophobic Higgs is small (as compared to
the SM-like Higgs doublet VEV), vector boson fusion (VBF) and associated Higgs vector boson
production (VH) quickly become highly suppressed. Since these are the dominant production
mechanisms in the SM, they have been assumed as the production mechanisms in almost all
Higgs-like boson searches regardless of if they are fermiophobic or not. On the other hand since
LHC measurements of the 125 GeV Higgs boson couplings seem to indicate a SM-like Higgs
boson, this implies a small VEV for any additional exotic Higgs boson. As these measurements
increase in precision without observing a deviation from the SM prediction, previous collider
searches for fermiophobic Higgs bosons, which assumed SM-like production mechanisms, become
increasingly obsolete.

However, Drell-Yan (DY) Higgs pair production of the fiveplets is sizable even in the limit
of small exotic Higgs VEV. Furthermore, since there is no bb decay to compete with, custodial
fiveplets can have large branching ratios to vector boson pairs and in particular photons. This can
be combined with DY pair production to place stringent constraints on the fiveplet Higgs bosons
using multiphoton final states. Actually, the W boson mediated H, ?H 50 production channel (see
Figure 8.1), followed by H5jE — Wng and Hg — 77 decays, leads to a 4y + X final state,
which has been proposed as a probe [196, 197] of fermiophobic Higgs bosons at high energy
colliders. However, the H* — WiH% decay requires a mass splitting between the charged
and neutral Higgs. In custodial Higgs triplet models such as the SCTM or the GM model, the
neutral and charged Higgs scalars are predicted to be degenerate, thus the CDF 4+ 4+ X search

1Since the collider analysis performed in this chapter can be extended to the non-supersymmetric GM model
(where only one SU(2)y fiveplet is present in the scalar spectrum) we change the notation here and denote the
fiveplet as Hs instead of FJs.
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of Ref. [198] cannot be applied to this case . We show for the first time that when the W boson
loop dominates the effective couplings to photons, a custodial fiveplet scalar below ~ 110 GeV
is ruled out by 8 TeV LHC diphoton searches independently of the Higgs triplet VEV’s. Larger
masses possibly up to ~ 150 GeV can also be ruled out if charged scalar loops produce large
constructive contributions to the effective photon couplings. We also find that diboson searches,
and in particular ZZ searches, may be useful for higher masses allowing us to potentially obtain
limits again for custodial fiveplet masses up to ~ 250 GeV independently of the Higgs triplet
VEV’s.

8.1 Pair production of H!

The main focus of this study will be the pp — W+ — HE?H 5i production channel shown in
Fig. 8.1. The relevant vertex for this Drell-Yan pair production reads

Vw Hs 1y = ig\f(pl —p2), (8.1)
where we can see the coupling does not depend on the triplet VEV’s and therefore DY is not
suppressed even in the case when the triplet VEV’s are small. We show in Figure 8.2 the cross
section (solid blue) as a function of HY for the HYHZ channel. We see that it can be ~ O(100) fb
all the way up to ~ 200 GeV at 8 TeV (dashed blue curve) while at 13 TeV (solid blue curve) it will
be increased by roughly a factor of ~ 2. If the fiveplet is instead produced in pair with a custodial
triplet which is 100 GeV heavier (dotted blue) the cross section is considerably reduced. Note
that there are also NLO contributions which may generate ~ O(1) K-factors for Higgs pair
production [199-201], but we do not explore this issue here as it does not qualitatively affect
the discussion. Our leading order results for the pp — W+ — H, gEH g production cross sections
are obtained from Madgraph [202] using a modified version of the GM model implementation of
Ref. [203], which, since the light triplet-like scalar spectrums of the GM model and the SCTM
are identical, provides a good description of the fiveplet dynamics.

~
~ IIi
N

Figure 8.1: The dominant contribution to custodial fiveplet scalar pair production.

To demonstrate the utility of the DY Higgs pair production mechanism we show for compar-
ison results for VBF single HY production. We see clearly that once the measurements of the

2Throughout this chapter we assume that the SU (2)v custodial ordering holds and the fiveplet is degenerate
in mass. We consider this to be a good approximation since the mass splitting generated in the RGE improved
SCTM between the neutral and singly charged components (which is critical for DY pair production, see Fig. 8.1)
is not going to be larger than ~ 15 GeV (see Chapter 5, in particular Figs. 5.9 and 5.10). Furthermore, the CDF
search was not able to rule out fermiophobic Higgs masses when m o > my+, which is precisely the situation that
we encounter in realistic SCTM scenarios.
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Figure 8.2: Drell-Yan Higgs pair production cross sections for a custodial fiveplet scalar at the
LHC with /s = 8 TeV (dashed blue curve) and \/s = 13 TeV (thick blue solid curve). We also
show the case where the fiveplet is produced along with a custodial triplet (blue dotted) which is
100 GeV more massive (see text for more information).

Higgs boson at 125 GeV constrain sg < 1 %, the VBF production channel quickly becomes highly
suppressed relative to the DY Higgs pair production. Similar behavior can be seen for the VH
production channels which are typically smaller than the VBF cross sections except at very low
masses [204-206].

To summarize, we see that ~ O(100) fb cross sections are obtained for the pp — H, QH ;E Higgs
pair production channel in the mass range 45 — 250 GeV. Crucially this production mechanism is
independent of the Higgs triplet VEV’s unlike VBF and VH production. As we will see, diphoton
and diboson searches at the 8 TeV are sensitive to ~ O(100) fb cross section times branching
ratios. Thus if the branching ratios to dibosons are large, searches at the LHC for pairs of photons
or Z and W bosons should be able to probe the fiveplet in this mass range.

8.2 Decay of HY

In addition to the W HsHjs vertex of Eq. (8.1), Hg will have tree level couplings to WW and
Z 7 pairs which are generated during EWSB and which will be proportional to the triplet Higgs
VEV’s. These can be parametrized as

HY .
LD 3975 (gzmQZZ“Z# + Qng%VW“JFWM ), (8.2)

where g7 = 4/4/3 and g = —2/v/3. The ratio Az = gz/gw is fixed by custodial symmetry to
be A\wz = —1/2 while for a custodial singlet such as the Higgs one has Ayz = 1 [207]. At one
loop the couplings in Eq. (8.2) will also generate effective couplings to vy and Z= pairs via the W
boson loops shown in Fig. 8.3. We can parametrize these couplings with the effective operators
Hy
v

C. C
Lo <%F‘“’FMV + %ZWFW) , (8.3)

30 is the angle that mixes the doublet and triplet sectors (see Eq. (4.32)).
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where V,,, = 0,V,, — 0,V},. We again define similar ratios,

Avy = CVW/QZ ) (8'4)

where V' = Z,v and we have implicitly absorbed a factor of sy into cy . There are also contri-
butions to the effective couplings in Eq. (8.3) from the additional charged Higgs bosons which
are necessarily present in the GM model and the SCTM. These contributions can be large or
small depending on the model and parameter choice. They can in principle lead to large enhance-
ments [208] when there is constructive interference with the W boson loop, or suppressions if
there are cancellations between the different contributions [209,210] leading to small ¢y, effec-
tive couplings.

W= v
Hp
- oem == = Wi
+
w Y
Wt
V
Hy
y

W:t

0.50

BR(H} - VV)

0.10

0.05

Figure 8.4: Branching ratios for HY as a function of its mass.

We show the Branching Ratios of H g in Figure 8.4. To obtain the three and four body decays
we have integrated the analytic expressions for the H 50 — Vv — 20~ and H, g — VV — 44 fully
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differential decay widths computed and validated in [97,211,212]. For the explicit W loop functions
which contribute to the effective couplings we use the parametrization and implementation found
in [213]. The branching ratios will only depend on the ratios Ay z and Ay, and in some cases only
on Az if the W loop (see Fig. 8.3) dominates the HYV+y effective couplings (solid curves). In
this case any sg dependence in Ay, cancels explicitly. At low masses, below ~ 100 GeV, the
branching ratio into pairs of photons starts to become significant and quickly dominant below
the W mass, or at higher masses if the couplings to photons are enhanced (dashed lines). We
note that these branching ratios include the vy*v contribution which, as shown in Fig. 8.4, can
be sizeable at low masses. At larger masses the three and four body decays involving W and Z
bosons become relevant and eventually completely dominant above the WW and ZZ thresholds.

8.3 Bounds on the HY

In Figure 8.5 we show the pp — W+ — H?Hg production cross section times branching ratio
for a custodial fiveplet decay into photon (blue), WW (brown), and ZZ (red) pairs at 8 TeV
(top) and 13 TeV (bottom). We also show the limits (dashed lines) coming from ATLAS diphoton
searches at 8 TeV [214] (blue) as well as CMS 7+ 8 TeV searches [215] for decays to WW (brown)
and ZZ (red). To estimate the limits at 13 TeV we have simply rescaled the 8 TeV limits by
a factor of 2 which is roughly the increase in Higgs pair production cross section. Our leading
order results for the pp — W+ — HgEHg production cross sections are calculated using the
Madgraph/GM model implementation from [202,203]. The branching ratios are obtained from
the partial widths into vy, V*y (V = Z,~), WW, and ZZ which are computed for the mass range
45 — 250 GeV.

We focus on the regime where the effective couplings of the fiveplet to vy and Z~ are dom-
inated by the W loop contribution shown in Fig. 8.3. The effects of the charged scalar sector
could in principle be large leading to enhanced or suppressed effective couplings to photons. As
discussed above, this can affect the upper limit of masses which can be ruled out and could in
principle allow for masses up to the WW threshold to be ruled out by diphoton searches. Since
these effects are more model dependent we do not consider them here.

We see in the top of Fig. 8.5 that by exploiting the H, QH 5i Higgs pair production mechanism,
custodial fiveplet scalars with masses ~ 107 GeV can be ruled out by 8 TeV diphoton searches,
independently of the Higgs triplet VEV’s. These are the first such limits on custodial fiveplet
scalars and in particular, since the charged and neutral components are degenerate, limits from
Tevatron 4y + X searches do not apply. This is because for cases like the custodial fiveplet where
the masses are degenerate, the ch — HgWi decay is not available. In this case the one loop
H E)i — W#y decay can become dominant leading instead to a 3y + W signal. Examining this
decay as well should improve the sensitivity relative to LHC diphoton searches, but we do not
explore that here.

To emphasize the utility of the DY pair production mechanism, we also show in the top of
Fig. 8.5 the cross section times branching ratio assuming the VBF production (gray shaded region)
mechanism at 8 TeV. We have fixed sy = 0.4 for the doublet-triplet VEV mixing angle. The value
sgp = 0.4 is towards the upper limit of values still allowed by electroweak precision and 125 GeV
Higgs data (sy9 = 0.4 corresponds roughly to va ~ 25 GeV), but we can see in Fig. 8.5 this
already renders diphoton searches for custodial fiveplet scalars based on VBF (and similarly for
VH) production irrelevant.
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Figure 8.5: Top: Drell-Yan .71(5))}]5i production cross sections times branching ratio at 8 TeV
(solid curves) into vy (blue), ZZ (red), and WW (brown) for the fermiophobic fiveplet found in
custodial Higgs triplet models. The 95% exclusion limits (dashed curves) from diphoton 8 TeV
ATLAS [21}] and T+8 TeV CMS WW and ZZ searches [215] are also shown for each channel. In
the gray shaded region we show for comparison the sy = 0.4 contour for single Hg VBF production
(see text). Bottom: Similar to top, but for 13 TeV. For the 13 TeV limits we have simply rescaled

8 TeV limits by a factor of 2.
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We also emphasize that ruling out a custodial fiveplet below ~ 110 GeV independently of the
VEV allows us to unambiguously close the fiveplet ‘window’ at masses below ~ 100 GeV [216]
which is still allowed by electroweak precisions data [100] and essentially unconstrained by other
LEP, Tevatron, and LHC direct searches. Thus we are able to rule out an interesting region of
parameter space of custodial Higgs triplet models which would otherwise be difficult to constrain
directly. We estimate in the bottom of Fig. 8.5 that 13 TeV diphoton searches will be sensitive to
scalar masses up to ~ 125 GeV in the regime of dominant W boson loop, though NLO Higgs pair
production effects [201] may allow this to be extended further. The diphoton search discussed
here may of course be useful for other scalars which are found in custodial Higgs triplet models,
but we do not explore this here.

Finally, we also see in Fig. 8.5 that WW and ZZ searches may be useful for probing custodial
fiveplet scalars independently of the Higgs triplet VEV’s as well. Though 8 TeV searches are not
quite sensitive, larger Higgs pair production cross sections at 13 TeV (see Figure 8.1) should allow
for fiveplet masses well above diphoton limits to be probed and possibly as high as ~ 250 GeV. In
particular, as we can see in the bottom of Fig. 8.5, the ZZ channel should become sensitive with
early 13 TeV data for masses around the ZZ threshold. These also serves as a useful compliment
to WHW searches for the doubly charged component of the custodial fiveplet [217].

8.4 Discussion

As a way of probing the model, in this chapter we examined the collider properties of the SCTM
scalar fiveplet. By using the Drell Yan pair production mechanism that opens up for representa-
tions larger than the doublet, we where able to derive bounds on the mass of the fiveplet. As va
scales with the masses of the triplet-like states, these lower bounds on the fiveplet mass can be
translated to upper bounds on vA which will give us valuable information about features of the
SCTM difficult to probe otherwise (see Chapters 6 and 7).

Let us emphasize that this study is valid both for the SCTM and the GM model. In particular,
this is the first time that a custodial fiveplet scalar below ~ 110 GeV is ruled out by 8 TeV dipho-
ton searches and possibly up to higher masses if charged scalar loops produce large constructive
contributions to the effective photon couplings. Since these limits are largely independent of the
Higgs triplet VEV’s, they robustly close the ‘fiveplet window’ at masses below ~ 110 GeV still
allowed by electroweak precision and 125 GeV Higgs boson data. We also find that 13 TeV dibo-
son searches, and in particular ZZ searches, may be useful for larger fiveplet masses, allowing us
to potentially obtain limits up to ~ 250 GeV, also independently of the VEV. Note that above
~ 200 GeV, these limits can become really interesting as they will start to probe the realistic re-
alizations of the SCTM that we introduced in Chapter 5 and put upper bounds on triplet VEV’s
below va ~ 25 GeV.

Along with direct searches, precision studies of the Higgs are important to test the value of va.
Loop induced couplings like hy~y can get severely modified in the presence of light charged states.
Since the fiveplet has charged and doubly charged components, it will also reveal its presence in
deviations from 7y, = 1 (the ratio of the coupling with respect to the SM value). For instance,
for va ~ 20 GeV we have mp; ~ 250 GeV and then 73,, ~ 1.2 (see Figures 5.9 and 5.10,
and Table 5.3) which, translated to signal strengths for different production mechanisms, can be
close to the precision available at LHC. This deviation gets softened for smaller triplet VEV’s,
in particular for va ~ 10 GeV, mp; ~ 500 GeV and rp, ~ 1.05 (Fig. 5.12).
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Final remarks







The way in which progress in theoretical physics is carried out is twofold:

e Sometimes theory needs to adapt to new experimental results which cannot be explained
by current theories. For instance, the formulation of quantum mechanics was triggered by
experiments at the beggining of the XX century who disagreed with the predictions of
classical mechanics.

e The opposite is also possible, reductionism and the search for theoretical consistency can
often lead to the construction of mathematical frameworks that are then vindicated by
experiment. General relativity was formulated by Einstein in a single paper appeared in
1915, it follows from seeking to incorporate gravity to his 1905 special theory of relativity.
Since 1915, GR has been able to pass a number experimental tests with tremendous success,
the most recent just this year, the direct discovery of gravitational waves [218].

I think that the work presented in this thesis is a an example of the former approach. The 2012
discovery of the Higgs boson not only represents the experimental closure of the Standard Model
but also the first direct probe of the mechanism by which the electroweak symmetry is broken
and, since EWSB is universal, a new window to physics beyond the SM. It is therefore mandatory
to use it as a tool to put to test the plethora of BSM proposals that have been appearing steadily
for decades now. This is what we did with supersymmetry and in particular with the MSSM in
Chapter 3. By using a run and match procedure we analyzed the consequences of a 125 GeV
Higgs for minimal versions of supersymmetry. From this analysis we concluded that it is difficult
to construct natural versions of SUSY using only the minimal picture and tried to solve this by
giving up on minimality.

It is not the intention of these final remarks to be a thorough summary of the thesis, we refer
the reader to the discussion section of each of the chapters for details. However, let us list a few
generalities of the SCTM that we consider worth mentioning.

In Chapters 4 and 5 we introduced the SCTM. The main goal of the SCTM is to fit the
observed Higgs mass in a more natural way without having to rely on large radiative corrections
(e.g. superheavy stops). In addition we found many interesting features that alleviate some of the
shortcomings of the MSSM when applied to cosmology (Chapters 6 and 7), or when embedded
in a SUSY breaking mechanism such as gauge mediation (Section 5.3 of Chapter 5).

The SCTM is very non minimal, three extra SU(2)y, triplet ysp’s translate into a lot of new
DOF’s to cope with. However, beyond the singlet, it is the most minimal extension of the MSSM
that can feature the custodial pattern (1.22) when breaking the EW symmetry [207]. Because of
this pattern, after EWSB the mass eigenstates get ordered under the SU(2)y remnant symmetry
of the vacuum (Chap. 4). We consider this to be one of the most appealing features of the model,
it allows to keep track of the plethora of new states that are introduced and most importantly,
it holds to very good degree after quantum corrections (in the form of RGE’s) are introduced
and consistently considered. The latter point is one of the strengths of the SCTM with respect
to its non-supersymmetric counterpart. Besides worsening the hierarchy problem of the SM by
introducing new scalar masses, the GM model shows no theoretical consistency when carefully
analyzed (see Sec. 4.1); this is due to the custodial breaking that loop corrections introduce in
the theory and for which it lacks a reasonable explanation. In Chapter 5 we showed how these
problems are overcome in the supersymmetric picture and demonstrated that realistic scenarios
of the SCTM where the custodial breaking is taken into account can be easily derived.
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During the course of our studies one thing became evident, besides the Higgs, sizable values
of va are tied to the presence of light states in the spectrum of the model, in particular to
triplet-like states which couple very weakly. Since a sizable value of va is responsible for a lot
of the interesting features of the model, collider searches for these states can act as a probe.
This is why we performed a detailed collider analysis to constrain these new states in Chapter 8.
Although with 8 TeV data one is not able to derive sufficiently large upper bounds on the mass
of these states, at 13 TeV LHC could start to probe larger masses that would translate into
meaningful upper bounds on va, thus constraining the SCTM at a broader level than just its
collider phenomenology. It is also worth mentioning that this collider study generated very
interesting results that apply to more general situations than just the SCTM (or GM model) (see
the original Ref. [9]). This is proof that sometimes studying non minimal situations presents non
standard challenges which can lead to insights in directions that are not always expected.

In addition, for the SCTM the interplay between direct searches and precision measurements
of the Higgs properties, in particular of loop induced couplings such as hy7, is of great importance.
Some of the light triplet-like states mentioned above are charged and can modify loop induced
couplings in a non negligible manner (see Chapters 4 and 5), for which LHC13 or next generation
colliders could be sensitive.

Let us end these remarks by mentioning that although the SCTM does fit the Higgs mass in
a more natural way, it does not solve the problem of not finding the superpartners responsible
for canceling dangerous loop corrections to the Higgs mass. Because this model softens the Higgs
sensitivity to UV physics in the same way as the MSSM, the final test to its naturalness will be
given by the bounds on stops and gluinos. Just as for the MSSM, the more severe these bounds
are, the more pressing is the need for an explanation of the hierarchy between Qpw and Qgg),.
At some point, the bounds can get to a point where both minimality and naturalness are lost
and less baroque realizations of SUSY will be favored. It is in the hands of LHC13-14 and next
generation colliders to tell us whether our strategy of continuing to work on non minimal model
building is right, or wrong (Fig. 2).
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Tree level SCTM

A.1 The SCTM and the custodial SU(2)y

In this appendix we present the transformation properties of the doublets (bidoublets) and triplets
(bitriplets) under SU(2)r, ® SU(2)r and discuss how the SU(2)y custodial symmetry of the
vacuum protects the p parameter. We also comment on fine-tuning considerations about the
determination of the custodial vacuum at tree level.

SU(N) groups

Let us start by making a summary of the few properties of SU(N) groups that are relevant to
this work.

Any representation n of an SU(N) group is specified by a set of generators that obey,
(T2, T2 = i f*eTE . (A1)
We can build the complex conjugate n of that representation by taking
Tg=T"=—(I3)" = —(I3)", (A.2)

where we used the fact that the matrices associated to these generators are hermitian. When
defining a finite SU(N) transformation we have to take into account whether we are acting on a
multiplet with components &, or in his complex conjugate (£°):

UE = (exp {i0°T.})™ &, (A.3)

UE = (exp {i0°T.})ap €. (A.4)

Note that by changing the representation from n to n we also raise the group index of the
multiplet, this is important as, for instance, the scalar (dot) product of SU(2) changes sign when
raising and lowering indices, €;; = —€. We can make the I transformation act on the right by
transposing the whole thing,

UET = [(exp {i0°T.})ap€]" = E%(exp {i0°T,})poa = ETUT (A.5)

and thus recover the way of writing transformations under SU(2)r that is generally used in the
literature of custodial triplet models.
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SU(2), ® SU(2)g representations

A finite SU(2); ® SU(2)g transformation acting on the Higgs bidoublet (2, 2Rr),

H — U, UR H, (A.6)
leads to the usual transformation
AT U H U}, (A7)
In detail,
HY Hy ga H) Hy L
(H; Hg) — exp{i0io./2} (Hj HY exp {—i6%0./2}, (A.8)

where U;, will act on the rows of the matrix and Ugr on the columns. o, are the pauli matrices
and 6, g the parameters of the transformation.

For this multiplet to break SU(2); ® SU(2)r to SU(2)y the relation (HT) = L{L<ﬁT>L{1T%
needs to hold. In matrix form, this relation is written as

<%1 O) = oxp {1000 /2} (%1 52) oxp {—i0f04/2} . (A.9)

V2
If we make 0;, = Or and v; = v9 = vy the vacuum leaves unbroken the vectorial subgroup
SU(2)p+r = SU(2)y, i.e. the custodial symmetry.

~ Let us now do the same with the bitriplet (3L,3r). If we use the vector representation,
AT = ($_1,%0,%1), an SU(2); ® SU(2)r transformation reads

AT S u ATul (A.10)
which in matrix form
XO ¢+ ¢++ XO ¢+ ’l/]++
X~ ¢ Wt | sexp{ifita} | xT " ¥F | exp{—ifft.}. (A.11)
X~ ¢ ¢ X~ ¢ Y

1

t, are the generators of SU(2) in 3 dimensions *. The custodial condition for EW breaking in

the case of triplets is

(A7) =u (AT U, (A.13)
in detail
vy 0 0 vy 0 0
0 vy O] =exp{ifits}| 0 vy O |exp{—ibfita}. (A.14)
0 0 Uy 0 0 Uy
This relation is preserved (the unbroken subgroup is the vectorial one) if v, = vy = vy = va and
01, = 0r.
1
1 0 1 0 1 0 — O 10 O
ta={ti,to,ts} =4 — (1 0 1], — (i 0o —i], {0 0 o . (A.12)
V2 0 1 0 V2 0 1 0 0 0 -1



A.1. The SCTM and the custodial SU(2)y

As it more useful in order to work along doublet representations, we can consider the 2
dimensional basis for triplets which uses the pauli matrices to contract the DOF’s, Y940 = £,0%.
An SU(2) transformation in this basis has the following form

a0 = U (€0 UT, (A.15)
£, — U (£95,) U1 . (A.16)
Similarly to (A.5), using T7¢ = —(T9)T we can see that UT = Ut and (U"T = U, so by taking
the transpose of the expressions above we can go from one to another 2. In this basis the SU(2),

triplets and the bitriplet (3r,3r) of the model are defined in Egs. (4.4) and (4.5), also, an
SU(2)r ® SU(2)g transformation acting on the bitriplet reads

AQX2_>UR®ULAQX2U£®UT ) (A.17)
where U, = exp {i0%0,/2} and Ur = exp {i0%5,/2}. The condition to get an SU(2)y invariant
vacuum,

(U m0Ul —UL(E_)UT
(A) = Ug ) 0>TL L1< 1 Lok, (A.18)
“ULENT] UL (S}

is only preserved when v, = vy, = vy = va and 01, = 0p, just as it happens with the vectorial
ordering of DOF’s. Note that we have dropped the 2 x 2 subindex on A and ¥; as this basis is
the one which will be most used in this work, otherwise, we consider that context will allow the
reader to distinguish between both bases.

From what is presented above, one would naively consider that the triplet is a complex
representation of SU(2) since none of the two bases seem to be real, however, the triplet is the
adjoint of SU(2) and there should be a basis where its nature as a real representation is manifest.
The real basis for the adjoint representation of any SU(N) group is given by (T¢)% = —i fabe.

p parameter at tree level

We now compute the tree-level contributions to the p parameter coming from the triplet sector.
The triplet contribution to the W= and Z masses is derived from the kinetic term,

1 _ _
itrSU(2)R7SU(2)L (DA (DFA)], (A.19)

which is the same thing as writing,

1 1 1
§USU(2)L[(Duz—l)T(D“E—l)] + itrSU(Q)L[(DuEO)T(D#EO)] + itrSU(2)L[(Duzl)T(Duzl)]‘

(A.20)

The covariant derivatives in the spin-1 vector representation of the triplet and bitriplet
DYy = 0,Yy —igtdW;¥y — ig B,YSy , (A.21)
Dy A = 9,A +igt ,WiA —ig'tsB,A . (A.22)

2In the triplet case, we use the notation I and U to differentiate between transformations acting on 2 x 2
matrices or vectors, U = exp {i0%0,/2} and U = exp {i0°t,} respectively. Note that for doublets U = U.
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Note that the definition of the covariant derivative for A is different since we identify Y = Tz =
—t3. In the 2 x 2 basis the covariant derivatives read

a

o . .
DSy = 9,5y — ig [2, WM] Sy —ig' ByY Sy, (A.23)
. N K- R f
DA =0,A+ig |5 Wi A—ig |2 By| A, (A.24)

Where the identification is now Y = T3r = —03/2.

The final result does not depend on the basis and the contributions to the W* and Z masses
coming from A are given by

1 _ - _ 3 _
StsU@) 50 [(DuB) (DFA)] 5 g° (”i WiW!™ o+ oy D2+ v Wi
2 2 Ui
—piHt —piHt
FORWIWEE S W b 2,2t ) (A2)

which together with the usual contributions coming from the doublets allow us to the compute

deviation from p = 1 that is generated by the triplet sector
2(21)3) - U?p - U>2<)

U% + U% + 4(1))2( + vi)

p—1=Ap= (A.26)

From above we see that, if vi = vy and vg = vy = v, (which corresponds to the custodial SU(2)y
invariant vacuum), then Ap = 0. However, unlike in the GM model, custodial symmetry is no
longer a necessary (although certainly sufficient) condition for p = 1 at tree level. Ap = 0 is also
satisfied along the more general non-custodial direction

21)3) = vi + vi . (A.27)

This ‘extra direction’ for the VEV’s is a consequence of supersymmetry, where the Y = 1 and
Y = —1 triplets are separate fields with distinct VEV’s. in contrast to the GM model where they
make up one complex field with hypercharge Y = 1. As we explain in Chapter 5, this additional
direction allows us to have the scale M at which the SU(2); ® SU(2)r symmetry is imposed to
be much higher than the electroweak scale.

The custodial vacuum at tree level

A five dimensional neutral scalar potential such as the one that the SCTM features is certainly
a difficult function to scan for possible minima. Therefore, it is reasonable to ask if, beyond the
custodial minimum, there are extra minima to which we could tunnel from the custodial one.
Basically, how likely is the custodial minimum? If indeed the SCTM is realized in nature, is a
fine-tuning required to break the EW symmetry by means of a custodial vacuum or does it come
from the structure of the potential? Or in other words, is p = 1 an automatic prediction and
therefore a consequence of the model? Since one of the main motivations to build the SCTM
was to solve fine-tuning problems of the MSSM, it is important to study the potential and see if
indeed, p = 1 is a consequence of the structure of the model or a tuning imposed by hand.
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A.1. The SCTM and the custodial SU(2)y

For the sake of clarity, let us review the approaches to this matter in the non supersymmetric
GM model where the literature is extense and, at tree level, the situation is very similar to the
SCTM. In the original paper by Georgi and Machacek, Ref. [67], an SU(2) symmetry of the
vacuum was first proposed as a way of keeping p = 1 at tree level in the presence of SU(2)r,
triplets. In that paper, Georgi and Machacek did not claim that small p was a consequence
of their model but rather that it could be tuned so. However, the original GM paper is very
brief and the structure of the potential which could generate EWSB and give rise to the SU(2)
invariant vacuum is not discussed. Of course, without a precise knowledge of the potential, any
comments about the determination of the vacuum are meaningless and one cannot consider the
SU(2) symmetry as something arising from the structure of the theory. However this point is
clarified by Golden and Chanowitz in Ref. [68], one of the first papers where the GM model is
discussed in depth. They propose an SU(2)r ® SU(2)g invariant potential for which the only
possible vacuum is the SU(2)y invariant one. If the potential is given and it is such that only a
custodially preserving VEV configuration solves the EOM’s, we can consider that p = 1 at tree
level is an automatic consequence of the structure of the model and no fine-tuning is needed to
set it small.

At tree level, the SCTM features a scalar potential that is SU(2); ® SU(2)g invariant (see
Appendix A.2). The criticality conditions of this potential are five (one for each scalar field
subject to get a VEV, 2 coming from the doublets vi2 and 3 from the triplets vy, vy, vy).
Given the SU(2)r ® SU(2)g invariant structure of the potential only two solutions are found:
(i), the custodial one (vi = va = vy and vy = vy = vy = va) where the 5 criticality conditions
degenerate into only 2 (see Eq. (4.12)), and (ii), a more general one (v; = v = Vg, vy = Uy = VA
and vg) where the 5 conditions degenerate into 3. Upon close numerical inspection of (ii) we
find that there is always a custodial minimum that goes along and that, for most parts of the
parameter space, the configuration (ii) is a saddle point rather than a minimum of the potential.
However, beyond this subtlety the important point is the following: No other VEV configurations
are subject to solve the 5 criticality conditions if the parameters of the potential are such that
the SU(2);, ® SU(2) g invariance is maintained, moreover, (i) and (ii) are the only configurations
which make the D-term part of the potential vanish, thus minimizing the energy. This behavior
is similar to the simpler case of the MSSM where the conditions of SU(2); ® SU(2)g invariance,
i.e. m1 = mo, lead to the minimum condition tan3 = 1, i.e. v; = vy. Therefore we conclude
that, in the SCTM, the SU(2)y custodial invariance of the vacuum is an automatic consequence
of the structure of our model and p = 1 at tree level is a prediction.

This discussion applies to the tree level case of the SCTM presented in Chapter 4. In the RGE
improved scenario of Chapter 5, the vacuum which provides p = 1 is not exactly the custodial
one but rather the direction (A.27) for which the fine-tuning discussion is more subtle (see ‘p
parameter vs. custodially breaking vacuum’ in Section 5.2).
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A.2 Full SU(2)y invariant scalar potential
The superpotential of Eq. (6.1) in component fields is given by
Wo =\ {H9¢0H§ + HIX'HY + HYYOHY + H; ¢°HYS — Hf x~ " Hf — Hy ¢t T H]
+VAH; HYO" B HYC — H HY — H )|
+ /\3{_¢0X0¢0 4 w++¢0x—— 4 ¢+¢0X_ + ¢_X0w+ _ ¢+X__¢+ _ ¢_'¢++X_}

+ MA{;¢O¢O + 0 + ot +oty + w*W} + p{Hy Hy — HYHY}, (A.28)

and correspondingly the F-term potential

2

Vi = [\ (¢°HS + 20060 — V2HT v — V3T ¢~ ) — uH)|
2

- ‘A ((bOH? +2HyX + V2H; ¢ + \@HJX‘) — MH?‘
+ |NHYHS + Hy HE ) = M(0" =X 7) + pag?

_ 2 _

+ (NHYHY = X3(0°X° — " x7) + pax’|” + |MHSHY — A3(6%¢° — ¢~ F) + pay®

2
+ NG HS — 20t HY + VIHSY — VIHYT) + uH |

‘ 2

* (A.29)

2
+ (M@ H — 2~ Hf + V2H)x™ — V2H{¢") +MH1_’
2 2
o |VIXHT HY 4 Xg('x™ =X~ "0%) + ad™ |+ |[-VEAHDHF + A0t — 6 7) + puac|

4 VRAHT HY 1+ 23(67X° — dt ) + pax— ]2 + ‘\/§>\H§H2+ + (ot — et Mw*f
| =AHTHT 4 236%™ — 67 x7) +uax™ [+ |- AHS Hy + 23(0%t — 67 0t) + paw
The D-terms are
D' —iD?* = —g{Hf*Hf + H*HY
+V2 [0 — T + T — T T T T — XY }
D' +iD* = (D' —iD?)"
O | e L L s
#2 [P = 1P 164 = o7+ 6 ] |
Dy =G {13 - g+ Ve P o P

2[R — DR+ WP R — e — o [?] } , (A.30)
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hence Vp,

2
g _
Vo = 5 {IBDP = 1HYP + | 2 = 7 P+ 2P - 2400

2
#2624 2 2P
92
+ 5 [HYHY ™ + Hy " Hy
2
T+ VE [0 — @06 et — gt T |

12
+ S — LHDP + S — V4 2000 - 2P

2
oyt — 2y P+ 2t — 2!x"l2} . (A.31)

Finally, the soft breaking potential (7.2) can be written as
Viott = miy (|HY[® + [H3[* + [H | + | HS )
+mA (10°2 + 107 P+ 1o P+ 1P+ 0 P+ [0 P+ P+ P+ I P)
+ {m§(HfH2+ — HYHY) + Ba(¢7¢°/2 + 9% + 676~ + ¢ x ™ + 47 x )
+ Ay, ("X + T 0T o X =TT Tt — T YT)
o (HROH + HOHS + HYGHY 4 Hy UH — HixHf — Hy 0™ H

+ V2 [H; ¢"HS — H)¢™ Hf + H)x™ Hy — Hy " HY| ) + h.c.} . (A.32)

By taking the neutral and real part of this potential, we get the five minimization conditions that
degenerate into two for a custodial configuration of the VEV’s, Eq. (4.12).
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A.3 gyyy couplings

These are the relevant couplings used to study the restoration of unitarity in the SCTM (Chap. 4)
and the collider properties of Fg (Chap. 8) *:

Iprrw-w- = Irs-ww+ = —V/2gmyy sin 0

2V6 .
gs,w+w- = gmw | costl cosag — sin f sin ag

. 26 .
gs,w+w- = gmw | cosfsinag + sin @ cos ag
gmyy sin 0
0 =
IFRIw+w /3
gmw 2v6 . .
98122 = ——5,— | cosfcosag — sin f sin ag
cos? Oy
gmw : 2V6
95,27 = ~—5 cos fsin ag + sin @ cos ag
cos? Oy
2gmyy sin 0
0y = ———————
Irgzz V/3 cos? Oy
_ _ gmysinf
Irswrz = Irfw-2 = 7 g O
9ag-w+z = 9g+w-z = —gmw sin 9W tan 9W (A,33)

3We are missing intentionally a global factor i, .
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Loop level SCTM

B.1 Renormalization group equations

In this appendix we present the complete set of one loop renormalizaton group equations of the
SCTM used in Chapter 5. Wity dx/dt = (1/1672)3, we first write tye beta functions for the
gauge coupling constants '

102
By, = ﬁ 3’ By, = 793’ Bgs = _393' (B.1)
Yukawa couplings

16 13
ﬁyt <6yt + yb + 6)\b + 3)\2 ?gg — 392 — 99,2) (B2)

16 7
By, = U <6yb +yi OA + 30— g5 — 397 - 99’2> (B.3)
Bra = Aa (6A2 + 1402 + 6y + 23 — Tg° — 3¢?) (B.4)
By, = Ao (A2 + 140] + 6y7 +2X3 — 7g° — 3¢'?) (B.5)
Br. = Ae (BAZ 4 6A2 + 67 + 3y7 + 3yp + 205 — Tg° — ¢'?) (B.6)
Brg = Az (6A3 + 2A2 4 277 + 2A2 — 12¢° — 4¢'?) (B.7)

9

By, = yr <4y7 +3yj + 67 + 3\ — 395 — 591) : (B.8)

Superpotential mass terms

By = 1(3yi + 3yi + 6A2 + 6A7 + 672 — 3¢ — ¢'?) (B.9)
Bra = 21a (202 + 223 — 4g%) (B.10)
By = 1p(2A2 + 207 + 4203 — 8¢% — 4g'?) . (B.11)
Gaugino masses
102 , )
Bum, = = giMi, B, = 14g5Ms,  Bar, = (—6)g5Ms. (B.12)

'Note that we use g; by identifying it with ¢’ through the GUT normalization g1 = \/5/3¢’.
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Soft scalar mass terms

Bz = 2my, (3 + 6A% + 3X2) + 6y (m% +mi) + 1205 (my, +mg,)

Q
6 5 3 9

+6X2(m, +m3,) + 6a; + 1242 + 6A2 — 695 M3 — =0 gM? — ggls

Bz, = 2my, (3y7 + 6AF + 3A2) + 6y§(m% +m?) + 1205 (m?, +m3_ )

6 5
+6X2(mp, +m3,) + 6a; + 1247 + 6A% — 695 M3 — —gi M7 +

3,
5 g5

57
Bz, = 2m3, (2A2 + 2X3) + AN2(m2, +mi,) + AN (m3, +m3_ )
+4A% + 442 —16g2 M3

Bz, = 2m3, (200 + 2X5) + 8Agmy, + AN (S, +m3; )

6
+4A2 + 443 —16g3M3E — —giM? + —giS

5
By = 2m5_, (2A] +2X3) + 8XTmy, + AN5(mE, +m,))
24

6
—giM? — ZgiS

+4A7 +4A% — 16g5 M3 — -

Bz =2mQ(yt +up) + 207 (m2, + m2) + 2y5 (m, + m?) + 2a7 + 2a3
32 2 1
— 602 M2 2M 2072 4 2429
92y = 5 93M3 = 1201 1+591
32 32 4
B = 2m2(27) + 4y? (m, +m3) +4a} — T g3MZ — T gIMP - Zg1S
2(9q,2 32 902 8 o000 29
Bz = 2m3 (243) +4y; (my, +m%) + daj — S OEME — giM} + 2 1S
6
Bz, = 2y7my, + 207 + 2y;m3, + 2y;mz, — 693 My — Cgi MY

24
Bz = 2(2y7my, + 207 + 27m2, +27m, ) — T gI MY

Trilinear terms

Ba, = as(3y2 + 62 + 3N2) + y(6ysar + 120, A5 + 6XAL) — 5

8 8

—2Myy) — —g2(ay — 2M:
159 9t (a 1Yt) 393(at 3Yt)
+ ac(yi + vi) + v (2yrar + 2ypap) —

+ar(2y7) + i (dyear) —
1
30
g3 (ar — 2Mqy;)

2

8 3
— = —2M
393(at Syt) 10
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3
= g3(ar — 2May;)

3
g9i(as — 2Myy;) — = g3(ar — 2Moy,)

(B.13)

(B.14)

(B.15)

(B.16)

(B.17)

(B.18)

(B.19)

(B.20)

(B.21)

(B.22)

(B.23)



B.1. Renormalization group equations

3
Bay = (ap(3y3 + 622 + 302) + yp(6ypap + 1200 A0 + 61 AL) — 5gg(ab — 2Moys)

8
g3 (ap — 2Myyp) — ggg(ab — 2Msyp)

+ ap(2y;) + yo(dypay) —

15
24yl 2 2 =X 2, — 20y — 2620y — 20
+ ap(yy +yi) + Yo (2ypas + 2ysaz) 3091 (ap 1Yb) 292(% 2Ub)
8 2 3 2
— 593(% — 2M3yp)) — 1091 (ap — 2Myyp) (B.24)

3
Ba, = 2(Aa(3y2 + 672 + 302) + \o(6ypap + 120 Ag + 6XAL) — igg(Aa — 2Mo),)

3 6
- Tog%(Aa - 2M1)\a)) - gg%(Aa - 2Ml)\a)

4+ Aa(202 4 2X03) 4+ N (44,00 + 4A303) — 4g3 (A, — 2Mo),) (B.25)

3
Ba, = 2(Ap(3y7 + 6AF + 302) + Np(6yrar + 120y Ay + 6X:AL) — 5gg(Ab — 2Mo)y)
3 6
— 1914 = 2M1)) — 291 (Ap — 2M1 )
6
+ Ab<2)\§ + QAg) + )\b(4Ab)‘b + 4A3)\3) - 49%(146 - 2M2)\b) — gg%(Ab - QMI)\b) (B26)

3
Ba. = Ac(3y2 + 672 + 302) + Ae(6yar + 120, Ay + 61 AL) — 5gg(Ac —2Mo)\,)

+ Ac(3y2 4 6X2 + 302) + A (6ypap + 12X\ Ay + 6AAL) — ggg(Ac — 2M))\.)
+ Ac(2N2 4+ 2)2) + Ae(4ANe + 4A3)3) — 4g5(Ae — 2Mo)\,)

3
- Tog%(Ac —2Mi ;) (B.27)

6
Ba, = A3(2037 4+ 2X3) + A3(4\pAp + 4X343) — 5g%(Ag — 2M1\3) — 495 (A3 — 2Mo)3)

6
4+ A3(202 + 2)3) + A3(40 Ay + 43 A43) — gg%(A3 — 2M1)\3) — 4g3(Az — 2Ma)3)
4+ A3(202 +2)03) + A3 (4N A. + 4X3A3) — 4g3 (A3 — 2Ma)3) (B.28)

9
Bar = 9y2ar + 6\2a, + 3\2a. + 3a,y; + a;y? — 3g3a. — —gia,

5
(1200 A + 2570 + 6N Ac + 630y + Gypay + g7 M) (B.29)
Soft bilinear terms
By = MG + 30 + 632 + 643 + 632 — 363 — 2g?)
+ %u(15g§Mg + 392 My + 30X\ A + 15ypap + 15y.a; + 300, Ag + 307\, Ap) (B.30)
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BB, = 4pa(4g5 My + 20 A. + 2X343) + 2B, (202 + 2)3 — 443)) (B.31)
2 2 2 2 12 2
B, = Bp(2A; + 2\ + 45 — 8g; — 391)
2
+ 5m,(mAaAa + 10M\p Ay + 20\3 A3 + 1297 M + 4093 M>) (B.32)

B.2 Minimization procedure after the RGE running

We will here make a systematic study of the minimum induced by radiative corrections at the
electroweak scale starting from a theory at the scale M which is SU(2), ® SU(2)g invariant. For
pedagogical reasons we will start with the case of the MSSM with custodial symmetry at M.

Warming up with the MSSM

In the MSSM the Higgs potential is a function of two fields V = V(HY, HY) the real parts of
the neutral components of the Higgs doublets (H1, Hy). These two degrees of freedom will make
up the C'P-even MSSM mass eigenstates (h, H). At the minimum the VEV’s are defined as
vg = vsinf and vy = vcos where v = 174 GeV. The equations of minimum 0V/ 8H?72 =0
provide the equations

2
m3 — m3cot § — % cos28 =0, (B.33)

2
m3 —m3tan [ + % cos28 =0, (B.34)

where m%Q = m%{m +|p|?. Now the linear combinations Eq. (B.33) 4+ Eq. (B.34) lead respectively
to

2 2 2
mg = tanz B T 1 (ml + m2) s (B35)
2, 1,2
mi+sm
tan? 3 ; 2 2Z , (B.36)
ms + 5my

where we are assuming m? > m3.

Now we can first assume that the Higgs sector has custodial symmetry and that therefore
mi = mg. In this case we see that Eq. (B.36) is identically satisfied for tan /8 = 1, which is
precisely the custodial symmetric minimum, while Eq. (B.35) yields m2 = (m? +m3)/2 which is
the condition for EWSB.

Second, we will assume that the theory is SU(2)r, ® SU(2)r symmetric at the scale M
where supersymmetry breaking is communicated to the observable sector. In this case, as there
are couplings which do not respect the custodial symmetry (in particular ¢’ and h;), even if
m1 = mo, at @ = M at the EW scale the latter equality will not hold. In this case at the
EW scale a value tan 8 # 1 will be generated and the value of m% will then be correspondingly
obtained from Eq. (B.35).

160



B.2. Minimization procedure after the RGE running

The SCTM

We will now apply the previous procedure to the case of the SCTM. The Higgs sector is SU(2) ®
SU(2)g invariant at the scale M but the RGE running will spoil the custodial symmetry mainly
because the couplings (¢, hy) break it. So in principle (as the MSSM example above) we should
write the most general potential for this theory (see Egs. (5.1), (5.3) and (5.4)). The EOM are
the solutions to the equations OV/OHY = OV/OHSY = oV/9y° = 0V /d¢? = 0V /X" = 0 which
are satisfied at the (real part of the) field VEV's (HY, HY, 40, ¢, X0) = (v1,v2, vy, vg, vy).

Doublet sector

The equation (1/HY)0V/OHY + (1/HS)OV/OHY = 0 allows to trade the parameter m3 by the
other supersymmetric parameters, as

1 2
sin 28 [m3

— Acvg — Ae(Ag0y 0w + Acv102 + faVy) — 2(Acvp — 1) (Aavy + )\bvx)]

1
= Q(m%’u + qud) + Aqvy + Apvy + (A30g + 116) (ApUy + Aqvy)

+ 2207 + A2v3 + (Aevg — p)? + 2 [Agv?p + )\gvi] , (B.37)
where tan 3 = wvg/v;. The value of m3 from Eq. (B.37) is now replaced into the equation
(1/HY)OV/OHY — (1/HY)OV/OHY = 0 which then becomes

/2 2
_|_
J 5 J (v3 —v3 + 2vi - 21})2() = 208 28(A\cvy — p)?

+2cos? B {m%h + 2440y + 200 (A3vg + 1) vy + 202 (0] + 2115)}
—2sin® B {mi;, + 2450, + 205 (Asvg + ) vy + 205 (V3 + 203) } (B.38)

this equation is identically satisfied in the custodial limit.
Triplet sector

Likewise equation (1/1°)0V/0y° + (1/x°)0V/0x" yields the parameter By as a function of the
other supersymmetric parameters as
2 2
vy + v
X[ By — Agvg — A3(Aev1va + ftavs + Asvyvy)] =
Uy Vx

Ag¥2 N2
m%, +m%_ |+ (A3vs + ) (31 + 5;) +2(A3vp + p)? + 4(A207 + Ao3)
X
+Aa'0% + 2Xqv1v2(Acvgy — 1) n Apv3 + 200102 (Acvp — )
Uy Uy '

The value of By is then replaced into equation (1/4°)0V/9y°—(1/x°)0V/0x° which then becomes

(B.39)

2 2
v: — v
(g2 + %) (03 — v} + 203 — 202) = —2 20— (Aquy + 1p)?
Uy T Ux
2 2 2
v ApU ALv7 4+ 2 0102 ( AUy —
-2 — v 5 {m%1+4)\3v%+()\3v¢+,ub) b2 | e aU1v2(Acty ,u)}
vw—i—vx v vy
2 2 2
v AgV Apvs + 2200102 ( A0y —
25 {m%ﬁ“iv%ﬂmwub) oty | Avp + 2hvva(devy “)}, (B.40)
UTZJ+UX Uy Uy
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again this equation is identically satisfied in the custodial limit. Finally the value of B, is obtained
from the equation 9V/9¢° = 0 as

— [Ba + 1 +m3, | v = (A + Actta)v1v2 + (A3 + Asfta) vy 0y
A1 (20205 + Acv1Vg — V1) + AcV2(2Aq010y + Ac20p — Vo t)
+A3vy [)\av% + vy (A3vg + 1) | + Azvy [Abvg + vy (Agvg + )] - (B.41)
If we define B+ = B, F By then the EoM for B_ is

Uy Vx
B_=A -
3 <v¢ Vg ) v+l

2 2 2, .2y 2
[Uwvx(mzl +ms; ) — (v + Ux)mzo}

+A3 [ Acv1vg + Agvi 2%1% 7 e s A\pv3 :¢UX 5 — %y
Uy + vy Vg Uy + vy Vg
202 + 02 + v? 20
2 ¢ Y X 2 2 2 2UyUx 2
+)\3 ’Uw’UXW - (’Uw + Ux) + Ky ’i + 1})2( — Ma

2 2

Uy Uy 4vy vy Uy, + Uy
+A30¢ [,ua (1 — ) + up <v2 2 E—
¢ » X ¢

Aav%vw + Abvgvx V102 )\av%vw + )\bv%vx AcU1V9
+ 2 2 - AC + /"Lb 2 2 - Mo
Uy, T Uy (% Uy, T Uy Vg
AUy + Apv v? + 02
+(Acvp — 1) | 20102 a4 ;C 5 v Aot 2
vy, + vy Vg
A A
+4(A\20? + \2od) :vaQ — 2 V102 Aoty T Aoy , (B.42)
Uy, T vy Vy

which is also identically satisfied in the custodial limit. In fact we have written the different lines
of Eq. (B.42) in such a way that they cancel independently in the custodial limit. Finally the
parameters m3, and By are given by Egs. (B.37), and (B.39) and (B.41), respectively. Eqgs. (B.38),
(B.40), and (B.42), which are identically satisfied in the custodial limit, will be used to compute
the departure from the custodial symmetry triggered by the RGE running.

Solving the equations, finding the correct vacuum

As Egs. (B.38), (B.40), and (B.42) do not depend on the parameters m3 and B, we will use these
to compute the departure of the vacuum solution with respect to the custodial configuration by
considering the general configuration (5.6) and (5.7). Using the field configuration of Eq. (5.6)
we can write an explicit solution to Eq. (B.38) as

Pa_Pb+\/(Pa_Pb)2+4QaQb

tan? 8 = B.43
20, (B.43)
where P, and @), are given by
P o—m2 494 v\ 2202 4 (A 2 97 +9%, o 22
0 = M, + 2400y + 2000y (A3vg + ) + 4NZ05, + (Acvg — 1) +T(UH+UX—U¢),
Py = my, + 2450, + 2205 (A N2+ (A S S
b = My, + 2450y + 2X0y (A3vg + i) + 4Nv3 + (Aevg — 1) —|—T(UH—|-U¢—UX),
Qo= P+ 4U1%I)‘Za Qv=D+ 4U1%I)‘Z : (B44)
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and where vy , depend on 6 ; through Eq. (5.6). In the custodial limit Eq. (B.43) yields tan 8 = 1.
Notice that Eq. (B.43) is a straightforward generalization of the similar one for the MSSM,
Eq. (B.36).

Now on general grounds Egs. (B.38), (B.40), and (B.42) should be solved numerically, after
running the RGE, to get the correct values of tan 3, tan 6y and tan6;. Eq. (B.37) will determine
the value of m%(Qgw) and the equation for By (a linear combination of Egs. (B.41) and (B.39))
will fix the custodial value Ba at the high scale M. Finally, notice that the RGE’s for the
parameters involved in (B.38) and (B.40) are decoupled from m3, By and B, so that this procedure
for finding the vacuum solution is fully consistent with the RGE running of the theory.
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Cosmology in the SCTM

C.1 EOM’s and neutralino mass matrix in the DM study

Equations of minimum

The minimization conditions are

oV
OHD

ov

B oV
~ OHY

oV
=o00| =

oo

oV
- 7o

~0. (C.1)

U1 U2

Vg Uy

With the parametrization of custodial breaking given in Eq. (7.6) we get for the doublet soft
masses

mi = m%{l + 12 = 20a(M — A — Ma) — vA 223\ + 5A?)

12 2
+ tg{mg + va(4dp — A — App) — vA (A3h + 4)\2)} _J ;—g viCop — 21)121[)\2(0?3 +1),
mi = m%lz + 12 =20a( M — A — Aup) — v2 (2)\3)\ + 5>\2) (C.2)
Lf o A 2 2 9°+9* 5 2 y2(.2
+£ ms + A4\ — A — Apa) — vA (AsA +4X°) » — ) vieap — 20 A (s5 + 1),

and for the triplet masses

2
v
m$, = —{BA + pA 4+ va (A3 + 3\3pn) + i (2Ac + 2A\uass — dcgsgA)

+ 0% (—(9’2 + g%)cap + 2c555( A3\ + 2)02) + 28%)\3)\ + 80%)\2) + QUQA)\:%} ,
m%71 = —{BA + pA 4 va (A3 + 3X\3pa) + Z%Z (2As% + 2)\,UAC% — 4dcgspAp)
+ v (—(g"% + g%)cap + 2c855(AsA + 20%) + 2c3A3\ + 85307) + 2@@} : (C.3)
mi, = _{BA + pA +va (A3 4 3X3p4)
+ ﬁ (2c585(A + Min) — 22n) + vF (cpsa8A7 + (2X3) + 227)) + QUQA)%} .

VA

By making tan 8 — 1 we recover the custodial limit where the five minimization conditions
degenerate into only two, Eq. (4.12).
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Neutralino mass matrix

Now we write the full neutralino mass matrix. The matrix M} /2 of eq. (6.7) is

M, 0 —g'cpvn g'spvp 0 —V2g'va V2g'va
0 M, gegvy —gSpUH 0 V2gva —V2gva
—g'cgvn gCRVH 2 \0A AUA — [ \/5/\85’0]-[ 0 2\@/\0501{
g'sgvg —gspvm  Ava — 2 \UA \/ﬁ/\CﬁUH 2\/5)\5[31)}1 0 (C.4)
0 0 \/iAsﬂvH \/iAcﬁvH UA —A3vA —A30A
—V2¢'va  V2gua 0 2\@)\551111 —A3VA 0 A — A3V
V2¢'va  —V2gua  2V2Acpum 0 —A3UA  HA — A3vA 0

where sg and cg are shorthand for the sine and cosine of 3 respectively. Note that when tan 8 — 1
we recover the matrix (4.41).

C.2 Formulae for the spectrum of gravitational waves

We present here the set of formulas used to calculate the spectrum presented in Figure 7.8.

Gravitational waves from bubble collisions

In the case we use the envelope approximation to model bubble collisions the peak frequency

is [190]
3 _ f ﬁ Tn Gx 1/6
Jenw = 16.5 uHz (6) (H) (100 Gev> (100) (C.5)

and the energy density

2 2 1/3
B2 Qeny = 1.84 x 107 0x2 Uig 4 a 100"/ . (C.6)
0.42 + vg 153 a+1 Jx

The efficiency factor k is
1 4 /3«

the bubble wall velocity vy is

1/3 4+ /a?+2a/3

C.8
Uy 1+a ’ ( )
and

f 0.62

= = . C.9

B 1.8—0.1v, +v7 (C9)
The spectrum then has the following shape

= 3.8(f/ fenw)?®
Qenv(f) =Q (f/f ) (C.l())

env2'8 + (f/fenv)g's .
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C.2. Formulae for the spectrum of gravitational waves

Gravitational waves from sound waves

The peak amplitude of GW radiation from sound waves is given by [191,219]

~ H o 2 g -1/3
W20 = 2.65- 10 vy k2 [ = (&) C.11
v <5><a+1> 100 ’ (C.11)

which is larger than the result one gets from the envelope approximation by a factor §/H. The
peak frequency is

- 1 /8 T, gy \1/6

o =190z — (2 ) [ —n ( ) C.12

J S <H> <1OOGeV> 100 (€12)
and the fit to the numerical spectrum is given by

- 7 2
Onal) = Oun () /) (©13)
44 3(f/ fsw)?
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