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Summary

Progress in the search for physics beyond the Standard Model (BSM) proceeds through two
main avenues. The first requires the development of models that address the host of theor-
etical and experimental deficiencies of the Standard Model (SM). The second avenue requires
scrutinising these models against all available data as well as checks for theoretical consist-
ency. Unfortunately there exists a large number of strongly motivated models as well as an
absence of any signs illuminating the correct path nature has chosen. With the lack of a clear
direction, automated tools provide an effective means to test as many models as possible.

In this thesis we demonstrate how the SARAH framework can be used in this context as
well as its adaptability for confronting unexpected hints of new physics, such as the diphoton
excess, that have arisen at the Large Hadron Collider (LHC) over the previous years. We then
turn to more theoretical constraints namely, studying the stability of the electroweak vacuum
in minimal supersymmetric models. Here we studied the impact of previously neglected dir-
ections when including non-standard vacuum expectation values. In the second half of this
thesis we consider low-scale left-right symmetric models both with and without supersym-
metry. In the non-supersymmetric case we consider constraints arising from charged lepton
flavour violation. We have significantly improved existing parametrisations allowing for the
new Yukawa couplings to be determined as a function of the underlying model parameters.
The last scenario we consider is a model based on SO(10) unification at the high-scale. We
build a complete model with TeV-scale breaking of the left-right phase studying in detail the
phenomenology.
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Chapter 1
Introduction

Particle physics currently stands at an important crossroad. The only laboratory experiment
capable of exploring the high energy frontier is the Large Hadron Collider (LHC) at CERN.
It has so far collected in excess of 30 fb™" at centre-of-mass energies of 13 TeV during run I,
closing in on its original design energy of 14 TeV. The most compelling theories constructed
to explain new physics insist upon the existence of new physics at the TeV scale. Contrary
to this expectation, LHC results contain no direct observation of evidence' for new physics
beyond the standard model (BSM). We are therefore left with an important question: is the
insistence of new physics at the TeV scale incorrect, or is new physics right around the corner
potentially hiding under the guise of non-minimal models?

Taking a step back, run I of the LHC has been a huge success. It culminated with the
discovery of the Higgs boson in 2012 which forms the final piece of the jigsaw puzzle known
as the Standard Model (SM) of particle physics. Over the proceeding years measurements of
its properties, such as spin as well as transformations under charge-conjugation and parity,
confirmed that this boson carries the quantum numbers expected from the SM Higgs boson.
The success of the SM is so significant that it is often exclaimed — whether that be in frustration
or admiration — ‘the SM alone explains all the data’. To give insight into this claim we begin
by outlining the typical procedure for building a particle physics model before turning to the
specific case of the SM. In particular we emphasise how the ingredients of the SM give rise to
such a remarkable description of observed TeV-scale physics.

In any model there are necessarily a number of assumptions that must be made. Here we
assume that any model which describes nature at the TeV-scale is described by a quantum
field theory that respects Lorentz invariance. Based on these two assumptions a model can
then be loosely defined by choosing a set of fields, whose excitations correspond to particles,
which transform under a specific set of chosen symmetries. Given the choices made one then
simply writes down every type of interaction that is not forbidden by the chosen symmetries.?

! There are currently a number of discrepancies between the Standard Model predictions and B-meson meas-
urements, such as B — K*u+ ™ as obtained by ATLAS and CMS [1,2]. Taking all B-meson observables and
performing a fit to effective field theory operators can result in a 4-5¢ pull from the Standard Model [3]. These
results indicate that lepton universality in the Standard Model may be violated. However, the significance of
these deviations depends strongly on which effective field theory operators are fit.

% One must also make a choice whether or not to enforce the model to be renormalisable. Requiring renormal-
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The result necessarily contains a number of free parameters usually in the form of couplings
and masses. For the model to make predictions a certain number, if not all, of these parameters
must first be determined through experimental measurements or constrained via phenomeno-
logical considerations. These experimentally determined values of the SM parameters exhibit
peculiarly large hierarchies amongst the couplings that determine the fermion masses. This
nevertheless results in a remarkably accurate description of observed high-energy phenom-
ena. We therefore begin by describing the features of the SM field content and symmetries
before turning to the specific consequences of the experimentally determined parameter val-
ues in the SM.

The SM successfully describes three of the four observed fundamental forces of nature.
However, in technical terms the SM is nothing more than a specific type of quantum field
theory termed a chiral gauge theory. The foundation of this theory was laid in the 1960’s
by Glashow, Weinberg and Salam (GWS) [4-7]. In a gauge theory the forces are described
through the symmetries of the redundant gauge degrees of freedom. The crux of this model
however, is the unification of two of these forces, the electromagnetic and weak forces, called
electroweak unification. This is possible through a very particular arrangement of the particle
content, namely that left- and right-chiral particles couple differently to the electroweak
gauge bosons, described by SU(2)y, x U(1)y gauge symmetries. These gauge bosons are
in fact the exchange particles responsible for the fundamental forces. This arrangement of
the particle content in conjunction with the necessary gauge symmetries forbid mass terms
for both the fermions and electroweak gauge bosons. An elegant solution to this problem was
proposed by Higgs, Brout, Englert, Guralnik, Hagen and Kibble [8-12], typically referred to
as the Higgs mechanism. This mechanism, called electroweak symmetry breaking (EWSB) in
this specific context, spontaneously breaks the SM gauge symmetries

B SU(3) e x U(1)em s (1.1)

where U(1)gy is the gauge symmetry that describes photons. Consequently this allows for
the generation of masses, consistent with experimental observation, for both the fermions
and the electroweak gauge bosons whilst ensuring that the photon remains massless. It also
predicts the existence of a new massive scalar called the Higgs boson.

The final remaining type of interaction in the SM occurs between colour-charged particles.
The theory describing this type of interaction is called quantum-chromodynamics (QCD) [13-
17]. Tt is incorporated into the SM using the gauge group SU(3)c where C is the colour
quantum number. The combination of QCD and GWS combined is what has today become
known as the SM.

After writing down a model containing the above symmetries and observed particle content
we end up with 19 free parameters. These parameters are:

+ 3 gauge couplings,
+ 9 charged fermion masses,

+ 3 mixing angles and 1 phase,

isability enforces operators to have mass dimension four or less. Otherwise, one should also consider possible
higher mass dimension operators, performing a truncation at a chosen mass dimension.



 Higgs mass and vacuum expectation value,

« QCD CP-violating vacuum angle 6.

We therefore require at least 19 independent measurements before predictions can be made.
In the SM there is, as of yet, no known reason at a fundamental level why there are for
instance, such large mass hierarchies or peculiar mixing patterns in the fermion sector. What
is essential to note is that changing any of these parameters, even by tiny amounts, can result
in radical changes in the phenomenology of the model. To illustrate this idea, consider the
hierarchy in the masses of the lightest generation of quarks. Suppose that the parameters of
the theory are slightly modified so that the down-quark becomes lighter than the up-quark.
This would have catastrophic implications as the proton would become unstable, decaying to
the now lighter neutron, preventing the formation of atoms and therefore life as we know it
in our observable universe. While this is a particularly drastic example, shifting any of the
SM parameters by even small amounts leads to striking observable consequences [18-20].

The patterns of the SM parameters by themselves raise a number of questions, but in con-
junction with observational evidence it is undoubtedly clear that physics beyond the SM is
essential. Evidence for BSM physics can be categorised into two groups. Firstly, direct ob-
servations that cannot be explained nor accommodated into the SM and secondly, theoretical
deficiencies of the SM. Here we begin with the later as many of the theoretical deficiencies
of the SM can be tied to its experimentally determined parameters. For instance the meas-
ured value of the Higgs mass presents a key challenge to our understanding of quantum field
theories. The mass term for a scalar field in quantum field theory appears to be sensitive
to the UV theory through quantum corrections [21-23]. If we reject the notion of extreme
fine-tuning, these corrections would lead to a Higgs mass that is pushed to the cut-off in the
theory. This cut-off is exactly where the SM breaks down and the introduction of new degrees
of freedom are required to explain the physics which arises at these energy scales. It is also
possible to understand this issue as a naturalness problem. Following 't Hooft’s definition of
naturalness [24], a parameter is allowed to be much smaller than unity only if setting it to
zero enhances the symmetry of the theory. This follows as the radiative corrections in such
a scenario are proportional to the breaking parameter. An example of this is the fermions of
the SM. When the fermions are massless there exists an additional chiral symmetry. Breaking
this chiral symmetry by only the introduction of small fermion masses ensures that the radi-
ative corrections are proportional to these small masses. However, no such additional sym-
metry arises when setting the Higgs mass to zero and therefore the radiative correction are
no longer proportional to this mass term. Therefore the hierarchy between the Higgs mass
and the Planck mass is deemed to be unnatural. This phenomenon, know as the hierarchy
problem, has lain at the centre of model building efforts over the past decades. These efforts
have resulted in a number of remarkable types of theories such as supersymmetry [25-28],
composite Higgs [29-35], and extra-dimensions [36-39]. Their common theme is that each
and every one has predicted that if the hierarchy problem is solved, then there must neces-
sarily be new physics at the TeV scale. However, the absence of TeV-scale physics at the LHC
has forced theorists to consider increasingly elaborate models which can solve the hierarchy
problem but remain undetectable at the LHC given the current centre-of-mass energies and
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collected luminosity.’

This sets the stage for the first half of this thesis. Before the LHC began collecting data, there
was a strong theoretical bias towards a relatively small number of models. The most widely
explored model was the minimal supersymmetric extension of the SM (MSSM) [42-50]. The
key reason being that supersymmetry was, and is still today, regarded as the most elegant
solution of the hierarchy problem. The solution hinges on extending the Lorentz group to its
maximal possible size [51] which allows for the inclusion of fermionic supersymmetry gen-
erators. These generators act on particles changing their representations under the Lorentz
group, which corresponds to a particles spin. Therefore a theory invariant under supersym-
metric transformations requires the introduction of an opposite spin superpartner for each
SM particle, namely a spin-1/2 or spin-0 superpartner for a SM boson or fermion respect-
ively. From the non-observation of supersymmetry these superpartners must clearly be heav-
ier than their SM counterparts. However, as the LHC collected more and more data, lower
bounds on the masses of the superpartners continued to steadily increase. As it now stands,
the most constrained variant of the MSSM not only requires a significant amount of fine-
tuning to explain observation [52,53], but has been virtually excluded when one also includes
the measurement of the anomalous magnetic moment of the muon, (g — 2),* [54,55]. There
are two main avenues to alleviate this tension: (¢) relax the stringent boundary conditions
of this constrained model allowing for more freedom in the resulting supersymmetric mass
spectra [56-60] or, (¢7) introduce additional fields and or symmetries to the theory. Here we
will mainly pursue the latter option, as in the MSSM obtaining the correct Higgs mass requires
either large mass-splitting between the superpartners of the top-quarks (called stops) or both
stops must be very heavy. The first option typically leads to a destabilised electroweak va-
cuum, which we discuss in detail in Chapter 3, while the second option reintroduces a milder
from of the hierarchy problem. Introducing new fields and or symmetries can lead to tree-level
contributions to the Higgs mass reducing the need for fine-tuned parameter regions where
the radiative corrections are maximised. In Chapter 3 we also explore the impact of new fields
on vacuum stability in the simplest extension of the MSSM. However, this next-to-minimal
model is simply the tip of the iceberg as there exists no clear theoretical or experimental
preference for exactly what type of extension is realised in nature.

The only path forward is to confront the myriad of possibilities with all existing experi-
mental data. This is an enormous task which requires a high level of automation if we wish
to leave no stone unturned. This task is further compounded by both the increasing quantity
and precision of experimental data that one must consider. Finally, we also want the ability
to quickly confront any possible signal of new physics that could arise at any time with the
highest possible precision theoretical calculations. So far all possible direct signals of new

3 Many ideas are specifically engineered to produce no signal at the LHC while remaining natural in the sense of
fine-tuning. These models can be broadly categorised under the umbrella of neutral naturalness. This is where
the new BSM physics is not charged under the SM SU(3)¢ gauge symmetry, and hence difficult to produce
at the LHC. An example of these types of models is the twin-Higgs model [40] where an entire mirror copy
of the SM is added to solve the hierarchy problem. Alternatives exist, such as relaxion models [41], which do
not require new observable TeV scale physics. The relaxion mechanism instead utilises axion-like dynamics
coupled with an inflaton to dynamically generate the weak scale.

* This measurement also deviates from the SM predication at the 3o level.



physics have turned out to be statistical fluctuations. Nevertheless each of these fluctuations
has required the construction of completely new models. The most significant of which was
the diphoton excess appearing in December 2015 [61,62]. However, sufficiently precise theor-
etical calculations are typically time consuming and error prone. This led to the development
of a meta-code® Mathematica package called SARAH. It allows for the automated calculation of
all ingredients necessary, such as vertices, renormalisation group equations, two-loop Higgs
masses as well as the complete one-loop masses of all other scalars and fermions in a given
BSM theory. SARAH also produces model files for a vast array of existing high-energy physics
tools to perform, for instance, detailed dark matter and collider studies. In Chapter 2 we give
an overview of SARAH and the tools it interfaces to. Using the diphoton excess as a case study
we then give a detailed introduction into the numerous advantages of these tools as well as
the implementation of the relevant observables into the SARAH framework.

While much of the theoretical evidence for BSM physics could conceivably be a product
of our lack of understanding, there remains three compelling experimental facts that any
extension of the SM should address. These are the observation of at least two massive neut-
rinos [63-66], indirect evidence for the existence of dark matter [67-69] and finally the ob-
served baryon asymmetry of the universe [70-74]. The second half of this thesis focuses
on models where neutrino masses are naturally embedded into the theory. The immediate
questions that arises from the neutrino sector are what is the nature of the mass terms and
what exactly is the mechanism that allows for the generation of such small masses. One
question often raised, is whether or not a neutrino mass mechanism should be part of the
usual definition of the SM. The main hurdle being that there exists, much like extensions of
the MSSM, numerous mechanisms with which one can produce neutrino masses. The exact
details of these mechanisms generally lead to quite striking changes in the phenomenology.
This depends firstly on the nature of the neutrinos, be it Majorana or Dirac. And secondly,
the additional field content beyond the SM fields required to generate these small masses. As
a result physical observables that can distinguish between the neutrino nature are of crucial
importance. Meanwhile using both high energy and high intensity experiments, we also seek
to either directly or indirectly probe the additional field content required.

Minimal left-right symmetric models automatically provide all the necessary ingredients
to explain the observed neutrino masses. These models contain a right-handed neutrino as
the phase where the left-right symmetry is unbroken forces both the left- and right-handed
fermionic field content to sit in SU(2),, and SU(2)g doublets, respectively. In this phase the
complete gauge symmetries of the theory are Gr.r = SU(3) xSU(2);, xSU(2)g xU(1)p_r. In
particular, this left-right symmetric phase can be at the TeV-scale. Depending on the choice
of the extended Higgs sector which breaks this phase down to the SM gauge symmetries,
both Majorana and Dirac mass terms for neutrinos can be generated [75-79]. This additional
particle content can have a large impact on the rates of charged flavour violation (cLFV). In
Chapter 4 we present a complete survey of cLFV in the minimal left-right symmetric model,
specifying to the scenario where the left-right symmetric phase is broken by triplets under

> SARAH is capable of writing complete programs and code interfacing to other high-energy physics programs,
hence it is technically a meta-code.
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SU(2)g.°

From a top-down approach a compelling motivation for left-right symmetric models arises
from their compatibility into an SO(10) grand unified theory (GUT) [83-85]. Starting with
an SO(10) GUT there exists two main methods to break this group down to the SM gauge
group. The first is via SU(5) (with or without an additional U(()1)) to the SM and the second
is via the left-right symmetric phase.” However, in the minimal scenarios the scale of left-
right breaking must be at least 10'° GeV in order to maintain gauge coupling unification [86].
Introducing supersymmetry, Ref. [87] explores all possible breaking chains to the SM via the
various possible left-right symmetric phases. In particular it has been found that there exists a
number of possibilities where the left-right phase is broken at the TeV scale while preserving
gauge coupling unification.® In the final chapter, Chapter 5, we study the phenomenology
of the minimal model containing this low-scale left-right broken phase, paying particular
attention to the effect of threshold corrections at these scales.

6 The main alternative breaks this symmetry via SU(2) g doublets, see for example Ref. [80-82]. However, this
does not result in masses for the neutrinos and therefore requires the introduction of additional particles. We
therefore consider such a scenario to be disfavoured compared to the triplet case considered.

7 There exist a number of possibilities for the breaking chain from SO(10) to the SM gauge group via left-right
symmetric phases. For instance a Pati-Salam phase is possible before breaking to the left-right phase as well
as breaking the SU(2) g in left-right phase to U(1)  rather than directly breaking to the SM.

8 It is also possible to add additional fields to achieve gauge coupling unification without introducing super-
symmetry [88].



Chapter 2
Constraining New Physics Models Using
Automated Tools

In the field of particle physics phenomenology there are two main objectives. The first de-
mands that we exhaustively explore all possible classes of extensions to the SM in order to
ensure that all promising signatures of these models are properly scrutinised. The second goal
is to assess the compatibility of all possible BSM theories with experimental data. This lat-
ter objective is not only particularly exciting but becoming increasingly demanding as more
and more data becomes available from a vast array of different experiments. To complicate
matters further, newly developed extensions of the SM are becoming more and more complic-
ated. The reality of the situation has led over the last years to the development of increasingly
sophisticated packages aimed at reducing the labour involved in analysing new models. These
packages are designed to automate the calculation of Feynman rules in perturbative quantum
field theories which involve spontaneously broken symmetries, gauge or otherwise.

The two prominent tools in this direction are SARAH [89-94] and FeynRules [95]. Both
tools perform similar tasks, however SARAH interfaces with a larger number of other com-
plimentary particle physics packages. It should be noted that FeynRules is compatible with
non-renormalisable operators, whereas SARAH is only compatible with renormalisable theor-
ies although work is being undertaken to rectify this deficiency.

In this chapter we begin by giving an overview of the tools involved in what we dub the
‘SARAH framework’. We then discuss the recent diphoton excess reported by ATLAS and CMS
using it as an example to highlight the usefulness of these tools. In particular we examine
a large number of examples where their use would have helped various authors of diphoton
papers to either avoid mistakes or drastically improve the accuracy of their results. Note that
many of these examples are very simple applications of quantum field theory. Nevertheless,
there was a large array of fundamental errors and overly simplistic assumptions that were
made in the diphoton literature. Finally in the latter half of this chapter we consider in detail
the implementation of the effective vertices into SARAH and SPheno which are essential for
the calculation of the relevant diphoton observables. This sets the stage for the subsequent
chapters where we perform detailed studies focusing on many different observables to con-
strain various BSM theories. To conclude this chapter we provide the full list of diphoton
models that were implemented in to SARAH. Here we stress that the main purpose was to



Chapter 2 Constraining New Physics Models Using Automated Tools

provide a rich array of examples to assist the user in the implementation of their own model.

2.1 The SARAH Framework

In this section we give a short introduction into the various tools that are used throughout
this thesis to examine the different types of BSM theories. A detailed introduction of the
conventions used as well as a comprehensive how-to with numerous examples can be found
in Refs. [94,96].

2.1.1 SARAH

The original motivation behind the creation of SARAH [89] was to automate the calculation
of the renormalisation group equations (RGEs), mass matrices and vertices from a supersym-
metric Lagrangian written in the superspace formalism. In particular the original versions
were specifically designed for high-scale supersymmetric models. These are models featur-
ing unification of the gauge couplings at high-energies where boundary conditions on the
supersymmetric parameters can be enforced, reducing the number of additional parameters.
SARAH has, since this point, evolved into a tool which can handle all renormalisable, perturb-
ative quantum field theories both with and without supersymmetry.

The idea is the user must only give the same information as would be required to define a
model on paper. This information namely, the field content, gauge and global symmetries, as
well as the symmetry breaking pattern is fed into the SARAH model file. In addition the user
must specify which particles mix after symmetry breaking, although there are automated
checks that can be run to ensure that no possible mixing has been missed. The model can
then be loaded into an interactive Mathematica notebook where one has access to all the
analytic expressions of the model. Such expressions include the scalar potential, minimisation
equations (often termed ‘tadpole equations’), mass matrices, RGEs (at both one- and two-loop
level) and vertices. These expressions in the interactive Mathematica environment are hugely
useful and generally provide the user a first step in analysing a new model. However, the real
power of SARAH is its usefulness as a meta-program.

Once a model file for SARAH exists, the SARAH backend' can write a complete version of
the spectrum generator SPheno for the specific model in question as well as model files for
other high-energy physics codes. A schematic of these capabilities is shown in Fig. 2.1. This
flow-chart also shows what information is exchanged among the different programs. This
code includes crucial diagrammatic computations of the two-loop self-energies for the Higgs
scalars in the theory for general BSM models [97-99]. The incorporation of these two-loop
contributions is absolutely crucial in reducing the theory uncertainty on the mass predic-
tion, especially in theories such as the MSSM where large radiative corrections are essential.
For example in the next-to-minimal supersymmetric model (NMSSM), it has been shown in

! Here the SARAH backend refers to the routines in SARAH where the results are not directly accessible in the
Mathematica interface. Examples include the routines used to write code for SPheno and other high-energy
physics tools.
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Figure 2.1: Flowchart illustrating the features of SARAH and the SPheno code generated by SARAH as
well as how they can both be linked with other important computer tools.

Ref. [100] that the exact details of the two-loop computation and the determination of the run-
ning SM parameters can lead to discrepancies of up to 8 GeV in the prediction of the Higgs
mass.

One of the most recent extensions of SARAH is FlavorKit which allows for the calculation
of generic flavour observables in BSM theories [101]. To do so one considers an effective Lag-
rangian that contains the operators relevant to the flavour observables of interest. These oper-
ators are usually non-renormalisable, each containing pre-factors called Wilson coefficients.
FlavorKit takes the masses and vertices of the BSM model and calculates the tree-level and
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1-loop contributions to the set of Wilson coefficients. The package, by default included in
SARAH, contains a large number of predefined quark and lepton flavour observables. The ex-
pressions for the BSM contributions to these observables are passed to SPheno where all the
numerical results are calculated. Although not used for the projects contained in this thesis,
FlavorKit includes a pre-SARAH module that utilises FeynArts [102] and FormCalc [103] to
allow the user to implement new observables into the program chain.

2.1.2  SPheno

The first stop after the model has been studied using the interactive Mathematica interface is
the generation of the SPheno code. SPheno, short for supersymmetry phenomenology, much
like SARAH is a tool originally written to study supersymmetric models [104, 105]. The code
has been developed as a spectrum generator for the minimal supersymmetric standard model
(MSSM) as well as its R-parity violating (RPV) extensions, with various choices implemented
for the structure of the high-scale boundary conditions. However, when implementing new
models with SARAH, a completely new version of the core code is written thereby allowing the
possibility for non-supersymmetric models. This SARAH generated code utilises a number of
libraries present in the SPheno distribution, but is largely independent of the original SPheno
code.

Using the results of SARAH this code numerically calculates the masses and mixing angles
based on the procedure of Ref. [106]. In addition it also calculates low-energy observables
(such as (g — 2), and various lepton dipole moments), quark and lepton flavour observ-
ables from FlavorKit, as well as two- and three-body decay widths. Note that SPheno per-
forms a complete matching of the measured SM parameters to the running parameters using
thresholds which depend on the details of the mass spectrum of the model, see Ref. [94] for
further information. It also calculates Higgs couplings to SM particles, providing the neces-
sary results to interface with both HiggsBounds [107] and HiggsSignals [108]. Finally, any
model can be implemented as either a low- or high-scale model, i.e. with or without RGE-
running. The results are written in an output file following the supersymmetry Les Houches
accord (SLHA) [109] which is readable by all high-energy physics tools.

2.1.3 Vevacious

For a model to be phenomenologically viable it must contain a local minimum of the scalar
potential, often called a vacuum, that results in the desired spontaneous electroweak sym-
metry breaking pattern. However, the existence of such a local minimum does not ensure
that other potentially deeper minima cannot co-exist. This is especially problematic in the-
ories containing numerous scalar fields. This often results in complicated scalar potentials
where a large number of directions in field space must be considered. In order to deal with
this complicated higher-dimensional problem the tool Vevacious has been developed [110].

Vevacious is a tool that determines all minima of the tree-level scalar potential. It then
determines the minima of the one-loop effective potential by using the tree-level minima as
input. It then allows these points to roll down the potential until the true one-loop minima are

10
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reached. If minima exist which are deeper than the correct electroweak breaking minimum
another tool called CosmoTransitions [111] is used to calculate the tunnelling rate to the
closest of these deeper minima in field space. Using this result one can then classify a model
point based on the following:

« stable: electroweak minimum is the global minimum

« metastable and long-lived: lifetime of the electroweak minimum is longer than the age
of the universe

« metastable and short-lived: lifetime of the electroweak minimum is shorter than the age
of the universe

A model point is phenomenologically viable if the vacuum is either stable or metastable and
long-lived. If the vacuum is metastable and long-lived then an additional mechanism is neces-
sary which ensures we end up in the correct electroweak breaking minimum rather than any
of the other possible minima. As a result the more stringent constraint of a stable electroweak
vacuum is preferable.

2.1.4 Other Tools

The remaining tools that integrate into SARAH and SPheno are used for performing collider
studies, checking Higgs constraints and determining dark matter observables. HiggsBounds
and HiggsSignals [107,108,112,113] are used to check if a given model is compatible with
current data for both the SM Higgs measurements and null-results for searches for additional
Higgs bosons. These tools are integrated through the SARAH and SPheno tool chain, which
writes dedicated blocks in the SLHA output to be read by the respective programs. These
blocks contain information on the couplings of the Higgs bosons to SM particles, the pro-
duction cross-sections of these Higgs bosons as well as their masses. HiggsBounds uses this
information to check against searches for additional Higgs bosons at both the LHC and the
Large Electron-Positron collider (LEP). While HiggsSignals checks for compatibility of the
SM-like Higgs boson in the model against the measurements of the Higgs boson properties,
returning a x? value.

One of the most useful tools given the wealth of LHC results are Monte-Carlo event generat-
ors used for performing collider studies. To that end, SARAH produces a universal FeynRules
output file (UFO) [114], which is used to implement new models into a variety of event gen-
erators, such as MadGraph [115], GoSam [116], Herwig++ [117-119] and Sherpa [120-122].
The UFO files contain the particles, vertices and free parameters of the model which are used
in conjunction with the SLHA output of SPheno to generate events for given model points
of a theory. In addition SARAH also writes dedicated model files for the two event generat-
ors WHIZARD [123,124] and CalcHEP [125]. In particular the CalcHEP model file can also be
used to perform calculations of dark matter observables using MicrOmegas [126,127]. These
observables include the dark matter relic abundance, cross-sections for scattering off nuclei
used in direct-detection experiments as well as gamma-ray spectra used in indirect-direction
experiments.

11
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Data samples 15" Dec 2015 17" Mar 2016 5t Aug 2016
and ATLAS [61] CMS [62] ATLAS [128] CMS [129] ATLAS [130] CMS [131]
hypotheses 3.2fb~t  2.6fb7! 3.2fb~1 3.3fb712  154fb=t  15.2fb~!
Spin-0 Local 3.20 - 3.90 2.850 2.30 <lo
Global 2.00 - 2.00 <lo <lo -
Spin-2 Local - 2.60 3.60 2.850 - <leo
Global - 1.20 1.80 <lo - -

Table 2.1: The statistical significance, both local and global, of the resonance observed in the 700-
800 GeV mass window. The significances are given in terms of two different signal hypotheses, namely
a spin 0 or a spin 2 resonance. Note that the statistical combinations with the /s = 8 TeV data are not
shown in this table as the collaborations used different methods to assess the compatibility between
the different data sets.

2.2 'The Diphoton Excess

In December 2016, the first set of analysed LHC data at /s = 13 TeV was presented. It con-
tained what appeared to be an extremely clear signal for BSM physics. Both multi-purpose
experiments, ATLAS and CMS, reported a resonance at around 750 GeV in the diphoton chan-
nel with local significances of 3.60 (with 3.2 fb~! of data) and 2.60 (with 2.6 fb~1), respect-
ively [61,62]. When including the look-elsewhere-effect, deviations from the SM expectation
dropped to 2.00 and 1.20 for the two experiments. This signal was the most significant ex-
cess that has been observed by both experiments over the course of both runs at the LHC. It
caused an incredible amount of excitement in the theory community for a number of reasons.
Firstly, from an experimental point of view, searching for two back-to-back photons can be
considered as one of the simplest searches to perform at a hadron collider as there are only
two key ingredients in such an analysis: the ability to reconstruct photons in the detectors,
and an adequate fit to the background processes. As a result there are no sources of intrinsic
uncertainty such as complicated QCD processes. In essence this analysis can be summar-
ised as a bump-hunting exercise in the invariant mass distribution of the two reconstructed
photons.

The second reason being, unlike excesses in B-meson physics, a signal of two photons
arising from a 750 GeV resonance is unquestionably a signal for BSM physics. Adding to
the excitement, the large width of the resonance implied that an explanation based on well-
motivated perturbative BSM theories was highly disfavoured. This led to many papers where
one simply took his or her favourite model and retrofitted the required particle content to
boost the width of resonance, see for example the models in Section 4 of Ref. [96]. However,
in doing so, many authors did not properly study the impact of the additional field content
on other sectors of the specific model in question.

Since the excess was first reported there have been two major updates, the first contained

2 CMS have also included data taken with zero detector magnetic field.
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more refined analyses, while the second contained significantly more data than the original
analyses. The first update came at the winter conference ‘Moriond’ [128, 129]. This update
showed small increases in the significance for both experiments, see Table 2.1, through re-
finements of the analyses. Both collaborations also checked the compatibility of the signal
with data taken at /s = 8 TeV. This demonstrated that a spin-0 resonance led to less ten-
sion between the two datasets than the spin-2 hypothesis. At this point many members of
the theory community began to take this excess more seriously. Although there were many
questions raised by the fact that CMS chose to include data where the magnetic field in their
detector was not functioning.

However, five months later at the summer conference ICHEP’, both ATLAS and CMS con-
firmed that the excess observed in the earlier data was a statistical fluctuation. ATLAS no
longer observed an excess at 750 GeV, the most significant bump nearby was at 710 GeV with
a 2.30 significance, whereas CMS had no excess above 1o in the 700-800 GeV mass window.

While we now know that the diphoton excess was only a statistical fluctuation, during the
eight months where this excess appeared to be a signal of new physics we scrutinised many
of the proposed models developed to fit this excess. However, before we discuss these contri-
butions, we first need to know what exactly where the observed properties of this resonance
as well as the best-fit cross-section and decay width.

2.2.1 Experimental Properties of the Diphoton Resonance

On first sight this excess appears very similar to the early stages of the Higgs discovery.
However, there were no other signs of this resonance in other channels. Nevertheless, given
the signal in only the diphoton channel one still seeks to ascertain the properties of this
resonance, namely:

+ Electric charge: From charge conservation alone we can deduce that the resonance is
necessarily an electrically neutral particle.

« Spin: If the final state contains only two photons® the Landau-Yang theorem [133, 134]
eliminates the possibility of a massive spin-1 particle. This leaves only two remaining
options: a spin-0 particle, which can be either CP-even or CP-odd, or a spin-2 particle.
Spin-0 and spin-2 resonances can be distinguished by considering the angular distribu-
tion of the final state photons with respect to the beam axis in the decaying particles
rest-frame [135-137]. Here we denote this angle as 6*. A spin-0 resonance decays iso-
tropically resulting in a flat distribution with respect to cos 6*, while a spin-2 resonance
yields a distribution that peaks at cos #* = 1. Given sufficient statistics one can discrim-
inate the spin of the resonance in a similar manner to what was performed for the SM
Higgs boson.

% The caveat here, is that if the final state contains additional photons whereby two collimated photons have
been mistakenly reconstructed as a single photon, then a spin-1 resonance is again a possibility. Any concrete
realisations of this scenario will lead to distinguishable distributions in the angular observables, see [132] for
more details.

13
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14

« Charge-parity (CP): The CP properties of the resonance directly affect the correlation

between the polarisation of the two out-going photons. For instance a pure CP-even
state results in a maximal decay rate when the polarisation vectors are parallel, whereas
in the CP-odd case it is when they are orthogonal. Such a measurement is conceiv-
able using photons that decay into electron-positron pairs, however as was the case
for the measurements of the Higgs CP properties, the CP nature is most easily meas-
urable through other decay modes if they were discovered. For example the decay
mode S — Zh, where S is the resonance, is possible only if S has CP-odd interac-
tions [138, 139]. Therefore, given the information available at the time both CP states
are equally plausible.

Production modes: The dominant production mode of the new resonance is a model de-
pendent question. However, its choice directly influences the compatibility between
the 8 TeV and 13 TeV data. Essentially production modes that maximise the increase
in cross-section when increasing the centre-of-mass energy will reduce the tension
between the datasets. This implies that there is a preference for production via gluon-
fusion in comparison to direct first-generation quark production, as the production
cross-sections with gg in the initial state are 4.7 times larger at 13 TeV versus 8 TeV.
While w or dd initial states lead to only a factor 2.5 increase [140]. One must also bear
in mind that there is a large disparity between the quantity of data collected at the two
different centre-of-mass energies.

Best-fit cross-section and width: To determine the cross-section which fits the combin-
ation of 8 TeV and 13 TeV data it is necessary to assume a specific production mode of
the resonance. In addition, the final best-fit cross-section will be a function of the width
of the resonance. We follow Ref. [141] closely, who provided a best-fit to all data which
was available after the very first announcement of an excess [61,62]. In particular they
use 8 TeV and 13 TeV data from both ATLAS and CMS using a uniform method to fit the
background. This method is preferred, as ATLAS and CMS have chosen different func-
tions to model the diphoton background. In this analysis a spin-0 resonance produced
via gluon fusion is assumed with a number of different scenarios regarding the width
of the resonance. The scenarios considered are a narrow, a broad (with both fixed and
floating width) and a double resonance, respectively. The latter consists of two narrow
resonances with either a fixed ratio of the relative cross-sections or a floated ratio as
in the broad resonance scenario. The best-fit values shown in Table 2.2 are obtained by
minimising a Poissonian likelihood which is a function of the signal plus background
hypotheses. We observe that a resonance with a large width provides a better fit to the
data. Typically such large widths are difficult to realise in perturbative models. How-
ever, a double resonance results in a quality of fit almost at the same level as the broad
resonance. The double resonance effectively mimics a broad resonance if the masses of
the two resonances have a small off-set. This last result is especially encouraging for a
perturbative explanation of the diphoton excess.

Given the best-fit cross-section and width one can use the narrow-width approximation
to estimate the size of the partial widths required to fit the excess. Following Ref. [140]
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Resonance Type mg Oggs X Br,, I's  Significance
Narrow 744 GeV 2.61b - 330
Broad (fixed width) 744 GeV 5.6 fb 40 GeV 390
Broad (free width) 745 GeV 6.9 b 62 GeV 400
Double (fixed ratio) 745 GeV (705 GeV) 2.8fb (1.3fb)  — 3.8¢0
Double (free ratio) 745 GeV (706 GeV) 2.5fb (1.8fh) — 390

Table 2.2: Best-fit values for the different assumptions on the width, namely a narrow, broad and double
resonance as well as the corresponding local significance of the excess taken from Ref. [141]. For the
double resonance the values in parentheses refer to the sub-dominant resonance.

the cross-section, assuming a spin-0 resonance, S produced via gluon fusion, is given
by

1

P [kggoggFS%gg] FS—>W ) (2'1)

Opp—S—yy =
where s is the centre-of-mass energy while mg and Iy are the mass and width of the
spin-0 resonance, respectively. ky, is the k-factor incorporating next-to-leading order
effects, which for the gluon channel takes the value kg, ~ 1.5 [142]. Finally, the dimen-
sionless partonic integral Cy, is given by

7 [ dx m?
Ogg = g/ ?fg/p(xa/'LF)fg/p( Sa,uF) y (2~2)

m%/s ST

where x is the fraction of the proton’s energy that the gluon carries, y5 is the factor-
isation scale and f,/,(x) is the parton distribution function (PDF) [143]. This is the
probability of finding a parton, which in this case is a gluon, with energy = F, given that
the original proton has an energy £. Evaluating this integral using the MSTW2008NLO
PDFs [143] given the resonance mass mg = 750 GeV yields C,; ~ 174 and 2137 for
/s = 8 TeV and 13 TeV, respectively. Re-expressing Eq. (2.1) as

FS—)gg FS—)'W o S Ftot o
- pp—>S—=7y
mg mgs kggC’gng

(2.3)

allows us to place constraints on the partial widths for the two extreme cases of either
a narrow or large total width:

1. Narrow width: This implies that

Lot = FS—>gg + FS—Vy’y . (24)

If one further assumes that I's_,,y > I's_,,,, which is generically the case for
strong versus electroweak processes, then I's_, 4, drops out of Eq. (2.3). Plugging
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the relevant numbers into Eq. (2.3) in addition to insisting that o, 5., = 2.61b
(best-fit value from Table 2.2) yields

FS—mw
mg

~35x%x107". (2.5)

2. Large width: In this case neither partial widths to gluons nor photons are the dom-
inant contribution to the resonances total width. Subsequently, the partial width to
gluons does not drop-out of Eq. (2.3) However, the minimal required I's_,~ can be
ascertained by choosing the maximal I'g_,,, allowed from di-jet constraints [144]
for a given total width. Replacing in Eq. (2.1) the partial width I'g_,- by kgsI's_ 44
and fixing the width to 40 GeV, the upper bound on the di-jet cross-section of 14 pb
at 8 TeV yields the upper limit I's_,,,/ms < 2.2 x 1072, This results in a required
partial width to photons of

L5y
ms

~1.9x%x107%, (2.6)

where we required 0,,_,5,,, = 5.6fb. To emphasise, this value assumes I'i,; =
40 GeV. Reducing this width leads to an increase in the di-jet cross-section and
therefore a tightening on the di-jet constraint.

2.2.2  Confronting the Diphoton Excess with Results from Auto-
mated Tools

Automated tools have mainly been used in the past for detailed studies of specific prom-
ising BSM candidates such as the MSSM, NMSSM or variants of two-Higgs doublet models
(THDMs). There are two main reasons why these tools are usually the preferred method to
study these models: (i) it has been shown that there can be large differences between the
exact numerical results and any analytic approximations; (ii) writing private programs for
specific calculations is not only time consuming but also error prone in comparison to well
established codes. Authors are reluctant to adopt computer codes in tackling the diphoton
excess because many of these programs are written explicitly for a either a single model or
small sub-set of models. Consequently such tools are not adaptable enough to allow the user
to tweak an existing model, for example adding vector-like quarks or a new gauge symmetry
as is generally required for comparability with the diphoton signal. Due to the meta-code
nature of SARAH, extensions of existing model files are easily performed.

We noticed that several studies in the context of the 750 GeV excess have overlooked im-
portant subtleties, such as, neglecting crucial higher order corrections, or making simplifying
assumptions which are difficult to justify. Using generic software tools in this context can help
to address these issues as many of these simplifications will no longer be necessary and im-
portant higher order corrections can be taken into account in a consistent manner. In order
to illustrate this we comment, in the following subsections, on several problems we became
aware of when revisiting results in the literature.
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Calculation of the Diphoton and Digluon widths

A precise calculation of the diphoton rate is of crucial importance. In the validation process
of this work, we identified several results in the literature that deviate, often by an order of
magnitude or more, in comparison to our results [145-147]. Additionally we observed that in
many cases there are important subtleties which we think are highly relevant and were not
taken into account.

The first issue is the choice of the renormalisation scale of the running couplings appearing
in the calculation. The majority of recent studies use the electromagnetic coupling at the scale
of the decaying particle namely agy (750 GeV). However, one should rather use agy(0),
i.e. the Thompson limit (see for instance Refs. [148, 149]), which minimises the size of NLO
corrections. Taking this into account already amounts to an O(10 %) change of the diphoton
rate compared to many studies in the literature. In addition, as we will discuss in the following
sections, an important prediction of a model is the ratio Br(S — ¢g)/Br(S — 7). It is
well known that the digluon channel receives large QCD corrections. If one neglects these
corrections the ratio will be severely underestimated.

To demonstrate these effects we consider toy models based on the simplest idea proposed
to explain the diphoton excess. Such models extend the SM by a scalar singlet and vector-like
fermions, which serve the purpose of enhancing the diphoton rate via loop contributions, and
— in the case of coloured states — also the production via gluon fusion. As discussed above an
enhancement of gluon fusion seems to be necessary because a production of the resonance
purely by photon fusion is in tension with the 8 TeV data. The increase in the cross section
from 8 to 13 TeV is just a factor 2 for photon fusion, while a factor of 5 would be needed to
make the results from LHC run-I and II compatible.

To begin with we categorise the toy models according to the CP properties of the involved
scalar singlet. There are three possibilities: (i) the singlet is a real CP-even scalar, (ii) a real CP-
odd scalar, or (iii) a complex scalar. We further introduce all possible representations of vector-
like fermions. These possibilities, following Tables 3 and 4 of Ref. [150], are shown below in
Table 2.3. This allows one to study the combinations of different fermion representations
for the resonance. All mixings between the extra fermions and SM fermions are neglected
through the assumption of a discrete Z, symmetry. Of course in a realistic model the mixings
have to be taken into account, as they allow the necessary decays of the coloured vector-like
fermions into SM particles.
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Field Generations SU(3)c SU(2);, U(l)y Z;  Ref.
S 1 1 1 0+

Up, 1 3 2 I -

Up, 1 3 3 g -

Up, 1 3 2 -2 —

Up, 1 3 3 _§ -

U, 1 3 1 2 — [151,152]
Ur, 1 3 2 s -

U, 1 3 1 -3 —  [152]
U p 1 1 1 1 -

Up, 1 1 2 -3 -

Uro 1 1 3 1 -

Up 1 1 2 -3 -

Up, 1 1 3 0o -

Ur, 1 3 1 2 - [153]

Table 2.3: Extra particle content (beyond the SM fields) of the toy models. S is either the CP-even,
CP-odd or complex scalar. The various fermions ¥, = V., each come with a right-handed partner
V., with opposite quantum numbers. These models are based on the collection given in Ref. [150],
while the last column contains other works where fermions in these specific representations are used.

All SM particles have charge ‘+’ under the additional Zo symmetry.

We write the tree-level scalar potentials for the three different types of scalars as

1 1 1 1
ch_even = —m?gSQ + Z)\SS4 — ,LL2|H|2 + 5)\H|H|4 + 5)\H552|H|2

2

while the Yukawa interactions are given by

1
—|-I<LH55|H|2—|——I<L553, (2.7a)
3
1 1 1 1
VCP—odd = §m%]5]2 + Z)\gls‘4 — [LQIHIQ + 5)\H’H|4 + §AH3‘S|2’H’2
1
+ (i/ﬂHgS\HF + ZSRSS\SF —1—h.c.> , (2.7b)
1 1
Veompiox = 3|2 + SXs|S|* = g2l HI? + Sl HI* + s S H
1
+ (m{gS’H-ﬂ2 + gHSS|S|2 + h.c.) : (2.7¢)
—,Cy = AC%/M + Z (ijEFjL\DFjR + Z YFjSEFjL\DFjR> + h.c.. (2.8)
; -

In the Lagrangian above one should substitute the expression for the relevant scalar field after
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Figure 2.2: The approximate total width (sum of the diphoton and digluon channels) of S as a function
of the coupling Y, and the mass mp, of the vector-like particle ¥, , calculated using SPheno (blue) at
LO (dashed) and NLO (solid). The orange contours are the results of the LO calculation from Ref. [150].
Here we assume a single generation of vector-like quarks.

electroweak symmetry breaking

ScP—_even = Us + s, where (S) = vg, (2.9a)

ScpP—odd = 0, (2.9b)
1 .

Scomplex = —= (Vs + ¢s +i0s) . (2.9¢)

V2

Note that imposing CP conservation forces ks and kg to vanish in the CP-odd potential.
For both the CP-even and complex singlet models the CP-even component ¢¢ mixes with the
neutral Higgs field ¢, at tree-level if kg # 0. As will be discussed below, even if one sets
ks = 0, mixing between the CP-even states is induced at the loop level.

Using the first model of Table 2.4 we show in Fig. 2.2 the total decay width* of the singlet S
as a function of the mass Mp, and coupling Y7, . Table 2.4 contains benchmark points for the
partial widths of the digluon and diphoton channels as well as the ratio of these two channels
for both CP-even and CP-odd scalar resonances. This table also contains the LO calculations
performed using SPheno as a comparison to results previously shown in the literature [150].
We also show the partial widths including NLO corrections for the diphoton channel® and

* Here, the total width is simply the sum of the diphoton and digluon channels ignoring small contributions
from other sub-dominant channels.
> NLO corrections in the case of a CP-odd scalar vanish in the limit m ¢ >> mg, see Section 2.2.3 for more detail.
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Model Br(gg/’y’y) FS—)gg [Mev] FS—W’y [MGV]

Up o Ref [150]LO  11.62/- 6.74/- 0.58/-
SPheno LO  13.47/12.22  6.78/14.27 0.50/1.17
SPheno NLO 23.27/20.27  11.04/23.71 0.47/1.17

Uy, Ref [150]LO  24.42/- 15.14/- 0.62/-
SPheno LO  28.32/25.70  15.26/32.12 0.54/1.25
SPheno NLO 48.93/42.67  24.85/52.34 0.51/1.25

Upe,  Ref [150]LO  33.80/- 6.76/- 0.20/-
SPheno LO  39.20/35.56  6.78/14.27 0.17/0.40
SPheno NLO 67.72/59.06  11.04/23.71 0.16/0.40

Up,  Ref [150]LO  49.84/- 14.95/- 0.30/-
SPheno LO  57.80/52.44  15.26/32.12 0.26/0.61
SPheno NLO 99.85/87.09  24.85/53.34 0.25/0.61

Ur  Ref [150]LO  150.0/- 1.50/- 10.0 x 107%/-
SPheno LO  177.0/160.6  1.70/3.57  9.58 x 1073/22.22 x 107
SPheno NLO 305.8/266.7  2.76/5.93  9.03 x 107/22.22 x 107

U Ref [150]LO  390.0/- 7.80/- 2.00 X 107%/-
SPheno LO  453.2/411.1  6.78/14.27  1.50 x 107%/3.47 x 107
SPheno NLO 782.8/682.8 11.04/23.71  1.41 X 107%/3.47 x 10°*

Table 2.4: Branching fraction ratio, as well as the partial decay widths for the digluon and diphoton
channels for the toy model containing only the relevant vector-like fermion pair ¥ r,. The above values
are for the benchmark points Yz, = 1 and mp, = 1TeV, where the values are for a CP-even/CP-odd
scalar resonances, respectively. The SPheno NLO calculation includes up to N®LO corrections for the
digluon channel, while the diphoton decay width is calculated at NLO and LO for a CP-even and -odd
scalar respectively.

up to N3LO QCD corrections to the gluon fusion production as implemented in Section 2.2.3.
The discrepancies between the LO calculations arise purely through the choice of the renor-
malisation scale for the gauge couplings. However, the NLO results clearly emphasise that
loop corrections at the considered mass scales are the dominant source of errors. To my
knowledge, these uncertainties have thus far not received a sufficiently careful treatment in
the literature; we give further discussion of this (and the remaining uncertainty in the SARAH
calculation) in Section 2.2.3.

Constraints on a large diphoton width

As discussed in Section 2.2.1, explaining the measured signal requires a large diphoton rate.
This necessarily requires a large partial width to photons, namely I's_,../mg ~ 3.5 x 1077
assuming a narrow width for S, while for a large width (40 GeV) one requires I's_,.., /mg =~
2.3 x 107, In weakly-coupled models there are three different possibilities to obtain such a
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2.2 The Diphoton Excess

large partial width:

1. Assuming a large Yukawa-like coupling between the resonance and charged fermions
2. Assuming a large cubic coupling between the resonance and charged scalars

3. Using a large multiplicity and/or a large electric charge for the scalars and/or fermions
in the loop

However, all three possibilities are constrained by fundamental theoretical considerations,
which we briefly summarise in the following.

1. Large couplings to fermions: A common idea to explain the diphoton excess is the pres-

ence of vector-like fermion states which enhance the loop-induced coupling of a neutral
scalar to two photons or two gluons. This led some authors to consider Yukawa-like
couplings of the scalar to the vector-like fermions larger than /4w, which is clearly
beyond the perturbative regime®. Nevertheless, a one-loop calculation is used in these
analyses to obtain predictions for the partial widths [154], despite being in a non-
perturbative region of parameter space.
Moreover, even if the couplings are chosen to be within the perturbative regime at the
scale © = 750 GeV, they can quickly grow at higher energies. This issue of a Landau
pole has already been discussed to some extent in the literature [140,155-159]. Beyond
high-scale theoretical considerations for avoiding Landau poles, one should at least en-
sure that the model does not break down at such low energies such that consistency is
retained at observable LHC energies.

2. Large couplings to scalars: One possibility to circumvent large Yukawa couplings is to
introduce charged scalars, which give large loop contributions to the diphoton/digluon
decay rate. A large cubic coupling between the charged scalar and the 750 GeV res-
onance does not lead to a Landau pole as such a coupling necessarily carries a mass
dimension. However, it is known that large cubic couplings can destabilize the scalar
potential. If the couplings are too large, the electroweak vacuum could tunnel into a
deeper vacuum where U(1)gy or SU(3)¢ gauge invariance is spontaneously broken,
depending on the considered scenario. The simplest example exhibiting this behaviour
is the SM, extended by areal scalar S as well as a complex scalar X carrying hypercharge
Y. The scalar potential for this example is

1
V O rS|X|?+ §m§52 +m2 | X|?. (2.10)

In Fig. 2.3 the dependence of the diphoton partial width as a function of x and mx is
shown, as well as the stability of the electroweak vacuum which has been calculated us-
ing Vevacious and CosmoTransitions. Here we observe that all points which would
explain the best-fit cross section are incompatible with the assumption of a stable elec-
troweak vacuum. Note however, that the points right at the border of instability are
compatible at the 20 level. For more details about vacuum stability in the presence of

® This diphoton excess could be triggered by strong interactions. Of course, in this case one cannot use per-
turbative methods to understand it.
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Figure 2.3: I's_, /mg as a function of  (left) and my (right). In both panels x and m x have been
varied randomly in the domains k € [—5,5]TeV and mx € [150,1500]GeV. Blue points have a
stable vacuum, yellow points have a meta-stable but long-lived vacuum, while for the red ones the
vacuum decays in a short time in comparison to cosmological time scales, with a survival probability
below 10%. The black dashed line indicates the best-fit value of I'g_,,./mg =~ 3.5 x 10~7, while the
dark/light grey regions are the 1/20 compatible regions assuming a narrow width resonance produced
via gluon fusion (see Section 2.2.1 for more details and assumptions). The hypercharge of X is chosen
tobe Yx = 1.
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large scalar cubic terms, we refer to Ref. [159]. The overall conclusion of Ref. [159] is that
the maximal possible diphoton width, even when allowing for a meta-stable but suffi-
ciently long-lived electroweak vacuum, is not much larger than in the case of vector-
like fermions when requiring that the model is perturbative up to the Planck scale. It is
therefore essential to perform these checks when studying a model that postulates large
cubic scalar couplings.

. Large multiplicities: To circumvent large Yukawa or cubic couplings, other models intro-

duce a large number of generations of the new BSM fields and/or large electric charges.
As a consequence the running of the U(1)y gauge coupling ¢y, gets strongly enhanced
at scales well below the Planck scale. Moreover, even before reaching the Landau pole,
the model develops large (eventually non-perturbative) gauge couplings. This implies
an enhancement of Drell-Yan processes at the LHC, with current data already setting
stringent constraints and potentially excluding many of the models proposed to explain
the diphoton excess in this manner [160,161]. For general studies on the running effects
in the context of the diphoton excess see [140,155-158].

We briefly discuss some dramatic examples of these types of models proposed in Refs. [162]
and [163]. These models feature approximately ~ 100 and 6000-9000 generations of
doubly-charged scalar fields respectively. In the model of Ref. [163] the SM particle
content is enlarged by:

« a vector-like doubly-charged fermion £

- a majorana fermion N
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+ a singlet scalar S
« a singly-charged scalar h™

+ Nj generations of the doubly-charged scalar field £+

At the one-loop level the running of ¢ is governed by the renormalisation group equa-

tion (RGE)
dgy L oo
—_— = 2.11
dt 1672 For” (211)
where t = log 1, given p is the renormalisation scale, and
(1) 9
By = 10 (75+ 8 Ny.) (2.12)

is the one-loop beta function. A large value of /N, necessarily leads to a very steep
increase of g; with respect to the renormalisation scale, quickly leading to a Landau pole.
This is shown in Fig. 2.4, obtained by setting the masses of all the charged BSM states to
punxp = 2.5 TeV, which is the largest mass considered in Ref. [163]. The running up to
pnp is governed by the SM RGEs, where the result for g; given by the black dashed line.
For scales above unxp = 2.5 TeV, the contributions from BSM fields become relevant.
Fig. 2.4 shows that a Landau pole can be reached at relatively low energies once we
allow for such large values of Nj. In fact, for N, = 9000, we find that a Landau pole
appears already at p ~ 2.6 TeV. In this specific example the appearance of a Landau
pole below 10 GeV is unavoidable as soon as N > 10.

330 335 340 345 350 355
log[ u/ GeV]

Figure 2.4: Running of the U(1)y gauge coupling, g;, in the model presented in Ref. [163] for N}, =
1000 (red), N = 6000 (green) and Ny = 9000 (blue). The black dashed line corresponds to the SM
running below pnp = 2.5 TeV.
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Properties of the 750 GeV Scalar

+ Mixing with the SM Higgs: It is often assumed that .5, although it is a CP-even scalar,
does not mix with the SM-like Higgs h. However, if no symmetry argument is invoked,
this assumption is not stable under radiative corrections. To illustrate this, consider the
scalar potential

1
V= -mgS® X2+ p?|H* + £S|IX|?
35S+ mx| X[+ [ HI* + 55X 2.13)

+ k5S® + AgS* + Asx S| X | + Agx |H | X > + A\|H|*,

where H is the SM Higgs SU(2);-doublet, containing the Higgs h. This potential con-
tains all the necessary ingredients to obtain a large diphoton decay rate where S decays
via a loop involving the charged scalar X. Note that the potentially dangerous term
kg S|H|? has been omitted. Such a term generates a tree-level mixing between S and h
once the Higgs doublet / acquires a VEV. However, this term is generated radiatively
by the one-loop diagram:

Here, we observe that the parameter  enters in the loop diagram, which is also the
parameter which must be maximised in order to fit the diphoton signal. It is also im-
possible to circumvent this diagram by forbidding the Ay x term. H is charged under
SU(2)1, xU(1)y while X must be charged under either or both SU(2), and U(1)y so that
it couples to photons. As a result the Ay x|H|?|X|? term is also generated radiatively
via diagrams involving the gauge bosons of SU(2), and or U(1)y:

If both Ayx and k are not present at tree-level then mixing with the SM Higgs oc-
curs only at two-loop order and beyond. However, such a mixing has important con-
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2.2 The Diphoton Excess

sequences since it opens the decay channels S — hhaswellas S — ZZ, S — WTW~
at tree-level, which are tightly constrained via experimental measurements, as will be
discussed below.

Thus, in general, it is very difficult to justify the assumption that the 750 GeV scalar
does not mix with the SM-like Higgs if there is no fundamental symmetry to forbid this
mixing. However, this mixing can be forbidden using an unbroken CP symmetry in the
scalar sector. For example if the resonance is a CP-odd scalar then there is zero mixing
as long as the CP symmetry remains unbroken. While, in the case of a CP-even particle,
it is crucial to include the mixing effects and to determine how large the tuning of the
parameters must be to avoid all experimental limits.

« To VEV or not to VEV: The possibility that the new scalar receives a vacuum expectation
value (VEV) is also often neglected. However, as we have just discussed, it often occurs
that h—S mixing will be induced, at least radiatively, in many models. Such radiative ef-
fects immediately lead to a non-zero VEV for the new scalar.” Even in cases where there
is a symmetry which prevents a mixing with the SM Higgs, the 750 GeV particle will still
receive a VEV. This arises due to the introduced couplings to charged particles which
are necessary to achieve sufficient diphoton and digluon decay rates. More specifically,
these couplings will generate one-loop tadpole diagrams for S via the diagrams:

y
U,

Note that in the above diagrams one can replace the loop of fermions by loops of CP-
even scalars. The resulting tadpole equation reads at the one-loop level

av(lL)
81]5

=70 7@ L 57 =0, (2.14)

where vg is the VEV of the 750 GeV particle S and T™) is the tree-level tadpole, given
by
oV @

=TT = cjug + cyvi + 308 = 0. (2.15)
81)5

7 Note that if the spin-0 resonance is a singlet under all symmetries both gauge and global, then the VEV can
be absorbed via a field redefinition and is therefore negligible.
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ete"+uty~ vt~ Zy ZZ Zh hh WTW~ tt bb  jj inw.
0.6 6 2 6 10 20 20 300 500 1300% 400

Table 2.5: Upper limits on I'g_, x x /T's_~~ assuming the production of S via gluon fusion or heavy
quarks. Values are taken from Ref. [140].

We have parametrised the tree-level expression so that the general form has the solution
vg = 0. The one-loop corrections take the form

ST — kA(m%), 2 for a scala‘r loop, (2.16)
2Ypmp A(mi,) for a fermion loop,
with A(2?) = 522 [1 + log(p? /2?)] where y is again the renormalisation scale. Tak-

ing mp;, k, mx of the order 1TeV, results in a VEV which is of order 1 TeV?/(167%¢cy).
As a result, the simplifying assumption that vg vanishes is in general hard to justify. It
is therefore important to check how the conclusions made about the model depend on
this assumption. Here, the numerical tools discussed can help significantly, as including
the non-vanishing VEV vg is no more difficult than assuming the VEV vanishes.

Additional decay channels: Many analyses concentrate only on the decay S — 77 and
completely neglect other potential decay channels. However, there are stringent ex-
perimental constraints on the branching ratios of S into other SM final states, which
are summarised in Table 2.5. Therefore, any model which attempts to explain the ex-
cess via additional coloured states in the loop must necessarily worry about limits from
dijet searches [144]. Consequently, an accurate calculation of the digluon decay rate
is a necessity. As an example that illustrates why both additional channels and the di-
photon/digluon width calculation are important, we consider the model presented in
Refs. [164, 165].

This model extends the SM by introducing a scalar singlet as well as a scalar SU(2)-
doublet which is also a colour octet. As an approximation the ratio of the singlet decays
to gluons and to photons is

Psog 905

~ , (2.17)
Tsoyy  2apy

where avg and oy are the strong and electromagnetic coupling, respectively. In [164]
this ratio is quoted as ~ 715. Before any NLO corrections are applied, we find 700
which is in good agreement. However, once we include all of the N3LO corrections this
is enhanced to 1150, near the bound for constraints on dijet production at 8 TeV and
significantly squeezing the parameter space of the model.

8 Since Ref. [140] was published a mistake has been discovered in the ATLAS di-jet analysis of Ref. [144]. The
excluded cross-section for a 750 GeV resonance has shifted from 2.5pb to 14 pb for I'yot/ms ~ 6%. The
resulting bound is therefore relaxed to I's_, j; /T's—vy S 8140.
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2.2 The Diphoton Excess

Additionally in many works we observed that potential decay channels of the reson-
ance were missed. For instance in Ref. [166], the authors, who considered the Georgi-
Machacek model [167], missed the decay of the scalar into W=H¥, which can be the
dominant mode when kinematically allowed.

Considering a complete model

« Additional constraints in a complete model: There are several studies which extend an
already existing model by adding vector-like states and then assume that this new part
of the model is decoupled from the rest. It is then clear that the results from toy models,
with the minimal particle content will be reproduced. However, it is often not obvi-
ous if this decoupling will hold without invoking specific structures in the choice of
parameters, and if they persist at the one-loop level.

On the other hand, if model-specific features are used to explain the diphoton excess,
it is likely that there will be important constraints on the model coming from other
sectors. For instance, there might be bounds from flavour observables, dark matter,
Higgs searches, neutrino mixing, electroweak precision observables, searches for BSM
particles at colliders, and so on. All of these constraints must be checked to be sure
that any benchmark point presented is indeed a valid explanation for all observations.
Such a wide range of constraints are much easier to address by making exhaustive use
of tools which provide a high level of automation.

« Theoretical uncertainties of other predictions: Even if the attempts are made to include the
effects of the new states on other sectors of the model, it is important to be aware that
there are large uncertainties involved in certain calculations. If the level of uncertainty
is underestimated, this can have an impact on what is inferred from the calculation. The
large uncertainty in a LO calculation of the diphoton and digluon rate has already been
addressed in Section 2.2.2. However, there are also other important loop corrections
especially in supersymmetric models. For example the accurate calculation of the Higgs
mass is a long lasting endeavour where for even the simplest supersymmetric model
only now are the dominant three-loop corrections being tackled [168]. The current
estimate of the remaining uncertainty is 3 GeV.

It is clear that the MSSM alone cannot explain the excess’, hence it must be extended.
A common choice is to add additional pairs of vector-like superfields together with a
gauge singlet, for a concrete example see Ref. [141]. These new fields can also be used to
increase the SM-like Higgs mass. However, this will in general also increase the theor-
etical uncertainty in the Higgs mass prediction, because these new corrections are not
calculated with the same precision as the MSSM corrections. For instance, Ref. [169] has
taken into account the effect of the new states on the SM-like Higgs. There, they use a
one-loop effective potential approach considering the new Yukawa couplings to be O(1)

? There are many claims that the excess can be fit in the MSSM by turning to highly fine-tuned splitting between
certain masses, resulting in a potentially large enough diphoton rate. We will return to this question in
Section 3.1.2.
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Figure 2.5: Comparison of the two-loop Higgs mass calculation of Ref. [169] with the results obtained
by SPheno as a function of the coupling x1g. This is a Yukawa-like coupling of the vector-like quarks
to the MSSM Higgs doublets. The parameter values are those of Fig. 4 in Ref. [169], where we consider
the slice of parameter space with X, = 0. This parameter X, ,, is a parametrisation of contributions
to Higgs mass corrections depending on the vector-like masses, the supersymmetry breaking scale and
the soft-breaking trilinear terms. The lines are the results from SPheno where the red line corresponds
to X; = 4 and the green line to X; = 2. The green and red shaded areas are the ranges of x;9 which
predict my, = [123, 127]GeV according to Ref. [169] for the two different X values. The yellow shaded
region shows the band of 2 GeV uncertainty for the Higgs mass calculation from SPheno.
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or below, while also including the dominant two-loop corrections from the stop quark.
They assumed that including these corrections is sufficient in order to achieve an uncer-
tainty of 2 GeV in the Higgs mass prediction. One can compare their results from Fig. 7
of Ref. [169] with a calculation including, in addition to the corrections stated above, the
full momentum dependence and electroweak corrections at the one-loop level, as well
as the additional two-loop corrections arising from all newly introduced states. These
corrections can be important, as was shown for instance in Ref. [170]. The result of the
comparison is shown in Fig. 2.5. We find a similar behaviour, but observe that there are
several GeV difference between both calculations. For x;p = 0.8 and X; = 4, according
to Ref. [169] the point would be within the interesting range for m;, = [123, 127]GeV,
while the more sophisticated SPheno calculation predicts a mass below 120 GeV. Thus,
the assumed uncertainty of 2 GeV in Ref. [169], which would even be optimistic in the
MSSM, is completely unrealistic without including all the aforementioned higher order
corrections.
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2.2.3 Diphoton Observables in the SARAH Framework

Calculation of the Effective Diphoton and Digluon Vertices

For the calculation of the partial widths of a neutral scalar S decaying into two gluons or
two photons we follow closely Ref. [148] for both the LO and NLO contributions. The partial
widths at LO are given by

GFO{EM

(S — ’)/’)/)LO = 128\/_7T3 ZNfQ?T?Af Tf + ZNS S 2 (Ts>

2
+ZNVT AV Tv) s (2.18)
Graz(p)m? 3 .
05 = gauo = CE M S22 Dl () + 3 303 AR
f s
3 2
+ Z §D¥’F‘S/Av(7'v) (219)
14

Here, the sums are over all fermions f, scalars s and vector bosons V' which carry electro-
magnetic charge or are coloured and which couple to the scalar S. (); is the electromagnetic
charge of the fields, IV, are the colour factors and D, is the quadratic Dynkin index of the
colour representation which is normalised to % for the fundamental representation. We note
that the electromagnetic fine structure constant agw must be taken at the scale 1 = 0, since
the final state photons are real [142]. In contrast, ag is evaluated at = mg which, for the
case of interest here, is t = 750 GeV. Tf are the so-called reduced couplings, the ratios of the
couplings of the scalar S' to the particle © normalised to SM values. These are calculated as

s L R
=g ((Jffs Cris) s (2.20a)
S __ U C
s85*S5 220b
Ts ng S ( )
g v
'v="572 Cyyss. (2.20c)
v

Here, v is the electroweak VEV and C' are the couplings between the scalar and the different
fields with mass m; (i = f, s, V). Furthermore we define the following mass ratio as

2

2 Y
4m?2

Ty = (2.21)
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while the functions appearing in Eqgs. (2.18) and (2.19) are given by

T+ (r—=1)f(1)

Ap =2 - , (2.222)
4,=-710 (2.22b)
T
Ay = -1 272+ 37+ 3(2r = 1) f(7)] , (2.22¢)
with
arcsin®\/7 for 7 <1,
) = 2 2.23
Jr) —i <log }j%f—m) forT>1. (223)

For a pure pseudo-scalar state only fermions contribute within the loop, i.e. the LO widths
read

2

GFaEMmA
A— NIQ2r 2 A (o) 2.24
I( YY)Lo 32\/—7T3 zf: chf f(f) ( )

2
Gpaim?
I'(A — g9)Lo = 32\/%7r?:4 ZBDﬂ}“AA : (2.25)
where

A = I (2.26)

T

and T}“ takes the same form as 7’? in Eq. (2.20a), replacing C’Jffg by C’ffi

These formulae are used by SPheno to calculate the full LO contributions of any CP-even or
-odd scalar present in a model including all possible loop contributions at the scale ;1 = mg.
However, it is well known, that higher order corrections are important, especially for the
production cross-sections [171-175]. Therefore, NLO, NNLO and even N3LO corrections from
the SM are adapted and used for any model under consideration. In the case of heavy colour
fermionic triplets, the included corrections for the diphoton decay are

s S a5>
— 1—— 2.27
Ty Ty ( T ) ( )
8
rs — (1 + ﬁ) (2.28)
3

These expressions are obtained in the limit 7y — 0 and thus applied only when mg < my. 7"3?
does not receive any corrections in this limit. For the case mg > 100my, we have included

30



2.2 The Diphoton Excess

the NLO corrections in the light quark limit given by [148]

2 1
TJ)C(_>TJ)£(<1_|_%|:_—log47'+—<7r2—10g247')
™

3 18
T i

+ 2log ( N’;") + — (log 47 + 6) D (2.29)
ms 9

for X = S, A. unio is the renormalisation scale used for these NLO corrections, chosen to be
pnvo = mg/2. In the intermediate range of 100m; > mg > 2my, no closed expressions for
the NLO correction exist. Our approach in this range was to extract the numerical values of
the corrections from HDECAY [176] and to fit them. For the digluon decay rate, the corrections
up to N°LO are included and parametrised by

D(X — gg) = T(X = gg)ro (1+ CYIO + CYNO 4 CY'10) | (230)

with [148,171-175, 177]
05 7
CNLO — (— - —NF) as (2.31)
m

CYNEO — (370.196 + (—47.1864 + 0.90177Np) N

mg ) ol
+ (2.375 4 0.666667Np) log —3 | —, (2.32)
NLO m§ m$\*\ af
CY U0 = [ 467.684 + 122.441log —5 + 10.941 ( log —5 =, (2.33)
and
97 7 «
m%\ o
CINLO — (171.544 + 5log —:j) =, (2.35)

where Ny is the number of quark flavours and m; is the top quark mass. For pseudo-scalars
we include only corrections up to NNLO as the N*LO are not known for CP-odd scalars.

One has to keep in mind that the NLO up to N®LO corrections are calculated in the SM
under the assumption that only a (fermionic) colour triplet and the gluons play any role in
the loops. Of course, in BSM theories this must not necessarily be the case. For instance, in
supersymmetric models gluinos would also contribute at NLO. The impact of these additional
corrections is estimated in the following section. Another possible effect is the presence of a
scalar triplet, such as the supersymmetric top partners. However, it was found that the higher-
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Figure 2.6: Comparison of Br(h — gg) (full lines) and Br(h — 77) (dashed lines) as calculated by
SPheno at LO (red) and including higher order corrections as described in the text (blue). The green
line shows the values of the Higgs cross-section working group.

order corrections for this case can be well approximated by the SM results, see Ref. [178].
Finally, other colour representations beyond triplets can induce an effective digluon coupling
in BSM theories. To our knowledge, NLO and higher order corrections for these cases have not
yet been discussed in the literature. We consider the SM corrections to also give the dominant
effect at NLO and beyond for the cases at hand. This is motivated by the observation of
Ref. [178] that the k-factor for the higher-order corrections in the MSSM is nearly identical to
the SM which arises as the largest contributions by-far come from final state gluons. However,
we also provide a flag in SPheno that allows users to turn-off these corrections, if they think
that such corrections are not appropriate for the case at hand.

In order to check the accuracy of our implementation, we compared the results obtained
with SARAH-SPheno for the SM Higgs boson decays with the ones given in the CERN yel-
low pages [179]. In Fig. 2.6 we show the results for the Higgs branching ratios into two
photons and two gluons with and without the inclusion of higher order corrections. One sees
that good agreement is generally found when including higher order corrections. Fig. 2.7
shows the relative difference of the partial widths I';,_,., and I';,_, ¢, as calculated by SPheno
and FlexibleSUSY' compared to the benchmark values provided by the Higgs cross-section
working group. While the results obtained from the two codes are not identical, there is good
agreement between them for both partial widths.

The differences between SPheno and FlexibleSUSY originate mainly from a different treat-
ment of unknown higher-order corrections to the pole mass spectrum. In Fig. 2.8 we show
the ratio Br(h — gg)/Br(h — =) and compare it again with the recommended numbers by
the Higgs cross-section working group [179]. Allowing for a 10% uncertainty, we find that
our calculation including higher order corrections agrees well within the errors, while the LO
calculation predicts a ratio that is over a wide range much too small. The important range

10 F1exibleSUSY is a spectrum generate that has recently been developed which also links to SARAH [180].
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Figure 2.7: On the left: comparison of the relative difference in the partial width I'(h — 77) as calcu-
lated by SPheno (in red) and FlexibleSUSY (in blue) to the benchmark values provided by the Higgs
cross-section working group. The LO results are shown by the dotted lines, while the NLO results are
shown by the dashed lines. The yellow rectangle indicates £10% errors compared to the results from
the Higgs cross section working group. On the right: the same for the partial width I'(h — gg).

to look at is not the one with m; ~ 750 GeV because this corresponds to a large ratio of
the scalar mass compared to the top mass. Important for most diphoton models is the range
where the scalar mass is smaller than twice the quark mass. In this mass range we find that
the NLO corrections are crucial and can change the ratio of the diphoton and digluon rate by
up to a factor of 2. We also note that if we had used agy(my,) instead of agy(0) in the LO
calculation, the difference would have been even larger, with a diphoton rate overestimated

by a factor (agn(my)/aem(0))? =~ (137/124)% ~ 1.22.
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Figure 2.8: Br(h — gg)/Br(h — ~7) as calculated by SPheno at LO (red) and including higher order
corrections (blue) as described in the text. The green band shows the values of the Higgs cross section
working group including a 10% uncertainty. On the right we zoom into the interesting range m;, €
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Chapter 2 Constraining New Physics Models Using Automated Tools

Accuracy of the diphoton calculation

Before concluding this section, we should draw the reader’s attention to the question of how
accurate the results are from SARAH in combination with SPheno and FlexibleSUSY. While
every possible correction has been included, there are still some irreducible sources of uncer-
tainty, as we shall discuss below.
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 Loop corrections to ZZ, W W, Z~ final states: In the 2016 version of SARAH, loop-level
decays were only computed for processes where the tree-level process is absent. This
is to avoid the technical issue of infra-red divergences. If the particle that explains the
750 GeV excess is a CP-even scalar, then it must mix with the Higgs and therefore acquire
tree-level couplings to the Z and W bosons. The respective decays are fully taken into
account at tree level. However, due to the existence of such terms, the loop corrections
to the decays into Z- and W-bosons were therefore not yet available in SARAH. These
technical issues do not apply for CP-odd scalars, for which the decays into vector bosons
are only possible at the loop level. Nevertheless these decays are also not yet available
at the loop level. This gap has now been filled with the current release of SARAH [181].
This update allows all possible decay widths at the one-loop level to be automatically
calculated.

The lack of complete one-loop corrections in these decay channels can trigger two issues
the user has to keep in mind. First, there are limits on the decays S — WW and S —
Z Z which could be violated if the loop induced couplings between .S and two massive
vector bosons are too large. Therefore, one has to be careful when studying models
with large additional SU(2) representations. The second issue is that the prediction for
the BR into two photons suffers from an additional uncertainty because of the missing
contribution of the ZZ and WW decays to the total width.

To estimate the uncertainty incurred by their absence, let us assume that the 750 GeV
resonance S couples to the U(1)y and SU(2), gauge bosons via the effective operators
SB,,B*" and SW,, WH". If we can neglect the tree-level contributions to the decays
and assume that the dominant contribution originates from a set of particles in the
loops, which have the hypercharge Y, Dynkin index Dy (/') and dimension of the SU(2)
representation ds, then the decay widths are approximately given by

0(S—27) (DY 1§52y 2 (Dy—BdY?)?
LS —vy)  (doY2+ Dy)? LS —yy) % (d2Y? + Dy)*
['(S — WW) _2Djcosec' Oy
[(S—=vy)  (dY?2+4 Dg)?*

(2.36)
where we abbreviated ¢y for tan fy,. Put together, the uncertainty that we find for the

decay S — vy reads

oI'(S — anything) 55D3 — 2dyY %Dy + 0.69d5Y*
['(S — anything) (dyY2 + Dy)?

X Br(S — v7v). (2.37)
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Figure 2.9: Example Feynman graphs of potentially important NLO corrections. Here f and f’ would
typically be vector-like quarks. S is the 750 GeV resonance, while S’ represents possible models where
scalars run in the loop to enhance the diphoton rate.

The factor in square brackets is largest for fields that only couple to SU(2);, gauge bo-
sons, giving a factor of ~ 55, and for SU(2) doublets with hypercharge 1/2 it is 13,
although the former case yields too many W bosons (the limit from run 1 searches is
% < 20). Thus, provided that Br(S — ) < 1073, the relative uncertainty is
guaranteed to be less than 10%. In such cases, the proportional error in the total width
transfers directly into the proportional error in the total cross-section:

do(pp = S — vy) _ 0I'(S — anything)
olpp— S —vy)  T(S — anything)

(2.38)

On the other hand, for models where the dominant decay channel of the singlet is into
gluons, it is not possible to have Br(S — ~v) < 1073 without violating constraints
from dijet production, and the reader should be careful about the possible errors in-
curred. Fortunately, provided that the loop particles have a hypercharge the error is
much smaller. For example in the case that Dy = 0 the coefficient above is less than
one, thus giving an error of ~ 1073 for Br(S — yv) = 1073

o BSM NLO corrections: As discussed above, SARAH includes the leading-order computa-
tion of the diphoton and digluon decay amplitudes including the effects of all SM and
BSM particles in the loops. Furthermore, it also includes the leading-log corrections to
the digluon rate at NLO, NNLO and N3LO order in ag in the SM, and some NLO correc-
tions due to diagrams with an extra gluon to both the digluon and diphoton rates. How-
ever, the NLO corrections are absent for all other particles, which in the case of large
Yukawa couplings or hierarchies could be sizeable. Two examples of such diagrams are
given in Fig. 2.9. In the context of supersymmetric theories, particularly important are
diagrams involving the gluino, which (if it is a Majorana particle) would not couple to
a singlet at leading order. Naively their contribution is

2
oI'(S — gg9/vv) _as log T ma=2 TV

~ ~10%. 2.39
LS —=gg/v) ™ ko ’ (239)
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Model Name Reference

Toy models with vector-like fermions

CP-even singlet SM+VL/CPevenS
CP-odd singlet SM+VL/CPoddsS
Complex singlet SM+VL/complexS
Models based on the SM gauge-group
Portal dark matter SM+VL/PortalDM [153,184]
Scalar octet SM-S-Octet [164,165] AWM
SU(2) triplet quark model SM+VL/TripletQuarks [185]
Single scalar leptoquark LQ/ScalarLeptoquarks [186]
Two scalar leptoquarks LQ/TwoScalarLeptoquarks [145]  A®
Georgi-Machacek model Georgi-Machacek [166,187]
THDM w. colour triplet THDM+VL/min-3 [188]
THDM w. colour octet THDM+VL/min-8 [188]
THDM-I w. exotic fermions THDM+VL/Type-I-VL [189,190]
THDM-II w. exotic fermions THDM+VL/Type-II-VL [189,190]

THDM-I w. SM-like fermions =~ THDM+VL/Type-I-SM-1like-VL [191]
THDM-II w. SM-like fermions THDM+VL/Type-II-SM-1like-VL [191]
THDM w. scalar septuplet THDM/ScalarSeptuplet [192,193]

Table 2.6: Part I of the overview of proposed models to explain the diphoton excess which are now
available in SARAH. The warning (A\) shows that we found serious problems with the model during
the implementation. The reasons are as follows. (1): the model is in conflict with limits from dijet
constraints; (2): we changed the quantum numbers and/or the potential because the original model
had charge violating interactions; (3): we find disagreement with the diphoton rate as calculated in
the original reference. For simplicity, we used the abbreviations LQ for LeptoQuarks and U1Ex for
UlExtensions.

« Presence of light fermions: The higher order corrections to the Higgs production and
decay via the effective digluon coupling is calculated in the SM using an effective-field-
theory (EFT) approach. This is possible because the top mass is sufficiently heavy com-
pared to the Higgs boson. The presence of vector-like quarks with masses below 750 GeV
is already tightly constrained by direct searches at the LHC [182]. Therefore, for real-
istic scenarios the EFT approximation is also typically valid. Even so, one might wonder
how large the additional uncertainty is due to the presence of light quarks. For a de-
tailed discussion of this, we refer to Ref. [183]. The overall result is that the additional
uncertainty is larger than the one stemming from the choice of the QCD scale. Never-
theless, it was found that the EFT computation still gives a good estimate for the overall
k-factor.
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Model Name Reference

U(1) Extensions

Dark U(1)’ U1Ex/darkU1 [194]
Hidden U(1) U1Ex/hiddenU1 [195]
Simple U(1) U1Ex/simpleUl [196]
Scotogenic U(1) U1Ex/scotoUl [197] A®
Unconventional U(1)p_ 1, U1Ex/BL-VL [198]
Sample of U(1)’ U1Ex/VLsample [199]
flavour-nonuniversal charges UlEx/nonUniversalU1 [147] A
Leptophobic U(1) U1Ex/U1Leptophobic [200] AW
7' mimicking a scalar resonance UlEx/trickingLY [132]
Non-abelian gauge-group extensions of the SM
LR without bidoublets LRmodels/LR-VL [201-203] A®
LR with U(1); x U(1)g LRmodels/LRLR [204] A
LR with triplets LRmodels/tripletLR [205]
Dark LR LRmodels/darkLR [206]
331 model without exotic charges 331/v1 [207]
331 model with exotic charges 331/v2 [208]
Gauged THDM GTHDM [209]
Supersymmetric models
NMSSM with vectorlike top NMSSM+VL/VLtop [154] AW
NMSSM with 5’s NMSSM+VL/5plets [169,210,211]
NMSSM with 10°s NMSSM+VL/10plets [169,210,211]
NMSSM with 5’s & 10’s NMSSM+VL/10plets [211]
NMSSM with 5°s and RpV NMSSM+VL/5plets+RpV [169]
Broken MRSSM brokenMRSSM [212]
U(1)’-extended MSSM MSSM+Ulprime-VL [213,214]
Es with extra U(1) E6MSSMalt [215]

Table 2.7: Part II of the overview of proposed models to explain the diphoton excess which are now
available in SARAH. The warning (A\) shows that we found serious problems with the model during
the implementation. The reasons are as follows. (1): non-perturbative couplings needed to explain
diphoton excess; (2): we changed the quantum numbers and/or the potential because the original
model had charge violating interactions; (3): we find disagreement with the diphoton rate as calculated
in the original reference.
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2.2.4 Models

A large variety of models have been proposed to explain the diphoton excess at 750 GeV.
We have selected and implemented several possible models in SARAH. Our selection is not
exhaustive, but we have tried to implement a sufficient cross-section which are representative
of many of the ideas put forward in the context of renormalisable models. All model files are
available for download at:

http://sarah.hepforge.org/Diphoton_Models.tar.gz

In addition an overview of all implemented models is given in Tabs. 2.6 and 2.7. Models where
we found inconsistencies are marked with a danger sign with the specific issue mentioned in
the caption of the relevant table. The main goal of implementing so many models is to give
the user a vast array of examples in order to assist with their own model implementation.

All SARAH model files which have been created, as well as the numerical codes derived
thereof, have been validated by us using the following procedure:

1. First, the SARAH files themselves have been tested for consistency using basic SARAH
commands. We have checked every model for anomalies as well as for invariance un-
der all gauge and discrete symmetries. Furthermore, the CheckModel command was
executed which in addition checks for consistency of all field and parameter definitions
as well as whether all possible particle admixtures have been correctly taken into ac-
count.

2. Whenever analytic formulas such as mass matrices were presented in the original stud-
ies, we have reproduced and checked the respective expressions with SARAH.

3. For each model, we have produced and successfully compiled the tailor-made code for
the spectrum generators SPheno and FlexibleSUSY.

4. Whenever the reference proposing the model has presented the necessary information
to reproduce their results, we have done so. Differences are noted in Tabs. 2.6 and 2.7.

5. The model files for MadGraph and CalcHEP have been produced for all models and
checked for consistency using the internal routines of the respective tools. Further-
more, we have computed representative processes like the production and/or decay of
the candidate for the diphoton resonance and compared the obtained branching ratios
between MadGraph, CalcHEP and SPheno/FlexibleSUSY.

6. For each model, we provide a set of input parameters which can be used to produce a
valid spectrum which itself can then serve as an input for programs like MadGraph or
CalcHEP.

Lastly, we want to mention other proposals which we have not dealt with here due to their
incompatibility with SARAH. Many authors [140, 216—234] have studied the excess with ef-
fective (non-renormalisable) models, which is sensible given that there are thus far no other
striking hints of new physics at the LHC. As more data becomes available and the evidence
for new physics becomes more substantial, one might want to UV complete these mod-
els, at which point the tools we are advertising become relevant and necessary. Other au-
thors [156, 235-250] considered strongly coupled models, in which the resonance is a com-
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2.3 Conclusion

posite state. This possibility would be favoured by a large width of the resonance, as first
indications seemed to suggest. Another possibility is to interpret the signal in the context of
extra-dimensional models [251-261], with the resonance being a scalar, a graviton, a dilaton,
or a radion, depending on the scenario. In supersymmetry, the scalar partner of the goldstino
could provide an explanation to the diphoton signal [262-265]. Other ideas, slightly more
exotic, include: a model with a space-time varying electromagnetic coupling constant [266],
Gluinonia [267], Squarkonium/Diquarkonium [268], flavons [269], axions in various incarn-
ations [146,270-274], a natural Coleman-Weinberg theory [275,276], radiative neutrino mass
models [162,163,277], and string-inspired models [278-282].

2.3 Conclusion

In this chapter we have given an overview of the Mathematica tool SARAH as well as the other
high-energy physics codes that it interfaces with. We dub this the ‘SARAH framework’, which
is the main tool used in the forthcoming chapters. This framework equips a phenomenologist
with a powerful tool-kit allowing a large number of models to be studied when compared to
the usual time consuming process performing such computations by hand. As a result we
are able to confront numerous possible BSM theories with data not only in a finite period
of time but also using theory calculations with a high level of precision. For example, the
combination of SARAH and SPheno allow the calculation of the Higgs mass at two-loop level
in arbitrary BSM theories. This is of particular interest as the theoretical uncertainty on the
Higgs mass prediction is usually significantly larger than the experimental uncertainty on the
Higgs mass measurement.

In the second half of this chapter we have used the recent diphoton excess as an example
of how these tools can be used to confront signals of new physics. We observed that many
theorists were retrofitting additional particle content, for instance vector-like quarks, to ex-
isting BSM theories without regarding the consequences of these additions on other sectors
of the model. As a result we have included a lengthy motivation exactly how these tools
can aid the perspective author in avoiding many of the pitfalls we observed initially in the
diphoton literature. We then discussed the implementation of the required observables into
SARAH as well as the sources of uncertainty in the calculations. Note that since this work was
completed, the calculation of all possible one-loop decay widths have since been implemen-
ted into SARAH [181]. This supersedes the implementation discussed here. We implemented a
large cross-section of different types of models, approximately 40 in total, into SARAH to serve
as templates for future users implementing their own models.
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Chapter 3
Vacuum Stability in Minimal
Supersymmetric Models

Supersymmetry [42-50] is one of the most theoretically appealing solutions to the hierarchy
problem of the SM [51]. However, as with all possible solutions to the hierarchy problem, in-
voking supersymmetry also comes with a large number of downsides. The first, most obvious
downside to supersymmetry is the large number of parameters that are necessarily intro-
duced in addition to the 19 of the SM. This follows from the necessity that supersymmetry
cannot be an unbroken exact symmetry at current observable energies as this symmetry en-
forces exact mass degeneracy between the SM particles and their respective supersymmetric
partners. As we have not yet observed any of these superpartners, supersymmetry must
therefore be broken at some higher, as yet unobservable, energy scales. The problem of addi-
tional parameters arises as there exist a plethora of different methods to break supersymmetry
softly.! Therefore, one typically adds all possible soft-breaking terms to the Lagrangian in or-
der to remain as generic as possible. The consequence, is an additional 105 parameters in
the theory [42,46]. These parameters can then be chosen to correspond to specific models of
supersymmetry breaking.

The second problem arises through the introduction of a large number of new scalar fields,
forming the superpartners to the SM fermion content. This results in a scalar potential that
has significantly larger number of directions in field space. In comparison the SM scalar
potential contains only a single real degree of freedom.? In the SM, the problem therefore
reduces to ensuring that the potential remains bounded from below as, given the structure of
the SM potential at tree-level, additional minima cannot co-exist with the required minimum
for electroweak symmetry breaking. This implies that if one chooses the parameters of the SM
such that the correct electroweak breaking minimum exists, then this precludes the existence

! Breaking supersymmetry softly refers to adding only supersymmetry breaking operators of mass dimension
three or less to the Lagrangian so that the quadratic divergence in the corrections to the Higgs mass do not
reappear [283-285]. This condition on an operator being soft is necessary but not always sufficient. For
example if a supersymmetric theory contains a scalar singlet ® then an operator of the form ®*®2, although
satisfying the above condition, actually reintroduces a quadratic divergence to the theory [285].

2 One can show that through an SU(2) gauge transformation the complex Higgs doublet can be brought into the
unitary gauge where the physical Higgs boson is the only remaining degree of freedom in the scalar sector.
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of other minima which may not lead to the correct symmetry breaking pattern. Returning to
supersymmetric models, one typically obtains a scalar potential that can easily have O(20)
directions in field space. The determination of the stability and subsequent phenomenological
viability of such potentials forms the basis for the work that follows in this chapter.

The first section of this chapter focuses of the most constrained variant of the minimal su-
persymmetric standard model (MSSM), referred to as the CMSSM [23, 286-289]. We demon-
strate that this model cannot explain the diphoton excess that appeared in the 2015 LHC data-
set while also containing a sufficiently stable electroweak breaking vacuum. In the second
section we consider the next-to-minimal supersymmetric standard model (NMSSM) which
contains a gauge singlet coupling to the Higgs doublets of the MSSM. This coupling allows
for non-trivial configurations of the potential leading to minima which spontaneously break
U(1)gn. We study these destabilising effects at both tree and one-loop level.

3.1 Vacuum Stability in the Constrained MSSM

3.1.1 Charge and Colour Breaking Minima

In this section we introduce the MSSM potential and illustrate the procedure to determine the
stability of the electroweak vacuum which is used in Vevacious. Any supersymmetric model
begins with the definition of the superpotential.® This specifies all interactions in the theory
that do not arise from the gauge sector of the model, for example the Yukawa interactions. In
addition its exact form is strongly constrained by the requirement of invariance underneath
supersymmetry transformations. This leads to two important consequences: (i) the super-
potential can only contain holomorphic operators* and (i7) superpotential operators do not
receive renormalisation at any order in perturbation theory [291,292]. The superpotential of
the MSSM is

Whssm = YuQﬁuﬁ + YdQHdé + Yeﬁ[:de + pH,Hy, (3.1)

where generational, colour and SU(2);, indices have all been suppressed, and the quantum
numbers under the SM gauge symmetries can be found in Table 1.1 of Ref. [49]. Here, the
hatted fields correspond to chiral superfields which each contain physical complex scalar and
Weyl fermion degrees of freedom. The Yukawa couplings Y,,, Y and Y, are each 3 x 3 complex
matrices, while p is referred to as the Higgsino mass term. The form of the superpotential is
fixed by the introduction of a discrete symmetry called either R-parity or matter-parity [49] in
conjunction with the SM gauge symmetries from Eq. (1.1). These discrete symmetries enforce
conservation of both lepton and baryon number as is required for sufficient stability of the

3 In this thesis we have omitted a detailed introduction to the general structure of supersymmetric Lagrangians.
This is discussed in complete detail in a number of excellent reviews and textbooks, see for example [42,49,
290].

* Here, holomorphic refers to the fact that if an operator ®;®; was present in the superpotential, then the term
@I@)} would be non-holomorphic and therefore forbidden in the superpotential.
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proton.” The soft-breaking terms in the Lagrangian are

—<Zsoft — ‘/;oft + gj\fmass 5 (32)

Vi = > m? |if* + (BMHqu + T,QH,U + T\QH.D + T.LH,E + h.c.) . (33)
1 _
"g’ﬂ;\fmass = Z §Mj)\j/\j ) (34)
J

where the tilde indicates the scalar, supersymmetric component of the superfield while H,
and H, correspond to the scalar components. The index 7 runs over all scalar fields of the
theory, while the index j runs over the supersymmetric partners of the U(1)y, SU(2)., and
SU(3)c gauge bosons called gauginos. Here, the gauginos \; have been written as four-
component Majorana fermions. 7),, T and 7, are the trilinear soft-breaking terms which
are conventionally written in terms of the respective Yukawa couplings 7, = A,Y,, with
a = u,d, e. Using these expressions one can determine the tree-level scalar potential of any
renormalisable supersymmetric theory

‘/tree = VF + VD + ‘/soft 5 (35)
2
1 0 . <
Vo =52 i <Z ¢3TAT¢]-6U) , (3.6)
Ve=>_

2
%

oW
0o,

(3.7)

;¢

The contributions arising in Vp, are called D-terms. Here, the index A runs over all gauge
symmetries of the model, where 7'} are the generators of the gauge group for the particular
representation r that ¢; transforms under. In this expression §;; equals 1 if ¢; and ¢; have
exactly the same transformation properties under all symmetries and 0 otherwise. Likewise
contributions arising in V are called F'-terms. The derivatives are with respect to the super-
fields of the theory. Once preformed the superfields are replaced by their respective scalar
components.

With an expression for the scalar potential one can then determine all minima of the theory
by looking for the stationary points

Wiree 0. (3.8)

01 | g,(a)> 5 (i +01(@))

Here, the partial derivative of the potential is taken with respect to all scalar fields ¢; in the

> These discrete symmetries only forbid lepton and baryon number violating terms at the renormalisable level.
They do not forbid dimension 5 terms nor do they preclude the possibility of baryon and or lepton number
violation through non-perturbative physics. Dimension 5 operators can also be dangerous for proton decay
(c.f Ref. [293]), therefore for complete stability of the proton discrete symmetries such as proton hexality are
required [294].
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theory. Choosing a particular solution of this set of = equations, referred to as the minimisa-
tion conditions or tadpole equations, physically corresponds to choosing a minimum. This is
nothing other than a choice of the vacuum around which we expand the physical fields. This
is indicated in the above expression by the replacement ¢;(x) — \%(vl + ¢;(x)), where v; are
called the vacuum expectation values (VEVs) of the fields and ¢} are the shifted fields. This
set of minimisation conditions can be used to eliminate /V, where i = 1,... ;| N, Lagrangian
parameters of the theory, hence constraining the remaining parameters so that one is always
in the desired vacuum of the theory under consideration.

Returning to the case of the MSSM, electroweak symmetry breaking occurs when the elec-
trically neutral components of the Higgs doublets acquire VEVs. However, unlike the SM
which contains only a single physical scalar field direction, the MSSM has numerous other
scalar field directions. If any of these additional scalar fields acquire VEVs then the pattern
of spontaneous symmetry breaking will be altered. For example, if in addition to the neut-
ral Higgs VEVs the scalar superpartners of the top, called stops, acquired VEVs then both
the symmetries SU(3) and U(1)gy, which we require to be unbroken on phenomenological
grounds, would be spontaneously broken.® As a result such VEVs where the field carries
colour and electrical charge are referred to as charge-and-colour-breaking (CCB) vacua. The
procedure typically performed disregards these additional directions beyond the real neutral
Higgs scalars. This amounts to setting all additional VEVs by hand to zero, which in many
scenarios is unfounded [295].

In what follows we are interested in whether or not there exist undesirable CCB minima
that can co-exist with the required electroweak symmetry breaking vacuum. Once these addi-
tional minima are located, they must then be compared against the depth of the electroweak
breaking vacuum. However, it has been shown that one-loop corrections can significantly
alter any conclusions drawn from the tree-level potential, c.f. Refs. [295-297].

As an introduction, using the MSSM as an example, we give details on the procedure that
is performed when using the tool Vevacious. The procedure is as follows:

1. Determine the minimisation equations for the desired electroweak symmetry breaking
vacuum disregarding any other scalar directions. For the MSSM, if we express the com-
plex SU(2), Higgs-doublets as

i) ()
H,=|.%], Hy=1(,%), (3.9)
() =

then the corresponding tree-level potential is given by
0
Viree (H), Ha) = (u* +miy, ) [Hy* + (i + mi,) | Hyl”

1 2
+ g(g% +g2) (JHIP? — |H2P)” — (B, HOHY +h.c) . (3.10)

In this expression we have considered only the parts consisting purely of neutral Higgs
fields. The resulting minimisation conditions for successfully breaking electroweak

¢ The remaining gauge symmetries after the stops acquired VEVs would depend upon the SU(3)¢ structure of
the left- and right-stop VEVs.
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symmetry are

3‘45@2 2 1, 2 2 2 2 !
8§R(H0) = UMy, — g(gl + gQ)Uu(Ud o Uu) + UU‘M’ - Ud%(BM) =0, (3113)
ov i

ree 1 |
Wth@) = vdqud + g(gf + 93)%(“3 - vﬁ) + Ud|M|2 - Uu%(BM) =0, (3.11b)
where after taking the derivatives we have expanded the fields around the minimum,
corresponding to the replacement in Eq. (3.8)

1 1
HSz—vu+ux +io.(T)] , HY= — v, + T) +i04(x)| . 3.12
\/5[ Pu() ()] d \/ﬁ[d ¢a(z) +ioa(z)] . (3.12)
In this expression we have written the complex components in terms of their VEV (v),
CP-even (¢) and CP-odd (o) components. Contrary to the above expression when the
Higgs doublet components are expanded around a minimum one obtains in complete
generality

0 1

Hy, = % [vu€™®" + Gu(a) +ioy(z)] ,  Hy = V2 [vae™* + a() + ioa(w)] |
+—ivew1’ x _:Lvewm Sz
Hu—ﬁ[p + I ()] H, ﬂ[m +hy (@) -

However, one is able to perform an SU(2); rotation to remove three real degrees of
freedom, for instance v,,, = ¢,, = ¢4 = 0. Performing a field redefinition of the other
Higgs doublet allows one to set ¢, = 0. As a result the remaining degrees of freedom
that one should consider are v,, v4, v, and ¢,,. However, it can then be shown at tree-level
that the global minimum of two-Higgs-doublet models is charge conserving if a correct
electroweak breaking minimum exists [298-300]. As the MSSM is simply a special type
of two-Higgs-doublet model, we focus on the more prominent effect induced by the
stop quark sector of the model. We revisit the case of non-zero charged Higgs VEVs in
Section 3.2.

Returning to Egs. (3.11a) and (3.11b) and solving for ||* and B,, we obtain
—2(B) in = (M3, —my;, ) tan26 + M7 sin 23, (3.13a)

12 = (cos2B)™" (m7, sin® B — m%d cos® B) — % 2. (3.13b)
where tan 8 = v, /vg, v = \/v2 + v2 is the value of the electroweak VEV and M} =
(g9} + g3)v? is the Z-boson mass. Hence we can express |¢|* and B, in terms of the
input parameters namely, the two Higgs soft-masses, tan 4 and the Z-boson mass. This
fixes the value of |1|* and B, so that we ensure the existence of an electroweak breaking
minimum. In what follows we utilise the subscript ‘min’ to indicate when p and B,, are
constrained via Egs. (3.13a) and (3.13b).
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As an aside, from the solution of Egs. (3.13a) and (3.13b) we can now define the paramet-
ers of the constrained minimal supersymmetric model (CMSSM) [23, 286-289], which
will be the focus of this section. This model has not only been a benchmark for ex-
perimental supersymmetry searches due to its small number of parameters but is also
strongly motivated when considering supergravity UV completions [45]. It is defined
by the parameters

M1 = M2 = M3 = M1/2 s (3143)
(md)” = (m2)” = (m3)” = ()" = (m3)” =i, (3140
my, =my, = mg (3.14c)
A, = Ag= A, = A, (3.14d)

at the unification scale, Mgur ~ 10" GeV, where T}, = Y, A;. Here mg, M, are
the universal scalar and gaugino masses, Ay is the universal trilinear scalar interaction.
tan [ is defined below Eq. (3.13b) and the sign of the ;. parameter is ambiguous when
solving the minimisation conditions. To summarise the CMSSM is defined by the SM
parameters plus the additional five parameters

mo, M1/2 ) AO ) tanﬁ ) Slgn(,u) . (315)

. Now that we have guaranteed an electroweak breaking minimum, one would in prin-

ciple return to the full potential of the theory containing all scalar fields. However,
the expression for the complete scalar potential of the MSSM even at tree-level is too
lengthy to provide a useful example. Here, we instead consider the scenario where only
the stops can acquire VEVs in addition to the above neutral Higgses. This is a well
motivated scenario as additional new minima appear for large terms which are cubic
functions of the VEVs. For the MSSM cubic terms arise only from the soft-breaking tri-
linear terms, which are largest when considering the stops due to the size of the top
Yukawa coupling. The potential in this case is given by

tree tree

+MVWW(VP+HH+W%|)(Eﬂ@ﬂ—@?@ﬁ%+hﬂ

VI (HS, HY, 8y ) = VI (HS, HY) + md |8 2+ m2|T?

W!“Htﬁ+3w*l”—ﬁlﬂl)

9 (714 — 2y LS + 475 O — 2075 2|
(|t 2l (3| HO? — 3| O — 417 )
+ 8t |? (3|H|? — 3|Ho|? + 2|t y)) (3.16)

where we have neglected all Yukawa couplings asides from the top-quark Yukawa Y},
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while m% and m? are the soft masses for the quark-doublet and up-type singlet respect-
ively. In this expression we have expanded the colour triplets, considering only the
red-coloured direction, namely

3 L tr
tr=t5] — (0], (3.17)
9 0

and equivalently for #z. This has significant implications only for the D-terms of the
theory. The other parts of the potential are diagonal in colour space. Determining the
stationary points and expanding around these points (again neglecting CP-violating
VEVs) using Eq. (3.12) and

. 1 ~ 1
=17 (vi, + &7, (x) +iog, (2)) ,  th= 7 (vt + Or +i03,) - (318)

yields

2
93
2 _ qo? > — 22,02

EL tr 8 fL

HO4+f 0
a‘/tree-i_t a‘/tge + g_%vu (U

OR(HO) — OR(HY) ' 2

1 V2 !
+ §|Y;5|2Uu (U?L + U§R> + 7%(Tt)vuvt~Lvt~R = 07 (3~19)
8‘4{{32# 8‘/&2 9% 2 2 93 2 V2 * !
o~ awcn  aat (ko) + G, = 3 D ul v 20, (20)
avHOJrf 2 2
—(93%2?") = UfLm2Q + %UgL (31}5 — 3v3 + vtgL - 41}th) + %2 (v?L + v, (vﬁ — vi))
L
9?2, 3 ) 1 Y 120- 2 2
+ & i — v v, + §| e[ v, (v + o7
V2 £
g (R(To — vl ) 0, (.21)
8‘4@2“ 2 g% 2 2 2 2 9:? 2 2
oR(fy) Mg (303 =30 —of, +40d ) + 0 (2, 42,
1 V2 L
+ §|Yt|2ng (vﬁ + U§L> + 5, (R(Ty)vy —va|Yiu|) = 0. (3.22)

One can now solve for the four VEVs of the system of equations as a function of the
input parameters. However, this would not guarantee that any of the resulting minima
satisfy Egs. (3.13a) and (3.13b), which are the minimisation conditions to ensure that the
theory contains an electroweak symmetry breaking minimum. The required minimum
which results in electroweak symmetry breaking is often referred to as the desired sym-
metry breaking (DSB) minimum. To ensure that the DSB minimum exists we make the
substitution |p| — |pt|min and B, — (B,,)min before solving for the VEVs. The resulting
stationary points would therefore co-exist with the DSB minimum. The only downside
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is that without making additional approximations the above system of equations is no
longer analytically solvable.

Vevacious solves the system of polynomials using the homotopy continuation method
[301,302], see also Ref. [303] for a more pedestrian introduction. This works by starting
with a set of polynomials with known solutions, continuously deforming the system and
updating the respective roots until the required solution is reached. The key advantage
to this approach is that it is still sufficiently fast when considering systems with more
than a few degrees of freedom. This method is implemented in the code HOM4PS [304],
which is used by Vevacious.

. The next step is to substitute the values of the VEVs for the different minima back into

the potential and compare their respective depths to the depth of the DSB minima. Be-
fore Vevacious, the typical approach to vacuum stability was to consider D or F'-flat
directions in the tree-level potential, namely V, = 0 and Vi = 0 respectively. For the
case at hand the D-flat directions are most relevant. The logic being that the D-terms
provide a stabilising effect as they are always functions of the VEVs squared. If one
considers the direction vq = 0 and vx = v, = v = Vi, then all D-terms in Eq. (3.16)
vanish leaving a potential of the form

| LT BP
Wreezi(mH +mQ+m +|M| ) \/_ X+ 4 (3'23)
Determining the stationary points with respect to vy yields

v — I
* 2/6Y;

ignoring the trivial solution vmm = 0. Here T; = A,Y}, namely A, is the trilinear soft-
breaking coupling at the supersymmetry breaking scale after RGE evolution down from
the high-scale where one imposes Ay = A; in the CMSSM. Substituting the expression
for vy back into the potential and insisting that the V},e. > 0 yields one of the typically
used rule-of-thumb expressions for vacuum stability [305-309]

A} <3 (m3y, +mg+ml+ |ul) . (3.25)

However, this expression only considers a single direction in field space. Although
slightly more generic conditions have been derived in Refs. [310,311], these analyses
are far from general and give no insight into what exactly is the global minimum of the
potential, see also Refs. [297,312]. In addition it has been shown in Refs. [296,297] that
the one-loop corrections can significantly alter the relative depths of the minima.

In Vevacious the numerically determined tree-level minima are used as starting points.
Using the full one-loop effective potential in the vicinity of these tree-level solutions,
the true one-loop minima are determined by allowing these starting points to roll down
the potential. The resulting one-loop minima are then substituted back into the effective
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potential and compared against the depth of the DSB vacuum. If the DSB vacuum is the
global minimum then the parameter point is stable, while if other deeper minima exist
then the point is termed metastable.

Using this approach the CMSSM was studied in detail using Vevacious in Ref. [295].
It was found that the lowest stop mass, assuming a Higgs mass of 125 GeV, possible
in the CMSSM which has a stable electroweak (EW) vacuum is around 600 GeV, when
setting M, o = 500 GeV. Note however, that this value is now in conflict with the limits
from gluino searches, i.e. the lower bound on the stop mass is even higher. In addition,
this limit does not include the constraint from the Higgs mass. When including this
constraint, the lightest possible stop mass with a stable vacuum increases to 800 GeV
[313].

. The limits quoted so far on the stop mass only checked if there existed a minimum with
non-zero stop VEVs which is deeper than the DSB vacuum. However, it is possible that
the EW vacuum is metastable but long-lived on cosmological time scales. This leads to
a weaker constraint compared to the requirement that the DSB vacuum is the global
minimum used above. The expression for the decay rate ' per unit volume for a false
vacuum is given in [314,315] as

I'/vol. = Ae™ 7 (1 + O(h)), (3.26)

where A is a factor which depends on the eigenvalues of a functional determinant and B
is the bounce action. A is usually taken to be of order the renormalisation scale, typical
the supersymmetry breaking scale or top quark mass for non-supersymmetric theories,
and is less important for the tunnelling rate which is dominated by the exponent B.
In a multi-dimensional space one must calculate B numerically as any approximations,
analytic or otherwise, are not accurate enough due to the huge sensitivity of I' on B
[314]. The most widely used tool for calculating B is CosmoTransitions [111]. In
this context one has to keep in mind several effects which could alter the lifetime as
calculated with CosmoTransitions:

(i) It is not guaranteed that CosmoTransitions always finds the optimal path for
tunnelling.

(ii) There might be other directions in the VEVs when including more scalar fields
beyond the Higgs doublets and stops, which could cause a faster decay of the EW
vacuum [295], see also Ref. [316] for a recent discussion.

(iii) The inclusion of thermal effects can reduce the likelihood that the Universe is still
in a metastable but long-lived vacuum [317].

(iv) Planck suppressed operators can cause a decrease in the lifetime of the EW vacuum
[318,319].

All of these effects can only decrease the lifetime of the EW vacuum if it is metastable.
Therefore the limits that we present below are conservative estimates.

We show in Fig. 3.9 an example CMSSM parameter point which illustrates how quickly
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Figure 3.1: The lifetime of the EW vacuum as a function of Ay. The other CMSSM parameters are
chosen as mg = 2.75TeV, My = 750GeV, tan 8 = 15, and p > 0. Also shown along the top
z-axis is the mass of the light stop for the given Aj values. The black dashed line corresponds to
m;, = 375 GeV while the green line corresponds to a lifetime of 13.8 billion years.

the EW vacuum lifetime decreases with increasing | Ao|, and therefore decreasing stop
mass. This point has a completely stable EW vacuum for Ag ~ 5.5TeV which cor-
responds to a stop mass of 850 GeV. Allowing the EW vacuum to be metastable, and
enforcing that the lifetime of the EW vacuum is at least as long as the current age of
the universe allows one to decrease the stop mass to about 525 GeV. However, the point
with m;, = 375 GeV has a lifetime of only a fraction of a second and is therefore ruled
out beyond doubt. Moreover, we have not taken into account thermal corrections to the
tunnelling process which typically reduce the lifetime [295].

3.1.2 'The Diphoton Excess and the CMSSM

The diphoton excess seen at the LHC at 750 GeV in the first data set of the 13 TeV run [62,320]
was the first and only striking signal of BSM physics, see Section 2.2 for a detailed overview.’
Many different explanations for this excess were proposed. In weakly coupled theories usually
a new fundamental scalar with a mass of 750 GeV is introduced. One alternative possibility
in weakly coupled theories was pointed out in Ref. [322]: it was shown that bound states of

7 The data collected in 2016 [130,321] do not confirm this excess. Combining the 2015 and 2016 data sets,
the local significance is reduced from ~ 3 — 4 ¢ to no more than ~ 2 ¢ at both ATLAS and CMS. See also
Section 2.2 for more details.
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a pair of coloured scalars or fermions with masses of about 375 GeV can explain this excess
while being in agreement with all other constraints from direct searches. Ref. [322] finds
that the new particles should have charge 4/3 or 5/3 to have a sufficiently large diphoton
production cross section. This is based on the assumption that the binding energies are small
enough for the relativistic calculations to hold. In Ref. [323] it was claimed that the same idea
works in the CMSSM. Here, the bound states are formed by a pair of stops. In order to be
in agreement with the production rate a large binding energy was assumed, which leads to a
large uncertainty on the calculation of the production cross section [322].

The CMSSM is experimentally already extremely challenged, if not excluded, when includ-
ing the constraints for (g — 2),, [54]. In the perturbatively calculable regions of the CMSSM,
it is well known that light stops can no longer be obtained when including all existing con-
straints. The main reason for this is the Higgs mass which is bounded from above at the
tree level requiring large radiative corrections, mainly from stops. This is only possible in
the case of one light stop eigenstate if a large mass splitting in the stop sector is present.
This large splitting is severely constrained by bounds from vacuum stability: if the trilinear
coupling is responsible for enhancing the Higgs mass and for splitting the two stops, minima
in the scalar potential can appear where charge and colour get broken via stop VEVs [295].
Therefore, we critically re-analyse the possibility of explaining the diphoton excess within
the CMSSM when including these constraints.

In this context we also comment on the possibility of obtaining very large binding energies
of the stoponium which might render both perturbative Higgs mass calculations, as well as
standard checks of the vacuum stability inappropriate. Even if it is questionable that the
changes in the Higgs mass would be so dramatic to be in agreement with the measurements,
there is an even stronger argument to rule out these parameter regions: the branching ratio of
the stoponium into a pair of Higgs bosons would be much larger than into a pair of photons.

3.1.3 Stop Bound States

Estimate of the binding energy

It has been pointed out in Ref. [324] that in the case of large trilinear couplings the stops can
form bound states (“stoponium”, 0;) via the exchange of Higgs bosons. A rough approxima-
tion for the mass of the bound state was given as

4
1 T} cos asin 20;
Mg =2m; 4|1 — . 3.27

B = (16m)24n? ( V2m;, ) (3:27)

Here, O; and « are the stop and Higgs mixing angles, respectively, whereas n counts the
bound state modes. One can see from this equation that two conditions are necessary to have
a small bound state mass or a large binding energy which can even be of the order of the
EW scale: very large trilinear couplings 7} and a large stop mixing ©; ~ 7 /4. This was also
pointed out in Ref. [325]. The strong dependence on the mixing angle is depicted in Fig. 3.2.
Thus, only for mixing above about 0.3 can the binding energy be in the multi-GeV range, for
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Figure 3.2: The binding energy of two stops with m; = 375 GeV for T; = 3TeV (solid line), 4 TeV
(dashed line), and 5 TeV (dotted line) as a function of the stop mixing angle ©;.

T} of order a few TeV. That large binding energy would then impact the study of the vacuum
stability and one might need to take these effects into account. However, for smaller mixing
angles, the binding energy is tiny compared to the stop mass scale, which is the important
scale also for the tunnelling processes. In these cases one can safely expect that the standard
calculations hold.

Correlation between the stoponium binding energy and the light Higgs mass

We can make a rough estimate to see if the binding energy in the parameter space of interest
is expected to be large. For this purpose we assume the stop mixing matrix at tree level to be
parametrized by

2 X
e I (3.28)
m Xy mpg

where m? ;, m%p, are the sums of soft supersymmetry-breaking F'- and D-terms and X; =
T:/Y; — pcot 5. For tan § > 1 the first term dominates, and we assume this limit for the
following discussion. We will always refer to mass-ordered eigenstates, {1(2) being the lighter
(heavier) stop eigenstate. Together with the well-known expression for the one-loop correc-
tions to the Higgs mass via (s)tops in the decoupling limit M, > M, [49,326-330],

3 m} M2z  X? X2
om; = ——+ [logm—%q +Mt§ <1 — 12]\23)} , (3.29)
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Figure 3.3: Left: estimate of the one-loop corrected Higgs mass (coloured contours) in the (©f, mj,)
plane. Right: the ratio of the partial decay widths of the stoponium into a pair of Higgs bosons (for fixed
my, = 125 GeV) and a pair of photons. We have set Mp = 750 GeV, respectively. In both figures, the
lines are contours of constant Fp/GeV, the black line indicates the contour where Ep reaches 1%
of Mp. The hatched region corresponds to parameter space where the perturbative calculation is no
longer reliable, namely Ep > 0.1Mp.

with Mg = | /mj mg,, one can express the one-loop corrected Higgs mass as a function of mg,
and Oz, when fixing the stoponium mass at Mz = 750 GeV. For the same parameters, we also
compute the binding energy. The combined results are shown in the left panel of Fig. 3.3. One
can see that for light stop masses, m;,, the maximal enhancement for the Higgs mass appears,
as expected, for maximal stop mixing. However, for heavier stops, a smaller stop mixing is
preferred. One can also see that, in the interesting region with the largest corrections to the
Higgs mass, the stoponium binding energy is usually small and often even below the GeV
range. Very large binding energies of order the EW scale only appear in parameter regions
in which the light Higgs would even become tachyonic, because of huge negative one-loop
corrections. Thus, in general one can assume that for parameter regions which lead to the
correct Higgs mass using the standard calculations, also the standard checks for the vacuum
stability do indeed hold. Moreover, the production rate can be calculated using the expressions
for a pure QCD bound state which turns out to be too small to explain the observed diphoton
excess.

Strongly coupled stoponium: Di-Higgs decays

These arguments are valid as long as we are situated in a ‘normal’ environment, where per-
turbative calculations hold and the Higgs boson is a pure elementary particle. Even in the set
up of the MSSM, however, it may be possible to find regions with very large stoponium bind-
ing energies. One might argue that one cannot trust perturbative evaluations of the Higgs
mass in the regions where it becomes tachyonic due to the large trilinear couplings involved
and subsequently lattice calculations would be more appropriate for a calculation of m;.% In

8 This was actually not the Ansatz of Ref. [323], which made use of the standard Higgs mass calculations.
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Fig. 3.3, we hatch the regions where the perturbative calculation can no longer be trusted,
where we have conservatively taken this region to begin at Ez = 0.1Mp. Let us assume
for the time being that we are in this strongly coupled phase and that a 125 GeV Higgs mass
is possible with large £z due to the Higgs exchange. This immediately raises the question
how important the decay of the stoponium into a pair of Higgs bosons becomes with respect
to the desired diphoton decay, as these regions feature very large trilinear couplings. For-
tunately, all partial widths scale in the same way with the wave function at the origin (and
subsequently with the binding energy); therefore, this factor drops out when calculating ra-
tios so that reliable predictions can be made. The respective formulas can, for instance, be
taken from Ref. [331]; for earlier work see also [332]. In the right-hand panel of Fig. 3.3 we
show the resulting ratio of I',;, /', in the same plane as in the left-hand panel. Following the
outlined argument, we assume here that the perturbative computation does not reproduce
the correct Higgs mass because of the large trilinear couplings involved. Therefore, we fix the
physical Higgs mass to 125 GeV in the computation of the branching ratio in order to obtain
the correct decay kinematics in the entire plane. As expected, the di-Higgs decay rate is much
larger than the diphoton decay rate in the regions where the binding energy due to Higgs ex-
change becomes large, i.e., in regions with large | X;|. Interestingly, all of the parameter space
which features a tachyonic Higgs, assuming standard perturbative calculations, has a ratio of
the partial widths Iy, /T, larger than 10°. For regions where the binding energy reaches a
percent of the bound state mass the partial width ratio is larger than 10%.

Let us now compare the results to the experiment. In Ref. [333], a search for resonant Higgs
pair production in the bbbb final state was performed, setting limits of ~ 12 fb at /5 = 8 TeV.
Assuming gluon fusion for the production mechanism of the stoponium and taking the most
conservative best-fit value for the necessary diphoton cross section at /s = 13 TeV from
Ref. [141], we arrive at the experimental bound I'y,/T",, < 64.” This eliminates all of the
parameter space where the stoponium has large binding energy, in clear contradiction to
Ref. [323].

Stoponium-Higgs mixing

Thus far, we have assumed that the 125 GeV Higgs is an elementary particle and solely a
mixture of the MSSM fields H,, and H,;. We drop this assumption now in order to see if this
would alter the conclusions of the previous sections. The situation becomes more complicated
as soon as the stoponium mixes with the Higgs and takes part in electroweak symmetry
breaking through the acquisition of a VEV. Although this situation is highly disfavored, given
the almost perfect agreement of the Higgs signal strength and coupling measurements with
the SM, let us assume for the sake of argument that this situation is possible. In this case, the
stoponium is a new scalar degree of freedom in the theory, introducing a new direction in the
scalar potential which is not calculable using perturbative methods. Such a scenario arises for
very large values of | X;/Mg| [335], corresponding to such a tightly bound state that a lattice
calculation is the only reliable technique. Unfortunately, these calculations have not yet been

? Other reference values for the diphoton cross section (see, for instance, Ref. [334]) suggest even more con-
strained ratios of 'y, /T, < 42.
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performed. However, for our purposes such precise predictions are not necessary as the rough
order of magnitude of the relative partial decay widths into ~h and vy~ will not be affected. In
particular, the rate into a pair of light Higgs bosons would still be huge due to the necessarily
large | X;| values. A conservative estimate would be to parametrize the two scalar states at
125 and 750 GeV as @195 = hcos ¢ + o;sin ¢ and 750 = —h sin ¢ + o; cos ¢. Projecting out
only the o; production followed by the o; — hh decay, the respective partial width roughly
scales as cos® ¢, leading to a suppression of % in the case of maximal mixing.'” Even allowing
for another order of magnitude uncertainty due to the now undetermined VEV structure
cannot rescue the points with Eg/Mp > 1072 from being experimentally excluded. As a
result, the regions in parameter space which could potentially feature a stoponium condensate
participating at EW symmetry breaking, i.e., those regions with binding energies of the order
of the EW scale, are excluded by many orders of magnitude, far beyond any imaginable source
of uncertainty for the ratio I',;, /T',,.

The entire discussion has so far neglected the high-scale boundary conditions present in
the CMSSM. We find that in regions of parameter space where |X;/Mg| 2 15, which is the
range where the critical coupling for EW symmetry breaking through stop condensates is
reached [335], the lightest stau always becomes tachyonic."

The possible stoponium binding energy

We briefly summarize our discussion of the possible stoponium binding energy. Very large
binding energies are immediately ruled out by the di-Higgs decay rate. Consequently, the
maximal binding energy of a 750 GeV stoponium from pure Higgs exchange is less than 1 %.
Therefore, it is of the order of, or smaller than, the typical binding energy from perturbative
QCD [332]. Such a QCD bound state, as has been discussed in Ref. [323], is insufficient to
produce the required diphoton rate. Moreover, these small binding energies render the usual
vacuum stability considerations, which involve much higher scales, fully consistent.

3.1.4 The CMSSM with a 375 GeV Stop

Even though this scenario is already highly disfavoured by a production rate which is too
small, we nevertheless discuss the impact of vacuum stability constraints in more detail. The
reason is that the calculation of the production cross section still includes uncertainties, po-
tentially increasing the production cross section such that the resulting signal is consistent
to within 2 o of the observed excess. In addition, one might consider the case that there are
other contributions to the diphoton rate in the CMSSM-like sbottomium in the large tan g
limit. Here, we aim to exclude light stoponium bound states within the CMSSM, independ-
ently of the diphoton cross section, leaving the results also applicable in the currently more
realistic case that the diphoton excess turns out to be a statistical fluctuation, which we now

19 This is a very conservative estimate as it only corresponds to the decay shown in the figure, neglecting all
contributions from the h — o;0; projection as well as the mixed projections.

1 This assumes the standard renormalisation group equation evaluation, but is also rather robust against devi-
ations in the SM Yukawa couplings, which could be caused by the stoponium-Higgs mixing.
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know to be the case. Therefore, we perform a numerical analysis of the CMSSM in the remain-
ing parameter space with Mp ~ 2mj; , where, in contrast to Fig. 3.9, the standard calculations
reproduce the observed Higgs mass and the vacuum should be sufficiently stable. The results
we find also apply to the CMSSM parameter space with light stops in that ballpark which
do not necessarily form bound states. For this purpose we use a SARAH [89-94] generated
SPheno [104,105] version to calculate the mass spectrum, including the full one-loop correc-
tions to the stops and the dominant two-loop corrections to the Higgs states [97,98]. To check
the vacuum stability we use Vevacious [110]. Vevacious finds the global minimum of the
one-loop corrected effective potential and calls CosmoTransitions to calculate the lifetime
if necessary. For our checks we used Vevacious with the model files for the MSSM with real
VEVs for the neutral Higgs doublets and the two stops which were also generated by SARAH.

In order to check if it is possible to have a 375 GeV stop in the CMSSM with the correct
Higgs mass we perform a scan in the following ranges:

mo = [1,3.5] TeV, M) =1[0.6,1.0] TeV,

where we fix both tan 5 = 15 and p > 0. Ay is fit at each point to ensure a light stop at
375 GeV. For larger M, , values it is not possible to find points with the correct Higgs mass
without going to even larger m values. However, if m is too large the performed fixed order
calculation of the Higgs mass suffers from a large uncertainty. We therefore restrict ourself to
values within this range. It turns out that the lifetime of the EW vacuum quickly drops with
increasing M /o; i.e., this restriction does not affect the generality of our results. One also
expects that the results are robust against changes of tan 5. However, for very large tan (3
the vacuum stability issue becomes more severe, due to the possible appearance of stau and
sbottom VEVs. The results are summarized in Fig. 3.4.

One can see that the entire region of the parameter space which is consistent with the
Higgs mass measurements and accommodates a light stop has a metastable vacuum. In this
range, the lifetime of the metastable vacuum is always very short on cosmological time scales.
Moreover, the region with small M, , where the lifetime exceeds one second is in conflict
with the current limits from gluino searches which exclude masses up to ~ 1.8 TeV (see,
e.g., Refs. [336,337] for recent LHC Run-II results). Thus, even when assigning a generous
theoretical error to the lifetime calculation, the conclusion does not change. Additionally for
low M, one can see that the binding energy of the stoponium lies at most in the 100 MeV
range; i.e., this effect cannot have an impact on the validity of the vacuum stability results.
Finally, because of this small binding energy, the standard calculation of the cross section of
stoponium production, followed by the decay to two photons, is also expected to be valid in
the entire plane. This results in an insufficient diphoton cross section for the entire (19, M /2)
plane.

The results of the previous section show that both the binding energies and vacuum life-
times for particular combinations of CMSSM parameters are small. Here we demonstrate
that small binding energies are indeed a generic feature under the assumption of the CMSSM
boundary conditions. Shown in Fig. 3.5 is the logarithm of the ratio £z/2m;, as a function
of Ay and my for fixed values of M /5. For each parameter point, (mg, Ay), the largest value
of R = log,o(Ep/2m;,) is taken as tan 3 is varied between the values (2,60) including the
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CMSSM: tan B = 15, Mp = 750 GeV, p1 > 0
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Figure 3.4: The lifetime of the EW vacuum in seconds (coloured contours) as calculated with the
combination SPheno-Vevacious-CosmoTransitions. For comparison, the age of the universe is
~ 4.35 x 10'7 5. Between the two green contour lines, the Higgs mass lies in the range 125 4= 3 GeV.
The stoponium binding energy from Higgs exchange in GeV is shown as grey dashed contours, while
the dark blue contours indicate the gluino mass in GeV. The line for mg = 1800 GeV is highlighted, as
it roughly corresponds to the current lower experimental bound on the gluino mass.

following constraints: (i) m?_ > 0, (ii) mth > 0, (iil) mz, > 75 GeV."” Regions where these
conditions are not satisfied for any value of tan § correspond to the hatched regions. The
results of these show that the binding energy never exceeds 4% of the mass of the bound
state. The reason is that large A, values are required for sizeable binding energies. However,
these large Ay values also enter the renormalisation group equations and split the stop-left
and stop-right soft SUSY-breaking masses. This results in a reduced stop mixing angle. Finally
large Ay values also lead to negative singlet soft masses for the staus and stops in the case of
small M, ;. In general, one can find for larger tan 3 values larger binding energies because
of a smaller mass splitting between m;, and m;_, i.e., larger stop mixing. However, at some
points the staus become tachyonic and prevent a further increase of tan f.

In Ref. [323], three benchmark points with a light stop were proposed, which are consistent
with the Higgs mass and the dark matter relic density. For completeness, we use our numerical
set-up to check the stability of these three points as well. The results are summarized in
Table 3.1 and confirm the previous discussion.

We see that all three points have a global minimum where charge and colour are broken

12 The value of 75 GeV is a rather arbitrary but very conservative choice. More realistic cuts of 175 GeV to
circumvent search limits, or even 375 GeV, in order to have a bound state of around 750 GeV lead to an even
smaller upper limit of R.
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Figure 3.5: The logarithm of the ratio Fp/2m;, as a function of Ay and mg, where tan 3 is chosen
point-wise to maximize the logarithm. Note that each panel represents a different choice of M /5. The
2

hatched regions correspond to parameter space where the constraints m2_ > 0,m? > O0andm; >0
R tr 1

are not satisfied.

via stop VEVs in the TeV range. The depth of colour breaking minima is 5 to 6 orders of
magnitude deeper than the EW vacuum. This also explains the very fast decay of the EW
vacuum: all three points have a lifetime which is a tiny fraction of a second. Thus, one sees
that the energy scales which are important in this calculation are several orders of magnitude
above the binding energy of the stoponium. Moreover, the calculated tunnelling rate is so
huge that not even the assumption of a large uncertainty on the coefficient A in Eq. (3.26)
could possibly alter the above conclusion.

3.2 Vacuum Stability in the NMSSM

At first glance, the discovery of a SM-like Higgs boson with a mass of approximately 125 GeV
[339, 340] appears to be a huge success of supersymmetry and in particular of the MSSM.
In contrast to other ideas to extend the SM, supersymmetry predicts that the Higgs boson
shouldn’t be significantly heavier than the Z-boson if new physics is around the TeV scale,
see e.g. Ref. [49] and references therein. Other avenues such as technicolor prefer the natural
mass range for the Higgs to lie at scales well above the measured mass. On the other hand,

58



3.2 Vacuum Stability in the NMSSM

BP1 BP2 BP3
mo [GeV] 2855 3199 3380
M, 5 [GeV] 755 860 910
tan 3 15 15 15
Ay [GeV] —6405* —7205* —7620*
m;, [GeV] 375 425 444
m;, [GeV] 2226 2495 2632
m; [GeV] 1837 2070 2181
my, [GeV] 122 122 122
T, [GeV] —2960 —3333 —3520
O; 0.118 0.106 0.101
Ep [GeV] 0.108 0.078 0.067
Vew [GeV?] —9.8 x 107 —9.8 x 107 —9.7 x 107
Veen [GeVA] —3.7 x 102 —6.4 x 10" —8.2 x 10'2
Vg, Uy [TeV] 0.9,2.8 1.1,3.2 1.2,3.4
Vi, Vi [TeV] 2.2,-3.0 —27,-3.7 2.7, 3.7
7 [s] 26x107* 59x107* 39x10*

Table 3.1: The benchmark points proposed by Ref. [323]. Vgw is the depth of the EW vacuum, Vocop
the depth of the global vacuum with the given Higgs and stop VEVs v, (with x = d, u,tr,tRg). T is
the life-time of the EW vacuum. Note: we slightly adjusted the input values of Ag in order to get
the same stop masses as given in Ref. [323]. Since SPheno uses different matching conditions than
suspect [338] to calculate the top Yukawa coupling, the running stop mass parameters for the same
input are slightly different. Since we had to decrease | Ag| compared to Ref. [323], the life-time using
the original values would be even shorter.

closer investigation shows that the situation is more complicated in the MSSM as the Higgs
mass requires large radiative corrections to be compatible with experimental data. The main
source of these corrections are the superpartners of the top, the stops. In order to maxim-
ise their contributions to the Higgs mass, one needs to consider scenarios in which they are
maximally mixed [106,341-343]. This can be dangerous because it can lead to the presence of
charge- and colour-breaking vacua whereby the stops receive VEVs [295,317,344,345], as also
discussed in the previous section. Since the tunnelling rate to these vacua is typically large,
this results in tension between an acceptable Higgs mass and a sufficiently long-lived EW
breaking vacuum. Consequently, supersymmetric models which can enhance the Higgs mass
at tree-level are especially appealing. The simplest such extension is to add a scalar singlet,
resulting in the next-to-minimal supersymmetric standard model (NMSSM), yielding F'-term
contributions, which raise the tree-level Higgs mass [346,347]. This significantly reduces the
need for large loop corrections. As a result, large stop mixing is no longer necessary. There-
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fore, the vacuum stability problems of the MSSM are cured as well as reducing the EW fine-
tuning [348-355]. However, the extended Higgs sector in the NMSSM introduces new coup-
lings which can potentially destabilize the EW vacuum. The vacuum stability in the NMSSM
has been studied in the past at tree-level [356-360], and also with one-loop corrections [361].
Potentially dangerous parameter ranges have been identified in these works. However, all
these studies made the assumption that charge is conserved at the global minimum of the
scalar potential, i.e. the charged Higgs boson VEVs were neglected. This was motivated to
some extent as it has been shown that the global minimum of two-Higgs-doublet models, if
they have a minimum with correct electroweak symmetry breaking, is always charge con-
serving at tree-level [298-300]. However, for non-vanishing singlet—doublet interactions this
is no longer the case [362] and one must in principle always take these VEVs into account.
The aim of this section is to discuss the impact of charged Higgs VEVs on the vacuum stabil-
ity in the NMSSM. We begin in Sec. 3.2.1 with a discussion of the scalar potential, before we
show the numerical results in Sec. 3.2.2.

3.2.1 Spontaneous Charge Breaking Minima in the NMSSM

We consider in the following the NMSSM with a Zs to forbid all dimensionful parameters in
the superpotential, which reads

a1 .
Wianmssm = NH, HyS + 5/@93 + Wy, (3.30)

with the standard Yukawa interactions Wy as in the MSSM, i.e. Eq. (3.1) without the Higgsino
mass term. The additional soft-terms for the scalars in comparison to the MSSM are

1
— Veott D (TAHquS - 5TKLS?’ + h.c.> +m2|S|?, (3.31)

where we have used the common parametrisation for the trilinear soft terms 7\ = A\, T, =
Ak . Note, we assume in the following that all A-terms in the sfermion MSSM sector vanish
or are sufficiently small such that they do not destabilise the scalar potential. After elec-
troweak symmetry breaking, the scalar singlet S obtains a VEV vg which generates an effect-

ive Higgsino mass term

o = 25 (3.32)

V2

Using the three minimisation conditions of the potential, the Higgs sector in the NMSSM is
specified at tree-level by six parameters:

A, K, Ax, Ax,  lHeg, tanp, (3.33)

where again tan = v, /v4, namely the ratio of the doublet VEVs.

However, we have so far neglected the possibility that charged Higgs bosons can acquire
VEVs. In order to include this possibility, one needs to check for the global minimum of the

60



3.2 Vacuum Stability in the NMSSM

scalar potential resulting from the following VEVs:

a)y - L 7 wl) = L (S) = = 3.34
(<Hd> V2 \Um (Hi)) V2 \vu o V2 (2:34)
One can reduce this five-dimensional problem via an SU(2) gauge transformation to eliminate

one of the charged Higgs VEVs. This turns out to be more robust for the numerical evaluation,
but for the current discussion we keep the more intuitive form with all five VEVs.

The scalar potential of the Higgs sector in the NMSSM with these five VEVs consists of F'-,
D- and soft-terms

‘/trco :VF + VD + ‘/soft ) (335)
with

Vi = L0 (A (03 4 02, 402 +02) + 20(0,, — viv,)

4
N 0ty — )+ K708 (3.36)
1
Vp = = <9f (7 + 2, — vl — vi)z + 95 (vﬁ + vk, + 203 (V2 + 02 = v2) + 8vgumu,v,
— 23 (= od) + (1)) ) 67
1
Vin = 5 (1, (63 02) i, (62 -+ 02) +mie?)
- %S (\@THU% + 3V2T (v v, — vdvu)> . (3.38)

In the above expressions we have already substituted in the VEVs using Eq. (3.34). In what fol-
lows we shall always use the equations which determine the stationary points with respect to
Uy, Vg and vg (wWhile simultaneously setting v,,, = v, = 0) to eliminate the soft SUSY-breaking
masses mj; , m%{d and m? from the potential. In doing so we insist upon the existence of
an appropriate electroweak vacuum through the introduction of the input parameters g,
tan 8 and the electroweak VEV v. These input parameters only fix the soft SUSY-breaking
masses and retain the same values irrespective of the specific minimum under consideration.
To emphasise, if one considers a generic minimum of the potential, these input parameters
only enter in the scalar potential as a substitute for the soft SUSY-breaking masses while the
free directions in field space, v, 4, m, g, are varied to determine other minima of the theory.
Consequently, all minima which we find in addition to the desired EW vacuum configuration
occur simultaneously.

Before we continue, we can check if parameter points exist, for which the global minimum
of the potential is charge breaking. In order to do so, we compute

AV = ‘/tree - ‘/tree| (339)

Um=vp=0 "
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Together with the relation between A and the charged Higgs mass m g+

A Mg (4m3, —v? (g5 — 20?)) — 4kl (t3 4+ 1)

, 3.40
' YR CES) (340)
where t5 = tan 3, we get in the limit t5 — 1, v, — 0"
L ol 25 0 2, .2 2 2 2,2
AV = 33% [g2 (2’0d — 20"+, + 2fuu) — 16 + 8A vy
+ 93 (vi — 207 +202) + Smiﬁ] . (3.41)

Thus, one can see that for large p.¢ it is possible to get very deep charge-breaking (CB) minima
below those which are charge-conserving (CC).

We now seek to gain some additional insight into the behaviour of the potential and, in
particular, regions where the CB minima are potentially dangerous. The most promising dir-
ections in field space to discover deep minima are those in which either the F'- or D-terms
vanish. Since we are in general interested in points with sizeable A couplings in order to get
a large enhancement for the Higgs mass, the most stabilising effect of the potential can be
expected to come from the F'-terms. It is actually not possible to find any F'-flat directions
which are charge conserving. However, in the charge-breaking case the F'-terms vanish for

Up = Uy, Up=14, vUg=0. (3.42)
In this direction in VEV space the value of the potential is
1
V=§ﬁ+ﬁﬂ%@ﬁ4m@+£@%wm, (3.43)

which can be related in the limit tan 8 — 1 to the input parameters

1
V= 3 (v + v2) [SAAMeff + g5 (v3 +v2) + 8uly (; - 1) - 2/\21}2] . (3.44)

Defining 2B = \/ v +v2 +v2, + v, we find that new minima develop in the direction

Uy = U, Uqg = Up at the point

V2/ =4 AN e + 4125 (N — k) + A302

Tom = £ v : (3.45)
2
at which the value of the potential is
— A A\ Mo + 4125 (N — K) + N0?)?
V(ﬁgﬁl):—< A ,LLff"‘ /“Leff( R>+ v ) ) (346)

8ga\?

3 Again, the choice v, — 0 can always be made using a SU(2) gauge transformation.
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Figure 3.6: Value of the scalar potential in the direction of vanishing F'-terms for three different values
of pesr. Here, we have chosen k = %)\, Ay = 100 as well as A = —1 (full lines) and A\ = —2 (dashed
lines).

From these expressions one sees that the following conditions characterise the potentially
dangerous regions in which CB minima might develop: (i) large |\| and ||, (ii) either op-
posite signs for A and k or |k /| < 1 as well as (iii) opposite signs for A and pg. Eq. (3.44) has
to be combined with the condition that all Higgs masses are non-tachyonic at the electroweak
vacuum. The condition to have a positive charged Higgs mass is

1
0< sz (95 —2X°) + 2§uzﬂ + 2te Ay (3.47)

which for large 2, prefers A and x of same signs and also either equal signs for Ay and peg
or small A compared to y.q. From the positivity condition on the pseudo-scalar masses one
can further see that opposite signs for A, and j.g are preferable. Therefore, combined with
Eq. (3.44), we see that CB minima are likely to occur if:

« |A| and |peg| are large

« |k/A| < 1 with sign(k) = sign(\)
o [Ax/perr| <1

» sign(Ax) = —sign(sen)

It is important to note that in these regions, the mostly singlet-like scalar is heavy, therefore
the SM-like Higgs is always the lightest CP-even scalar state.

In Fig. 3.6, we show the behaviour of the potential in the direction x = \/ vg +v2 + v + vl
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for different values of .. We see in these examples that the minima are in the multi-TeV
range and move quickly to larger values with increasing p.¢. Thus, it needs to be checked
how efficient the tunnelling to these minima is. In addition, one also needs to compare the
tunnelling to these minima with the tunnelling to potential CC minima which don’t coincide
with the electroweak breaking vacuum.

One important VEV direction in this context is the one with
vu:vm:vp:vsz(),vdzxcc%(), (3.48)

in which the potential is given by

Uc% Uﬁ 2 2 2 (K 1o
V= 2| A+ 72 (97 +93) + il (5 — 1) — 2% (3.49)

In this direction, new minima appear at

cc i\/ﬁ\/—élA)\)\,ueff + 4N — R)plg + A2

2S¢ = , (3.50)
(91 + g3)A
at which the depth of the potential is
—4 A Mo + 42 (N — K) + X0?)?
v(xgg):_< \Atatt + 41tn (A — 1) + AT07)” (3.51)

8A2 (g7 + 93)

The second derivatives of the scalar potential in both the CB and the CC but non-EW cases
are given by

a2vCB/CC ) K v2\2
A — 22, (1‘X> + o — 2 (3.52)

which, given the above conditions on the parameters, always turns out to be positive, ensuring
that the configurations we consider here indeed correspond to minima of the potential.

z=z:CB/CC

Thus, we find that the conditions to develop additional charge conserving and charge break-
ing minima in addition to the one with the correct EWSB are very similar and both kind
of minima can appear simultaneously for given input values. Comparing Eqgs. (3.45-3.46)
with Egs. (3.50-3.51), we find that the CB minima are deeper than the CC ones by a factor
(g2 + g3)/g5. At the same time, the CB minimum is further away in field space by a factor
\V 93 + g3/ ga. A one-dimensional comparison between the behaviour of the potential in this
direction and in the direction defined via Eq. (3.42) is shown in Fig. 3.7. As a result, we observe
in typical regions of parameter space that CB and CC minima occur at the same time and, both
are usually deeper than the correct electroweak vacuum. Furthermore, the behaviour indic-
ated in Eqs. (3.45-3.46) and (3.50-3.51) can be seen from Fig. 3.7 where the CB minimum is
deeper than the non-EW but CC as expected. However, the latter appears at slightly smal-
ler z values. Consequently, it is not a priori clear to which minimum the electroweak state
would tunnel to more effectively - to the deeper one or the nearer one - as the field space is
highly non-trivial. In these cases, one needs to calculate the tunnelling rate to the different
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Figure 3.7: Comparison of the potential in the charge conserving (dash-dotted) and charge-breaking
direction (full) defined by Egs. (3.42) respectively (3.48). The same parameter choices as in Fig. 3.6 were
made and we show here the case A = —1.

minima in order to be able to judge if the inclusion of charged Higgs VEVs yields additional
constraints. However, an analytical discussion of all these cases doesn’t give further insights.
We therefore turn directly to the numerical results.

3.2.2 Numerical Results

As we have seen so far, one can find new vacua in the NMSSM when including the possib-
ility of spontaneous charge breaking. However, it needs to be clarified how important the
study of these minima is. Therefore, we are going to make a numerical analysis not only of
the tree-level potential but also of the one-loop effective potential with and without the con-
sideration of charge-breaking VEVs. For doing that, we use Vevacious [110] for which we
have generated model files with SARAH [89-94]. We also used SARAH to generate a SPheno
module [104,105] for the NMSSM. With this module we calculate the SUSY and Higgs masses
including NMSSM-specific two-loop corrections [97-99] which are important in particular
for large |A| [100,363]. Consequently, the accuracy in the Higgs mass prediction is similar to
the MSSM and we use 3 GeV for the theoretical uncertainty in the following. The spectrum
file generated by SPheno is passed to HiggsBounds [107, 112] and is also used as input for
Vevacious. Vevacious finds all solutions to the tree-level tadpole equations by using a ho-
motopy continuation implemented in the code HOM4PS2 [364]. These extrema are used as the
starting points to find the minima of the one-loop effective potential using minuit [365]. If it
finds deeper minima than the EW one, Vevacious calls CosmoTransitions [111] to determ-
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ine the tunnelling rate. However, in the standard Vevacious package, the calculation for the
tunnelling rate is not done for all minima, but only for the so called ‘panic’ vacuum. This is
the one closest to the EW minimum in field space. We have modified Vevacious to calculate
the tunnelling rate to all minima in order to be able to compare the different sets of vacua.
We are going to distinguish two cases in the following: (i) cases in which only CB minima
exist which are deeper than the EW one; (ii) cases in which both deeper CB and CC minima
exist. The results that we show below are particular points of interest obtained by scans over
the parameter space:

« tan g € [1,4] « Ay €[-5,5]TeV
e e [-2,2] « A, €[-5,5TeV
. k€ [-2,2] o« pegt € [—2,2] TeV

Also note that in the following numerical examples, we will minimise the impact of the stop-
and sbottom-sector on both Higgs mass and vacuum stability by assuming negligible trilinear
couplings.

Charge-breaking minima only

Although it is not reflected in the analytical example discussed in Sec. 3.2.1, there also ex-
ist parameter points for which the EW minimum is only metastable once the possibility of
charge breaking is included. Without the consideration of charged-Higgs-VEVs, the wrong
impression of a stable EW minimum would be obtained. An example is shown in Fig. 3.8
where the blue region features a global CB minimum while the next-deepest minimum is the
desired EW one. In the green region, the EW vacuum is stable whereas in the yellow region,
other CC minima corresponding to Eq. (3.48) are also deeper than the desired EW one. In this
figure, no parameter point which predicts the correct Higgs mass features a stable vacuum
once the CB direction is taken into account. As a side remark we note that one can also see in
this example that loop corrections to the scalar potential can be important when discussing
the vacuum stability: if one would not have included charged Higgs VEVs, the conclusion
whether stable regions in agreement the Higgs mass measurement exist would have changed
from tree- to loop-level.

When checking all cases which we found in our scans, there were no points featuring only
CB minima deeper than the desired EW one which turned out to be short-lived on cosmolo-
gical time scales. All points had a life-time which was many orders of magnitude longer than
the life-time of the universe. We therefore conclude that such points are phenomenologically
viable, albeit significantly less appealing compared with regions where the vacuum is entirely
stable.
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Figure 3.8: Stability of the EW vacuum considering the full one-loop effective potential. Regions shaded
in green are stable, indicating that the desired electroweak breaking minimum is the global minimum.
The yellow and blue regions correspond to metastablity of the desired electroweak breaking min-
imum. In particular, the blue region contains only CB minima that are deeper, while the yellow re-
gions contains both CB and CC minima. The dashed-grey contours show the equivalent of the blue CB
metastable region assuming only a tree-level potential. Finally, the region between the black solid con-
tours corresponds to an acceptable Higgs mass, namely m;, € [122,128] GeV. Here we have chosen

A= —0.68,tan 8 = 1.02, A, = —700 GeV and A) = —300 GeV.

Charge-breaking and charge-conserving minima

This part aims to answer the question whether or not CB minima can further destabilise
already metastable regions of parameter space, reducing the EW vacuum to be dangerously
short-lived on cosmological time scales. As discussed before, this is not the case in regions
where only CB minima are deeper than the EW minimum, which is why we turn to regions
where also other CC minima are deeper. Indeed we find many regions of parameter space
where the CB vacuum configuration corresponds to the global minimum, with potential val-
ues up to O(30%) deeper compared to the next deepest CC minimum, in accordance with
the discussion in section 3.2.1. However, as already seen in Fig. 3.7, other non-EW CC vacua
are nearer to the EW vacuum configuration in field space, which means that the tunnelling
path is reduced compared to the tunnelling to the global, CB minimum. In practice, it turns
out that this effect is more important than the relative depth of the minima. Although the
global minimum is often CB, we find that the tunnelling-time to the slightly nearer shallower
CC configuration of Eq. (3.48) is either shorter or of comparable size in the regions where the
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lifetime of the vacuum is comparable to the lifetime of the Universe.'* Furthermore, we find
that in those few cases where the tunnelling to the CB minimum indeed results in a shorter
lifetime, the differences are typically small. This behaviour is shown Fig. 3.9. The background
colours depict the ratio of the lifetimes when considering both CC and CB minima (denoted
as 74_vgv) versus when considering only CC minima (73_vgy). Purple (74_vev/73_vEV = 1)
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Figure 3.9: Ratio of the lifetimes 74_vgv and 73_vygyv. Here, 74_ygyv and 73_vEgyv are the lifetimes for
the most unstable minima of the respective systems. The regions above the red (both solid and dashed)
and grey lines correspond to at least 99% survival probabilities of the DSB vacuum. The dashed red and
solid grey contours correspond to the most unstable minima of the 3 and 4 VEV systems respectively.
The solid red contour corresponds to the stability of the panic vacuum (the minimum closest in field
space to the DSB vacuum) in the 3 VEV system. Once again the the region between the black solid
contours corresponds to an acceptable Higgs mass, m;, € [122,128] GeV. Here we use A\ = —0.81,
tan 8 = 1.02, A, = —1400 GeV and Ay = —580 GeV.

correspond to regions where the tunnelling rate of the EW vacuum is unchanged when also
considering the charged-Higgs VEVs. Deviations from the purple background colour indic-
ate that including the charged-Higgs direction leads to a more effective tunnelling than only
considering the neutral Higgs directions. Regions above and to the left of the red dashed and
grey lines correspond to parameter space where the vacuum is sufficiently long-lived for the
3- and 4-VEV systems respectively. Here, we have used a 99% survival probability to calculate
these lines. To emphasise regions in this plane below the dashed red and grey lines corres-

14 Note that one can not generalise the statement that tunnelling to the nearer minimum is more effective: if
we were to always consider the nearest minimum to the EW one, we would often underestimate the actual
tunnelling rates by several orders of magnitude, as is also reflected in the numerical example shown in Fig. 3.9.
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pond to model points where the EW vacuum lifetime is too small such that the probability of
the EW vacuum surviving as long as the age of the universe is below 99%.

Note that we see a slight difference between the grey and red-dashed lines in the upper right
part of the figure. This is where the tunnelling to the CB minimum is more efficient than the
tunnelling to the CC one. The area which the two lines enclose is, however, very small. There-
fore the inclusion of the charged-Higgs direction in the vacuum stability calculation results in
only a tiny strip of parameter space where the EW vacuum lifetime decreases below the 99%
survival probability threshold. In contrast, other regions of parameter space (red regions in
Fig. 3.9) show significant changes when including the charged Higgs direction. However, the
charged Higgs direction does not decrease the EW vacuum lifetime below the survival prob-
ability threshold and is therefore, on phenomenological grounds, uninteresting. Finally, the
red solid line depicts the instability bound we would arrive at if we considered only the panic
vacuum, i.e. the minimum nearest to the EW one in field space. It is therefore evident that
a naive check for the vacuum stability can severely underestimate the excluded parameter
ranges.

In the parameter space scanned, we find that although the global minimum of an NMSSM
parameter point can feature a global minimum where the charged Higgs develops a VEV, it is
not necessary to check for this extra field direction as the constraints on the model parameters
remain approximately unchanged if one ensures that the tunnelling rate to all possible minima
are calculated.

3.3 Conclusion

In this chapter we have considered two very particular scenarios in minimal supersymmetric
models investigating the effect of vacuum stability. In the first scenario we have reviewed
an explanation of the diphoton excess via stop bound states in the CMSSM, as proposed in
Ref. [323]. Stops in the CMSSM with masses of 375 GeV cause charge and colour breaking
minima. This is necessarily the case when the constraints from the Higgs mass measurement
are included. This arises as such a 125 GeV Higgs mass requires large mass splitting between
the stops, which can only arise from dangerously large soft-breaking trilinear couplings of
the stops. We have summarized results in the literature which find that the lower limit on
the stop mass in the CMSSM is about 800 GeV if one requires the electroweak vacuum to be
the global minimum. These limits are certainly weaker if the possibility of a metastable but
long-lived electroweak minimum is considered. These conclusions are not affected by the
appearance of bound state effects because the binding energy in the experimentally allowed
parameter region is very small compared to the other relevant scales in the calculation. In
addition, due to this small binding energy, the cross section to produce the diphoton signal
is too small. The ad hoc assumption of large binding energies which makes the calculation of
the Higgs mass, as well as the checks for the vacuum stability more difficult is also ruled out
by the much too large decay rate of the stoponium into a pair of Higgs bosons.

Taking all these effects into account, it is not possible to explain the diphoton signal in the
CMSSM. At the time of the original publication it was unclear whether the general MSSM
would survive, given the existence of the diphoton excess. There was the claim that it might
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be possible to obtain a sufficient diphoton cross section in fine-tuned parameter regions of
the MSSM with a large i term [366]. However, this possibility also lacked a concrete proof of
existence since so far no valid parameter regions consistent with the constraints from vacuum
stability where presented.

In the second scenario we considered the possibility of spontaneous charge breaking in the
NMSSM via VEVs of the charged Higgs components. We found that in contrast to models
without singlets it is possible that charge is broken at the global minimum of the potential.
We could identify two different kinds of parameter regions. First, regions in which all vacua
deeper than the EW minimum have broken electric charge. These points would give the
wrong impression of a stable EW vacuum if charged Higgs VEVs were not included in the
study. However, in all examples we found for these scenarios, the life-time of the EW vacuum
is sufficiently long on cosmological time-scales. The second possibility is that charge-breaking
and -conserving minima beside the EW one are present at the same time. Here, the charge-
breaking minima could be significantly deeper than the charge-conserving ones. However,
we found that the parameter regions which are excluded due to an increased tunnelling rate
to these deeper vacuum states are hardly affected when considering the extra charged Higgs
field direction. Thus, the inclusion of charge-breaking minima doesn’t drastically change the
conclusion of a ‘long-lived’ vacuum to a ‘short-lived’ one. All in all, despite the presence
of deep charge-breaking minima in the NMSSM, their phenomenological impact is rather
limited. However, we want to stress that the usual practice of checking only the tunnelling
rate to the deeper minimum nearest to the EW vacuum is insufficient for obtaining reliable
bounds on the NMSSM parameter space.
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Chapter 4
Lepton Flavour Violation in Left-Right
Symmetric Models

Massive neutrinos are clearly a requirement of any extension of the SM. The most economical
extension that achieves this goal is the addition of at least two generations of right-handed
neutrinos vg; that are singlets under the gauge symmetries of the SM. However, this is a
purely phenomenological argument for extending the SM field content. An appealing the-
oretical motivation for including this singlet arises from grand unified theories (GUTs). As-
suming an SO(10) GUT allows for an entire generation of SM matter fields to reside in the
16-dimensional spinor SO(10) representation [83]. Interestingly the decomposition of this
spinor representation under the SM gauge symmetries results in exactly the required com-
ponents in addition to a SM gauge singlet which can be identified as the right-handed neut-
rino. There are two main avenues for breaking SO(10) to the SM gauge symmetries [367].
The first proceeds via SU(5)

SO(10) Y%, SU(5) (xU(1)x) | (flipped) SU(5) , (4.1)

while the second possibility, via a left-right symmetric phase will be the focus of the following
chapters. This breaking chain is:

SO(10) 28U% SU(4)e x SU(2)1 x SU(2)x Pati-Salam (4.2)
Mrs, SU(3)e x SU(2)p, x SU(2)g x U(1)p_;  left-right symmetric  (4.3)

My SU(3)e x SU2) 1 x U(1) g x U(1)p_r, U(1) p-left-right (4.4)

In the above expressions the scales at which the symmetries are broken are free parameters,
with the exception of the GUT scale M¢yr. They are however, constrained by the requirement
that the gauge couplings unify at Myr. Here, we observe that the second possibility opens
up a wide range of possibilities for intermediate scales all of which can be broken either
directly to the SM gauge symmetries or via additional steps in this chain. In this chapter we
are interested in the left-right (LR) symmetric phase that arises from the breaking of SO(10)
via the maximal subgroup called the Pati-Salam phase [368]. A further attractive feature of
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models containing a LR symmetric phase is parity restoration which occurs in conjunction
with the discrete symmetries of the theory [369].

The scale where this LR symmetric phase is broken could be anywhere between the TeV and
GUT scale. In Ref. [87], under the assumption of a minimal model, it was shown that requiring
gauge coupling unification (GCU) places a lower bound on the breaking of the LR phase of
approximately 10'° GeV. In this same work the authors categorise all possible extensions of
the particle content of these minimal models consistent with SO(10) unification which can
have breaking scales down to O(TeV), see also Ref. [370].! Adding additional field content is
not the only way out. For instance it was shown that this problem can be solved if discrete LR
parity is broken at a higher scale [376,377]. Here, we take a bottom-up approach insisting on
a TeV-scale realisation of this LR symmetric phase ignoring the issue of GCU. As we will see
this is well motivated as we are interested in the low-energy phenomenology. Our results will
therefore remain as general as possible. In Chapter 5 we will return to the issue of building
complete GUT compatible models.

Models featuring these LR symmetric gauge symmetries automatically contain the cor-
rect ingredients to explain the observed neutrino masses and mixings. Not only is the right-
handed neutrino field v required to build SU(2)r doublets and hence gauge invariant op-
erators, but the breaking of the LR symmetry by SU(2)g, triplets generates a Majorana mass
term for the vy fields and thus a see-saw mechanism [75-79]. However, in a LR symmetric
model one would also expect that the Higgs sector respects the LR symmetry particle-wise.
This implies that there should be a one-to-one correspondence between the additional Higgs
bosons charged under SU(2);, and SU(2)g, respectively. In the simplest model with Major-
ana mass terms for the neutrinos one requires that the electroweak breaking Higgses form
doublets under both SU(2) factors, referred to as a bi-doublet. In addition one must also intro-
duce SU(2), triplets to go along with the SU(2)y triplets that break SU(2) gz x U(1)5_, [378].
The introduction of these triplets leads to a combination of see-saw type I and type II and in-
duces lepton flavour violating (LFV) decays at tree-level [379]. LFV decays are already heavily
constrained by existing data, for example BR( — 3¢) < 107'2 [380] which will be further
constrained by upcoming experiments like Mu3e [381]. If the new scalar particles are at the
TeV scale, one can therefore expect measurable rates in the near future. In Table 4.1 we give
an overview of the relevant LFV observables and their current bounds as well as expected
future sensitivities.

Many variants of left-right symmetric models with a TeV-scale breaking in have been con-
sidered in the past. The following aspects have been previously investigated:

« lepton flavour and lepton number violation [378,382-387]

« CP violation [388]

 bounds on the heavy additional vector bosons [371,389-391]

« potential Higgs signals at the LHC [392-395]

+ lepton flavour and number violating signals at the LHC [387,396-399].

! In many supersymmetric realizations, a TeV-scale LR symmetry is even preferred from both vacuum stability
considerations [371], and GCU [372, 373]. There also exists an intimate connection between the LR- and
supersymmetry-breaking scales [374,375].
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Beside the constraints due to LFV processes further constraints arise from observables in the
K- and B-meson sector, see e.g. [400,401] for recent updates. These observables lead to strin-
gent constraints when the model is invariant under discrete parity or charge-conjugation
due to a direct correspondence between the left and right CKM matrices. Ref. [401] also con-
siders direct LHC searches for new states leading to a bound of 2.9 TeV on the mass of the
Wg [402,403], which is the charged gauge boson arising from the SU(2)x gauge symmetry.
Note, however, that such bounds are model dependent and can be weaker if additional decay
channels of the Wy and/or vy are present as discussed e.g. in Ref. [371]. In addition, the p
parameter [404,405], or more generally the oblique parameters [406,407], constrain the va-
cuum expectation value (VEV) of the SU(2), scalar triplet to be no larger than approximately
1GeV [408-411]. Note that in the majority of these works only parts of a complete model
have been considered, e.g. only the lepton sector or the Higgs sector. Features of these spe-
cific sectors were then investigated without checking whether the other parts are consistently
implemented.

In this chapter we discuss the minimal model which is particle-wise LR symmetric and
where the different scales of the SU(2), and SU(2)y breaking occur dynamically. We will
assume true LR-symmetry in the Yukawa sector of the model where parity restoration is im-
plemented via discrete parity symmetry or charge conjugation. As a result of these discrete
symmetries, it is possible to parametrise the triplet Yukawa couplings as a function of only the
underlying model parameters and the measured neutrino data [412]. Here we expand upon
this method and show how a simple analytic expression for the solution can be obtained. The
existing data on lepton masses and mixing is not sufficient to uniquely specify these coup-
lings even in this restricted context. Consequently we will discuss how LFV decays further
constrain these couplings. However, the results depend on the details of the Higgs sector, in
particular on the value of the masses of the heavier Higgs bosons as well as on vy, the vacuum
expectation values of the SU(2), triplet A,

We begin in Section 4.1 by presenting the complete details of the considered model. In
Section 4.2 we discuss particularities in the neutrino sector. Here we focus on our method of
parametrising the Yukawa couplings. We stress that this section is crucial for understanding
the subsequent parts of this chapter. In Section 4.3 we present our numerical results. Here
we begin by discussing in detail the different contributions to the numerous LFV observables
and their behaviour as a function of the free parameters. The main results are located in
Section 4.3.2. This is where we show the complementarity of the different LFV observables as
a function of the key model parameters.

4.1 'The Minimal Left-Right Symmetric Model

We consider the minimal phenomenologically acceptable model with left-right (LR) symmetry
at the Lagrangian level. This means that, in addition to promoting SU(2)-singlet fields to
SU(2) g multiplets, there has to be an additional sector which breaks SU(2)g x U(1)g_j —
U(1)y. The most economical choice for the LR breaking which also at the same time leads to
neutrino mass generation via a see-saw mechanism is SU(2) triplets.
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LFV Process Present Bound Future Sensitivity

[ ey 4.2 x 10713 [413] 6 x 10714 [414]

T — ey 3.3 x 1078 [415] ~ 3 x 1079 [416]

T — Wy 4.4 x 1078 [415] ~ 1079 [416]

[ — eee 1.0 x 10712 [380] ~ 3 x 10716 [381]

T — eee 2.7 x 1078 [417] ~ 5 x 10710 [416,418]
T — JLLfL 2.1 x 1078 [417] ~ 4 x 10710 [416,418]
T = e putpT 2.7x 1078 [417] ~ 5 x 10710 [416,418]
7~ = puete” 1.8x 1078 [417] ~ 3 x 10710 [416,418]

7 = ptee” 1.5 x 1078 [417] ~ 3 x 10710 [418]

T —etpTpT 1.7 x 1078 [417] ~ 3 x 10710 [418]

p~ — e, Ti 4.3 x 10712 [419] ~ 10718 [420,421]

- — e, Au 7 x 10713 [422] -

u~ —e Al - 10716 — 3 x 10717 [423-425]
uw- — e, SiC - 10~ [426]

Table 4.1: Current experimental bounds and future sensitivities for low-energy LFV observables.

4.1.1 Model Definition

The minimal particle content of the model as well as their respective irreducible representa-
tions, using the notation (SU(3).,SU(2).,SU(2)g, U(1)5_1), are given by:

Fermions:
Q=) e@211/3), Qrn=(")e@1,21/3),  @s)
dr, dr
Lp=("") e@z21,-1), Lp=("") e@,1,2, -1). (4.5b)
fL ER
Scalars
¢0 +
o = ( 1 5) €(1,2,2,0), (4.5¢)
by Py
3L g+t S g+t
A = ¢0§ ol e,3,1,2), Ap= ¢O§ il e1,3,2). (45d)
L R
o7 ~s R —5
Here we use the convention that the electric charge is given by
B-L
Qem = T3 + T3r + — (4.6)

The Yukawa interactions can be split into interactions of the quark and lepton fields with
the bi-doublet, £, leading to Dirac-type masses for all fermions after electroweak symmetry
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breaking, as well as interactions with the triplets, £%, leading to Majorana-type mass terms
for the neutrinos after LR-symmetry-breaking. The respective terms are

_ ;,D — @ (YQl@ + YQ2é> QR +L_L (YL1® —+ YLQé) LR -+ h.C., (47)

where ® = —0,®*05. For the interaction terms with the triplet fields we explicitly write the
hermitian-conjugate terms as they assist in identifying possible discrete symmetries of the
theory. This yields

— L2 = LY Ya, (i02) A Ly + Ly YX, (i02) A} LY
+ LG Yoy, (i03)Ap L + L YZ, (i02) A LG, (4.8)

where UC = UTC and C' = i75. This result follows from
N — \T _ —
(WOY (io9) AW = — WA (i) VT <\IIC> = —TyAl (i) YT UC = —TAT (i) YT,
= U(ioy) A*Y* 0O | (4.9)

where the last equality holds as Y7 = Y and the specific structure of A (c.f Eq. (4.5d)) which
results in Afioy = —igy A*.

4.1.2 Discrete Symmetries

There are two possible phenomenologically viable® discrete symmetries, discrete parity [376,
377], and charge conjugation symmetry, denoted as P and C in the following (see also Ref. [427]
and references therein).

1. Parity symmetry P:
Parity symmetry exchanges L and R, hence, the symmetry operation is

LLHLR, ALHAR, (I)HCI)T (410)

Requiring invariance of the Lagrangian yields the following constraints on the model
parameters:

Ya, = Ya,, (4.11)

where o = ), Landi =1, 2.

2. Charge conjugation symmetry C:

2 In addition to these two discrete symmetries that are an additional two possibilities, ® — ot and @ — 7.
However, both of these symmetries lead to unrealistic relations between the up- and down-type quark mass
matrices, namely M, = MC]; and M,, = M7 for the two symmetry transformations respectively.
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Charge conjugation symmetry exchanges
Ly« LY, Ap < A%, P« o7 . (4.12)
Once again invariance of the Lagrangian yields

Yo, =Y, Ya, =YX . (4.13)

4.1.3 Scalar Sector and Gauge Symmetry Breaking

The most general C- and P-conserving renormalisable Higgs potential is given by [378]

Vin = —Te(01®) — i [ Te(®1) + Te(@1®)| - 3 | Te(A,A]) + Tr(ArAl)| (419)
A [Te(@70))° + Ay { [Tr(écb*)} g [Tr(&ﬂcb)] 2}
A TH(®DN Tr(B1 D) + A\ Tr (0T D) [Tr(&@*) + Tr(CTDTCI))}
+oy { [Tr(ALNL)} g [Tr(ARAE)} 2}
s [TrmLAL)Tr(NLNL) + Tr(ARAR)Tr(A;A;)]
+os Tr(ALA]) Tr(ARAL) + ps [TT(ALAL)TT(AEAL) + TT(AEAE)TI'(ARAR)}
+an TH(@®) | Tr(ALAL) + Tr{(ARAL)

+ {ozgem? [Tr<ci>q>T)Tr(ALNL) + Tr<ci>Tq>)Tr(ARA;)] + h.c.}

Yoy [Tr(cbqﬂALNL) + Tr(®TOARAL)

| + 1 [Tr(@ageia]) + Tr(@i AL A
+6 [Tr@ARqﬂNL) + Tr@AL@Ag)] + By [Tr(cpARéWL) + Tr(qﬂALéA;)] .

The neutral scalar fields in the above potential can be expressed in terms of their CP-even and
-odd components:

1 , 1 :
¢ = NG (v + 01 +ip1) , 8y = NG (vr + o1 +ipL) (4.15a)
1 1
0 ; 0 ;
= — (v + 09 +itpa) , Op = Up+Oor+1 ; 4.15b

where we use the generic symbols o and ¢ to label the CP-even and -odd states, respect-
ively. For the vacuum expectation values, which we assume to be real, we use the following
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parametrisation:

V1 = v Cos [, vy =wsin g, tg=tanff = —, (4.16)
U1

where v, < v < vg so that v can be identified as the SM VEV. The masses of the new gauge
bosons therefore read

IR
Mz, ~ \/912'%+9?3LUR7 My, ~ EUR- (4.17)

Due to LR symmetry, we take the SU(2) gauge coupling to be equal, namely gr = g.. Solving
the four minimisation conditions for the potential we eliminate the following four parameters:

t t v2 2 (12 4+ 1)
2 2 B B LYR B
Hy = )\1 — 2/\4 + ULUR(ﬁl — 253t5) + (pg — 2p1)
! < t3+ 1> (t2—1) v2 (t2 —1)
t2
+ (v% + vé) oy + 043% , (4.18a)
2 -
A t v? t VLU t2+1
2 2 4 B L B LUR el
=02 [ 22— (20 + A L2 — 2Batg) L
My =V <2 (2A + 3)1+t%>+4<a2+a3t%—1>+ 1 ((51 53[3)7%_1)
2412 ts(t3 +1) 2 t
ULVR p\'s UR a3z g
— 20 — —_— — — 4.18b
902 ((Pl p3) 21 Ty @24‘2%_1 ; ( )
v? t
= (oq + (asts — das) fi 1) + (v +vR)pr (4.18¢)
B
VLU
By = (B1 — PBstp)ts — 22’%(2/}1 —p)(1+12). (4.18d)

From the last expression above one can derive the VEV see-saw relation as noted in [378].
Using the above expressions 2, where i = 1,2, 3, and 35 can be eliminated from the potential
and the scalar mass matrices of the theory can be derived. These expressions are given in full
detail in Appendix A.1. Here we only quote the results after diagonalisation of the mass
matrices, see Appendix A.1 for details on all assumptions made. Firstly, the bi-doublet-like
scalar masses:

8A\3v?
mi ~ 2\ v — Li; , my; ~ 2(2\g + A3)v? + %v%{, (4.19a)
a3Vp 2
1
m? =~ 20305 + 2(A3 — 2X\2)v?, mie ~ Za3(v2 + 203) . (4.19b)

Here, h corresponds to the SM-like Higgs boson; H, A and H* are the bi-doublet-like heavier
neutral scalar and pseudoscalar states as well as the mostly bi-doublet-like charged Higgs.
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The triplet-scalar sector masses are:

1
mlqu ~ B} (ps — 2p1) V3, m%[R ~ 2p10% (4.20a)
1 1
mi, =~ 5P = 201) 0, m% =~ 5“?2(/)3 —2p1), (4.20b)
1 1
mzlﬁ ~ 2p0% + §a3v2 , ngi ~ B ((p3 — 2p1)v5 + agv2) ) (4.20c)

Particles with an index L(R) mostly consist of Aj,z) components. The doubly-charged Higgses

can in general be strongly mixed which is why we only label them as H ft/:Qt

4.2 Neutrino Sector

Using information from neutrino oscillation experiments, we can determine the neutrino
mass matrix m, which we express as follows

ligh * .
mug t= UPMNSdIag(mVUme mV3)UliMNS ) (4'21)

where Upyins = Upnins (612, 013, 023; dcp) is the lepton mixing matrix and m; are the neutrino
masses. Using the standard parametrisation in a basis where the lepton mass matrix is flavour-
diagonal, the neutrino mixing matrix is given by

5
C12€13 C13512 s13€"CP
_ 0 30
Upnmng = | —C23S12 — €12513523€"°°7  Cp3C12 — 512513523€°CY ci3se3 | K. (4.22)
6 i
$93512 — C12C23513€"°°F  —C12893 — C23512513€"°°Y  C13C23
Here ¢;; = cos#;;,s;; = sinb,;, dcp corresponds to the Dirac CP-violating phase and K
j g Sij 3> 0C

is a complex diagonal matrix which contains the two Majorana phases. From global fits of
neutrino oscillation parameters [428-430] the best fit values and the 3¢ intervals for a normal
neutrino mass hierarchy (NH) are:

sin? 013 = 0.023470:0052 | Am3, = 7.6010% x 107 eV, (4.23a)
sin® 015 = 0.32370 052 , Am3, = 2481018 x 107 eV, (4.23b)
sin? fy3 = 0.56710 502 . (4.23¢)

4.2.1 Neutrino masses

From Eq. (4.7) and (Eq. (4.8)) the neutrino mass matrix follows as

"y 31<— _C>M AT (4.24)
Y 9 vy, I/R v vn .C., .

78



4.2 Neutrino Sector

where

My M
M, = (Mé MZ) . (4.25)

In the above expression we have used the following definitions

1
ML = \/EYALUL s MR = \/§YARUR s and MD = E (Ylel + YL2U2> . (426)
Note the conjugate of M}, in the (1,1) entry of Eq. (4.25). This conjugate is crucial in the case
of non-zero phases but is however usually forgotten in the literature. Since vg > vy, v1 2, the
see-saw approximation can be used to determine the light-neutrino mass eigenstates, yielding

mig" = (Mj — Mp Mz"' M}) . (4.27)

As shown in Eq. (4.26), the Dirac neutrino mass matrix M, arises as the sum of two different
Yukawas multiplied with their respective VEVs. Consequently at loop-level, corrections are
proportional to the individual Yukawa coupling values rather than Mp. Therefore, in regions
where tan § ~ 1, loop corrections to these two Yukawas spoil the cancellation required
for small Mp values if imposed at tree-level. As tan /5 has negligible impact on the lepton
flavour-violating operators discussed below, we choose to restrict our analysis to the small
tan (3 scenario in the following numerical studies. In this limit Mp o Y}, v, while the charged
lepton masses are M, o< Y,v.

4.2.2 Parametrisation of the Yukawa Matrices

Under the discrete symmetries of the theory, namely parity P and charge-conjugation C, the
resulting light-neutrino mass matrices can be re-expressed as

mlient £ ("—L My — Mp M;;* MD) : (4.28)
UR

mlight 2 (”—L M;, — Mp M3 Mg) . (4.29)
UR

Both discrete symmetries exhibit favourable structures, relating M}, to Mp. In particular, this
enables an elegant parametrisation for fitting the neutrino masses.

In the following we describe in detail the method used to determine the triplet-Yukawa
couplings as well as the requirement of invoking different symmetries in the presence of CP
phases. The parametrisation, first proposed in Ref. [412], allows one to explicitly solve for the
triplet-Yukawa couplings YA, and Y, given a specific input for Mp. The parametrisation
relies on solving a quadratic polynomial for each diagonal entry of Eq. (4.28) or Eq. (4.29) after
diagonalisation. Here, our method differs slightly to Ref. [412]. We have exploited the fact
that Eqs. (4.28) and (4.29) can both be manipulated into a form requiring only a single unitary
rotation matrix R to bring both sides into their respective diagonal forms. Here we give the
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full details of the procedure, where the final result can be found in Eq. (4.40).

For the charge conjugation symmetric case Eq. (4.28) we multiply the left- and right-hand

side by M, /2 while for the parity symmetric case Eq. (4.29) multiplication from the right-
hand side requires an additional conjugation, yielding

M;l/lejghtM;/Q c Z—LMBWMRMBW B M,%)/QM;M}D/Q 7 (4.30)
M ol 2 gM;/?MgM;—” CMPMFMER, s
which if we make the following definitions
o=t A=Mp MM B M P M) T @)
R

where (%) refers to the additional conjugation required for the parity symmetric scenario,
allows one to write

BEaA— A, (4.33)
BZaa - At (4.34)

However, in what follows we exploit the fact that the matrices A and B are either: (i) real
symmetric (6cp = 0), or (4i) complex symmetric (0cp # 0). As aresult, B and subsequently A
are diagonalised by R which is either: (i) a real orthogonal matrix, or (i7) a complex unitary
matrix.” For case (7), if the matrix R diagonalizes A then this same matrix also diagonalizes
the inverse matrix A=, As a result Eq. (4.33) can be written as

CorP

B aAd— A" =R (aAp — AZ') R", (4.35)

where the subscript D indicates the matrix is in a real diagonal form. Here we observe that
both charge-conjugation and parity invariance are equivalent if A is real. As requiring real
Ap necessitates a unitary R, we cannot simultaneously diagonalise both A and A™! for case
(17) as

B<aA— A" = RaApR' — RAL'RT # R (aAp — ApY) R (4.36)
However, here this procedure indeed applies for A* and A~! namely
BEaA* — A7 = R(aAp — ALY RT, (4.37)

so that one can find a suitable parametrisation of the triplet-Yukawa in the P-symmetric case
also with dcp # 0, as we shall see in what follows. Egs. (4.33) and (4.34) are identical in their

3 For more details regarding the various diagonalisation procedures see appendix D of Ref. [431].
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respective real diagonal forms, namely
y . N
BSY = aAly? - (A%”)) , (4.38)
where ¢ = 1, 2, 3. Solving the decoupled quadratic equations for Ag’i) yields

. LN 2
By 4/ (B5") +4a

A%ﬂ) - 2a

(4.39)

Using the definitions in Eqs. (4.26) and (4.32) we arrive at expressions for the triplet Yukawas

) (£t 1 $)1/2 ok 10 i i)\ 2 1/2
VAR = v = mMé) /2 R*diag <Bg )+ \/ (Bg >> —i—4a> RIMY? . (4.40)

where Bp = RTM, Y Zmlisht 1 },* )712R*isa diagonal 3 x 3 matrix, R is the aforementioned
rotation matrix and o« = vy, /vg. Finally (%) is an additional conjugation of M required in
the case of a parity symmetric neutrino sector. Eq. (4.40) is valid for:

(2) both possible discrete left-right symmetries if dcp = 0,
(22) all possible CP phases if the Lagrangian is P-symmetric.
Eq. (4.39) leads to an eightfold degeneracy in the solutions due to the choice of sign for
each diagonal entry of Ap, as first noted in Ref. [412]. However, these eight solutions can be

categorized into two distinct cases. The differences between these two cases is best illustrated

through an example where we choose M, to be diagonal and real. In this case B oc m!ieht

which, for realistic choices of the neutrino oscillation parameters and large enough vy, leads
to the hierarchy o > (Bg’l))? Subsequently, expanding Eq. (4.39) for small Bg’l) yields

AW = 44712 4 O (Bg’i)> : (4.41)

Therefore the principle difference between the degenerate solutions is simply a sign choice.
But, this sign choice has large ramifications on the resulting triplet Yukawa matrices. To
demonstrate this consider the two neutrino generation case, where we examine both mixed
and same-sign choices for the cases dcp = 0 and dcp # 0.

dcp = 0: For the same-sign scenario we have

: —1/2 —si
AGH) = RALRT = ( cos 6 smG) <a &_()1/2) (cos@ sm@) _Ap. (442)

—sinf cos@ 0 sinf cos®

whereas for the mixed sign case we obtain

-2 20 sin20
(+-) _ « T _ _—1/2 ( COS S
AT =R ( 0 —ofl/z) [ =a (sin 20 —cos 29> ’ (443)
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We therefore see that in this example the choice of sign dictates whether or not there are
flavour violating off-diagonal entries at leading order. Note that the above argumentation
generalizes to the realistic scenario of three neutrino generations. This argumentation is, of
course, still valid if M is non-diagonal as it relies on already-diagonalised quantities. How-
ever, when plugging Eq. (4.41) into the full expression, Eq. (4.40), one sees that the impact of
the above-mentioned effect is weakened comparatively when M, itself contains a flavour-
violating structure. Therefore, in this situation the solution for YA with different sign choices
in general contains larger off-diagonal elements than the solution with equal signs, the relat-
ive difference of these off-diagonals is small compared to the case in which M}, is diagonal.

Shown in Fig. 4.2 are numerical results of the branching ratio for ;t — 3e as a function of the
triplet VEV vy. Here, all possible sign choices are considered in two extreme scenarios, namely
diagonal Mp and Mp = VCTKMMup_typeVCKM. As illustrated in the toy two-generation ex-
ample, same-sign choices for the diagonal M lead to highly suppressed off-diagonals in the
resulting triplet Yukawas in comparison to the mixed-sign case. However, in the scenario that
M is no longer diagonal then the effect between same or mixed-sign solutions is comparat-
ively smaller.

dcp # 0: Here we demonstrate that there is a significant difference in the same-sign
scenario when introducing this phase. As B is now a complex symmetric matrix R must
necessarily be a unitary matrix. Therefore for the same-sign case we obtain

A = R*ApRT, (4.44)
 oige [ € cosO e ?25inf) (a7 0 e 1 cos e "2 sinf
— ¢ —e " 25infh € cosd 0 a~1/? e ¥25inf e cosh |’
_ o 1/220 e~ %% (cos?  + e~ 2(%27?1) gin? §) isin 260 sin(¢; — ¢s)
N isin 260 sin(¢; — ¢») %91 (cos? 0 + e*(92791) sin?§) )

where ¢; are the three phases of a generic unitary 2 x 2 matrix. We observe, in contrast to the
case with the same-sign solution and dcp = 0, that there is a complex off-diagonal generated
at leading order even in the case that M is proportional to the unit matrix. This off-diagonal
is in general non-zero as the three phases ¢;, ¢» and ¢3 must be chosen such that the matrix
A is brought into its real diagonal form. The resulting structure shares similarities to the case
with mixed sign and dcp = 0. Namely, we see an off-diagonal entry, which in this case is
complex, proportional to sin 26.

This results of this parametrisation form the basis of our subsequent numerical studies.
By choosing a form for Mp and requiring that m!®#" satisfies Eq. (4.21), one can determine
R such that Bp is diagonal. R therefore contains the information from the experimental
neutrino data. From Eq. (4.40) we see that there does not exist a unique solution to the
triplet-Yukawa. Rather for each diagonal entry there appears a sign choice in front of the
square-root. Considering the possible permutations, there are in total eight unique solutions.
This parametrisation is therefore advantageous in comparison to the Casas-Ibarra-like para-
metrisations [432] as it by construction respects the discrete symmetries of the theory. This is
crucial, as the finite number of solutions is a direct consequence of invariance under a discrete
left-right symmetry.

82



4.3 Results

10*7: e T T 10*7: T ——rrr ey
[ dcp =0 dcp=m Mt :mH:Lt leeV;
109 . my,; = 500 GeV ]
—11f
10 :
~

P o-1sf

f —— SPheno n— 3e

10715 E— — Bambhaniya et al. u — 3e
| —— SPheno pu — ey
F — — Bambhaniya et al. © — ey
10717- sl N
10-* 107* 1002 107!
my, [eV]

Figure 4.1: Comparison of the SPheno code with results in Fig. 3.4 from Ref. [386].

4.3 Results

4.3.1 Numerical Set-up

In this section we present a numerical study of the model. In order to do so we have used
the Mathematica package SARAH [89-94] for which we have created the necessary model
files. The respective code is available from the SARAH model database. SARAH interfaces to the
spectrum generator SPheno [104, 105] which enables the computation of the mass spectrum
and particle decays as well as quark and lepton flavour violating observables via the the link
to FlavorKit [101].

As a first step we have compared the n — 3e and 1 — e~y branching ratios with those from
Ref. [386]. To do so we consider a similar set up where M}, = 0 and Mp o 1 leading to a pure
type-I see-saw mechanism where the light neutrino masses and mixings are encoded in Y,
couplings. In addition, Ref. [386] neglected contributions arising from both neutral scalars
and W, — Wx mixing which is a well justified approximation. Shown in Fig. 4.1 are the rates
for 4 — 3e and u — ey from this work (solid lines) and, for comparison, the results from
Fig. 3.4 of Ref. [386] (dashed lines), where the triplet masses are set to 1 TeV. We observe
good agreement between the respective results, with only small deviations in the rates for
it — e7. The main reason for these small deviations is that our analysis considers a complete
model where the scalar masses are a function of the model parameters. This prevents one
from varying the scalar masses independently. Therefore the resulting spectrum does not
correspond exactly to the mass choices of Ref. [386]. As both of the observables are highly
sensitive functions of the scalar masses, a 5% deviation in the mass spectrum leads to the
observed small mismatch in the flavour observables.

In the subsequent analysis we study lepton flavour violating rare decays based on the best-
fit NH oscillation parameters given in Eq. (4.23a) choosing the lightest mass to be m,, =
10~*eV. We also consider the impact of varying these two choices. Lastly, we choose dcp = 0,
but consider non-zero choices and dcp = 37/2, as suggested by recent global fits [433], in
later sections. The model parameters used, unless otherwise stated, are given in Table 4.2.
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Figure 4.2: Dependence of the observable BR(ix — 3e) on the eightfold degenerate solutions in the
cases that Mp = x1 [GeV] (left-hand panel) and Mp = ngKMMup,typeVCKM (right-hand panel),
where in both cases z = 1074,

The value chosen for vy leads to Wxr and Zr masses which are outside of the reach of the
LHC. However, in the presence of a low-scale discrete C symmetry, the K- and B-meson
constraints only allow the heavy bidoublet Higgs to be as ‘light” as 20 TeV [401] which, in
combination with a perturbativity constraint on s, dictates a lowest possible vy value of
~ 15 TeV, cf. Eq. (4.19a). This can lead to scalar triplet masses of O(1 TeV) and therefore
within the LHC reach, it however pushes My, 7, to O(10 TeV).

The remaining parameters and choices which we investigate are as follows:

« vy, which we typically vary between 0.1 eV and 1 GeV.

« Mp, the Dirac neutrino mass matrix which in our parametrisation is an input parameter.
We study three different possibilities:

1. MD =zl GCV,
2. Mp = xMup—type >
3. MD - ngKMMup—typeVCKM s

where My,_type is the diagonal up-type quark-mass matrix. For each choice we have
also added the parameter z, which we use to vary the overall mass scale of the matrix
Mp.

« Sign choice of the diagonal + signs appearing in Eq. (4.40). In the numerical studies we
investigate two different choices of the possible eight, namely (+-++) and (+—+). This
is well motivated as these eight solutions can be divided into two subgroups, whereby
each subgroup leads to similar results. This is demonstrated in Fig. 4.2, where we show
the branching ratio for © — 3e for all eight sign choices varying v, with two different
extreme examples of Mp. Here we clearly see the grouping of the eight solutions into
the two classes (i) same-sign and (ii) mixed-sign solutions.
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Model Parameters

A1 0.13 VL 10710, 1 GeV
Ao 1.0 VR 20 TeV
A3 1.0 tan 3 1074
)\4 0 aq 0
01 3.2 x 107 Qo 0
02 2.5 x 107 as 2.0
03 1.8 x 1073 By 0
P4 0 Ba 3.83 x 107
u3 7.87 x 10° GeV? Bs 0
% -2.00 x 10* GeV? I 1.28 x 10° GeV?
Resulting Mass Spectrum
mp, 125.5 GeV my 20 TeV
ma 20 TeV M+ 20 TeV
mH, 482 GeV MHg 506 GeV
ma, 482 GeV M 512 GeV
M gy 511 GeV T py 541 GeV
My, 9.37 TeV Mg, 15.7 TeV

Table 4.2: Benchmark point used in the subsequent LFV study. All parameters and masses are compat-

ible with the constraints derived in Refs. [401,411].

Figure 4.3: Representative lepton flavour violating Feynman diagrams. Here, red solid lines represent
particles of all spins. Diagrams of the left-hand type lead to the radiative lepton decays ¢, — {z7.
The other four diagrams induce LFV three-body decays as well as ;t — e conversion in nuclei. We shall
label them “tree-level scalar”, “vector penguin”, “scalar penguin”as well as “box” contributions.

4.3.2 Numerical Results

As pointed out beforehand, the free parameters in our study which determine the neutrino
sector are Mp, v, as well as dcp. As we shall see, they are crucially important for determining
which type of diagram dominates the lepton flavour violating process. We decompose the
relevant diagrams into different categories which are depicted in Fig. 4.3.

The radiative decays ¢, — (g7 are described by the first type of diagram, the vector line
corresponding to an on-shell photon whereas the particles running in the loop can be (i)
HF — (7, (i) HY — (5, (i) H — v;, (iv) W;R —v; (where j = 1,... ,6).
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Figure 4.4: Variation of the neutral and charged triplet scalar masses that are used in subsequent figures.
Here, the values of the additional parameters not shown in the figure are given in Table 4.2. The light
and heavy neutral bi-doublet masses are fixed to 125.5 GeV and 20 TeV, respectively.

The three-body decays as well as ;1—e conversion processes receive contributions from both
tree-level as well as one-loop diagrams. As the heavy neutral bidoublet-like Higgs H couples
to both leptons and quarks generically in a flavour-non-conserving manner, it contributes to
both j1—e conversion as well as £, — {3{- (5. Depending on the flavour structure of the lepton
Dirac Yukawa couplings, this contribution can be both sizeable or small (in case of a flavour-
diagonal M, its contribution is zero). The tree-level diagram mediated by the doubly-charged
scalars vanishes for the 1—e conversion processes since the triplet doesn’t couple to quarks. In
case of the the LFV three-body decays one can expect in large portions of the parameter space
a dominance of those tree-level diagrams since Y is typically much larger than the Dirac
Yukawas. It is interesting to note that the 7 three-body decays with a mixed e/ final state,
7t — Ejﬁgfféc are much more frequent than 75 — E;;EEZ?EZ? whenever the triplet tree-level
diagram is dominating the LFV observables and the flavour-violating YA entries are small; this
is simply because of the doubly-charged mediator: the process 7+ — €§€§€§ needs a flavour-
violating coupling at each vertex whereas 75 — Ejfjﬁtéjﬁt contains one flavour-violating and
one flavour-conserving vertex. This is in contrast to the loop-induced contributions including
virtual neutral or singly-charged bosons which, in order for a 7= — KCTE;EE;E decay to happen,
require at least two flavour-violating vertices in the dominant contributions [434].

The remaining diagrams are scalar and vector penguins as well as box diagrams. It is known
from studies in other models with low-scale see-saw mechanisms that the boxes and vector
penguins with W, bosons and right-handed neutrinos running in the loop can be very im-
portant [434-438]. In left-right symmetric theories, other very important contributions arise
from triplet scalars and neutrinos/leptons in the loop as well as Wy — v diagrams. Diagrams
including a W, g and a right-handed neutrino in the loop are expected to be important in
the case of small YA. While penguin diagrams featuring triplet-scalars in the loop are loop-
suppressed with respect to the corresponding tree-level diagrams, certain flavour structures
of YA may suppress the tree-level w.r.t. the loop-level diagrams. We shall see examples of this
behaviour later on; see, for instance, Section 4.3.2.

We now start the discussion by looking at the different contributions to the LFV observ-
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ables as a function of the model parameters. In particular, we will vary the masses of the
triplet scalars while keeping the bidoublet masses constant. We will do so choosing different
parametrisations of M and values for v;. The reader should be reminded that v;, not only
determines the size of the see-saw-II contribution to the neutrino masses, see Eq. (4.25), but
also feeds into the determination of YA for a given M following Eq. (4.40).

CaseIl: Mp x 1

Let us first examine the simplest case where the Dirac neutrino mass is diagonal and flavour-
universal. This results in, for the majority of the parameter space, an almost degenerate spec-
trum of right-handed neutrinos due to almost degenerate diagonal YA(i’i)
portantly, all the lepton flavour violation arises through the triplet Yukawas, meaning that
the bidoublet states have only lepton flavour-conserving interactions. Quite generically, this
also means that the rather uniform structure of neutrino mixing is translated to the triplet
Yukawas. Hence, there is no large hierarchy between the Yukawa matrix elements which mix
the 1st, 2nd or 3rd generation.*

(+ + +) Solution. As a numerical example, choosing v;, = 2 x 1077 GeV, Mp = 1MeV
Eq. (4.40), yields

entries. More im-

1.12x 1072 —1.41x10"° 297 x10°°
VI = [ —141%x107% 1.12x 102 —3.78 x 107° | . (4.45)
297x 1076 —3.78 x107° 1.12 x 1072

From here we can already draw some conclusions: (i) the doubly-charged Higgs as the tree-
level mediator dominates the LFV three-body decays, which means that (ii) the magnitudes
of the ;1 and 7 LFV decays are of comparable size (within at most an order of magnitude or
two) and that (iii) the three-body decays are much more abundant than the radiative decays
lo — Lgy. A LFV process observed at the Mu3e experiment with no evidence for i — ey
would therefore be a smoking gun for these scenarios with LFV triplet scalar interactions.

We will now move to discussing numerical examples starting with the dependence of vari-
ous LFV observables on the triplet scalar sector. Unless noted otherwise, all model parameters
are chosen as given in Table 4.2. We therefore vary the model parameters p;, p2 and p3, where
we show the resulting masses in Fig. 4.4.

In the left upper panel of Fig. 4.5 the magnitude of 4 — 3e is shown using the para-
metrisation of Eq. (4.45) with the different diagrammatic contributions split according to
Fig. 4.3. As discussed above, the tree-level diagram with a doubly-charged mediator com-
pletely dominates over other contributions. In the lower left panel we also show the other
LFV three-body decays. The radiative decays, shown on the upper right panel, are smaller
by roughly two orders of magnitude which is due to the loop suppression w.r.t. the three-
body decays. The reason why BR(t — ey) < BR(7 — p7v), BR(g — e7) as well as
BR(7 — 3e) < BR(7 — 3u), BR(x — 3e) is simply the order of magnitude difference

* In this context, ‘no large hierarchy’ means no more than an order of magnitude of difference, therefore small
compared to the hierarchy in quark flavour mixing.
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Figure 4.5: A cross-section of different LFV observables for the choice v;, = 2 X 107 GeV, Mp =
1 MeV and the Yukawa solution sign choice (+++). Top left: Total branching ratio of u — 3e and the
different contributing types of diagrams. Top right: £, — {7 and ;1 — e conversion in different nuclei.
Bottom left: Different 3-body decay channels of muons and taus, note that the channels 7~ — ey~ ™
and 7~ — puTe” e~ cannot be seen as as they lie very close to the branching ratios 7 — 3y and u — 3e,
respectively. Bottom right: Ratios of the different 3-body decay modes, see Eq. (4.46) for a description
of the labels.

between YA(L?’) and the other two off-diagonal Yukawa entries. For the ;1 — e conversion ob-
servables we first see a decrease of the conversion rate with an increasing mass scale of the
triplet scalar sector. The reason is that for this choice of parameters, for triplet masses up to
5TeV the y-penguin diagrams with triplets running in the loop are dominating. For higher
scalar masses, the W r — vg-mediated box diagrams which are independent of the scalar
sector parameters become more important (as the triplets don’t couple to quarks, the most
important ;. — e conversion box contribution is always coming from these internal particles).
For a heavy scalar sector, we can therefore even have CR(u — e¢) > BR(u — e); this could
be interesting for future experiments which have better prospects for sensitivity in ;z — e con-
version than for the radiative muon decay. For ;1 — 3e, the size of the boxes is determined by
the triplets for all of the parameter regions shown. Finally in the lower right panel of Fig. 4.5
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Figure 4.6: Dependence of the triplet Yukawa coupling on left triplet VEV vy, using the (+++) solution
of Eq. (4.40) (left) and the consequential decoupling of the different contributions to i — 3e (right).

we show ratios of the three-body branching ratios. The labels in the figure correspond to

BR(7 — 3u) BR(7™ — eFTptpu™) _ BR(7™ — pFefe)

RT = Hn . o N\ Re = ) R -
/"~ BR(u — 3e) ¥ BR(T — 3¢) & BR(T — 341)

(4.46)

Let us now fix the scalar sector to the benchmark values of Table 4.2 and consider the de-
pendence of the LFV rates on the input parameter v;, which we vary from 0.1eV to 1 GeV.

It is important to realize that, for these parameter values, /v /vg > Bg’i), where Bp =

RT M, Y 2mlyight M, 2R as used in Eq. (4.40). Therefore the diagonal elements of YA approx-
imately scale with 1/,/vr. The off-diagonal YA elements, however, vanish to zeroth order in

\ /vL/vR/Bg’i) for diagonal M and both the (4 + +) or (— — —) solutions, see Section 4.2.2
for further details. Therefore, they are generated by the terms proportional to Bp. With the
overall 1/v;, pre-factor in Eq. (4.40), the off-diagonal Y}, entries decouple like 1/v;. This is
numerically shown in the left-hand panel of Fig. 4.6. On the right-hand panel we show the
corresponding decoupling behaviour of the muon three-body decay. The other observables
scale accordingly.

(+ — +) Solution. Let us now consider another possibility out of the eight different
solutions for YA according to Eq. (4.40). As illustrated in detail in Section 4.2.2, the choice of
the solution is of particular importance in the case where M, is diagonal: while the flavour-
conserving Ya elements get reduced by less than an order of magnitude when switching from
a (+++) or (— — —) solution to one with differing sign choices, the flavour-violating entries
get enhanced sizeable. The reason is that for YA(k’l) the entries with £ # [ do not vanish

at zeroth order in \/vy /vg/ Bg’i). For comparison, using the chosen benchmark point, the
Yukawa matrix from the (+ + +) case in Eq. (4.45) reads for the (+ — +) case

—3.61 x 1073 —8.53 x 1073 —6.27 x 1073
Y = [ —853%x 107 6.33x 1073 —3.65x 1073 | . (4.47)
—6.27 x 1073 —3.65 x 1073 8.56 x 1073
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Figure 4.7: A variety of different LFV observables for the choice v;, = 2 x 1077 GeV, Mp = 1MeV
and the Yukawa solution sign choice (+ — +). For an explanation of the four panels see Fig. 4.5. Note,
that the cases with p; < 6 x 1072 are excluded by the bounds on 1 — 3e.

Naturally, this results in a rate enhancement of the LFV observables by many orders of mag-
nitude. In Fig. 4.7 we show the analogue to Fig. 4.5 but this time using the (+ — +) solution.
We see an interesting effect here: while 1 — 3e is enhanced by roughly four orders of mag-
nitude, ;1 — e conversion observables are only enhanced by three orders. The radiative decays,
in turn, are hardly changed at all. The reason for this is as follows. The three-body decays
are still dominated by the tree-level H** mediation; therefore their amplitude scales with
the respective off-diagonal YA entry which is enhanced by three orders of magnitude from
Eq. (4.45) to Eq. (4.47). For the radiative decays, the diagrams with a charged lepton and a
doubly-charged Higgs in the loop dominate. For each decay, the internal lepton can be elec-
tron, mu or tau flavoured. Taking as an example the decay ;o — ey, the coupling combination
entering the amplitude is therefore YA(Q’DYA(M) Ce + YA(Q’z)YA(Q’l)cu + YA(Q’?’)YA(B’DCT, where ¢;
denotes the loop function depending on m,, and my==. For the photonic dipole loop func-
tions we find that ¢, ~ ¢, ~ ¢,. Taking the respective YA(k’l) entries from Eq. (4.47) we then
observe a cancellation between the different terms so that the sum is actually almost as small
as the respective combination using the values from the (4 + +) parametrisation. This leads
to an almost unchanged magnitude of the radiative decays from one case to the other. The
[t — e conversion rates are also dominated by the photon penguin; however, what enters here
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Figure 4.8: Dependence of the triplet Yukawa coupling on left triplet VEV vy, using the (+—+) solution
of Eq. (4.40) (left) and the consequential decoupling of the different contributions to i — 3e (right).

is the monopole contribution. While the aforementioned cancellation also holds for the dia-
gram where the photon couples to the doubly-charged Higgs, the monopole loop functions
differ significantly between the lepton flavours for the diagram where the photon couples to
the charged lepton in the loop - therefore spoiling the cancellation. As a result, there is only
a partial cancellation and the increase of the conversion rate from the (4+ + +) case to the
(+ — +) case is only about an order of magnitude smaller than for the three-body decays.
This observation generalises to the five other sign choices where one sign is different from
the two others.

Another consequence of switching to a mixed-sign solution for Y, besides the size of the
off-diagonal elements, is the dependence on v;: while for the same-sign solutions, the off-
diagonals vanished to first approximation, leading to a scaling with 1 /vy, they do not vanish
in the mixed-sign case - leading to the same parametric dependence of 1/,/v; as for the
diagonal elements. This is depicted in Fig. 4.8 where at the same time we show the decoupling
of all contributions to BR(y — 3e).

Case II: Mp o< Myp—type

Let us now consider the case where M is proportional to the up-type quark matrix. This
choice is motivated from SO(10) unification, where one typically expects unification of the
up-and down-type Yukawas. While the individual couplings run differently when evolved
from the high to the low scale,’ let us assume for simplicity that the hierarchy in the diag-
onal Yukawa entries remains approximately unchanged. In an SO(10) unification context,
one would also expect a non-trivial flavour structure in the up-type Yukawa couplings. We
will address this case in the next subsection 4.3.2 and first consider a diagonal M, here. Ob-
viously, because of the large hierarchy in M,;,_ype any solution to Eq. (4.40) also requires a

hierarchical structure of Y, resulting in m,(,eR) Jmy, ~ ml(,’g) /m, =~ ml(,;) /my.

> This of course depends on details of the intermediate symmetry breaking steps and the scales where this
occurs.
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Figure 4.9: A cross-section of different LFV observables for the choice Mp = x M, _type, wWith x =
1072, vy, = 5 x 1075 GeV and the Yukawa solution sign choice (4 + +).

(+ + +) Solution. As an explicit example, for v;, = 5 x 107°, z = 1072 and this sign
choice the triplet Yukawa reads

1.77x 107 =563 x107% 1.18 x 107®
VI = [ —563x107® 898 x 1073 —150x 1077 | . (4.48)
118 x 1078 —1.50 x 107 1.23

Compared to the case with flavour-universal Mp, the resulting off-diagonal structure of YA
is far less intuitive as the solutions to the respective matrix elements of Eq. (4.40) are more
involved.®

What one can already deduce for the relative magnitude of LFV decays is that 7 — 3u
will have the largest rates: for this decay, the combination of couplings which enter the

tree-level decay mediated by H** is YA(Q’g)YA(?’Q). For 7 — 3e, in turn, it is YA(I’g)YA(I’l).

® Note that this Yukawa structure leads to a lightest right-handed neutrino which is lighter than the 7. However,
due to the suppression of the corresponding 7 decay by the scale of the Wg boson, the T branching ratios
will not be changed in an observable way. Similarly, the decays of heavy mesons also do not yet place any
constraints on this scenario.
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As YA(M) ~ My, /me YA(2’2), there is a large hierarchy to be expected between these observ-
ables. Furthermore, we can have the case that for three-body decays ending in a e*e™ pair,
loop-induced diagrams dominate over the tree-level mediation for the same reason. Consider
again 7 — 3e: the small YA(L?’)YA(LD factor always enters the tree-level amplitude, making it
small. In the vector penguins, there is for instance a contribution which involves a H** — ¢
loop, scaling with the same combination of matrix entries. In addition, however, there’s the
H** — 7 loop, scaling with YA(g’S)YA(l’g). The respective amplitude can therefore become even
larger than the tree-level contribution despite the loop suppression. For the decay 7 — 3,
not only is the tree-level contribution correspondingly larger but also the vector penguin as
YA(?”S) / YA(Q’Q) ~ my/m. ~ O(167%). Therefore the corresponding one-loop amplitude is as
important as the tree-level contribution. This is explicitly seen in Fig. 4.9 where we show
the dependence of various LFV observables’ on the mass scale of the scalar sector using the
(4++-+) solution for Y, in analogy to Fig. 4.5. Since the LFV p decays are suppressed w.r.t. the
LFV 7 decays due to the smaller Yukawa couplings involved, those diagrams which involve
gauge couplings and which are hence independent of the scale of the scalar sector become
relevant much earlier. This is most prominently seen in the ;1 — 3e as well as ;1 —e conversion
rates which are dominated by W, /r — vr box diagrams for p; 2 0.3 and 0.1, respectively.
Note that the small dip of the ;1 — e conversion rates around p; ~ 4 x 1072 is a result of a
destructive interference between the box diagrams and the v penguins. The rates however
approach a constant value once the photonic contribution decouples and the box diagrams
dominate which is seen at larger p; values.

In Fig. 4.10 we then show the decoupling behaviour for two different choices of = as the
triplet Yukawa VEV vy, is varied over the allowed domain.® The case that x = 1072 corres-
ponds to the parameter choice used for the discussion to this point, and the same arguments
hold in what concerns the dominance of the v penguins for the entire range of v, as explicitly
depicted for 1 — 3e in Fig. 4.10. Here we have the situation that Bg’i) < \/vp/vg for all
shown vy, choices. As discussed before for the Mp o 1 case and illustrated in Section 4.2.2,
for the sign choice (4 + +) all off-diagonal terms vanish at leading order. Subsequently, the
numerical calculation yields heavily suppressed off-diagonal entries that scale as 1/vy. In the
case that z = 1075, all off-diagonal Y entries still scale with 1/v;. The diagonal elements,

however, show differences: the approximation Bg’i) < y/vr/vg only holds for i = 3 over
the entire range of v;. For i = 1,2, Bg’i) ~ O (M) for small values of vy,. There-
fore, just like the off-diagonal terms which are generated by the first non-vanishing order in
Bg’i) / \/UL/—UR, also the diagonal YAW) elements scale as 1 /vy, for small v, values. For increas-

ing vy, first the (2,2) and then also the (1, 1) elements fall into the limit Bg’i) < \/vp/vg,
eventually resulting in a decoupling at a rate proportional to 1/,/v;,. As a result, the vy penguin

7 Note that the overall size of the different flavour observables is typically unobservable even with the upcoming
projections noted in Table 4.1. However, this particular choice of  and vy, serves as a useful benchmark point
to highlight the differences when considering both the different Mp choices proportional to M ,_type and
different sign choices of the Yukawa solutions in the forth-coming sections.

8 The vy, domains between the different choices of = differ due to the triplet Yukawa parametrisation. For
x = 1072 values of vy, smaller than approximately 107> GeV lead to non-perturbative couplings, while for
both cases values of vy, greater than O(1 GeV) are not permitted due to constraints from the rho-parameter.
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Figure 4.10: Illustration of the different decoupling behaviour resulting from varying vy, for different
x values, using Mp = M,p—type and the (+ + +) sign choice. Here vy, is varied between the allowed
regions, where the lower bound arises from non-perturbative couplings and the upper bound v, =
1 GeV from the rho-parameter. The top and bottom rows correspond to = 1072 and x = 107
respectively.

(2,2)

dominance in p — 3e only kicks in for v;, = 10~° GeV. Before that, YA(I’I) > my/me YA,

giving a boost to the tree-level contribution.

(4 — +) Solution. As for the Mp o 1 case, we now turn to a different solution to Y for
the same input parameters. As described in Section 4.2.2, the effect of switching to a (+ — +)
solution rather than the (+ + +) solution is not qualitatively different to the case Mp o 1
given that Bg’i) < +/vr/vug. First we consider varying the scalar sector choosing x = 1072
and vy, = 5 x 107> GeV. This results in a triplet Yukawa that reads

1.74 x 1075 —7.00 x 10~ 9.25 x 1075
YT = [ =7.00x 1075 —8.61 x 1073 2.33 x 1072 (4.49)
9.25 x 1075 2.33 x 102 1.20

The results of these choices are shown in Fig. 4.11 as a function of the triplet-scalar masses.
In comparison to Fig. 4.9, many of the flavour observables are within reach of current or
upcoming experiments. In this region of parameter space the change of sign does not modify
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the relative size of the YA(I’I) or YA@’Q) entries. Correspondingly, for 4 — 3e and 7 — 3e

the dominant modes remain the v penguins. These observables are however far larger as the
corresponding off-diagonal Yukawas YA(l’z) and YA(l’?’) are typically four orders of magnitude
larger compared to the (+ + +) sign choice. Additionally, since YA(Q’?’) has changed by five
orders w.r.t. to the (+ + +) choice, the ratio of BR(7 — 3u)/BR(u — 3e) is increased by
two orders of magnitude.

10—() A A A T 10_6 | | AN
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Figure 4.11: A cross-section of different LFV observables for the choice Mp = xM,_type, with z =
1072, vy, = 5 x 1075 GeV and the Yukawa solution sign choice (+ — +).

Case III: Mp VCTKMMup_typchKM

Let us now go ahead and consider Mp = ngKMMup_typeVCKM, which is motivated by
Yukawa unification due to the intimate connection between the up- and down-type Yukawas.’
We once again start by considering the (+++) sign choice, v, = 5 x 107° GeV and z = 1072,
completely analogous to the previous subsection. This results in a triplet Yukawa of the form

487 x 1074 214 x 1073 4.12 x 1073
Y = (214 x 107 1.06 x 1072 5.01 x 1072 | . (4.50)
412 x 1073 5.01 x 1072 1.22

Multiplication of the CKM matrix on both sides results in a slight decrease of the hierarchy
amongst the diagonal entries and an increase in the size of the off-diagonal entries, similar to
the case where Mp = M,p_type With the (+ — +) sign choice. Shown in Fig. 4.12 is the effect
of varying the triplet scalar sector with this choice of the triplet-Yukawa. Note that all of the
parameter space shown in this figure could be probed by the proposed PRISM/PRIME exper-
iment for ;1 — e conversion [420,421]. In Fig. 4.13, we further decompose the rate into the dif-

’ In LR-symmetric theories, the up-type mass matrix can be written as m, = VCLIEMmgiagVé%KM, where
mglag = Myup—type VCLKM = Vekwu is the usual CKM matrix and VgKM is the according quantity in the
SU(2) g sector. Parity symmetry relates V&%, = Vi (up to a diagonal matrix of free phases on either
side which we choose to set to zero here) so that m,, = VéKMMup_typeVCKM. See also the Appendix A in

Ref. [401].

95



Chapter 4 Lepton Flavour Violation in Left-Right Symmetric Models

1076 DR AL AL T 1076 A | A | AL
t o~ ] s T — 3u
= ~ ] - T —>/.L’e+67
o ~ '~'\ ] -9l ‘r*—);fre*e*_
10 - -l 107°F -

~1n-12|L I _-cd —12f
510 N -l

T roey 2 ——
10715 = =7 > ey 10715 r e
- =T
— u—el,t:}&l [ — — 77 — 57N+N7
— = pn—e,Ti '--—T_~>6+;L_;L_
1078l el 1018 L '
1074 1073 1072 1071 1074 1073 1072 107!
P1=P2=%P3 p1=p2=%p3

Figure 4.12: A cross-section of different LFV observables for the choice Mp = IVCTKMMup—typeVCKM,
with x = 1072, v, = 5 x 107 GeV and the Yukawa solution sign choice (+ + +).
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Figure 4.13: The y — e conversion rates in Ti when varying the triplet scalar sector for the choice
v, = 1079 GeV and the sign choice (+ + +) for the solution of the triplet-Yukawa. Two different
choices of Mp are made: Mp = xM,p_type on the left-hand panel and Mp = ngKMMup_typeVCKM
on the right-hand panel, where in both cases z = 1073,

ferent contributions, directly comparing the Mp = M, _type and Mp = VCTKM M p—type Verm
scenarios. Here, the size of the 7y penguin contribution is determined by the sum of the product
of couplings ) . YA(Q’Z) YA(Z’l) which increases from the former to the latter M choice. Note

that, due to the large off-diagonal entries in Eq. (4.50), the combination YA(Q’S)YA(371) becomes
sizeable, two orders of magnitude larger than YA(Q’Q)YA(M) + YA(Q’l)YA(l’l) which is the relevant
contribution for the Mp o< Mp—_type choice. Additionally, multiplication by the CKM matrix
also introduces contributions arising from the bidoublet scalar sector. However, under the
given constraints that the heavy bidoublet Higgs mass is around 20 TeV, these contributions
are extremely sub-dominant. This contribution can nevertheless be seen in the right-hand

panel of Fig. 4.13.

In the considered case Mp VgKM M yp—type Vera, the effect of switching to a different sign
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choice is less drastic than in the diagonal M,,,_(ype case. The reason is that with the inherently
flavour-violating nature of M, there is already a direct flavour-violating insertion into YA. A
change from a same-sign to a mixed-sign solution still has an impact here, but it is no longer
as pronounced as in the case with diagonal Mp. As a result, while all LFV observables are
generically two orders of magnitude larger than in the (4 ++) case, the relative magnitude of
the observables remains almost unchanged. A parameter point with a certain value of v;, and
the (+ + +) solution is therefore almost indistinguishable from the same point with larger
v, but the (+ — +) solution.

To conclude this section we show in Fig. 4.14 the equivalent of Fig. 4.10 for the choice
Mp = VgKMMup_typeVCKM, namely the variation of v, given two different choices of .
For the choice # = 1072 we see that all entries of Y decrease at the same rate. This is a
direct consequence of the multiplication by the CKM matrix. Subsequently we see that the
~ penguins and tree-level contributions to ;© — 3e are of comparable size. Additionally we
observe that the box and Z;,/zr-penguin diagrams do not completely decouple with increasing
vr. This is due to the W, g — vr loops which are independent of v;. However, the actual
rates in this region of parameter space will not be directly probed in upcoming experiments.
Lastly we consider the case where # = 107°. Here, we observe that we end up in regions
where the triplet Yukawa entries change sign (seen as the dips in the figure) in addition to the
change in decoupling behaviour due to the relative sizes of Bp and /vy, /vg as was already
observed for the case Mp = M p—_type-

Impact of the CP phase

So far we have always assumed the CP phase to be zero. However, this need not be the case.
Actually, recent fits even slightly prefer an angle of dcp ~ 37/2 [433]. Therefore we discuss
here the impact of of the CP phase on the LFV observables and consider scenarios which
are parity-symmetric. When looking at the parametrization of YA according to Eq. (4.40)
one readily sees that Bp becomes complex, requiring the rotation matrix R to be a complex
unitary matrix. As explained in Section 4.2.2, the effect is similar to switching from a (++ =)
solution to a mixed-sign solution namely. This holds even in the case where M, is diagonal
and /vy /vg > Bg’i), off-diagonal Yz entries are already induced at the zeroth order in
Bp/+/vr/vg. Therefore, when turning on dcp in the case of diagonal Mp and a (£ £+ +)
choice, large differences of the LFV observables are expected w.r.t. the dcp = 0 case. In those
cases, however, where there is either a mixed-sign choice or a non-diagonal M such as in
Section 4.3.2, the effect is far less pronounced.

We show this behaviour in Fig. 4.15 with the parametrisation M, o 1, both the (+-++) and
(+ — +) solutions. While there are many orders of magnitude difference between the cases
of zero and maximal CP phase when applying the (4 + +) solution, the differences are only
of O(1) in case of (+ — +). The same arguments hold for the other M, parametrisations; we
observe large differences in LFV rates between different CP phases for the diagonal M, _¢ype
and (+ + +) choice but only comparably small changes in the other cases. This is clearly
illustrated in the next subsection where we show our main results in the cases where dcp = 0
and dcp = 37/2.
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Figure 4.14: llustration of the different decoupling behaviour resulting from varying vy, with Mp =
VerxmMup—type Vexm using different 2 values and the (4 + +) choice. Here vy, is varied between
the allowed regions, where the lower bound arises from non-perturbative couplings and the upper
bound vz, ~ O(GeV) from the rho-parameter. The top and bottom rows correspond to z = 10~2 and
x = 107 respectively.

Clearly, allowing for complex phases in the neutrino and, thus, in the Yukawa sector will
give rise to an electric dipole moment (edm) for the leptons. Here in particular the bound on
the electron is rather severe as its edm must be below 8.7 x 1072 ecm [405]. In the parameter
region of Fig. 4.15 we find values of up to approximately 10~3% where the main contribution is
due to the doubly charged Higgs bosons. However, this contribution is suppressed as one can
show that in the limit mz/mp — 0 the contribution to the edm vanishes [439], where m  and
mp are the masses of the fermion and the boson in the loop. The other potentially dangerous
contribution due to the singly charged Higgs boson is suppressed because the lighter one
is essentially the A} and, thus, the corresponding fermion is the left-handed neutrino. The
contribution of the heavier state is suppressed by its mass of around 20 TeV. As a result the
electron edm will likely not be testable at the upgraded ACME experiment [440].
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Figure 4.15: The main LFV observables varying the Scp phase for Mp = 1 MeV, and vy, = 1075 GeV.
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Measurement prospects

In this section we ask the question: what are the prospects of measuring a signal of lepton
flavour violation given a triplet scalar sector with masses at the TeV scale? Here, we choose
the scalar sector and model parameters according to Table 4.2. For each parametrisation of
Mp we perform 2D scans in both v;, as well as the overall scale of M which we define, as
before, by the continuous parameter x. While the structure of Y, is determined by the para-
metrisation of M as well as by the choice of one of the eight possible solutions to Eq. (4.40),
the overall YA magnitude is governed by the sizes of v;, and Mp. Therefore, by scanning
these two quantities for the different M parametrisations one obtains a robust prediction as
to the extent of the parameter space which is probe-able by current and future experiments.
It should be noted that the choice of the scalar sector maximises the rates of the flavour ob-
servables. In this sense these projections are a best case scenario, as the LHC will begin to
increase the bounds on the masses of the triplet-scalar sector.

The results for 0cp = 0 are presented in Fig. 4.16: in each panel, we shade the region
excluded by current experiments for the most sensitive channels.’” We also depict the sensit-

10 All flavour observables that where shown in Section 4.3.2 are considered in Fig. 4.16, however to improve
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Figure 4.16: Sensitivity of current and future experiments in the (z,vy) plane. Solid lines are the
current bounds, while the dashed lines are the projected sensitivities of upcoming experiments, see
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ivity for future experiments with the lighter shaded regions with a dashed border. The plots
have to be read as follows: in the upper left-hand corner of each figure (shown in white), the
LFV rates are too small to be measured in the near future. Going to smaller v, and larger x
values, the rates increase and many of the current or near-future experiments start to become
sensitive.

A generic feature of all plots, irrespective of the M parametrisation or the sign choice, is
that the LFV rates are almost independent of x in the small x regime. However, at a certain
x-value, depending on both the M, choice and the particular observable, the LFV rates begin
to increase. The reason is as follows. For small x, Bg’i) is of the order of \/v,/vg or even
larger."! This means that the Mp dependence in

1 x
Ya = ——MS' PR (Bp £+ /B2 + 4a) R M}/ (4.51)
2\/§UL

cancels to first order and the off-diagonal Y structure is determined by the PMNS mat-
rix which enters in the rotation matrix R. With increasing x, however, we enter the limit

VouL/vg > Bg’i) and therefore the arguments outlined in Section 4.3.2 hold:
1. if Mp is diagonal, then for the (+ + +) choices, the Y off-diagonal elements scale with
x /v,
2. for mixed sign choices the entries scale as'* 2/, /v

3. If, in turn, Mp contains non-diagonal elements, then the same-sign choices also scale
like x/,/vr. The only difference with respect to the mixed-sign choice being an overall
smaller LFV rate.

Let us begin with the parametrisation Mp = 21 GeV. In the top row of Fig. 4.16 we show
the respective planes for both the (+ + +) and (+ — +) solutions. As discussed in some
detail in Section 4.3.2, ;1 — 3e is the observable with the best prospects of being measured
in the near future, as there exists no real hierarchy between the Y entries. However, if the
PRISM/PRIME experiment reaches the expected sensitivity of 1078 for u — e conversion
in Ti, then the future reach will be comparable with the projected sensitivity of the Mu3e
experiment [381] for the (+ + +) sign choice. Nevertheless, for very small z-values, ;1 — ¢
conversion is more sensitive for both sign choices. The case Mp oc 1 also leads to the most
drastic change in the region which is experimentally probe-able when changing between the
sign choices. Here we see that the change in sign choice drastically increases the rate of the
observables in the regime where 2 > 1073.

For the case that Mp = M,_iype, the coverage of both current and upcoming experiments
is limited. The vast majority of the sensitive region occurs in the small x and v;, regime. For
the sign choice (+ + +), there is no prospect of future experiments probing perturbative
parameter regions where x > 2 x 1073 irrespective of the vy, choice. Whereas, for the mixed

readability only the four most sensitive channels are shown in subsequent figures.

"1 Recall that B, = RT M,/ >mlieht ) =12 pe.

12 The LFV amplitudes scale quadratically with YA. However, this is typically the product of a diagonal with an
off-diagonal entry of Ya. As mentioned above the diagonal entries scale with :/ y/vr in the limit /vy, JvRr >

Bg’i), meaning the LFV rates scale with either 2% /v? or 2* /v? in the majority of the parameter space.
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sign choice, future and current experiments have some sensitivity in the regimes where YA(3’3)
is close to becoming non-perturbative. Interestingly, due to the increased rate of 7 — 3u
decays, see the discussion in Section 4.3.2, the corresponding measurement prospects for
BELLE II [416,418] are a little higher than for . — 3e despite the unprecedented sensitivity
of the Mu3e experiment. The sensitivity for small = regions is largely unchanged between
the sign choices. The best future prospects in this case is through the measurement of 1 — ¢
conversion.

The last remaining choice studied is Mp = VgKM M p—type Ve, shown in the bottom row
of Fig. 4.16. There is an increase of the LFV observables w.r.t. the M,,_(ype case in the region

Vo vg > Bg’i) due to the CKM multiplication, which boosts sensitivities for the large-x
region. With upcoming experiments even regions where z ~ 1072 and v, ~ 1 GeV will be
detectable through these observables, in particular ;« — e conversion in Titanium. The change
in shape of the ;1 — e conversion projections for large vy, are due to the Wz — vr boxes
which become important in this region of parameter space, see also Fig. 4.13.

Finally we repeat the same procedure for the case dcp = 37/2 in Fig. 4.17, motivated
by recent global fits [433]. As discussed in Section 4.3.2, the differences w.r.t. the dcp = 0
case are most drastic for the same-sign solution and a flavour-diagonal M, as the LFV rates
obtain a significant boost in the regions with large = due to the non-orthogonality of the
rotation matrix R in the complex case. Therefore, all six cases shown in Fig. 4.17 also feature
measurable LFV rates in the large-x regions. Interestingly, due to different cancellations in the
different LFV observables due to the complex phase, see also Fig. 4.15, the relative magnitude
of some LFV observables is altered. In particular, all the parameter region above x ~ 10~ for
Mp = 2 Myp—_type and (+—+) probe-able by the Mu3e experiment is already excluded by 7 —
3. Here, BELLE II has the best measurement prospects for the near future. However, also for
this maximal CP phase, the best prospects in the long run are found in the ;t — e conversion
rate should the PRISM/PRIME experiment reach its expected sensitivity. The Mp o 1 case,
however, is best probed by Mu3e.

Finally, for completeness, we show the results of current bounds and future sensitivities
using the values of Table 4.1 while varying the neutrino masses and hierarchies. Firstly, we
show the effect of altering the lightest neutrino mass to m,, = 0.1 eV resulting in a quasi-
degenerate light neutrino mass spectrum. The results of which are shown in Fig. 4.18. We
then also consider the case of an inverse hierarchy of the neutrino masses. In this scenario
the best-fit values used for the neutrino oscillation parameters are those from [428]. Setting
dcp = 0 and assuming m,, = 107* eV we obtain the results shown in Fig. 4.19. Modifying
both of these parameters we observe that the effects are sub-dominant in comparison to the
previous results discussed.
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Figure 4.18: Sensitivity of current and future experiments in the (x, vz, ) plane. Here we take dcp = 0,
and m,, = 0.1eV where once again all other model parameters are given in Table 4.2. See Fig. 4.16
for a description of the colours and contours.
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Figure 4.19: Sensitivity of current and future experiments in the (z,vy) plane where we assume an
inverted neutrino mass hierarchy. Here we take cp = 0, and m,, = 10~*eV where once again
all other model parameters are given in Table 4.2. See Fig. 4.16 for a description of the colours and
contours.
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4.4 Conclusion

We have investigated left-right symmetric models containing scalar triplets, paying particular
attention to a consistent treatment of the lepton and Higgs sectors. Furthermore, we have
advanced a method to consistently calculate the triplet-Yukawa couplings taking into account
both the experimental data and the underlying symmetries without any approximations. For
a given parameter point in the model there exists an eightfold degeneracy in the solution of
the triplet-Yukawas due to different sign choices in the quadratic equations for each fermion
generation. We find that these eight cases can be divided into two sub-classes.

The model is completely left-right symmetric in view of its particle content and the differ-
ences between the bilinear terms of the scalar potential. We have considered several different
realisations of the neutrino Dirac mass term, namely, a flavour diagonal case with either
degenerate entries or a hierarchy similar to the up-quark sector as well as a scenario where
there is CKM-like mixing. For each case we have studied in detail the consequences for lepton
flavour violating observables, considering both classes of sign choice for the triplet-Yukawa
solution. Using this knowledge we have surveyed which parts of the parameter space can be
probed by upcoming lepton flavour violation experiments. This entailed a calculation of the
rates for y — e7y, u — 3e, their counterparts in the 7-sector as well as ;1 — e conversion in
heavy nuclei, studying in particular their dependence on the Yukawa couplings as well as on
various parameters of the Higgs potential.

Naively one would expect that flavour-violating three-body decays of the leptons, most
importantly . — 3e, will give the best sensitivity and discovery potential, due to the tree-level
contributions via the doubly charged Higgs bosons. While this is correct for some regions of
parameter space, we find that there is also a large part where upcoming ;1 — e conversion
experiments will be more sensitive. This occurs over the majority of the parameter space
due to y-penguins with charged scalars running in the loops, however for regions where the
triplet Yukawas are small, the Wg-vg loop contributions can dominate. These conclusions
hold despite the fact that existing electroweak precision data implies that the additional vector
bosons are too heavy to be discovered at the 14 TeV LHC.

Given the case that all signs in the solution to the triplet-Yukawa are equal, there are signi-
ficant differences between the different parametrisations of the Dirac mass term. In particular,
the case with a CKM-like flavour mixing in the Dirac mass matrix exhibits LFV rates which
are, in most of the parameter space, several orders of magnitude larger than for the other
parametrisations. When switching to the other class of sign choices or allowing a non-zero
CP phase in the neutrino mixing matrix, the respective differences are reduced.

For completeness we note, that in some parts of the parameter space investigated the doubly
charged Higgs bosons are light enough that they might be discovered in the next years at the
LHC. However, some are sufficiently heavy that they could only be studied at a 100 TeV p-p
collider.
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Chapter 5

Supersymmetric Left-Right Models

As emphasised throughout this thesis, supersymmetry is one of the leading candidates for
BSM physics. However, throughout the previous chapters we have thus far neglected to men-
tion another attractive feature of the MSSM. In contrast to the SM, the MSSM predicts that the
three gauge couplings unify in the vicinity of the Planck scale [441-447]. As a result it is often
argued that supersymmetry could be the missing ingredient in constructing phenomenologic-
ally viable grand unified theories (GUTs) [448]. However, the MSSM alone suffers from two
deficiencies. Firstly, as discuss in Chapter 3, there is increasing tension between an acceptable
Higgs mass and direct collider constraints with large amounts of fine-tuning necessary [449].
Secondly, the MSSM with the addition of R-parity results in massless neutrinos. Therefore
it appears necessary that additional ingredients must be added to the MSSM to rectify these
two problems, while also preserving the solution to the hierarchy problem and maintaining
gauge coupling unification (GCU).

A possible solution to these problems are supersymmetric variants of the SO(10) GUTs
introduced in Chapter 4. In the presence of additional gauge symmetries the Higgs mass
can be increased at tree-level leading to enhanced naturalness [450,451]. Additionally the
presence of right-handed neutrinos, as predicted by SO(10) GUT theories, allows for natural
see-saw-like mechanisms [452]. A well motivated scenario which has not yet been studied is
an SO(10) GUT model which predicts left-right symmetry close to the TeV scale.

There are many different realisations of left-right models proposed in the literature. The
most striking difference among different left-right theories can be found in the sector that
eventually breaks the larger gauge group down to the SM gauge group. The most appealing
choice, as considered in Chapter 4, would be the introduction of SU(2) y triplets resulting in an
automatic type I see-saw mechanism after left-right symmetry breaking, see, e.g., Refs. [374,
375,453)]. However, the supersymmetric version of this scenario is heavily constrained from
vacuum stability arguments [371]. In addition the requirement of gauge coupling unification
usually requires the addition of extra intermediate supermultiplets [454]. In the presence of
doublets, instead of triplets, supersymmetric models consistent with GCU and a TeV-scale
spectrum can be easily found [455,456]." In these models special care must be taken not to
destroy the GCU which already works well in the MSSM. In Refs. [455, 456] an exhaustive

! In the non-supersymmetric case models with triplets and GCU are also possible, see for example Ref. [87].
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studies were performed of all possible models exhibiting combinations of the intermediate
phases from Egs. (4.2) to (4.4) with either the left-right symmetric or U(1) g-left-right phase at
the TeV-scale. In particular they showed that these intermediate scales, referred to as ‘sliding
scales’, could lie anywhere between the GUT and TeV-scale without spoiling GCU. However,
requiring these gauge symmetries at the TeV-scale places strong conditions on the particle
content of the models.

In this chapter, we study a model where the left-right supersymmetric phase is broken at
the TeV-scale. This model is consistent with GCU and contains a minimal set of boundary con-
ditions at the unification scale. The choice of particle content allows the left-right symmetry
to be maintained down to energies accessible by the LHC without the need of an interme-
diate scale. This chapter is organised as follows: First, we discuss the basic model features
and the necessary conditions for successful GCU as well as radiative symmetry breaking. We
then present the quark and lepton sectors in some detail. In section 5.2, we address the Higgs
mass and mixing as well as the expected squark hierarchies which differ from the CMSSM
expectations.

5.1 The Model

5.1.1 Superpotential and Particle Content

We assume that SO(10) is broken at the GUT scale and below this scale the remaining gauge
group is left-right symmetric down to the SUSY scale, i.e. Gpr = SU(3)¢ x SU(2) 1, x SU(2) g X
U(1)p_r. The particle content of the model under consideration is given in Table 5.1. Here,
® is a bi-doublet which comes in two generations

L (HP H
3 =(Hz_ H) (5.1
d u

The SM-like Higgs will be in general a superposition of the four neutral components of these
bi-doublets. The conventions for the fields which will be responsible for the breaking of

SU(2)g x U(1)p_y, are:
0 —+
Xe - Xe
c = . c = — 5.2
X (_Xc ) X (—x?) (5.2)

Using this field content the renormalisable superpotential allowed under both the gauge sym-
metries G r and matter parity [372,457] is

W = Yo,Q Qe+ Y1, LO" Lo+ Y5, QeXelu + YsLoxoS + Yo LeXeWe  (53)
+ 25 4 B + 1 XX + Mobaba + My DU

Here, all generation, SU(3) and SU(2) indices are suppressed.
Spontaneous symmetry breaking occurs when the neutral components of ® and y-fields
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SO(10)

Field Multiplicity Orr Origin Zy
Q 3 (3,2,1,+%) 16 -1
Q. 3 (3,1,2,—3) 16 -1
L 3 (1,2,1,-1) 16 -1
L. 3 (1,1,2,+1) 16 -1
S 3 (1,1,1,0) 1 -1
da 1 (3,1,1,-2) 10 -1
8d 1 (3,1,1,+2) 10 -1
U, U, 2 (1,1,1,42) 120 -1
P 2 (1,2,2,0) 10,120 1
Xes Xe 1 (1,1,2,F1) 16, 16 1

Table 5.1: The matter sector and Higgs sector field content of the supersymetric left-right model. Gen-
eration indices have been suppressed and the index c refers to the equivalent SM field which transforms
under SU(2) . The gauge group is such that Grg = SU(3)¢ x SU(2)1, x SU(2)g x U(1)p_r. Note

that We also assume the usual matter parity.

receive vacuum expectation values (VEVs)

Y

1
HaO: O'a—f—i a+vda 7
d _\/5( d Pa <1>)
1
H,ZO:— O'f:—i—?: Z+Uua >
\/5( 2 <I>)
0 __ 1 .
XC_\/i(O'Xc—i_ngXc—i_vXc)
0 I .
Xe = —= (Ox. + iP5, +vx.) -

S

We make use of the following definitions of the VEVs

2 2 2
/UR_,UXC_'_’U)ZC’

vi = (v3)* + () + (v3')* + (v?)°

where we use three angles to parametrise the VEVs

Vg = v sin Bsin B, vEl = vy cos Bsin By,
vg’ = vr,sin B cos By, vE = vy cos B cos By

(5.4a)
(5.4Db)
(5.4¢)

(5.4d)

(5.5a)
(5.5b)

(5.6a)
(5.6b)

In this parametrisation vy, is the electroweak VEV and /3 is the usual mixing angle projecting
out the SU(2), would-be-Goldstone bosons as in the MSSM. In general, the gauge symmetries
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are broken in two steps

QLR = SU(3)C X SU(Q)L X SU(2)R X U(l)B_L,
"2, SU(3)e x SU(2), x U(L)y = G, (5.7)
2y SU(3) e x U(1)em = Gear -

However, if vz does not exceed the TeV range, one can assume to a good approximation a
one-step breaking G r — Gsxr Which also occurs close to the SUSY breaking scale Mgysy =
/i, Myg,, where t, and £, are the two mostly stop-like up-type squarks.

We show in Fig. 5.1 the running of the gauge couplings in this model. This shows, the
assumption of a left-right breaking close to the TeV scale is consistent with gauge coupling
unification. We find that the unification scale is significantly larger than in the MSSM, ly-
ing in the range (1-4) x 10'” GeV. The increased scale of unification arises for two reasons.
Firstly, the one-loop threshold corrections are large. This is due to the mass spectrum being
spread over several TeV leading to large logarithms in the threshold corrections. Secondly, the
beta coefficient of the U(1)z_j, gauge coupling is large, taking the value 29/2. Consequently
the unification scale becomes extremely sensitive on the initial value of g, which also gen-
erically receives large corrections due to the thresholds. Subsequently, maintaining gauge
coupling unification requires that the mass spectrum of the theory remain as light as pos-
sible, leading to the prediction of a small SU(2) i breaking scale. Finally, the running values
of the new couplings at Mgygy are ggr ~ 0.44 and gr ~ 0.59.

As a consequence of the symmetry breaking, there are two additional massive gauge boson.
Their masses can be approximated by

1 g4
M2, ~ = 2+ g2 02+—Rv2> , 5.8a
4 ((gBL 9r) Vi (9%, +9%) " (58
1
M, ~ Zg% (v +v3) - (5.8b)

Beside the Weinberg angle, two additional rotation angles for the neutral gauge bosons are
required, while only one extra angle is required for the charged gauge bosons. The mixing
angles between the mass eigenstates of the new gauge bosons are given by

20503/ 951.9% + 92981, + 9%)
(9%, + 9%)2v% ’
491,9rV% ta(1+tg,ts,)

(9% (v} + vk) — givi) (1+ t%)\/(l +13 ) (1+13)

sin 2@22/ ~ (59)

tan QGWW/ = s (5.10)

where we have used the abbreviations t3 = tan 3, t5, = tan 3, and {3, = tan f3;.
There are a number of choices for which parameters to solve the six minimisation condi-
tions for the vacuum. Here we solve for the following parameters

{(ugvl))Z WL g2 p22) B..}. (5.11)

9 ne ne ne 7/’LXc7
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Figure 5.1: Running of the gauge couplings at one-loop (dashed lines) and two-loop (solid lines) in the
left-right phase of the model. The two-loop results includes the one-loop threshold corrections arising
at both the electroweak and SUSY scales. Additionally the running of the couplings is shown from the
SUSY scale rather than the SU(2) i breaking scale vg. In this figure the GUT normalised g, is plotted.

The normalisation is given by gp;, = \/g gS5T. The parameters for the two-loop running are t5 = 5,

tg, = 6.5,t3, = 0.85, mg = 1.5 TeV, M1/2 =T750GeV, Ag = 1TeV, Yéid = 0.15and vg = 6 TeV.

This set of parameters allows for unified soft-masses at the GUT scale while also allowing
the minimisation conditions to be solved analytically. The second advantage of this set of
parameters is that both 11, and B,, _appear in only two of the six tadpole equations and can
therefore be solved independently of the remaining parameters. We obtain

1 1 1+ 2 1
2 _ 5( <Amic - 1912-3'0% cos 25) T2 tQR 4+ Zmi 3 (95 + 9%) v?%) . (5.12a)

’/’LXC
Br
1 2 2 2 1.
~ T my tg, —mg, | — §M - (5.12b)
Br
1 2 1 2 2 Qtﬁ 1 2 2 2 2t,8
R R
where t5, = tanfr = v, /vy, Amic = mic — m%c and Zmip = —( ic —l—m?-@). We

assume that SUSY breaking in the visible sector is triggered by gravity and therefore make
use of mSugra-like boundary conditions at the GUT scale, i.e. subsequently we impose the

111



Chapter 5 Supersymmetric Left-Right Models

unification of the following soft-parameters:

2 _ 2 _ 2 _ 2 _ 2 _ 2
m05,~j = chSij = mQCcSij = mLéij = mLc(SZ-j = m55ij

= my0i; = my 0 = m(%d = mgdméézj = mi = mic : (5.13a)
My =Mp | = Mgr= M, =Ms. (5.13b)

The trilinear soft-breaking couplings are related to the superpotential couplings by a universal
parameter A,

n:AO}/;7 i:QaLa(Sch\I[?S' (514)

The resulting free parameters at the GUT scale that are of interest for phenomenological
studies® are mq, M2, Ao, 5,15, 8, (,ug’z))Z, Y5,Ys, Yy and Ms.

Using these boundary conditions, the running of the soft masses appearing in Eq. (5.12) can
be approximated analytically at the one-loop level. This yields the results

1 M,
Am?, =~ = ((Ag + 3m2) [33@{1% —TrYdYs+Tr ngw] ) In ( cuT ) . (5.152)
™ SUSY

1
> ml o~ —2mi + yo ( (A2 +3m2) [3Y;§dY5d +TrYdVs 4 Tr YJYw}

M,
— (3931, + 697) M12/2) In ( M;E) - (5.15b)

In order to obtain spontaneous symmetry breaking one requires uic > 0, namely the RHS
of Eq. (5.12a) must be greater than or equal to zero. This constraint excludes an area of the
parameter space as a function of the couplings Y;,, Y, Y, the soft-breaking parameters m,
Ap and the SU(2) g VEV vg. As the large SU(2) g D-terms in Eq. (5.12a) add negatively to |13 |,
the contribution from the soft masses has to account for the positivity requirement. From
Eq. (5.15a) one sees thatm?_ > m?_aslongas AY? = 3Tr Y] Vs, +Tr YJYj—Tr YiYs > 0,50
that Eq. (5.12b) requires 3, close to, but smaller than one. Values of ¢5,, significantly smaller
than unity require a large splitting Amic, which can be achieved by increasing mg, Ag or
AY?2. We exemplify this behaviour in Fig. 5.2 where we show the contours of different ,uic
values as functions of ¢4, mg and Y;,,* highlighting the |u,.|* = 0 contour in red.

5.1.2  RGE Running of the Sfermions and Gauginos

In the CMSSM, which contains similar boundary conditions, one can obtain simple expres-
sions at the one-loop level for the first and second generation sfermion soft-masses relating

2 We consider here the vector-like leptons W, ¥, and their scalar superpartners as spectator fields only neces-
sary for gauge coupling unification. As such in all numerical studies we chose My = 1TeV and set the
corresponding B,,,, term to zero. Relaxing this assumption could have interesting consequences for collider
phenomenology as well as flavour observables [458].

3 The approximations applied in Fig. 5.2 do not include the running of Y;,. Generically, this running increases
the size of the couplings, but does not qualitatively modify the behaviour shown in the figure.
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Figure 5.2: Illustration of the constraints on the parameter space arising through the requirement of
consistent solutions of the tadpole equations. The figures show contours of the uic values as function
of either, Y;, and tg,, (left) or mq and tg,, (right). Here, we have chosen the couplings Yg and Y}, to
be zero in order to reduce the dimensionality of the parameter space, for a detailed discussion of the
effect of these parameters see the text. The red contour corresponds to where uic = 0, therefore the
parameter space underneath this contour is excluded as M?{c < 0 in this region. The parameter values
chosen correspond to left: vg = 7TeV, my = 750 GeV and right: vg = 7TeV, Y5, = 0.25. Other
parameter values are, tg = 10, Ag = 500 GeV and M1/2 =1TeV.

their size at Msygy to the high-scale parameters m and M, /5 [49]:

m2(Msusy) ~ mg + 5.2M; 5 (5.16a)
mi(Mgusy) =~ mg + 4.8M o (5.16b)
m2(Msusy) ~ mg + 4.8M (5.16¢)
mi (Msusy) =~ mg + 0.50M 5 (5.16d)
mZ(Msusy) == mg + 0.15Mj 5 (5.16€)

mg(Msusy) ~ mg + 3.6Mj (5.17a)
me(Msusy) ~ mg + 3.5M; 2 (5.17b)
mj (Msusy) =~ mg + 0.44M s (5.17¢)
m3.(Msusy) =~ mg + 0.36M (5.17d)

Even if one must bear in mind that the correct coefficients get modified at the two-loop
level, one can already see two main differences: (i) the mass splitting between left- and right-
sleptons and squarks respectively is comparatively smaller than in the CMSSM, (ii) the squark
masses don’t grow so rapidly with increasing M, as they do in the CMSSM.

For the running gaugino masses one can obtain a rough estimate of the expectations of
the CMSSM against this model at one-loop using the relation M, = ¢2/g¢,rMi /2. In the
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CMSSM, one obtains
My ~ 0.4M, /5, My >~ 0.75M, 5, M3 ~ 2.15M, 5, (5.18)
while this model predicts
Mp_1 ~05M/5, My ~=0.TMy/5, Mr =~ 0.6M,/5, M3z~ 1.85M/;. (5.19)

Thus, the lightest gaugino is the one of the U(1)s_;, gauge group. Moreover, the gluino is
also lighter for the same value of M/, as in the CMSSM despite the increased GUT scale.

5.1.3 Quark Masses and Mixing

In the simplest left-right model with only one generation of bi-doublets and no vector-like
quarks, the quark mixing is trivial and the CKM matrix can’t be generated. An Ansatz often
used in literature to cure this problem is to add vector-like quarks which generate the CKM
matrix via the mixing with the SM quarks. In the case of vector-like states which mix with
the d-quarks and only one generation of bi-doublets, the two mass matrices read

v My Yxey,
M, =22y, M, = (ﬂ V2 ‘”) . (5.20)
V2 m M,

To be very general, we kept a term /m which is actually absent in our model. M, is diagonalised
by two 3 x 3 matrices Uf, UdL, and M, by 4 x 4 matrices Uf, UdL. The measured CKM matrix
Vexkwm must be reproduced by the 3 x 3 block related to the usual SM-quarks of the matrix

Ve = U (U7, (5.21)

where U* is U enlarged artificially by a row and column of zeros apart from the (4,4) entry
which is set to 1. One can always assume a basis, where U" is diagonal and the entire quark
mixing is encoded in Ug. In this case and for Ms, > my, one finds the see-saw condition

v2 Vs Vi
M = % _ ggT ’ (5'22)
with
2 T
X . vzYQY,
M = Viudiag(my, m2, mi) Vi — 5 Q. (5.23a)
voYorm + M v, Y
j= 49 by Xe_0d (5.23b)

2(|mf* — M3))

Using det(A + uv”) = (1 + vT A~1u)det(A) for an invertible matrix A and vectors u,v, one
finds that the determinant of the RHS of Eq. (5.22) always vanishes. This observation together
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with the extension of the same lemma where u, v are n x m matrices yields the condition

2

L= EYQ (VCKMdlag(md7 m;

-1
mp)Vem) Yg =0, (5.24)
for the LHS. Keeping in mind that Y is diagonal in the chosen basis, we finally find

%Yé = Vkmdiag(mg, m?, mg) Vi - (5.25)

Thus, there is only a solution to Eq. (5.22) if quark mixing vanishes, otherwise the system
is over constrained. We checked numerically that this conclusion holds also independently
of the see-saw matrix and that the inclusion of radiative corrections does not alleviate this
problem if one demands that all interactions are perturbative. Therefore, the best way to
incorporate correct quark mixing in left-right models is to include a second generation of bi-
doublets. However, the vector-like quarks in this model play still a crucial role because they
are needed for radiative symmetry breaking as discussed below.

In the presence of two generations of bi-doublets, the Yukawa coupling in the left-right phase
is related to the usual up- and down-type MSSM Yukawas Y,,, Y via

,/1+t2 —Y1/1+1t2 0 Yd—Yu,/lthg
Bqg— u
Yo, = — Y5

. = , (5.26a)
8.,

tﬁu}/;lw/l“‘tg Yt5d1/1+t2 ts,=0
YQ2 > YQ2 =-Y,. (5.26b)

—ta,

To keep YCS?;’B) perturbative up to the GUT scale, either ¢g, or tg, is restricted to very small
values. Therefore we choose to always take ¢35, = 0.

Our Ansatz to calculate Yy numerically is as follows: we derive values for Y; and Y, to
reproduce the known CKM matrix and quark masses. Here, two difficulties have to be taken
into account: (i) the mixing with the vector-like quarks which is inevitable because we need
a non-vanishing Y;,, and (ii) the full one-loop radiative corrections to all quarks. From the
obtained values of Y,; and Y,,, Y4, is calculated. Since Y¢, affects the one-loop corrections to the
quarks entering the calculation of Y; and Y,,, this procedure is iterated until a convergence
has been reached.

We now briefly comment on the constraints arising from introducing vector-like quarks.
Firstly, let us consider the constraints arising from quark flavour observables due to mixing
between the vector-like and down-type quarks. The key point to note is that the introduced
vector-like quarks only mix with the right-handed SM quarks due to the superpotential term
Y5,Q:Xc04. The strongest bound stems from the kaon mixing where one also has to include
the mixing of heavy vector bosons which scale as v? /v%, see Eq. (5.9) and (5.10). Recent
collider data requires that the 1V mass be at least approximately 2 TeV [459]. Apart from
that, it has also been shown that kaon mixing constraints require the W’ boson in left-right
models to be at least approximately 3 TeV in the non-supersymmetric case, [401] and at least
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2TeV in supersymmetric models due to gluino contributions [460]. Both of these bounds
must be recast for the specific model in question; however, they do not change the conclusion
that both the W — W’ and Z — Z' mixing should be highly suppressed. The mixing in the
right-handed d-quark sector is at most m;/M; < 1072, In the kaon mixing, both the squares
of the quark and vector boson mixing enters, implying that we can easily avoid this bound.

Lastly, one must consider the impact of the vector-like quarks on the electroweak precision
observables. Due to the tree-level coupling of the vector-like quarks to Z-bosons, there will
in general be a non-negligible contribution. The corresponding bounds have been obtained
in Ref. [461]: while the masses of the vector-like quarks should be 2 600 GeV, the mixing
with the SM quarks is constrained to [V 54 < 0.04.*

5.1.4 Lepton Sector

In the lepton sector, we find equivalent relations between Y7, Y;, and both the lepton Yukawa
coupling Y, as well as neutrino Yukawa coupling Y,, as Egs. (5.26a) and (5.26b) for the quark
sector. Because of the additional gauge singlet S as well as the two generations of extra
vector-like leptons W, U, there are more free parameters in the lepton sector as in the quark
sector. Thus, the calculation of Y, and Y, = v2mp /v, is in general more complicated. In
the limit vy, Yy Mg' — 0, the SM charged leptons decouple from the vector-like states and
correspondingly, vgY, = — >, v3eYr, can be diagonalized as usual, which fixes one linear
combination of Y7, and Y7,. The other necessary combination of Y, and Y7, can be obtained
from neutrino data.

The neutrino masses can be calculated in the the see-saw approximation, which give the
following expressions for light (heavy) neutrinos [462]:

_ 9 - -
myE ~ PRl (Yd) usYg 'mp,
Xc
~ Ixe
m, Yy . (5.27)

VG

While the light neutrinos are Majorana states, the six heavy states form three quasi-Dirac
pairs.

Since the right-handed neutrinos are part of the L. doublets, it is in general not possible
to simultaneously diagonalize Y, and Y, as opposed to inverse see-saw models with the
SM gauge group or with U(1)g x U(1)p_r. However, one can always choose a basis with
diagonal Y., ptg and My. Therefore, the PMNS matrix can be fitted by the linear combination
- \%vf{;’YLd = mp. Alternatively, one can work with diagonal mp and use Yy to fit
neutrino data, or allow off-diagonals in both terms.

4 Interestingly, the bounds from the hadronic ratio Ry, are stronger than those arising from the oblique para-
meters for the considered case of down-type vector-like quarks.
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5.2 Phenomenology

In this section we discuss various phenomenological features of the model, focusing on as-
pects of the mass spectrum that differ compared to the MSSM, as well as on current excesses
reported by the LHC experiments. A discussion of the rich flavour phenomenology of this
model which provides several new sources for lepton and quark flavour violation, as well as
of the dark matter scenarios is beyond the scope if this work and will be given elsewhere.

The numerical results of the model have been calculated using SPheno [104, 105], while
the implementation of the model into SPheno was performed using the Mathematica code
SARAH [89-94]. This allows one to calculate the full one-loop spectrum as well as the dominant
two-loop contributions to the CP-even Higgs masses [97,98].

5.2.1 Higgs Sector

After the would-be Goldstone bosons are rotated out, the Higgs sector comprises six neutral
C P-even states (0;, see Egs. (5.4a — 5.4d)), four neutral C' P-odd and four charged states which
each mix among themselves to form the mass eigenstates h;, A; and H;-. In the following
discussion, we will denote the lightest mostly electroweak Higgs state as i and the lightest
mostly right-doublet Higgs as /. In the limit £5, — 1, hp becomes massless at the tree level.
In this case, the SU(2) g- and the electroweak Higgs states decouple from each other and the
second-lightest Higgs is purely SU(2).-doublet-like. The tree-level mass of h is enhanced
with respect to the MSSM prediction due to the effect of the extra D- terms from the enlarged
gauge sector. The absolute upper bound on this mass can be evaluated in the limits {5, —
1,t3 — 00, tan 3, — oo and is given by

tg,—1 1
Mo < (91 + 9R) L (5.28)
which is the generic upper limit for supersymmetric left-right theories where electroweak
symmetry is broken by bi-doublets [463, 464] as well as in model variants where only the
subgroup U(1)r x U(1)p_1, survives down to the TeV scale [465,466].

As soon as tg, departs from one, a mixing between h and hp sets in which rises with
increasing A = 1 — tg,,. This mixing also pushes up the heavier mass of both eigenstates.
Treating A as a small perturbation, one can evaluate the corresponding 2 x 2 mass matrix of
said states which reads in the basis (h, hr):

2 2
) v (D (g2 +9%)—ghvd)  TMapDIRVLVR
_ 4D D
Mppp = fmiRAg%vaR 2 A2 ) (5-29)
D Mag

where D ~ 4(m%, + M3,) and m%, = —2B,, /sin2fp ~ —2B, _ is the mass of the
pseudoscalar Higgs boson of the SU(2) i sector. After the level crossing of the eigenstates, hr
continues getting more massive whereas the mass of the electroweak eigenstate converges

117



Chapter 5 Supersymmetric Left-Right Models
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Figure 5.3: Masses of the two lightest Higgs states as a function of tan Sr. The results are shown at
the tree level (dotted) as well as at the one/two loop level (dashed/solid lines). The grey band depicts
the approximate mass required for a SM-like Higgs. The remaining parameters have been fixed to
mo = My, = 1.2TeV, Ag = 1 TeV, p? = —2TeV,vg = TTeV, t5 = 15,15, = 10, M5 = 1 TeV,
Yy, = 0.09.

towards . y
mi,treerﬁR% < T (g% + ﬁ) v =My, (5.30)
which is exactly the same as in the MSSM. The last equality follows because of the relation
between the hypercharge coupling gy and the ‘new’ couplings: 1/¢% = 1/9%; + 1/g%.
Taking into account the measured Higgs properties, the mixing between the Higgs states
of the different SU(2) sectors has to be small. Hence, there are two possibilities in our model:

« values of ¢4, close to one, resulting in a light SU(2) p-doublet Higgs and a second-lightest
Higgs with SM properties and an enhanced tree-level mass

» significant departure from ¢, = 1, in which case the lightest Higgs has SM properties
but no D-term enhancement of the tree-level mass with respect to the MSSM.

In Fig. 5.3, we show the masses as well as admixtures of the two lightest C'P-even Higgs
states at the tree level as well as the one- and two-loop level as a function of tan Sz. Apart from
the usual large corrections of several ten per-cent for the SM-like Higgs, the most apparent
feature in the loop corrections is the dependence on tan Sz which is altered at the loop level
due to the coupling of x. to the vector-like coloured sector via Yj,: Since the average of the
scalar masses can be smaller than the corresponding fermion mass, the loop corrections are
negative in contrast to the well known feature of large positive (s)quark corrections in the
MSSM. In Fig. 5.3 we have chosen M5 = 1 TeV as well as a relatively large coupling Y5, = 0.09
(corresponding to Y5, = 0.26 at Mgysy) to maximise these corrections.

As a consequence of those radiative corrections, a second-lightest SM-like Higgs can be
accompanied by a very light hp state of O(10 GeV), in contrast to the constrained U(1)g X
U(1) p—r, model where the loop corrections in the absence of vector-like states always enhance
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My, 1.e. one finds O(50 GeV) even for tan fr — 1 [466,467]. We remark that the branching
ratio for the decay hy — hyh; is below a percent for these points even when the h — hp
mixing is of O(10 %).

5.2.2 Squark Sector

The down-squark mass matrix is enlarged to an 8 X8 matrix. The additional entries correspond
to the vector-like quarks’ scalar superpartners. The addition of these vector-like squarks mod-
ifies the expected hierarchy of the light-squark masses in comparison to the MSSM. Namely,
we observe that the lightest down-squark is generically lighter than the lightest up-squark
which is always the light stop ;. This behaviour arises as the vector-like quarks modify the
RGE running of the quark soft-masses, and have a potentially large mixing with the standard
down-type squarks.

To illustrate this behaviour we consider for the moment only the third-generation of left

and right down-type squarks as well as the vector-like squarks. In the basis {BL, b, 04, gd}
the mass matrix reads

(mgg))z 0 0 0
wim |0 ()RR o (1 ) ey
| 0 —don (T u YD) PGP, + LEYOE 0
" RO 0 | M5]? +m3,

(5.31)

Here, the electroweak VEVs have been neglected and we have assumed t5, — 1 as these
quantities give only a shift to the diagonal elements, but play a negligible role in the mixing
with the vector-like states. From the form of the mass matrix we arrive at the following
conclusions:

+ There is no mixing between the left-sbottoms and the vector-like squarks based on these
assumptions.

« For fixed values of Mj, the relative size of the mixing between the right-sbottoms and the
vector-like states is determined by three parameters, namely Yj,, Ay and vg. Typically
one requires these parameters to take large values in order to arrive at a phenomeno-
logically viable model’. Therefore the right-sbottoms are typically strongly mixed with
the vector-like states. This mixing reduces their mass compared to pure b /R €igenstates.

In Fig. 5.4 on the left-hand panel the mixing of the lightest sbottom with the vector-like states
is shown as a function of Y;,, where a value of 1.0 corresponds to a purely vector-like squark
and zero corresponds to a pure MSSM sbottom state. Here we observe that depending on Mj
there exists a minimum value of Y}, required for significant mixing with the vector-like states.
In the right-hand panel we show the effect of Ty; on the splitting of the squark masses. As

> Here we refer to the constraint that Y, must be sufficiently large to allow for spontaneous SU(2) g symmetry
breaking and vr must be of order of several TeV to produce a sufficiently heavy W"'.
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Figure 5.4: The mixing of the lightest down-type squarks (left) and the splitting of both the lightest
stop and down-squark masses (right) as functions of Y5, and Ty;, at Msusy respectively. Here all
input parameters are scanned over randomly for fixed values of M;. The ranges of the parameters
scanned over at the GUT scale are vg € [6.5,9]TeV, tg,t5, € [1,30], tg, € [0.8,1], mo, M)y €

200, 2000]GeV, A € [0, 3]TeV, u® € [~3,3]TeV and Vj, € [~0.15,0.15].

Eq. (5.31) suggests, Ty, contributes strongly to this splitting. One should note that the value
of this trilinear coupling is strongly correlated with A/, due to RGE running, increasing
with larger M /.

RGE running effects result in a splitting of the quark soft masses where (mg ’3))2 > (mg’c’g) )2.
This splitting arises through two main sources. Firstly, the running of the gaugino masses in
the left-right sector is asymmetric. This results in the splitting being a function of M, /, which
can be analytically estimated at the one-loop level:

Amg2 = (mg”?’))2 — (mg’f))Q

- M, 1+ 167 5 - ’
- 2 2
4 (87r2 — 3¢%ur In <AJ\448GUUS; )) <_47T2 + gGur In (AA?;;TY ))
~ 82 x 1072 M), (5.32)

Here, gqur ~ 0.8, Mgur ~ 1.5 x 107 GeV and Mgysy ~ 2.5 TeV. In Fig. 5.5 the results
of the fully numerical scan are shown. The bold red line corresponds to the above function,
whereby we see that this function provides an adequate approximation to the minimal split-
ting of the soft-masses. Secondly, as is also illustrated by Fig. 5.5, additional splitting occurs
due to Y5, # 0. The precise value of this contribution depends strongly upon numerous
parameters in the model.
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Figure 5.5: A random scan which illustrates the splitting of the squark soft-masses. Also shown in
red is the analytic expression based on the asymmetry of the left-right gaugino mass terms. Here all
input parameters are scanned over randomly for fixed values of M;. The ranges of the parameters

scanned over at the GUT scale are vg € [6.5,9]TeV, tg,t5, € [1,30], tg, € [0.8,1], mo, M)y €

200, 2000]GeV, A € [0, 3]TeV, u? € [~3,3]TeV and V;, € [~0.15,0.15].

5.3 Conclusion

We have presented a constrained left-right supersymmetric model which predicts a low-scale
SU(2) pxU(1)p_r, breaking scale. The model is constructed in a manner where gauge coupling
unification is maintained, based on the requirement that SU(2)g x U(1)p_, is broken purely
through SU(2)r doublets. As the left-right breaking scale is assumed to be close to the SUSY
scale, gauge coupling unification dictates that additional matter must be introduced. This
extra matter takes the form of vector-like quarks and leptons charged under U(1)p_, but
being singlets with respect to the SU(2) factors.

Due to the fast running of the U(1)_ gauge coupling and large one-loop threshold cor-
rections, the model predicts a unification scale close to the string scale. These large threshold
corrections are a product of large values of the gauge coupling beta functions in conjunction
with a large spread in the mass spectrum. For unification to remain unspoilt by threshold cor-
rections, one naturally predicts the SU(2) g breaking scale to lie close to Mgygsy. Finally, the
presence of vector-like quarks are an essential ingredient in driving spontaneous symmetry
breaking in the left-right phase: under the assumption of mSUGRA-like boundary conditions,
the couplings of these quarks must be non-vanishing to trigger radiative gauge symmetry
breaking.

We have demonstrated why the usual paradigm of using vector-like quarks in conjunction
with the see-saw mechanism provides insufficient degrees of freedom to fit both the quark
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masses and mixings simultaneously. Subsequently, we have implemented both the quark
masses and mixing through the introduction of an additional Higgs bi-doublet, raising the
total number of electroweak VEVs to four.

The phenomenology of this model contains a number of interesting features. Here, we
have focused on the mass spectrum. Firstly the CP-even Higgs sector displays two distinctive
tendencies. For t3, — 1, the lightest CP-even Higgs mass tends to O(10)GeV values while
the second lightest Higgs becomes SM-like. For sufficient deviation from ¢3,, = 1, the MSSM-
like limit is produced. Note, that the lightest state is essentially a SM gauge singlet. In the
squark sector due to both the RGE running and the enlarged down-squark sector the lightest
down squark is always lighter than the lightest stop.
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Chapter 6
Conclusions and Outlook

The Standard Model (SM) of particle physics suffers from a number of theoretical and exper-
imental deficiencies. It has been the goal of theorists over the previous decades to remedy
these deficiencies and propose testable scenarios for physics beyond the SM (BSM). At the
heart of these efforts lie solutions to the hierarchy problem. This led to the development of a
number of distinct types of theories that could solve this problem. From a phenomenological
standpoint, the important consequence of these solutions is the prediction of new TeV-scale
physics. However, at the time of writing, both the ATLAS and CMS experiments at the LHC
have collected in excess of 30 fb™! at centre-of-mass energies of 13 TeV. This data has provided
no direct signal of any of these theories, resulting in stringent exclusion limits on new TeV-
scale particles. This leads to an interesting impasse with a number of plausible solutions:
(¢) discard these existing well motivated theories, and set off pursing ideas that may explain
the hierarchy problem without new TeV-scale physics, or (i7) consider non-minimal variants
of these theories which modifies the phenomenology such that they remain consistent with
observation while preserving their respective solutions to the hierarchy problem.

In this thesis we have pursued the latter option with particular emphasis on supersym-
metry as the solution to the hierarchy problem. This however, leads one directly back to a
rather daunting reality, that is, the sheer number of possibilities for extending the minimal
supersymmetric SM (MSSM). The diverse array of data that any given model must confront
leads to a complete dead end if many of the necessary calculations are not automated. For-
tunately the last few years have seen significant increases in the number of procedures that
have been completely automated. The tool SARAH requires only minimal user input, such as
the Lagrangian, field content and symmetries. It gives the user not only useful information
like the vertices, mass matrices, RGE and one and two-loop self-energies but also integrates
into other high-energy physics codes which can be used to perform a wide range of studies.
We refer to this tool chain as the SARAH framework. To demonstrate these capabilities, we
have used the diphoton excess seen in December 2015 as a case study in Chapter 2. Here we
have emphasised both the ease and speed at which new models can be constructed and imme-
diately confronted with a large cross-section of available data. In particular we have provided
a lengthy motivation that examines a number of mistakes observed in the literature and how
these tools can be used to aid in preventing such errors and or simplifying assumptions.

In the subsequent chapters we where then interested in two different types of constraints
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on BSM theories. In Chapter 3 we have considered BSM effects on the stability of the elec-
troweak vacuum. Here, we have concerned ourselves with minimal supersymmetric models.
Supersymmetry results in very complicated scalar potentials due to the large number of new
scalar degrees of freedom. To analyse these potentials a large number of assumptions are
typically made. The easiest of which, is simply ignoring many of these new scalar directions
in the potential, thereby assuming that the potential is stable in these directions. In the first
half we have revisited an explanation of the diphoton excess using bound states containing
two scalar-top quarks in the context of the MSSM. We find that the requirement of a suffi-
ciently long-lived electroweak vacuum exclude this possibility. We also discuss the impact of
non-perturbative effects arising from Higgs exchange. In the second half we revisit the next-
to-minimal supersymmetric SM (NMSSM). Here we analyse the effect of including charged
Higgs directions in the scalar potential. We find at tree-level additional charge-breaking min-
ima exist which are deeper than other undesirable but charge-conserving minima. However,
considering the full one-loop effective potential and performing a full numerical study of the
tunnelling time we find that these new minima do not lead to an electroweak vacuum that is
further destabilised in comparison to cases where these minima are neglected.

In Chapter 4 we turned to indirect constraints on new physics arising from charge lepton
flavour violation (cLFV). Here, we studied a minimal low-scale left-right symmetric model
with scalar triplets which naturally gives rise to neutrino masses through a combination of
type I and type II see-saw mechanisms. Treating the complete scalar sector in a consistent
manner, we examined the cLFV rates considering the combination of both see-saw types. In
particular, we developed a parametrisation which utilises either the discrete charge and parity
symmetries to determine the triplet Yukawa matrices of the model as a function of only the
underlying model parameters and neutrino oscillation data.

One appealing feature of left-right symmetries arises from their compatibility with SO(10)
grand unified theories (GUTs). The previous cLFV study considered a low-scale left-right
symmetric model which, given the particle content, is incompatible with gauge coupling uni-
fication (GCU). In Chapter 5 we therefore constructed a complete supersymmetric SO(10)
compatible model containing TeV-scale left-right symmetric gauge symmetries. We find that
the two-loop RGEs in conjunction with the one-loop threshold corrections have a large im-
pact on the scale where GCU occurs. We also discussed the phenomenology, particularly in
the Higgs and squark sector. We showed, that contrary to previous works, it is not possible to
obtain realistic quark masses and mixing values through a single Higgs bi-doublet and vector-
like quarks. It is therefore essential that a second Higgs doublet be introduced in a manner
similar to two Higgs doublet models.

With a significant amount of 13 TeV LHC data available, even the models explored within
this thesis are facing increasing pressure. For example, the scale of supersymmetry break-
ing is being pushed beyond the TeV-scale which leads to a reintroduction of the hierarchy
problem. While for the SO(10) inspired left-right model, a higher left-right breaking scale
typically spoils GCU due to large threshold corrections as well as the steep running of the
U(1)p_1, gauge coupling. However, possible indirect evidence for BSM physics is beginning
to appear. There currently exists a number of small anomalies in the measurements of B-
meson decays. Interestingly all these different measurements point towards specific types of
new physics in the mass range 1-35 TeV. If new physics lies at the upper end of this range
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then this will certainly call for new avenues to explain the hierarchy problem. As a result it is
now more tempting than ever to begin exploring option (), namely the pursuit of brand new
solutions to the hierarchy problem. However, there exists a third option not yet discussed. In
regards to the hierarchy problem and other theoretical deficiencies of the SM, have we simply
been asking the wrong questions all along? Currently we have no definitive answer to this
question. However, it appears likely that increasingly precise measurements of portals to new
physics will shed further light on this matter. Whether these portals are measurements of the
Higgs boson width and couplings, B-meson decays, or even light neutrino masses and mix-
ings we always gain additional insight into the possible extensions of the SM. Consequently,
the absence of direct evidence for new physics, while disappointing, is not the end of the
story with the next five years promising a wealth of new data. This data will either pave a
clear route forwards pushing us in new exciting directions or finally put many of these long
standing questions to rest.
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Appendix A

Supplementary Information for Chapter 5

A.1 Scalar Mass Matrices

Doubly Charged

The mass matrix is written in the basis {67, 9, "}

1 /m m
2 _ 1 RR RL
MHii - 2 < o mLL) 9 (Al)
with entries
2 2 2% —1
mrr = (p3 — 2p1)V], + p2vg — a3v”5—— (A.2a)
tﬂ +1
2 2 21% — 1
mrr = (p3 — 2p1)Vg + p2vr, — a3v" 3 ) (A.2b)
s+ 1
t
mpL = v (53(75?3 -1) =5 " j_ 1) + vLUR (4p4 + (2p1 — pg)t%) . (A.2¢)
B

Expanding in two expansion parameters x = vy, /v and y = v/vr we obtain for the masses to
leading order

1
Mypes = 2p90% + 5043@2 cos26 + O (z,y%) , (A.3a)
1
Mpggs = 5 ((p3 — 2p1)v% + azv? cos 25) +0 (:p, yz) . (A.3b)
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Singly Charged

Here the basis is defined as {¢—, (¢™)¢, (03), (67)¢}

. Mg
M?{i = 5

with entries

m¢f¢+ m(er m¢7L

m¢+¢+ m¢+R m¢+L

: Ad
- (A4)

mrr

MRR

1 v20?
m¢7¢7 = t%—_l (QUL'URtﬁ(QB[% - Bltﬁ) + Z2R (2p1 - p3)(t% + ]‘) — a3 (’U% + t%,UIQ%)> ’
(A.5a)
t2+1 2022 t
Mo+ = g— vLuR(208sts — Pr1) + L2 Rtg(Zpl —p3) — Q35— B (U% + v%) ,
21 v £+ 1
(A.5Db)
1 U%U?% 2 2 92 2
m¢+¢+ = t%——l QULURt5(253t5 — ﬁl) + 2)2 (2p1 — p3)(t5 + 1) — (3 (thL + UR) s
(A.5¢)
V20
My~ = ——= (v(B1 — 2Bstg) + vrasts) , (A.5d)
2,/t3 +1
V2u
My+, = ——= (Vr(B1 — 20sts) + vrasts) , (A.5e)
2,/t5+1
V2 VLU
my-p = ——— (vvpas + vurts(By — 2Bsts) — 2——L(2p1 — p3) (3 +1) ) . (A5f)
2,4 /t% +1 v
V2 v2o
Myrp = —r——— | vvgas + vurts(B — 2Bsts) — 2+ E(2p1 - ps)(t3+1) ), (A5g)
2. /3 +1 v
B
1 2 —1
2 2 B
= —2p1) — = A.5h
MRR UL(P3 Pl) 2?) 043% T ( )
1 2 —1
2 2 8 .
_ —90,) — = P A5
mrr, = vp(ps3 p1) 2U 0437% 1 (A.5i)
1 ) t5—1 ,
mpr = 5 | 2vLvRts(201 — p3) — v (B — 2Bstp) 5—— | - (A.5])
2 tﬁ +1
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Expanding once again in two expansion parameters x and y as well as working in the limit
tan 8 — 0 we obtain for the masses to leading order

1/, B ] 2 ) 2
m =— (v |ag————— | + 20 -2 + O X, , A.6a
HE = ( [ P pa— r(ps —2p1) (,v°) (A.6a)
M+ = 1 (112 {5—%] 4 ag(UQ + 2@%)) + 0O (x,y2) ) (A.6b)
4 2p1 + a3 — p3

Neutral CP-odd

Here the basis is defined as {¢1, v2, ¥r, Y1}

Mprpr Meprpy MR M L

1 m m m
2 P22 w2 R w2 L
M == , (A.7)
2 MRR MRL
mrr,

with entries

2

t 1
mg,wl = 41}2 t% j_ 1 [2)\2 — )\3] + QUL’URt%—_l [ﬁgt%(t% — 3) — ﬁﬂfﬁ(t% — 2)]

20203 1 t2

5 72 (201 — p3) (L +13)((t3 — 2)] + 0432—6(11% +vh),  (ABa)
2 t% 1 3
Moy = 4v m [)\3 - 2)\2] + QULURtQ—_l [ﬁg(fﬁ + tﬁ) — 61)]
B B
20203 (tg + t3) t
LR 201 = ) (L +£3) (15 — 2)] — s (v} + vR), (A8b)
1
2 2
’m@mp2 = 4U t% i 1 [/\3 — 2)\2] + QULURI%——]_ [(3t5 — ].)Bg — Bltﬁ}
2020315+ 1 L9 9
,U2 t% -1 [Qpl - pS] — (O3 t% ] (UL + 'UR) 5 (A8C)
1 2020
m%R = — <’I)L/Utﬁ (253t,3 — Bl) —+ L R(t%, -+ 1) (2p1 — pg)) y (A8d)
N R
1 20 V2
My, = —F—— <vth6 (B — 2B3ts) — —L(t3 +1) (21 — pg)) , (A.8e)
ViE+1 v
vLv VRV
Mg = ———= (2Bsts — B1) . Mg, = ———= (81 — 2B3tp) , (A.8f)
N R N R
mrr =V (ps —2p1), mrp =vip(ps —2p1), MmrL = VLR (2p1 — p3) - (A.8g)
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Expanding once again in two expansion parameters x and y as well as working in the limit
tan 8 — 0 we obtain for the masses to leading order

1 32
m4, = 5 <(P3 — 2p1 )0 — PRI yas— 2;1 — pgv2) + 0 (z,y%) , (A.9a)
m? = E 4ovy + |4(A3 — 2X9) + _ A v ) + O (z,9%) (A.9b)
A=5 3UR 3 T ya— T .

Neutral CP-even

Here the basis is defined as {01, 02, 0r, 0.}

malal m0102 malR m0'1L

M2 S 0202 o2 o2 ’ A10
4 2 Mprr MRL ( )
mrrL
with entries
t2
Moo = 40 2t2 7 P (222 + Qa)ts — 200)] + 2vivm g [Ba(th + 1) — Buts]
B
202 v2 t2 t2
Lz : 2 [(QPI - ,03)(% + 1)] - 0432—’8(71% +v7), (A.11a)
1 1
Meyoy = 47J t2 n 1 [2)\2 + )\3 + tg()\ltﬁ - 2)\4))} + 2ULURt2 [63(155 -+ 1) Bltﬂ}
2 -
20203 1 1
LR (201 — pa) (3 +1)] — as——(v] +v}), (A11b)
v? oty —1 t5—1
1
Moyoy = 40% [ts(A = 2X0 + A3) — Ma(1+ 83)] + 2uvp5—— [ﬁltﬁ — Bs(t3 +1)]
ts + 1 tﬁ
20303 tg t
- %t 1 [(2p1 — p3)(t5 +1)] + 043t2 f 1(11% + %), (A.11c)

t

2020
Mo R = —\/1[37 (UL’U(Qﬁgtﬁ — 1) + 2vgv(ar — 2a0tg) + Z R(t% + 1)(2p1 — p:»,)) ,
_|_
B

(A.11d)
1 2upv%
My, = ————= | vRVE3(203ts — (1) + 2vLv(a1 — 2aatp) + (ts +1)(2p1 — p3) ) »
\/1+13
(A.11e)
v
MeyR = \/? (’UL[Bl — 2ﬁgtﬁ] + 2UR [(Oél + O[Q)tﬁ — 20&2]) s (Allf)
to+1
B
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(%

Mot =
NGRS

mrr = (p3 — 201)v] +4p1vf,  mrr = (p3 — 2p1)vf +4p1v,  mer = (2p1 + p3)ULvR .-
(A.11h)

(vrlB1 — 2B3ts] + 2vp [(1 + aa)ts — 2a]) (A.11g)

In order to obtain analytic results for the masses one must specify to a region of parameter
space where the triplet and bi-doublet scalars do not mix. This corresponds to the limit
v, g, Qa, 1 — 0. Additionally we also once again perform an expansion in the two para-
meters x and y as well as working in the limit tan 8 — 0. This yields the results

SA\Zyt

2 2 4 2 2

~ 2\ v° — —— =2 A.12

my, 1v o M, P1VR 5 ( a)
« 1

mg=2@xy+&w?+§%;, W@Lzéﬁk—Qmw%. (A.12b)
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