arXiv:1104.0831v1 [hep-ph] 5 Apr 2011

Departamento de Física Teórica

Phenomenology of supersymmetric neutrino mass models

Ph.D. Thesis Avelino Vicente Montesinos

Supervisors: José W. F. Valle and Martin Hirsch

Valencia 2011

ABSTRACT

The origin of neutrino masses is currently one of the most intriguing questions of particle physics and many extensions of the Standard Model have been proposed in that direction. This experimental evidence is a very robust indication of new physics, but is not the only reason to go beyond the Standard Model. The existence of some theoretical issues supports the idea of a wider framework, supersymmetry being the most popular one. In this thesis, several supersymmetric neutrino mass models have been studied. In the first part, the phenomenology of models with bilinear-like R-parity violation is discussed in great detail, highlighting the most distinctive signatures at colliders and low energy experiments. In particular, the correlations between the LSP decay and neutrino physics are shown to be a powerful tool to put this family of models under experimental test. Other important signatures are investigated as well, like majoron emission in charged lepton decays for the case of models with spontaneous breaking of R-parity. A very different approach is followed in the second part of the thesis. Supersymmetric models with a Left-Right symmetry have all the ingredients to incorporate a type-I seesaw mechanism for neutrino masses and conserve R-parity at low energies. In this case, which only allows for indirect tests, the generation of neutrino masses at the high seesaw scale is encoded at low energies in the slepton soft masses. Contrary to minimal seesaw models, sizeable flavor violation in the right slepton sector is expected. Its experimental observation would be a clear hint of an underlying Left-Right symmetry, providing valuable information about physics at very high energies.

Agradecimientos

Pasados los años, todos vemos el comienzo de la tesis de una forma muy particular. Para algunos, los inicios se esconden en un rincón lejano de la memoria, mientras que para otros, parece que fue ayer cuando ojearon su primer paper. En mi caso, todavía estoy sorprendido por la rapidez con que todo ha sucedido. Incluso recuerdo esa sensación extraña cuando me preguntaron por primera vez si había comenzado a escribir la tesis. Mi reacción inmediata fue un sorprendido “¿¿ya??” para luego darme cuenta de que, efectivamente, debía comenzar a trabajar en la redacción del documento que el lector tiene entre manos.

Al escribir este breve texto, y con ello reflexionar sobre mi época de doctorado, me ha resultado obvio que si estos cuatro años han pasado tan rápido ha sido gracias a las fantásticas personas de las que me he visto rodeado. A algunos los he conocido durante el doctorado y a otros los conocía de mi vida anterior. En cualquier caso, todos han puesto su granito de arena para hacer de esta etapa de mi vida algo inolvidable. Espero que estas líneas sirvan de agradecimiento a todos aquellos que me han acompañado en este viaje.

Recibir unas buenas directrices es fundamental para el desarrollo de un doctorado. Por ello, me encuentro profundamente en deuda con José y Martin, mis directores de tesis. Siempre os he encontrado cercanos, accesibles y dispuestos a darme un consejo o resolver una de mis interminables dudas. Echaré de menos escuchar un “Avelinooooo” por el pasillo o comentar el último capítulo de The Big Bang Theory. Gracias Martin por todo lo que me has enseñado estos años y, también, por haberte leído esta tesis una y otra vez (¡siento que haya salido algo larga!). Por supuesto, hago extensibles estas palabras a todos los miembros pasados y presentes del grupo AHEP. El ambiente de trabajo todos estos años ha sido realmente genial. Por cierto, lamento haberos hecho esperar cada día a que terminara de comer, aunque estoy seguro de que alguno disfrutaba de ese descanso añadido antes de volver al despacho.

Asimismo, mando un afectuoso agradecimiento a todos aquellos que han compartido la física conmigo. Eso incluye, por supuesto, a mis colaboradores en los trabajos presentados en esta tesis. De todos ellos he podido aprender muchísimo y sus valiosas aportaciones me han enriquecido notablemente. En particular, me gustaría dirigir unas palabras a Jorge, por su hospitalidad, atención y trato amable, y a Werner, por la confianza depositada en mí, especialmente en este periodo de transición en el que tanto me está ayudando. Del mismo modo, no podría olvidar a los compañeros y compañeras que hicieron que los cinco años de licenciatura sean un cúmulo de gratos recuerdos. Juntos aprendimos a amar (y en algunos momentos también a odiar) la física, lo que sirvió como pretexto para establecer unos lazos de amistad que aprecio enormemente y que con toda seguridad se mantendrán por el resto de nuestras vidas.

Trabajar estos años en el IFIC no podría haber sido una tarea más agradable y eso se lo debo a quienes han alegrado mi día a día. Esas breves (y no tan breves) paradas en el pasillo para contarnos alegrías y preocupaciones o esas visitas a la cafetería a media tarde han formado parte de mi mundo durante estos años. Sin lugar a dudas se echarán de menos, así como todo lo que las ha acompañado: el fútbol de los jueves (¡el fútbol es mi vida!), las cenas en el Ambit, los pedestrians, las peleas a muerte por la última plaza de aparcamiento, tantos y tantos saludos amistosos en la cafetería. Habéis sido fantásticos. Lo mismo puedo decir de todo el grupo de amigos que ha nutrido el Campus de Burjassot con su alegría y buen humor. Astrofísicos, teóricos, nucleares, ópticos, biólogos, químicos . . . he encontrado gente maravillosa de muchos tipos diferentes. Aprovecho también para mandar un saludo a todos los amigos que hice en mis estancias en Japón y Portugal, dos lugares de los que guardo recuerdos muy singulares. Sin duda nuestros caminos futuros volverán a cruzarse y podremos compartir de nuevo un bol de ramen o un bacalhau com natas.

Igualmente, y de un modo muy especial, no puedo olvidarme de la gente que ha visto nacer y crecer mis sueños desde el principio, mis amigos de siempre. Seguro que ahora podéis perdonar que os haya dado la tabarra tantas veces con esas locuras a las que me dedicaba. Muchísimas gracias por vuestra ayuda, tanto en los pequeños favores que os he pedido (Manolo, tranquilo, espero no volver a quedarme tirado con el coche) como en las grandes reservas de apoyo que me habéis brindado. Espero que estas breves líneas sean capaces de mostraros mi enorme gratitud por las numerosas veces en las que habéis arrimado el hombro por mí.

Ignoro donde estaría hoy en día sin mi familia, que siempre me ha apoyado en las decisiones que he tomado. Agradezco a mis padres la educación que me han dado, siempre facilitando mi camino por este mundo. Gracias, mamá, porque nunca me ha faltado tu ayuda constante. Ojalá el papá estuviera con nosotros en este momento tan importante.

Sólo puedo tener palabras de cariño hacia la persona más importante en mi vida. Gracias Isa por tu inestimable apoyo en tantos momentos. Por escucharme y ofrecerme tus consejos siempre que los necesité. Por alegrarte con cada pequeño paso que he dado y deleitarme con tu sonrisa con cada buena noticia que ha llegado. Sabes que sin ti esto no sería igual. No lo disfrutaría del mismo modo. De todo corazón, gracias.

A todos, ¡os espero al otro lado del doctorado!

PUBLICATIONS

The articles published during this thesis are the following ones:

M. Hirsch, W. Porod and A. Vicente, Phys. Rev. D, 77, 075005 (2008). M. Hirsch, J. Meyer, W. Porod and A. Vicente, Phys. Rev. D, 79, 055023 (2009). A. Bartl, M. Hirsch, S. Liebler, W. Porod and A. Vicente, JHEP, 05, 120 (2009). J. N. Esteves, M. Hirsch, W. Porod, J. C. Romão, F. Staub and A. Vicente, JHEP, 12, 077 (2010).

CONTENTS

Publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii 1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 1.1 Organization of the manuscript . . . . . . . . . . . . . . . . . . . . . 2 2. Supersymmetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 2.1 The Standard Model and the hierarchy problem . . . . . . . . . . . . 3 2.1.1 Standard Model basic . . . . . . . . . . . . . . . . . . . . . . 3 2.2 Basic concepts of Supersymmetry . . . . . . . . . . . . . . . . . . . . 8 2.2.1 Foundations of Supersymmetry . . . . . . . . . . . . . . . . . 9 2.2.2 The MSSM . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 2.2.3 Supersymmetry and the hierarchy problem . . . . . . . . . . 16 2.3 R-parity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 2.3.1 R-parity violation . . . . . . . . . . . . . . . . . . . . . . . . 19 3. Neutrino mass models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 3.1 Current experimental situation . . . . . . . . . . . . . . . . . . . . . 21 3.1.1 Neutrino deficits . . . . . . . . . . . . . . . . . . . . . . . . . 21 3.1.2 The neutrino oscillation mechanism . . . . . . . . . . . . . . 22 3.1.3 The absolute scale of neutrino masses . . . . . . . . . . . . . 25 3.2 Dirac neutrinos . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 3.3 Majorana neutrinos . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 3.3.1 Theory of Majorana neutrinos . . . . . . . . . . . . . . . . . 27 3.3.2 Weinberg operator . . . . . . . . . . . . . . . . . . . . . . . . 30 3.3.3 Tree-level models . . . . . . . . . . . . . . . . . . . . . . . . . 31 3.3.4 Radiative models . . . . . . . . . . . . . . . . . . . . . . . . . 37 3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4. Introduction to R-parity violation . . . . . . . . . . . . . . . . . . . . . . 43 4.1 General concepts on R-parity violation . . . . . . . . . . . . . . . . . 43 4.2 Minimal realization: b- /R_p . . . . . . . . . . . . . . . . . . . . . . . . 45 4.2.1 The model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 4.2.2 Neutrino masses . . . . . . . . . . . . . . . . . . . . . . . . . 47 4.2.3 Phenomenology . . . . . . . . . . . . . . . . . . . . . . . . . . 50 4.2.4 Motivation for extended models . . . . . . . . . . . . . . . . . 52

5. Spontaneous R-parity violation . . . . . . . . . . . . . . . . . . . . . . . . 54 5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 5.2 The model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 5.3 Neutral fermion mass matrix . . . . . . . . . . . . . . . . . . . . . . 57 5.4 Neutrino masses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 5.5 Scalar sector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 5.6 Phenomenology at colliders . . . . . . . . . . . . . . . . . . . . . . . 63 5.6.1 LSP production . . . . . . . . . . . . . . . . . . . . . . . . . . 64 5.6.2 LSP decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.6.3 Possible observables to distinguish between Singlino LSP and bino LSP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 5.6.4 Correlations between LSP decays and neutrino mixing angles 69 5.7 Phenomenology at low-energy experiments . . . . . . . . . . . . . . . 74 5.7.1 Numerical results . . . . . . . . . . . . . . . . . . . . . . . . . 76 5.7.2 Experimental constraints and Br(μ → eJγ) . . . . . . . . . . 78 5.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80 6. μνSSM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82 6.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82 6.2 The model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 6.2.1 Superpotential . . . . . . . . . . . . . . . . . . . . . . . . . . 83 6.2.2 Soft terms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 6.2.3 Scalar potential and its minimization . . . . . . . . . . . . . . 84 6.2.4 Masses of the neutral scalars and pseudoscalars . . . . . . . . 85 6.3 Neutrino masses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87 6.3.1 1 generation of right-handed neutrinos . . . . . . . . . . . . . 88 6.3.2 n generations of right-handed neutrinos . . . . . . . . . . . . 90 6.4 Choice of the parameters and experimental constraints . . . . . . . . 92 6.5 Phenomenology of the 1 ^ν^c model . . . . . . . . . . . . . . . . . . . . 93 6.5.1 Decays of a gaugino-like lightest neutralino . . . . . . . . . . 95 6.5.2 Decays of a singlino-like lightest neutralino . . . . . . . . . . 99 6.6 Phenomenology of the n ^ν^c model . . . . . . . . . . . . . . . . . . . 101 6.6.1 Correlations with neutrino mixing angles in the n ^ν^c-model . 101 6.6.2 χ̃^0_1 decay length and type of fit . . . . . . . . . . . . . . . . . 104 6.6.3 Several light singlets . . . . . . . . . . . . . . . . . . . . . . . 105 6.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

7. Comparison between /R_p schemes . . . . . . . . . . . . . . . . . . . . . . . 108

8. Lepton Flavor Violation in SUSY Left-Right models . . . . . . . . . . . . 110 8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110 8.1.1 Left-right symmetric models . . . . . . . . . . . . . . . . . . . 111 8.2 The model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113 8.2.1 Step 1: From GUT scale to SU(2)_R breaking scale . . . . . . 113 8.2.2 Step 2: From SU(2)_R breaking scale to U(1)_{B−L} breaking scale115 8.2.3 Step 3: From U(1)_{B−L} breaking scale to EW/SUSY scale . . 118 8.2.4 Neutrino masses, LFV and Yukawa couplings . . . . . . . . . 119 8.2.5 Parameter counting . . . . . . . . . . . . . . . . . . . . . . . 120 8.3 Phenomenology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121 8.3.1 Procedure for numerics . . . . . . . . . . . . . . . . . . . . . 121 8.3.2 Mass spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . 123 8.3.3 Low energy LFV . . . . . . . . . . . . . . . . . . . . . . . . . 125 8.3.4 LFV at LHC/ILC . . . . . . . . . . . . . . . . . . . . . . . . 131 8.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137 9. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

Appendix 140

A. s- /R_p : Approximated couplings . . . . . . . . . . . . . . . . . . . . . . . . 141 B. s- /R_p : μ → eJ vs μ → eJγ . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

C. μνSSM: Tadpole equations . . . . . . . . . . . . . . . . . . . . . . . . . . 148 D. μνSSM: Mass matrices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149 E. μνSSM: 1-loop corrections . . . . . . . . . . . . . . . . . . . . . . . . . . . 155 F. μνSSM: Coupling χ̃^0_1 − W^± − l^∓_i . . . . . . . . . . . . . . . . . . . . . . . 158 G. SUSYLR: Renormalization Group Equations . . . . . . . . . . . . . . . . 161 Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

1. INTRODUCTION

The research developed in this doctoral thesis aims to characterize neutrino masses in supersymmetric theories, both in models at low and high energies, and the study of the resulting phenomenology at colliders (such as the LHC or a future ILC), astroparticle physics and cosmology.

The historic discovery of neutrino oscillations made a major breakthough in particle physics and implies that neutrinos have masses. This is nowadays an active field of research that deals with the interdependencies between particle and nuclear physics, astrophysics and cosmology, areas in which the neutrino plays a central role.

Thanks to the precision reached by modern experiments it has been possible to determine the values of the parameters involved in the flavor oscillations observed in different experiments, obtaining a total agreement and leading to the acceptance of the oscillation mechanism as the cause of the observed phenomena. Therefore, due to the lack of neutrino masses in the Standard Model of particle physics, it has become necessary to go beyond the established theoretical framework in order to explain their origin.

Furthermore, the Standard Model has also some theoretical problems that make us think that it is an incomplete theory. In particular, the sensitivity of the Higgs boson mass to the existence of heavy particles requires a strong fine-tuning of the parameters if the mass of this particle lies at the electroweak scale. This naturalness problem is known as the hierarchy problem. Many ideas have been developed in order to solve this flaw of the Standard Model. The most popular one, Supersymmetry, provides a technical solution to the hierarchy problem, while at the same time it has the necessary ingredients to accomodate new physics. In the case of neutrinos, a discrete symmetry, known as R-parity and defined as R_p = (−1)^{3(B−L)+2s}, with B and L the baryon and lepton number and s the spin of the particle, plays a determinant role. Both the origin of this symmetry and its connection to the generation of neutrino masses are topics that deserve investigation in depth.

The present thesis can be divided into two research lines closely linked. On the one hand, the phenomenology of supersymmetric neutrino mass models with R-parity violation has been studied in great detail. This type of theories offers a very rich phenomenology in present and near future experiments. Therefore, the study of the experimental signals that are predicted is of fundamental relevance to understand the connection between the underlying theory and the data obtained by the experimental collaborations. On the other hand, the opposite situation has been studied as well. If R-parity is conserved, neutrino masses must be generated in a different way. This has led us into the investigation on the origin of R-parity and how this can be related to neutrino masses. In particular, supersymmetric theories with a left-right symmetry represent an ideal framework for this purpose, since they can lead to R-parity conservation at low energies and incorporate the seesaw mechanism to generate neutrino masses.

Finally, we should keep in mind that we are living a moment of high expectation in particle physics, due to the recent startup of the LHC. This will hopefully soon imply the arrival of large amounts of new experimental data with very valuable information about the fundamental components of matter. Therefore, this thesis

1. Introduction 2

mainly focuses on phenomenological issues, concentrating on the LHC and on related experiments that will attempt to unravel the misteries that nature is still hidding from us.

1.1 Organization of the manuscript

I start with a list of publications, and the Chapters based on them. The outline is briefly described.

Chapter 1 contains the introduction, an overview which summarizes the main ideas and the conclusions of the thesis in Spanish.

Chapter 2 contains the introduction and the organization of the thesis. In Chapter 3, an introduction to supersymmetry is presented. Starting with the Standard Model and the well-known hierarchy problem, supersymmetry is motivated and briefly reviewed. Special attention is paid at the end of the chapter to the role of R-parity.

Chapter 4 is a review of neutrino mass models. First, the current experimental situation is discussed and the need for neutrino masses is highlighted. Then, after a brief discussion on Dirac neutrinos, the chapter focuses on Majorana neutrinos, describing several models that can generate them.

Chapters 5, 6, 7 and 8 contain the work developed in this thesis on R-parity violation. After a general introduction in chapter 5, chapter 6 concentrates on Spontaneous R-parity violation, defining the model and discussing its phenomenology at colliders and low energy experiments. Chapter 7 focuses on a different model, the so-called μνSSM, and studies its phenomenology in great detail. Finally, chapter 8 summarizes this part of the thesis by comparing the different /R_p models under investigation.

Chapter 9 represents the second part of the thesis, focused on supersymmetric left-right models and lepton flavor violation. The current status in the theory of LR models is reviewed and a particular model is chosen for numerical study. After a detailed discussion on the basic properties of the model our results and conclusions are presented.

Finally, chapter 10 summarizes the thesis.

2. SUPERSYMMETRY

Supersymmetry is one of the most popular extensions of the Standard Model. Widely studied over the last decades, it addresses many of the problems, both theoretical and phenomenological, present in the Standard Model. In addition, it leads to a plethora of new phenomena, expected to appear at current and future experiments. A general review is presented here in order to introduce the setup for the following chapters.

2.1 The Standard Model and the hierarchy problem

An impressive number of measurements have established that the Standard Model can describe the world of fundamental particles to a very high precision. Colliders like SPS, LEP or Tevatron have explored its predictions and studied each one of its fundamental pieces, finding a stunning agreement between theory and experiment. As a result of this amazing success, the Standard Model has become one of the essential ingredients in our current understanding of physics.

However, more than two decades after its invention, there are some experimental results in contradiction with the Standard Model. One of them is the fundamental motivation for this thesis: neutrino masses. As we will see in the next chapter, the Standard Model was built under the assumption of massless neutrinos, something that neutrino oscillation experiments have shown to be wrong.

Furthermore, there are still many theoretical questions that the Standard Model is not able to answer. Just to mention a few, the unknown origin of the flavor structure or the uncontrolled radiative contributions to the Higgs boson mass are unsolved problems in the Standard Model.

These reasons, both experimental and theoretical, point to the need of a new paradigm beyond the Standard Model. Among the different possibilities, Supersymmetry (SUSY) is the most popular choice, due to its capability to account for many of the problems of the Standard Model.

2.1.1 Standard Model basic

The Standard Model (SM) was born as several brilliant ideas in particle physics gathered together to become a coherent framework^1. The consistent combination of the different pieces led to a global picture that has been shown to describe very accurately the world of subatomic physics. In fact, after its establishment in the early 70s the SM has been put to constant experimental test, and only a few anomalies have been recently found^2. In that sense, the SM can be considered as a very good description of particle physics up to the energies explored, but also as the starting point for model builders who want to extend it to higher energies.

1 Reference [1] presents the historical development of the Standard Model from the experience of one of its fathers.

2 Neutrino masses is the most important of these experimental anomalies. The existence of dark matter and the baryon asymmetry of the universe are other issues, in this case based on cosmological observations, not explained by the Standard Model.

The overwhelming success of Quantum ElectroDynamics (QED) in the late 40s was taken as proof in favor of quantum field theory as a good theoretical framework to describe particle physics interactions. The most controversial issue was the interpretation of the infinities that appeared in computations beyond the leading order in perturbation theory [2]. However, the technique of renormalization, whose purpose is to eliminate these infinities, was shown to give results in good agreement with the experimental data and after many years was finally regarded as consistent. The first application of this technique was done by Hans Bethe, who calculated the famous Lamb shift in 1947 [3], opening a new way to handle the infinities. This way, the theory developed by Tomonaga, Feynman, Schwinger and Dyson^3 became totally consistent, and even today it remains the most accurate description of a physical phenomena.

On the other hand, the progress in our understanding of the weak interactions was a step behind. The four fermion interaction theory developed by Fermi [5, 6] was known to be plagued with infinities that were impossible to remove. It was clear that a high energy completion was required and the possibility of an intermediate vector boson was being discussed as a potential solution to these problems.

Finally, the zoo of baryons and mesons that were discovered along the years was understood after the establishment of the quark model proposed by Gell-Mann and Zweig [7, 8]. The idea that hadrons (baryons and mesons) were not fundamental particles but bound states of quarks was used to classify the discovered states according to their quantum numbers, in analogy to what Mendeleev did with the periodic table of the chemical elements. Results from deep inelastic scattering experiments and the discovery of predicted new states provided strong experimental evidence in favor of internal structure for hadrons, and Gell-Mann was awarded the Nobel Prize in 1969. However, the underlying dynamics responsible for the quark interactions inside hadrons was still to be found.

One of the major breakthroughs in the development of the Standard Model was the work by Yang and Mills [9]. The extension of gauge symmetries to non-abelian Lie groups was the fundamental piece of the puzzle that allowed theorists to build intermediate vector boson models with a symmetry basis. However, the masslessness of the gauge bosons was still a problem, since it was already clear that the weak interactions are mediated by a massive particle. The missing ingredient, key for the consistency of the full theory, was the mechanism of spontaneous symmetry breaking. The works by Englert, Brout, Guralnik, Hagen, Kibble and Higgs [10, 11, 12, 13, 14], preceded by Goldstone and its famous theorem [15], showed that the gauge bosons get masses when the vacuum structure of the theory leads to the spontaneous breaking of the gauge symmetry. Nowadays, the so-called Higgs mechanism is vastly employed as a way to generate masses for particles and its applications beyond fundamental particle physics are well known.

With all these pieces, Weinberg, Salam, Glashow and other leading theorists in the late 60s gave birth to the Standard Model [16, 17, 18]. Soon after its invention, a remarkable theoretical development gave strong support to the model. The work by Veltman and ’t Hooft, who showed in 1971 that gauge theories are renormalizable, even after spontaneous symmetry breaking [19, 20, 21, 22], was fundamental to ensure the validity of the model beyond the tree-level approximation. This consistency check was prior to the experimental support given by the discovery of weak neutral currents mediated by the Z boson at CERN. Many other tests were done in the subsequent years and the SM passed all the challenges, becoming one of the most robust foundations of current physics.

A full description of the Standard Model and its most important features is far from the scope of this thesis. However, in order to introduce properly the

3 See [4] for selected collection of papers on QED.

Name Representation SU(3)_c, SU(2)_L, U(1)_Y

quarks

(u_L d_L) ( 3 , 2 ,^1_6 )

u^c_R ( 3 , 1 , −^2_3 )

d^c_R ( 3 , 1 ,^1_3 )

leptons

(ν_L l_L) ( 1 , 2 , −^1_2 )

l^c_R ( 1 , 1 , 1 )

Higgs (ϕ^+ ϕ^0) ( 1 , 2 ,^1_2 )

B boson B^0 ( 1 , 1 , 0 )

W bosons W_1, W_2, W_3 ( 1 , 3 , 0 )

gluons g ( 8 , 1 , 0 )

Tab. 2.1: SM particle content. Hypercharge is defined following the convention Q = I3L + Y . Only the first quark and lepton families are presented.

hierarchy problem a brief review will be presented. For more detailed and complete introductions the reader is referred to the well-known book [23] or more recent reviews [24, 25].

The Standard Model is a gauge theory based on the group SU(3)_c × SU(2)_L × U(1)_Y . This already sets the spin 1 particle content, this is, the gauge bosons of the model. Since SU(N) has N^2 − 1 generators, 8 gauge bosons are required for SU(3)_c, the gluons, and 3 for SU(2)_L, the W bosons. Finally, the gauge boson for the U(1)_Y subgroup is the B boson.

Fermions must be assigned to irreducible representations of the gauge group. On the one hand, the SU(2)_L × U(1)_Y piece describes the weak and electromagnetic interactions. The left-handed fermions are given doublet representations under SU(2)_L, whereas the right-handed ones are singlets. The observed violation of parity is thus explicitly introduced in the theory by making left- and right-handed fermions different from the beginning. Note however that, for practical purposes, it is convenient to work with the conjugates of the left-handed fermions, which are right-handed, instead of the right-handed components themselves. On the other hand, the SU(3)_c piece is the one responsible for the the strong interactions that only quarks feel, and so they are assigned to triplets of this subgroup.

Finally, it is a well known fact in Yang-Mills theories that mass terms for nonsinglets representations are forbidden by gauge invariance. Therefore, the symmetry must be broken in order to generate masses for fermions and gauge bosons. For this purpose a scalar SU(2)_L doublet is added. When the so-called Higgs doublet gets a vacuum expectation value (VEV) the gauge symmetry is broken to the group SU(3)_c × U(1)_Q, where Q stands for electric charge. This is the observed symmetry at low energies.

In table 2.1 the full particle content of the SM is presented. The most general lagrangian for H, the Higgs doublet, invariant under the gauge symmetry is L_{Higgs} = ∂_μH^†∂^μH − V (H^†H) (2.1) where the scalar potential V (H^†H) is

Fig. 2.1: The well-known SM Higgs potential for two parameter configurations. If λ > 0 and μ^2 < 0 the minimum of the potential lies at ⟨H⟩ ≠ 0, leading to the spontaneous breaking of the gauge symmetry. Picture thanks to Ian C. Brock and taken from his website http://www-zeus.physik.uni-bonn.de/ brock/index.php.

V (H^†H) = μ^2H^†H + λ(H^†H)^2 (2.2)

The parameters μ and λ determine the vacuum structure and their values are crucial for the validity of the model. For example, for the potential to be bounded from below one needs the condition λ > 0. Moreover, as shown in figure 2.1, if μ^2 < 0 the minimum of the potential is not at ⟨H⟩ = 0, but at ⟨H⟩ = ( 0_v √ 2 ) (2.3)

where v = √ − μ^2 λ (2.4)

The vacuum expectation value of the Higgs doublet breaks the gauge symmetry SU(3)_c ×SU(2)_L ×U(1)_Y to SU(3)_c ×U(1)_Q, giving masses to the gauge bosons and leading to the observed symmetries at low energies. In addition, Yukawa couplings between the Higgs doublet and the fermions Y Hf̄_Rf_L + h.c. (2.5) induce Dirac masses for all of them except for the neutrino, due to the lack of a right-handed neutrino component^4.

This is the Higgs mechanism. The spontaneous breaking of the gauge symmetry gives masses to gauge bosons and fermions. By writing the neutral component of the Higgs doublet as ϕ^0 = (h + v)/ √ 2, this is, relative to the minimum of the potential, one finds that the interactions of the Higgs doublet with the other particles generate masses

4 In principle, one can generate Dirac masses for the neutrinos just by adding a right-handed neutrino field to the SM. However, this proposal would require tiny neutrino Yukawa couplings (Y_ν ≲ 10^{−11}) as needed to explain the smallness of neutrino masses. Such Yukawa parameters, much smaller than the other fermion Yukawas, would be theoretically unmotivated, making the idea of Dirac neutrinos in the SM unappealing. That is the reason why neutrino masses are usually supposed to come from a different origin, as explained in chapter 3.

(a) Scalar contribution (b) Fermion contribution

Fig. 2.2: Feynman diagrams leading to 1-loop corrections to the Higgs boson mass.

M^2_{gauge boson} ∼ v^2 (2.6) M_{fermion} ∼ v (2.7)

In addition, there is one scalar degree of freedom left in the spectrum. The neutral scalar h is a physical state, the so-called Higgs boson, with mass

m_h = √ −2μ^2 (2.8)

However, no numerical prediction for this mass can be made, since the value of μ^2 is unknown. In that sense, the Standard Model predicts the existence of a new particle, the Higgs boson, but cannot determine its mass.

So far only the tree-level mass of the Higgs boson has been discussed. To the result in equation (2.8) one has to add radiative corrections coming from the interactions of the Higgs boson with the rest of particles.

Let us consider a scalar S with mass m_S that couples to the Higgs boson with an interaction term of the form −λ_S |H|^2|S|^2. Then the Feynman diagram in figure 2.2(a) gives a contribution ( Δm^2_h ) S ∼ λ_S ∫ d^4p (2π)^4 1 p^2 − m^2_S

(2.9)

By dimensional analysis, this contribution is proportional to m^2_S . If the scalar S is a heavy particle, with a mass much above the electroweak scale, such quadratic corrections will be much larger than the Higgs boson tree-level mass.

Let us now consider a Dirac fermion f with mass m_f that couples to the Higgs boson with a Yukawa interaction term −λ_f Hf̄P_Lf + h.c., where P_L =^1_2 (1 − γ_5) is the left chirality projector. Then, its contribution to the Higgs boson mass is given by diagram 2.2(b) and turns out to be ( Δm^2_h ) f ∝ −|λ_f |^2 ∫ d^4p (2π)^4 T r (p^2 − m^2_f )^2

(2.10)

where T r = T r[(/p+m_f )P_L(/p+m_f )P_R] = 2p^2. Using this result for the fermionic trace equation (2.10) splits into ( Δm^2_h ) f ∝ −|λ_f |^2 ∫ d^4p (2π)^4 1 p^2 − m^2_f

+ log (2.11)

Where log corresponds to a logarithmic integral that can be absorbed by choosing the right renormalization scale. Again, there is a quadratically divergent integral that is proportional to m^2_f . As we saw for the case of the scalar diagram, if the fermion f has a large mass m_f ≫ m_h the correction ( Δm^2_h ) f will be also much larger than the tree-level mass.

The problem appears when we think of the SM as an effective theory, obtained at low energies from an extended model that describes physics at higher energies. For example, if the SM is to be embedded in a Grand Unification Theory (GUT), the corrections to the Higgs boson mass given by the particles at the GUT scale are, according to equations (2.9) and (2.10), proportional to the square of their masses. Moreover, new physics is also expected at the Planck scale M_p, at which gravity must be described in terms of a new quantum theory. Therefore, when this is taken into account one obtains corrections to the Higgs boson mass proportional to M^2_p = (10^{18} GeV)^2, much larger than its natural value at the electroweak scale.

This shows that the Higgs boson, and any scalar particle in general, is extremely sensitive to the existence of physics at higher energies. With such large quadratic corrections it is hard to understand how the mass of the Higgs boson could be at the electroweak scale. Unless a very precise conspiracy among the different contributions makes them cancel, there is no reason to think that the Higgs boson would remain as light as to be part of the spectrum of the SM. This is the famous hierarchy problem^5.

Nevertheless, note that if

m^2_S = m^2_f (2.12) and λ_S = |λ_f |^2 (2.13)

the scalar and fermion contributions cancel exactly. However, for that to happen there must be a reason, a symmetry that relates fermions and bosons.

That symmetry is Supersymmetry.

In the following sections the basic concepts of Supersymmetry and the MSSM will be introduced. However, a very brief review will be presented, leaving many technical details for more complete references. For a rigorous superfield treatment it is highly recommended to use the references [27, 28, 29]. On the other hand, the well-known reference [30] has a more intuitive approach, highlighting the most important phenomenological details of the MSSM and its minimal extensions. Finally, the recent text [31] gives a modern review of our current understanding and perspectives.

2.2 Basic concepts of Supersymmetry

Supersymmetry is a symmetry that relates bosons and fermions. Although its origin is far from the hierarchy problem, the most important consequence of its introduction is the technical solution that it offers to this theoretical drawback of the SM.

Supersymmetry has many advantages with respect to non-supersymmetric theories. Both from the phenomenological and the purely theoretical sides, motivations for Supersymmetry can be found:

• It solves the hierarchy problem.

• It helps to understand the mass problem (radiative symmetry breaking).

5 For a very pedagogical description of the hierarchy problem the reader is referred to the introductory review [26].

• It extends the particle spectrum, introducing new states which can potentially be dark matter candidates.

• Minimal models without additional states lead naturally to gauge coupling unification at high scales.

• It extends the symmetries of space-time.

• Local supersymmetry opens a window to a quantum theory for gravity: supergravity.

• Supersymmetric theories have better ultraviolet behavior than non-super-symmetric ones.

For brevity only the gauge hierarchy problem and how the cancellation of quadratic divergencies occurs in SUSY will be discussed in some detail below. For the rest the reader can see the well-known literature [27, 28, 29, 30, 31].

These advantages have made supersymmetric theories the object of detailed study for the last years, as can be clearly seen in the scientific literature. Many proposals for supersymmetric models have been made in order to solve questions unanswered in the standard model. From the simplest SUSY extension, the MSSM, to more complicated constructions, issues like electroweak symmetry breaking, neutrino masses, flavor structure and grand unification have been addressed with the help of Supersymmetry.

2.2.1 Foundations of Supersymmetry

Symmetries play a central role in our current understanding of physics. Not only do they have the power to explain the links between different phenomena, but also they have been shown to be a fundamental tool to describe the dynamics of a physical system. Many examples support this idea and this thesis cannot list them all.

In particular, symmetries have been used for a long time in the field of particle physics. From the pioneering works of Yang and Mills [9] and their subsequent transformation into our present gauge theories, to their constant use in flavor physics, with Gell-Mann’s Eightfold way [7] as prominent example, one can find many cases that clearly show how important symmetries are in the development of our current theories. It is therefore a good strategy to look for higher symmetry principles that can provide a connection for phenomena that seem to be unconnected.

Nowadays, particle physics is built on the theoretical framework of Quantum Field Theory (QFT). Having special relativity as one of its constituent pieces, the symmetries of spacetime in QFT are encoded in the Poincaré group. Under this group, coordinates transform as

x_μ → x^′_μ = Λ^ν_μx_ν + a_μ (2.14)

where Λ is a Lorentz transformation and a_μ a spacetime translation. The generators of these transformations are M^{μν} , a tensor that includes rotations and boosts, and the four-momentum P^μ. They follow the algebra

[P^μ, P^ν ] = 0 (2.15) [ M^{μν} , P^λ ] = i(P^μg^{νλ} − P^ν g^{μλ}) (2.16) [ M^{μν} , M^{λσ} ] = i(M^{μσ} g^{νλ} + M^{νλ}g^{μσ} − M^{μλ}g^{νσ} − M^{νσ} g^{μλ}) (2.17)

where g^{μν} = diag(1, −1, −1, −1) is the Minkowski metric tensor.

In order to characterize the irreducible representations one has to find the Casimir operators, this is, the operators that commute with all the generators of the algebra. A representation will be labeled by the value that these invariant operators take when they act on them. In the case of the Poincaré group the Casimir operators are

P^2 = P_μP^μ (2.18) W^2 = W_μW^μ (2.19)

The eigenvalues of the P^2 operator are known to be the masses of the particles, whereas

W_μ = − i 2 ϵ_{μνλσ} M^{νλ}P^σ (2.20)

is the Pauli-Lubanski operator, whose eigenvalues are related to the spin of the particle or, in the case of a massless particle, to its helicity. Therefore, an irreducible representation of the Poincaré group, what we call particle, will be characterized by its mass and its spin or helicity.

In the sixties the question arose whether it was possible to extend the Poincaré group in order to combine it with internal symmetries of the particles in a non-trivial way. By internal symmetries we understand symmetry groups that act on internal properties of the particles and whose generators are Lorentz scalars. Examples of such symmetries are electric charge and isospin.

An answer to this issue was given by the famous no-go theorem by Coleman and Mandula [32], who showed that the most general symmetry of the S matrix is the direct product Poincaré ⊗ internal, where these two groups act independently in a trivial way. However, the proof contained a loophole, since it only considered commutating generators. When one allows for the existence of anticommutating generators new possibilities open up, as shown by Haag, Lopuszanski and Sohnius, who extended the Coleman-Mandula theorem in 1975 [33]. Instead of following commutation relations, the fermionic generators (as they are also known in opposition to commutating or bosonic generators) follow anticommutation relations. Including such operators it is possible to unify the Poincaré group with the internal symmetries.

A few years earlier the first works that incorporated fermionic generators [34] and supersymmetric field theory [35, 36, 37] had already appeared in what can be considered the birth of Supersymmetry. The work by Wess and Zumino [37] is usually considered the starting point for the study of supersymmetric field theory and most of our current formalism is based on their early developments.

Let us consider fermionic generators Q_α and Q̄_{α̇}, two components Weyl spinors (α, α̇ = 1, 2). These operators satisfy the algebra

{Q_α, Q_β} = 0 (2.21) {Q̄_{α̇}, Q̄_{β̇}} = 0 (2.22)

{Q_α, Q̄_{β̇}} = 2(σ^μ)_{αβ̇} P_μ (2.23)

where σ^μ = (1, σ^i) and σ^i are the Pauli matrices. Their commutation relations with the usual generators of the Poincaré group are

[P^μ, Q_α] = 0 (2.24)

[M^{μν} , Q_α] = −i(σ^{μν} )_α^β Q_β (2.25)

The resulting symmetry group is the Super-Poincaré group and the algebra followed by its generators is the Super-Poincaré algebra. An algebra that includes fermionic generators is called graded algebra or super-algebra.

Analogously to the Poincaré group one must find the Casimir operators in order to characterize the irreducible representations of the group. It is easy to show that, after the addition of the new fermionic generators, the vanishing conmutator

[Q_α, P^2] = 0 (2.26)

is still obtained. However

[Q_α, W^2] ≠ 0 (2.27)

which shows that the irreducible representations of the SUSY algebra, the so-called supermultiplets, must include particles with the same mass, but different spins/helicities. The fermionic generators Q_α and Q̄_{α̇} transform bosons into fermions and vice versa

Q_α|fermion⟩ = |boson⟩ , Q̄_{α̇}|boson⟩ = |fermion⟩ (2.28)

Particles in the same supermultiplets are called superpartners. It is easy to show that in any supermultiplet the number of bosonic degrees of freedom equals the number of fermionic degrees of freedom.

There are several methods to build supersymmetric lagrangians, this is, lagrangians which are invariant under SUSY transformations. The most elegant one is based on the superfield formalism [27, 28, 29] where all the fields belonging to the same supermultiplet are described using one single function defined in superspace. However, it is also possible to work with component fields [30] and get the same conclusions. In either case, these are the basic ingredients that one has to specify in order to build a supersymmetric theory:

1. Particle content

The first step is to specify the particles in our model. One has to take into account that SUSY implies that for every particle in the spectrum one must add another one with the same mass but different spin. Therefore, instead of particles one usually speaks of superfields that contain both. Two types of superfields will be considered in the following: (1) chiral superfields, which contain a scalar and a fermion, and (2) vector superfields, which contain a fermion and a vector boson.

2. Gauge group

Next, one has to choose a gauge group and assign gauge charges to the particles in the model.

3. Superpotential

The non-gauge interactions are introduced in Supersymmetry using a mathematical object called superpotential. This is an holomorphic function of the superfields and it is how Yukawa couplings are included in the theory. Its general form is highly restricted by SUSY.

4. Soft lagrangian

Up to now only unbroken SUSY theories have been discussed. As already explained, SUSY implies that for every fermion there must be a boson with the same mass. That would mean, for example, the existence of a boson with the mass of the electron. However, such particle would have been already discovered. Therefore, if Supersymmetry is realized in nature, it cannot be an exact symmetry. It must be broken. This way, particles in the same supermultiplet would have different masses as needed to account for the non-discovery of the superpartners of the SM fermions.

The way SUSY is broken is unknown and many mechanisms have been proposed, see [38] for a review. In practice, this ignorance is solved by introducing by hand new terms in the lagrangian that break SUSY explicitly but preserve the properties that motivate it. In particular, these new terms, known as soft SUSY breaking terms, do not spoil the solution that SUSY offers for the hierarchy problem. It has been rigorously shown [39] that this requirement constrains the possible new terms, that can only contain masses for scalars and gauginos, and couplings for the scalars of the same type as in the superpotential^6.

With these four ingredients one can build a realistic supersymmetric model. The simplest example is the MSSM, the minimal supersymmetric extension of the standard model.

2.2.2 The MSSM

The Minimal Supersymmetric Standard Model (MSSM) was proposed in the 80s as a solution to the hierarchy problem [40] and since then it has been object of intense study.

In the MSSM, and any SUSY model in general, each SM particle is put in a supermultiplet together with its superpartner. This leads to a duplication in the number of particles and makes necessary to create a new way to name particles. The names of the scalar superpartners are made by adding the prefix ‘s-’. For example, the scalar partners of the leptons are the sleptons. On the other hand, the name of the fermion superpartners is obtained by adding the sufix ‘-ino’ to the name of the particle. This way, the superpartner of the photon is the photino, whereas the superpartner of the Higgs boson is the higgsino. Both for scalars and fermions the standard notation for the SM superpartners is given by a tilde added to the symbol of the SM particle. For example, the selectron would be written as ẽ.

The gauge group of the MSSM is the same as in the SM, SU(3)_c × SU(2)_L × U(1)_Y , and the gauge quantum numbers of the superfields are assigned in the same way. In principle one could think of having twice as particles as in the SM, due to the SUSY duplication. However, there is an additional detail that further extends the spectrum. One Higgs doublet superfield is not sufficient, and a second one has to be added. There are two reasons for this:

• The superpotential has to be holomorphic. That means that it has to be written in terms of the superfields, and not their complex conjugates. With this restriction, and due to U(1)_Y gauge invariance, one cannot write Yukawa couplings for both up-type and down-type quarks only with a Higgs doublet with hypercharge Y = +^1_2 . Therefore, one needs to add a second Higgs doublet, with hypercharge Y = −^1_2 , in order to build gauge invariant Yukawa couplings for both quark sectors.

• In the SM the gauge anomalies cancel exactly. However, after extending the spectrum to include the new SM superpartners, the higgsino spoils this cancellation. The solution is again the addition of a second Higgs doublet superfield with the opposite hypercharge, that cancels this new contribution.

The superpotential of the MSSM is

6 In general, a term is said to break SUSY softly if it has positive mass dimension. The rest of SUSY breaking terms are called hard.

Name Spin 0 Spin 1/2 SU(3)_c, SU(2)_L, U(1)_Y

squarks, quarks

^Q (ũ_L d̃_L) (u_L d_L) ( 3 , 2 ,^1_6 )

^u^c ũ^∗_R u^c_R ( 3 , 1 , −^2_3 ) ^dc d̃∗_R dc_R ( 3 , 1 ,^1_3 )

sleptons, leptons

^L (ν̃_L l̃_L) (ν_L l_L) ( 1 , 2 , −^1_2 )

^e^c l̃^∗_R l^c_R ( 1 , 1 , 1 )

Higgs, higgsinos

^H_d (H 0_d H^−_d ) (H̃ 0_d H̃^−_d ) ( 1 , 2 , −^1_2 )

^H_u (H^+_u H^0_u) (H̃^+_u H̃^0_u) ( 1 , 2 ,^1_2 )

Name Spin 1/2 Spin 1 SU(3)_c, SU(2)_L, U(1)_Y

bino, B boson ^V_1 B̃^0 B^0 ( 1 , 1 , 0 )

wino, W bosons ^V_2 W̃_1, W̃_2, W̃_3 W_1, W_2, W_3 ( 1 , 3 , 0 )

gluino, gluon ^V_3 g̃ g ( 8 , 1 , 0 )

Tab. 2.2: MSSM particle content. Hypercharge is defined following the convention Q = I3L + Y . Only the first quark and lepton families are presented.

W^{MSSM} = ϵ_{ab} [ Y^{ij}_u ^Q^a_i ^u^c_j ^H^b_u + Y^{ij}_d ^Q^b_i ^d^c_j ^H^a_d + Y^{ij}_e ^L^b_i ^e^c_j ^H^a_d − μ ^H^a_d ^H^b_u ] (2.29)

where i, j = 1, 2, 3 are family indices, a, b = 1, 2 are SU(2) indices and ϵ_{ab} is the totally antisymmetric Levi-Civita tensor. The Y_u, Y_d and Y_e matrices are the usual Yukawa couplings while μ is a parameter with dimensions of mass.

If SUSY was conserved the number of free parameters in the model would be smaller than in the SM. However, the introduction of the soft lagrangian changes this fact since it contains many new free parameters. Moreover, note that without the soft terms it would be impossible to break the electroweak symmetry. In the SUSY limit the scalar potential is constrained to be strictly positive, and thus spontaneous symmetry breaking cannot be realized.

The soft SUSY breaking terms of the MSSM are

− L^{MSSM} sof t = (m 2 Q)^{ij}Q̃^{a∗}_i Q̃^a_j + (m^2_uc )^{ij}ũ^c_i ũ^{c ∗}_j + (m^2_dc )^{ij}d̃^c_i d̃^{c ∗}_j + (m^2_L)^{ij}L̃^{a∗}_i L̃^a_j

+(m^2_ec )^{ij}ẽ^c_i ẽ^{c ∗}_j + m^2_{Hd} H^{a∗}_d H^a_d + m^2_{Hu} H^{a∗}_u H^a_u − [ 1 2 M_1B̃^0B̃^0 + 1 2 M_2W̃^cW̃^c + 1 2 M_3g̃^dg̃^d + h.c. ] (2.30) +ϵ_{ab} [ T^{ij}_u Q̃^a_i ũ^c_j H^b_u + T^{ij}_d Q̃^b_i d̃^c_j H^a_d + T^{ij}_e L̃^b_i ẽ^c_j H^a_d − B_μH^a_d H^b_u ] where c = 1, 2, 3 and d = 1, . . . , 8. Sometimes the trilinear parameters in equation (2.30) are expanded as T^{ij}_α = A^{ij}_α Y^{ij}_α , with α = u, d, e. However, we will follow the convention of [41, 42] instead. Note that L_{sof t} clearly breaks SUSY, since it introduces interaction terms for some fields but not for their superpartners.

The electroweak symmetry is broken when the scalar Higgs doublets H_d and H_u get VEVs

⟨H^0_d ⟩ = v_d √ 2 (2.31)

⟨H^0_u⟩ = v_u √ 2 (2.32)

and, like in the SM, this mechanism gives masses to the gauge bosons Z^0 and W^± and, due to the Yukawa couplings, to the quarks and charged leptons. However, unlike the SM, there are two important differences

1. Due to the existence of two complex Higgs doublets we have eight degrees of freedom. When the gauge bosons eat three of them to give mass to their longitudinal components, five physical states remain in the spectrum. These are the neutral h^0, H^0, A^0 and the charged H^±.

2. Higgsinos and SU(2)_L × U(1)_Y gauginos mix after the breaking of the electroweak symmetry. The neutral higgsinos (H̃^0_d and H̃^0_u) and the neutral gauginos (B̃^0 and W̃^0) lead to four mass eigenstates known as neutralinos, χ̃^0_{1...4}. On the other hand, the charged higgsinos (H̃^−_d and H̃^+_u ) and the charged winos W̃ ± also mix in two mass eigenstates known as charginos, χ̃^±_{1,2}. Squarks, sleptons and gluinos also mix separately.

Apart from these novelties, very interesting from the phenomenological point of view, supersymmetry offers an important improvement in our understanding of electroweak symmetry breaking. As discussed below, the mechanism of radiative symmetry breking is one of its most attractive motivations and is a natural consequence once the MSSM is embedded in a larger framework with universal conditions at the GUT scale^7.

Models with many parameters are not predictive. In the case of the MSSM, the large number of arbitrary parameters that appear in the soft lagrangian (2.30) makes it hard to give numerical predictions for observables^8. From a practical point of view, it would be necessary to reduce the number of parameters by making some assumptions on the way supersymmetry gets broken. In fact, if the SUSY breaking mechanism was known, all the soft parameters would be linked to a few, the ones that describe the dynamics of the sector that breaks SUSY. However, if the soft parameters are totally free, the high dimensional parameter space will be extremely difficult to analyze.

Therefore, it is common to assume some SUSY breaking scenarios. Without specifying the complete theory that breaks SUSY one can describe its effects by imposing some universal conditions to the soft parameters at some high energy scale where SUSY gets broken. These conditions clearly reduce the number of parameters. Then, with the embedding of the MSSM in a more general framework one can use the renormalization group equations (RGEs) of the MSSM to obtain the resulting values of these soft parameters at the electroweak scale.

Moreover, these universal conditions are also motivated by two well-known problems of the MSSM: the SUSY flavor problem and the SUSY CP problem. The values of the soft parameters at the SUSY scale are strongly constrained due to their contributions to flavor-changing and CP violating processes. For example, the offdiagonal element (m^2_ec )_{12} contributes to the lepton flavor violating decay μ → eγ, whose branching ratio is bounded to be below 1.2 × 10^{−11} by the MEGA experiment [43, 44]. By assuming flavor and CP blind conditions for the soft parameters

7 Another key ingrediente for radiative symmetry breaking is a large top quark mass, which is in fact the case as measured by the Tevatron collider.

8 There are some exceptions, however, like the mass of the lightest Higgs boson, h^0, which can be predicted in supersymmetry due to the constrained form of the scalar potential.

at some high scale, the resulting flavor off-diagonal entries and CP violating phases at the SUSY scale are strongly suppressed, leading to low rates for the dangerous processes.

One of the most popular scenarios is the cMSSM (constrained MSSM), also known as mSUGRA (minimal SUperGRAvity)^9. The breaking of SUSY is due to gravitational effects. These conditions are imposed at the GUT scale:

m^2_Q = m^2_uc = m^2_dc = m^2_L = m^2_ec = m^2_0I (2.33)

m^2_{Hd} = m^2_{Hu} = m^2_0 (2.34) M_1 = M_2 = M_3 = M_{1/2} (2.35) T_u = A_0Y_u , T_d = A_0Y_d , T_e = A_0Y_e (2.36)

where I is the identity in family space. Then one is left with the following free parameters: a universal gaugino mass (M_{1/2}), a universal scalar mass (m_0), the trilinear coupling A_0 and, since they are not embedded in this framework, the μ and B_μ parameters.

The μ and B_μ parameters belong to the Higgs sector of the MSSM and thus can be linked to the VEVs v_d and v_u through the minimization conditions. The MSSM tadpole equations are

m^2_{Hd} + |μ|^2 − B_μ tan β + m^2_Z 2 cos 2β = 0 (2.37)

m^2_{Hu} + |μ|^2 − B_μ cot β − m^2_Z 2 cos 2β = 0 (2.38)

where

tan β = v_u v_d (2.39)

is the ratio between the VEVs of the Higgs doublets.

A comment concerning the μ parameter must be made here. As shown in the tadpole equations, its interplay with the rest of the parameters in the Higgs sector determines the vacuum structure of the theory. Therefore, the value of the μ parameter must lie around the electroweak scale. Otherwise, equations (2.37) and (2.38) would need to be fine-tuned in order to cancel the different contributions and lead to the correct symmetry breaking, with v_d and v_u at the electroweak scale. On the other hand, the μ term in the superpotential is a supersymmetry conserving term and thus it is expected to lie at the GUT scale or beyond. In that case one would need an extreme fine-tuning for electroweak symmetry breaking to work. This discrepancy between the phenomenologically required value and the theoretical expectation is known as the μ-problem [46]. Several solutions to this naturalness problem of the MSSM have been proposed and one of them will be discussed in this thesis.

From equations (2.37) and (2.38) it is clear that one can exchange μ and B_μ for tan β, since for any value of this ratio one can solve them to find the appropriate values for μ and B_μ that lead to the minimum of the scalar potential. Note however that the sign of μ is not determined and thus is left as a free parameter. Therefore, the mSUGRA parameter space is described by m_0, M_{1/2}, A_0, tan β and sign(μ).

9 In the following we will use the names mSUGRA and cMSSM as synonyms, although this is not totally correct. In fact, minimal supergravity models lead to a more contrained SUSY breaking scenario than what will be considered here. However, due to the usual naming in the literature, both names will be used in this thesis without making a distinction. See [45] for some comments on this issue.

(a) (b)

Fig. 2.3: Yukawa and 4-point scalar interactions obtained from a superpotential term Y_f ^H ^fL ^fR.

In addition to making the model much more predictive, the MSSM embedding in this framework leads to an additional consequence concerning electroweak symmetry breaking. By inspection of the potential one can find some conditions that must be fulfilled by the parameters in the Higgs sector. These come from demanding a potential bounded from below and the non-stability of the trivial minimum with v_d = v_u = 0. The resulting conditions are

(B_μ)^2 > (m^2_{Hd} + |μ|^2)(m^2_{Hu} + |μ|^2) (2.40) |B_μ| < 2|μ|^2 + m^2_{Hd} + m^2_{Hu} (2.41)

In order for these inequalities to make sense the soft SUSY breaking parameters are expected to be close to the EW scale. Otherwise very large cancellations are required. As will be shown below, this is also needed to provide a technical solution to the hierarchy problem.

Note that equations (2.40) and (2.41) cannot be satisfied simultaneously if m^2_{Hd} = m^2_{Hu} , equality that holds at the GUT scale due to the mSUGRA universal conditions. However, these two parameters evolve differently in their RGE running from the GUT scale. In fact, the large contributions given by the top Yukawa, present for m^2_{Hu} but not for m^2_{Hd} , naturally imply a negative value for m^2_{Hu} , allowing for the spontaneous breaking of the EW symmetry. In conclusion, the EW symmetry is broken by radiative effects, in the so-called Radiative EW symmetry breaking mechanism, another interesting property of supersymmetric models.

2.2.3 Supersymmetry and the hierarchy problem

After this brief introduction let us consider the main motivation for supersymmetry: the solution to the hierarchy problem [40]. The Yukawa interaction in diagram 2.3(a) and the scalar 4-point interaction in diagram 2.3(b) are obtained from the same superpotential term. With this common origin, imposed by SUSY, it is clear that a cancellation is likely to happen. In fact, if we consider the top quark and the corresponding scalar top, the so-called stop, and their contributions to the Higgs boson mass, we get the diagrams in figure 2.4. Here t̃_1 and t̃_2 are the resulting mass eigenstates induced by t̃_L and t̃_R mixing. When the electroweak symmetry gets broken by the Higgs VEV these chiral states mix leading to two mass eigenstates t̃_1 and t̃_2.

Note that both diagrams in figure 2.4 share the same coupling, following the condition (2.13), necessary for cancellation. This is a direct consequence of SUSY, not spoiled by the fact that it is broken softly.

In addition, after electroweak symmetry breaking the Feynman diagram in figure 2.5 appears. However, this contribution gives a correction proportional to

(a) (b)

Fig. 2.4: Top-Stop 1-loop corrections to the Higgs boson mass in the MSSM.

Fig. 2.5: Top-Stop 1-loop corrections to the Higgs boson mass in the MSSM. This diagram only appears after electroweak symmetry breaking.

∫ d^4p (2π)^4 1 (p^2 − m^2_{t̃i} )(p^2 − m^2_{t̃j} ) ∼ ∫ d^4p p^4

(2.42)

which is logarithmic and thus does not contribute to the dangerous quadratic divergences.

Summing up all contributions one can calculate the 1-loop correction to the Higgs boson mass. In the SUSY limit, with L_{sof t} = 0, one gets a total cancellation. If the soft breaking terms are switched on this cancellation is not exact anymore, but a correction to the mass of the Higgs boson is obtained [47, 48, 49, 50, 51]. An explicit calculation gives the leading order result

Δm^2_h ∝ Y^2_t m^2_t ln ( m_{t̃1} m_{t̃2} m^2_t ) (2.43)

Three comments are in order:

• If m_t = m_{t̃1} = m_{t̃2} the correction vanishes. This is, as explained, what is obtained with unbroken SUSY.

• The correction is logarithmic. No quadratic divergence appears.

• Without this correction the MSSM would be ruled out. It can be easily shown that the tree-level scalar potential of the MSSM predicts a very light Higgs boson, m_h < m_Z cos(2β), ruled out by LEP data. This tree-level bound is due to the fact that the quartic coupling of the Higgs boson in the MSSM is not free, but originates from gauge interactions, directly connected to the gauge bosons masses. With the top-stop contribution, the 1-loop corrected Higgs boson mass evades the LEP bound making the MSSM a viable model.

From the previous discussion it is clear that the soft SUSY breaking parameters must have values close to the electroweak scale. This was already shown when

Fig. 2.6: The squarks could mediate a disastrous fast proton decay if both λ^′ and λ^{′′} are present simultaneously.

the tadpole equations of the MSSM were discussed (see eqs. (2.40) and (2.41)). Now, another indication has been presented. If the SUSY scale, this is, the scale at which the soft parameters lie, is much higher than the electroweak scale, the 1-loop corrections to the Higgs boson mass will be large, and a small fine-tuning will be required. These two arguments point to the same direction: the SUSY scale cannot be very far away from the energy scales under current exploration.

In conclusion, if the soft parameters have values close to the electroweak scale the correction to the Higgs mass are under control. Only logarithmic corrections are obtained and the Higgs boson mass remains naturally at the electroweak scale. This is the supersymmetric solution to the hierarchy problem.

2.3 R-parity

The superpotential (2.29) is not the most general renormalizable superpotential that is compatible with SUSY and gauge invariance. It is actually possible to add new terms, leading to

W = W^{MSSM} + W^{/Rp} (2.44)

where

W^{/Rp} = ϵ_{ab} [1 2 λ_{ijk} ^L^a_i ^L^b_j ^e^c_k + λ^′_{ijk} ^L^a_i ^Q^b_j ^d^c_k + ϵ_i ^L^a_i ^H^b_u ]

+ 1 2 λ^{′′}_{ijk} ^u^c_i ^d^c_j ^d^c_k (2.45)

The first three terms in W^{/Rp} break lepton number (L) whereas the last one breaks baryon number (B). The presence of these new couplings is not welcome, since there is no evidence so far for any physical process that breaks B or L. The strongest restriction comes from the non-observation of proton decay, that would break both B and L. If the λ^′ and λ^{′′} couplings were simultaneously present the life time of the proton would be extremely short unless they are extremely tiny [52, 53, 54, 55, 56, 57]. For example, Feynman diagramms like the one in figure 2.6 contribute to proton decay. A simple estimate based on dimensional analysis gives

Γ_{p→e}+_π0 ∼ m^5_{proton} ∑ i=2,3 |λ^′_{11i}λ^{′′}_{11i}|^2 m^4_{d̃i} (2.46)

If λ^′ y λ^{′′} are of order 1 and the squarks have masses around the TeV, this equation would be translated into a life time of a fraction of a second. This phenomenological disaster is solved in the MSSM by introducing a new symmetry by hand that forbids the terms in W^{/Rp} . This symmetry is known as R-parity [58, 59].

The R-parity of a particle is defined as

R_p = (−1)^{3(B−L)+2s} (2.47)

where s is the spin of the particle. It is easy to check that all SM particles have R_p = +1 while their supartners have R_p = −1 (in the following particles with R_p = −1 will be called superparticles). It is straightforward to verify that all terms in (2.45) break R-parity. The MSSM is defined as R-parity conserving.

This phenomenological requirement can be seen as a step back from the SM, where this problem does not exist, since all the allowed renormalizable interactions preserve both B and L. However, as discussed below in this thesis, R-parity can be motivated as a remaining symmetry of a larger group, broken at higher energy scales leading to the MSSM. Nevertheless, the conservation of R-parity has very important implications:

• The Lightest Supersymmetric Particle (LSP) is stable. If it is electrically neutral and it has no color, it would only interact weakly, being a good dark matter candidate.

• Superparticles are produced in pairs at colliders.

• Every superparticle, apart from the LSP, decays into a final state with an odd number of LSPs. Since they are stable and escape detection at colliders, this is seen as a missing energy signal.

With these advantages, R-parity is a very practical assumption, made by most of the theoretical studies based on supersymmetry.

2.3.1 R-parity violation

R-parity is a central element in the MSSM. Its conservation is imposed to forbid the highly constrained lepton and baryon number violating interactions. In addition, it provides a dark matter candidate, opening the way to the solution to one of the major problems in modern cosmology.

However, no robust theoretical argument supports R-parity and its violation is an interesting alternative that offers many changes with respect to the standard picture^{10}. In particular, in this thesis R-parity violation /R_p has been explored in connection with neutrino masses, since the violation of lepton number automatically leads to masses for the neutrinos.

This is easy to understand. The /R_p superpotential term ϵ_i ^L_i ^H_u mixes neutrinos with neutral higgsinos, which have Majorana masses coming from the MSSM couplings. This way, by choosing a small ϵ mixing term neutrinos get masses in the proper range. This is a simple realization of the seesaw mechanism at the EW/SUSY scale.

A comment should be made here about proton decay. As shown a few lines above, both L and B violations are needed for the proton to decay. Therefore, if one relaxes R-parity conservation to B conservation (or any other symmetry that allows for L violation) neutrino masses are generated while the proton is still stable.

If R-parity is broken, collider phenomenology will be completely different. In particular, in /R_p SUSY the LSP is no longer stable and decays to final states containing SM particles. This changes all the standard strategies for SUSY searches, focused on final states with missing energy. There are important implications in cosmology as well. The standard LSP dark matter candidate is lost. Nevertheless, other theoretical possibilities are available and an explanation for the observed

10 See [60] for a detailed review on R-parity violation.

amount of dark matter is still possible. Well studied examples are the gravitino [61, 62, 63], the axion [64, 65] and its supersymmetric partner, the axino [66, 67].

The main advantage of R-parity violating neutrino mass models with respect to R-parity conserving ones is their clear predictions for colliders. As will be shown along the lines of this thesis, LSP decays are closely linked to the flavor structure in the neutrino sector, allowing for precise predictions at colliders. This makes /R_p neutrino mass models one of the very few examples where colliders can really tell us about the origin of neutrino masses, in opposition to the standard SUSY seesaw framework that can only be tested indirectly in some particular scenarios^{11}.

Finally, the constraints coming from the non-observation of L or B violating processes imply that /R_p couplings must be small [60, 68]. Therefore, if one allows for /R_p , model building is required if one wants to explain the smallness of the new couplings. This is another important issue related to /R_p that will be considered in this thesis.

In conclusion, two approaches are considered in this thesis concerning the role of R-parity:

• R-parity violation: If R-parity is not conserved, how is it broken? And how can we probe it? What are the signals at the LHC? What is the connection to neutrino masses?

• R-parity conservation: If R-parity is a good symmetry at the EW/SUSY scale, what is the mechanism behind? How does the neutrino get a mass and how can we test it?

These are the two main lines of research that will be further explained in the following chapters of this thesis.

11 The non-SUSY seesaw mechanism does even worse, and neither direct nor indirect tests are known. The large mass of the right-handed neutrinos, or the heavy fields in other realizations, makes impossible any chance to produce them at colliders. As we will see, SUSY seesaw models have an advantage, with additional phenomenology due to the flavor information hidden in the slepton sector.

3. NEUTRINO MASS MODELS

Since the invention of the Standard Model and its subsequent development no experimental result challenged its foundations. This agreement between theory and experiment, obtained even in high precision measurements, established the Standard Model as a good description of all the known phenomena in particle physics. However, the discovery of neutrino oscillations in the late 90s was the first clear evidence for physics beyond the Standard Model, and pointed to the necessity of an extension in the leptonic sector that can account for neutrino masses. In this chapter several neutrino mass models will be reviewed, emphasizing their most important properties and how they are related to the present thesis.

3.1 Current experimental situation

Based on the fact that neutrinos were always observed to be left-handed, as opposed to the other fermions that could be found with both chiralities, and because no experimental result pointed to a non-zero neutrino mass, the fathers of the Standard Model decided not to add right-handed neutrinos to the particle spectrum.

Without right-handed neutrinos it is not possible to write down a Yukawa term that can lead to Dirac masses for neutrinos. Therefore, neutrinos are massless in the Standard Model. This statement is valid at any order in perturbation theory due to the underlying U(1)_{B−L} symmetry.

However, this simplistic choice was shown to be wrong after the establishment of neutrino oscillations as the mechanism behind the observed neutrino deficits. For many years, different experiments showed a clear difference between the neutrinos that were detected and the theoretical expectations. This is nowadays understood in terms of neutrino flavor oscillations, a mechanism that implies that neutrinos must be massive.

Let us begin with a short review of the experimental situation.

3.1.1 Neutrino deficits

The Sun produces neutrinos in the nuclear reactions that continuously occur in its interior. These neutrinos escape in all directions, some of them reaching the Earth and our detectors. With a precise knowledge of the solar evolution and structure one can determine the neutrino flux on Earth and the number of neutrinos that are expected to be detected by a given experiment.

For many years, several experiments have been accumulating data on solar neutrinos. To name a few, Homestake [69, 70, 71], SAGE [72, 73], GALLEX- GNO [74, 75, 76], Kamiokande [77], Super-Kamiokande [78, 79, 80, 81] and SNO [82, 83, 84, 85] are experiments designed to detect solar neutrinos and measure their properties. These collaborations were able to determine solar neutrino fluxes that one can compare with the theoretical expectation.

However, all the experiments detected less neutrinos than predicted by the Standard Solar Model (SSM) [86, 87, 88, 89, 90, 91]. This theoretical model has successfully passed the observational tests along the years and is considered a robust description of the processes inside the sun. However, it fails to predict the number of neutrinos detected on Earth, which is reduced by 30 − 60%. This discrepancy is known as the solar neutrino problem.

Furthermore, neutrinos are also produced in the atmosphere. When a cosmic ray hits an air molecule in the higher parts of the atmosphere, a particle shower is produced, including some neutrinos that travel towards the Earth, where detectors are placed underground to measure their properties. Theoretical predictions for the atmospheric neutrino fluxes and the expected event rates at different experiments can be obtained by estimating the primary cosmic ray flux, something that has been done with increasing accuracy along the years [92, 93, 94].

In fact, one can take advantage of the capability of the experiments to distinguish between electron and muon neutrinos. The main neutrino production mechanism is charged pion decay, which has a branching ratio close to 100% into the channel [44]

π^± → μ^± + ν_μ(ν̄_μ)

This is followed by the standard muon decay

μ^± → e^± + ν_e(ν̄_e) + ν̄_μ(ν_μ)

and thus one expects two muon neutrinos for each electron neutrino R_{eμ} ≡ N(ν_μ) N(ν_e) ≃ 2 (3.1)

As in the case of the solar neutrinos, several experiments have detected the neutrinos produced in the atmosphere. Frejus [95], IMB [96], NUSEX [97] and Kamiokande [98, 99, 77] are examples of such experimental setups, sensitive to this type of neutrinos. And again, as for solar neutrinos, a deficit with respect to the theoretical expection has been observed. The measured ratio R_{eμ} was about 0.6 times the predicted value, showing a clear deficit of muon neutrinos. This anomaly is known as the atmospheric neutrino problem.

For many years, these two anomalies stimulated the imagination of theoreticians, who invented several mechanisms to explain the observed deficits. Non-standard neutrino interactions [100, 101, 102, 103], decaying neutrinos [104, 105, 106, 107, 108, 109, 110], spin flavor precession [111, 112, 113], neutrino decoherence [114, 115] or violation of Lorentz invariance [116, 117] were theoretical ideas that appeared in the community to address the neutrino anomalies. However, as the accuracy in the experiments increased all these hypothesis were discarded as the main contribution to the phenomenon, in favor of neutrino oscillations, nowadays established as the main mechanism behind these observations.

3.1.2 The neutrino oscillation mechanism

Neutrino oscillations were first discussed by Bruno Pontecorvo in 1957 [118, 119]. However, these first references concentrate on neutrino-antineutrino oscillations. Ten years later, Pontecorvo was again the first to discuss neutrino flavor oscillations [120], in an important pioneering paper that opened up a rich field in particle physics.

If neutrinos are massive their flavor changes while they propagate. As a consequence, a neutrino which is originally produced as electron neutrino can be detected as muon or tau neutrino. This oscillating effect explains the deficits found in solar and atmospheric neutrino experiments.

Neutrinos are produced by charged current weak interactions as flavor eigenstates ν_α = (ν_e, ν_μ, ν_τ ). If they are massive, the mass eigenstates ν_i = (ν_1, ν_2, ν_3) will be in principle different. These two basis are connected by a unitary matrix U, defined as |ν_α⟩ = U^∗_{αi}|ν_i⟩ (3.2) U is known nowadays as Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix and is the analog of the Cabibbo-Kobayashi-Maskawa (CKM) matrix that describes the mixing in the quark sector.

The mismatch between these two basis leads to flavor oscillations in the neutrino propagation. This is because, although the production mechanism is flavor diagonal, the quantum mechanical evolution is mass diagonal. Given the state |ν_i(t_0)⟩ at time t_0, one can compute the resulting state at a later time t as |ν_i(t)⟩ = e^{iEi(t−t0)}|ν_i(t_0)⟩ (3.3) where E^2_i = p^2 + m^2_i . Then, by projecting both mass eigenstates into the flavor basis one can easily compute the probability of a flavor eigenstate ν_α oscillating into the flavor eigenstate ν_β :

P (ν_α → ν_β ) = 3∑ j,k=1 U^∗_{αk}U_{βk}U_{αj} U^∗_{βj} exp ( −i Δm^2_{kj} L 2E ) (3.4)

where L ≃ t − t_0 for ultrarelativistic neutrinos and Δm^2_{kj} ≡ m^2_k − m^2_j . Some additional assumptions have been made in this derivation. The interested reader can find good references in the scientific literature, where these details are discussed and neutrino oscillations are treated using more robust theoretical tools [121, 122, 123, 124, 125, 126].

In particular, equation (3.4) is lacking matter effects. If neutrinos oscillate in matter, the picture can change drastically, leading to very different results. In fact, the so-called Mikheyev-Smirnov-Wolfenstein (MSW) effect [127, 100], a resonant process that enhances the transition probability inside the Sun, is fundamental for our understanding of the solar neutrino fluxes and without it the oscillation solution to the solar neutrino problem would not work.

Note that equation (3.4) implies that neutrino oscillations are not sensitive to the absolute value of neutrino masses, but only to their squared mass differences Δm^2. As will be discussed below, a different type of experiments is needed in order to measure the absolute scale of neutrino masses.

As the precision in neutrino physics experiments increased, the oscillation solution to the solar and atmospheric neutrino problems got established. In addition to the discussed experiments, new reactor and accelerator experiments gave strong support for the interpretation in terms of flavor oscillation, ruling out other theoretical explanations [128, 129, 130].

Neutrino oscillation experiments have demonstrated that at least two neutrinos have non-zero mass [82, 131, 132]. Especially remarkable is that data from both atmospheric neutrino [133] and from reactor neutrino measurements [128] now show the characteristic L/E dependence expected from oscillations, see equation (3.4), ruling out or seriously disfavouring other explanations of the observed neutrino deficits.

It is fair to say that with the most recent data by the KamLAND [128], Super- Kamiokande [129] and MINOS collaborations [130] neutrino physics has finally entered the precision era. In fact, global fits to the available experimental data allow to determine the involved parameters with good accuracy. This way, one can set important constraints on the flavor structure of many neutrino mass models.

For the case of three neutrinos the 3×3 PMNS mixing matrix can be parametrized as [134]

Parameter Best fit 2σ 3σ Δm^2_1 [10^{−5}eV^2] 7.59^{+0.23}_{−0.18} 7.22–8.03 7.02–8.27 |Δm^2_{31}| [10^{−3}eV^2] 2.40^{+0.12}_{−0.11} 2.18–2.64 2.07–2.75 sin^2 θ_{12} 0.318^{+0.019}_{−0.016} 0.29–0.36 0.27–0.38 sin^2 θ_{23} 0.50^{+0.07}_{−0.06} 0.39–0.63 0.36–0.67 sin^2 θ_{13} 0.013^{+0.013}_{−0.009} ≤ 0.039 ≤ 0.053

Tab. 3.1: Best-fit values with 1 σ errors, and 2 σ and 3 σ intervals for the three-flavor neutrino oscillation parameters from global data. Table taken from reference [135], which is continuosly being updated online with the inclusion of new data.

U = ω_{23}ω_{13}ω_{12} (3.5)

where ω_{ij} are effective 2 × 2 unitary matrices characterized by an angle and a CP phase. For example

ω_{12} = cos θ_{12} e^{iϕ12} sin θ_{12} 0 −e^{−iϕ12} sin θ_{12} cos θ_{12} 0 0 0 1

(3.6)

Expanding the product in equation (3.5) and neglecting the CP violating phases, one obtains

U = c_{13}c_{12} s_{12}c_{13} s_{13} −s_{12}c_{23} − s_{23}s_{13}c_{12} c_{23}c_{12} − s_{23}s_{13}s_{12} s_{23}c_{13} s_{23}s_{12} − s_{13}c_{23}c_{12} −s_{23}c_{12} − s_{13}s_{12}c_{23} c_{23}c_{13}

(3.7)

where c_{ij} ≡ cos θ_{ij} and s_{ij} ≡ sin θ_{ij} . In addition to these three mixing angles, neutrino oscillations are sensitive to two squared mass differences, Δm^2_1, responsible for solar neutrino oscillations, and Δm^2_{31}, responsible for atmospheric neutrino oscillations.

After parametrizing the PMNS matrix one can compare the resulting mixing angles and squared mass differences with the available experimental data. Table 3.1 shows the best-fit values, and the corresponding 1 σ errors, and 2 σ and 3 σ intervals, for the three-flavor neutrino oscillation parameters from global data [135]. Three comments are in order:

• There is a clear hierarchy between the mass scales responsible for solar and atmospheric oscillations.

• The atmospheric angle, θ_{23} is compatible with maximal mixing, whereas the solar angle, θ_{12} is large as well.

• The so-called reactor angle, θ_{13}, is very small and compatible with zero. In fact, it was only very recently that a slight preference for θ_{13} ≠ 0 was found [136, 135, 137].

This data is to be explained by any neutrino mass model^1.

1 The discussion has been focused on an interpretation of the data based on 3 flavor neutrino oscillations. However, some recent experimental results might point towards a more complicated picture. The LSND experiment [138] reported a signal for a third mass difference in antineutrino oscillations. This would imply the existence of, at least, a fourth sterile neutrino, which does not have weak interactions but mixes with the active neutrinos. More recently, MiniBooNE [139, 140, 141] also found an anomaly, not compatible with 3 flavor neutrino oscillations, adding supporting

3.1.3 The absolute scale of neutrino masses

In the last section we saw that neutrino oscillations are not sensitive to the absolute value of neutrino masses, but only to the squared mass differences. Therefore, although we know that it cannot be zero, we cannot get m_ν from the experiments discussed above.

There are three main experimental/observational sources of information on the absolute scale of neutrino masses.

• Tritium beta decay experiments

As Fermi pointed out in 1934, the shape of the electron spectrum near the endpoint is very sensitive to the scale of neutrino masses [5]. Several experiments have applied this idea using tritium (^3H) as decaying nucleus. This is because the decay

3H →^3He + e^− + ν̄

is specially favorable, since it is a super-allowed nuclear transition with a low Q-value. Examples of such experimental setups are the Mainz [142] and Troitsk [143] experiments, which are sensitive to the effective electron neutrino mass [144]

m_β = 3 ∑ i=1 |U_{ei}|^2m^2_i (3.8)

and have reported the result [145, 146]

m_β < 2.2 eV(95%c.l.) (3.9)

In the near future, the KATRIN experiment [147] will start its operation, with an expected sensitivity of 0.2 eV after five years of data taking. See references [148, 149, 150] for reviews on beta decay experiments designed to measure neutrino masses.

• Neutrinoless double beta decay experiments

Another type of experiment searching for the absolute scale of neutrino masses is neutrinoless double beta decay (0ν2β). These are lepton number violating processes of the type N(A, Z) → N(A, Z ± 2) + e^∓ + e^∓ without emission of neutrinos. This signal, only possible if neutrinos are Majorana particles [151, 152], would allow to measure the combination m_{ββ} = 3∑ i=1 U^2_{ei}m_i (3.10)

The current experimental situation is controversial. A possible indication of 0ν2β in^{76}Ge decays was obtained by the authors of reference [153], who reported the following limits for the half-life of the process

T^{0ν}_{1/2}(^{76}Ge) = (0.69 − 4.18) × 10^{25}y (3σ) (3.11)

evidence in favor of the sterile neutrino hypothesis. Nevertheless, more experimental input from other collaborations is required in order to confirm these results and thus they will not be taken into account in this thesis.

However, this result has not been confirmed by other experiments. The most stringent bound on the half-life for^{76}Ge comes from the Heidelberg-Moscow experiment [154]

T^{0ν}_{1/2}(^{76}Ge) > 1.9 × 10^{25}y (90%c.l.) (3.12)

whereas the IGEX experiment [155] obtained a similar lower bound

T^{0ν}_{1/2}(^{76}Ge) > 1.57 × 10^{25}y (90%c.l.) (3.13)

Hopefully the issue will be clarified in the near future, since the experiments GERDA [156], CUORE [157] and EXO [158] have expected sensitivities that allow to check the positive signal claimed in [153].

The extraction of m_{ββ} from an eventual positive signal would have a large theoretical error due to the uncertanties in the computation of the nuclear matrix elements [159, 160]. Nevertheless, the detection of neutrinoless double beta decay would represent the discovery of a new type of particle, a Majorana particle, and therefore it would be of great relevance even if the extracted effective neutrino mass cannot be measured with high accuracy.

Applying the bound from the Heidelberg-Moscow collaboration, see equation (3.12), and taking into account the uncertanties in the nuclear matrix elements [160], one obtains [150]

m_{ββ} ≲ 0.3 − 0.6 eV (3.14)

which is slightly better than the bound obtained with tritium beta decay experiments.

• Cosmology

Cosmology sets important constraints on the absolute scale of neutrino masses. In fact, the most stringent bounds can be obtained from cosmological observables. In this case the quantity that is constrained is the sum of neutrino masses which, depending on the cosmological data set that is used, is bounded as [161] 3∑ i=1 m_i ≲ 0.3 − 1.0 eV (3.15)

The way neutrino masses are constrained by cosmology is easy to understand. If neutrinos have masses of the order of the eV they would constitute a hot dark matter component of the universe. As it is well known, see for example [162], this type of dark matter suppresses the formation of structures at small scales of the order of 1 − 10 Mpc. Therefore, by studying density fluctuations in the CMB and the Large Scale Structure distribution of galaxies, one can put strong bounds on the sum of neutrino masses as in equation (3.15).

For more details on the subject see the review [161].

In the following sections several neutrino mass models will be discussed. Very detailed reviews on this subject exist in the literature, see for example [163, 164, 165, 166, 167].

3.2 Dirac neutrinos

The simplest way to introduce neutrino masses in the Standard Model is to follow the same approach as for the rest of the fermions. The addition of three families of right-handed neutrinos, singlets under the SM gauge group, and the corresponding Yukawa couplings

− L_Y = Y_ν HLν_R + h.c. (3.16)

leads to neutrino Dirac masses m_D = Y_ν ⟨H⟩ after electroweak symmetry breaking. Here Y_ν is a 3 × 3 matrix. Since ⟨H⟩ ∼ 100 GeV and the absolute scale for neutrino masses is known to be below 1 eV, the entries in Y_ν must be below 10^{−11}.

Note that the right-handed neutrinos, being gauge singlets, only couple to the rest of particles through the Y_ν coupling. They do not have gauge interactions and there is no way to write down another gauge invariant operator involving the ν_R field.

Therefore, if Y_ν < 10^{−11} as demanded by current data, the right-handed neutrinos couple very weakly to the rest of matter, suppressing their production cross section at colliders. Moreover, with such small couplings their contributions to other processes are negligible. In conclusion, the introduction of Dirac masses in the standard model does not lead to any phenomenological consequence, due to the smallness of the neutrino Yukawa couplings.

Supersymmetry offers additional ingredients. This is due to the fact that the right-handed neutrino comes together with its scalar partner, the right-handed sneutrino ν̃_R. In general, the soft term T_ν HL̃ν̃_R induces ν̃_L−ν̃_R mixing after electroweak symmetry breaking. However, if this trilinear coupling is small, for example due to the assumption T_ν = A_ν Y_ν , the right-handed sneutrino will be a pure state with very weak couplings. With these properties, it is a potential dark matter candidate [168, 169].

Concerning collider phenomenology, this scenario has a novelty with respect to the non-supersymmetric case. If the right-handed sneutrino is the LSP and R-parity is conserved, all decay chains at colliders will end up producing a pair of them, even though it couples very weakly to the rest of particles. However, the smallness of the Yukawa couplings implies that the NLSP, whatever character it has, will have a long decay length, possibly measurable at LHC [170]. In conclusion, the MSSM with Dirac neutrinos has some testable signatures, as opposed to the non-SUSY case.

The previous discussion assumes that neutrino masses have the same origin as the other fermion masses. This, however, would imply a naturalness problem. Figure 3.1 shows the masses of the known fundamental particles [44]. For the neutrino, the conservative upper bound m_ν = 1 eV is used and only one generation is represented. Note the huge difference between the upper bound for the neutrino mass and the masses of the other particles. This can be hardly understood if they share a common source. In fact, this picture suggests that neutrino masses come from a different origin, with an underlying mechanism that can explain why they lie much below the electroweak scale. This will be the subject of the following sections.

3.3 Majorana neutrinos

In the previous section we discussed Dirac neutrinos. They can be easily introduced in the Standard Model, although they lead to very small couplings, with the subsequent difficulties to explore their phenomenology. A different alternative will be discussed in the following: Majorana neutrinos.

3.3.1 Theory of Majorana neutrinos

The question whether neutrinos are their own antiparticle has no answer yet. For charged particles there would be no doubt, since charge, electric or other type, can

Fig. 3.1: Masses of the known fundamental particles. For the neutrino, the conservative upper bound mν = 1 eV is used and only one generation is represented. Leptons are drawn in blue, quarks in red and massive gauge bosons in green. The massless gauge bosons, photon and gluon, are not included in the plot.

be used to distinguish between the particle and the antiparticle. For example, the trajectory of electrons and positrons in a magnetic field is different. However, for neutrinos, this distintion cannot be applied and the question remains.

From the theoretical point of view, this has to do with the type of spinor used to describe the neutrino. In the previous section we used Dirac spinors, with four independent complex components. A mass term is built as − L^{mass}_D = m_Dν̄_Lν_R + h.c. = m_Dν̄ν (3.17) with

ν_L = P_L ν ν_R = P_R ν (3.18)

where P_{L,R} =^1_2 (1 ∓ γ_5) are the chirality projectors. In the Weyl basis^2 for the Dirac matrices one has

γ_5 = ( −I_2 0 0 I_2 ) (3.19)

I_2 being the 2 × 2 identity matrix. Then, if the 4-component Dirac spinor ν is written as ν = ( χ σ_2ϕ^∗ ) (3.20)

where χ and ϕ are 2-component Weyl spinors and σ_2 is a Pauli matrix, introduced just for convenience, one obtains

ν_L = ( χ 0 ) ν_R = ( 0 σ_2ϕ^∗ ) (3.21)

2 The Weyl basis is also known as chiral basis in some textbooks.

Now one can apply charge conjugation to ν. Its charge conjugate state is

ν^c = Cν̄^T = −γ^2γ^0ν̄^T = ( ϕ σ_2χ^∗ ) (3.22)

The Weyl spinors χ and ϕ get exchanged after applying charge conjugation. As a consequence of that ν ≠ ν^c and we conclude that Dirac fermions are not their own antiparticles.

However, the simplest fermionic representation of the Lorentz group is not a Dirac fermion. This has been known for many years since Majorana proposed a new type of neutrinos [171], now called Majorana neutrinos. Equation (3.20) shows that a Dirac fermion is given in terms of four independent complex quantities. However, as will be shown below, one can build Lorentz invariant theories with spinors that only have two independent components.

Let ρ be a 2-component Weyl spinor with the following lagrangian density [134] L_M = −iρ^†σ_μ∂^μρ − m 2 ρ^T σ_2ρ + h.c. (3.23)

Here σ_i, with i = 1, 2, 3, are the Pauli matrices, suplemented with σ_0 = I. One can show that both terms in the lagrangian (3.23) are invariants under Lorentz transformations. Given a general Lorentz transformation

x → Λx (3.24)

the spinor field ρ transforms as

ρ(x) → S(Λ)ρ(Λ^{−1}x) (3.25)

where S is a 2 × 2 matrix that obeys the relation

S^†σ_μS = Λ_{μν} σ^ν (3.26)

Using equations (3.24), (3.25) and (3.26) and the unimodular property det S = 1 it is easy to show that both, the kinetic and mass terms, are Lorentz invariant quantities, and thus a spinor field ρ with the lagrangian (3.23) is a consistent physical description for a fermionic field. Note, however, that the mass term is not invariant under the U(1) transformation

ρ → e^{iδ} ρ (3.27)

In conclusion, Majorana fermions cannot have conserved U(1) charges. This is of great relevance for Majorana neutrinos, whose mass terms break lepton number by two units.

The connection between Dirac and Majorana fermions becomes clear if we expand a Dirac fermion into its 2-component pieces. Consider the lagrangian for the Dirac fermion Ψ

L_D = iΨ̄γ_μ∂^μΨ − mΨ̄Ψ (3.28)

The 4-component spinor Ψ can be split as Ψ = ( χ σ_2ϕ^∗ ) (3.29)

where χ and ϕ are two 2-component spinors, similar to equation (3.20). Expanding the lagrangian (3.28) one obtains

L_D = −i 2∑ α=1 ρ^†_ασ_μ∂^μρ_α − m 2 2∑ α=1 ρ^T_α σ_2ρ_α + h.c. (3.30)

where the following redefinition has been done

χ = 1 √ 2 (ρ_2 + iρ_1) (3.31) ϕ = 1 √ 2 (ρ_2 − iρ_1) (3.32)

Therefore, one Dirac fermion is equivalent to two Majorana fermions of equal mass but opposite CP. This clearly shows that the Majorana fermion is a more fundamental representation of the Lorentz group.

Let us consider now charge conjugation acting on a Majorana fermion. We will show that a Majorana fermion is self-conjugate and therefore its own antiparticle. In order to do that, we can reverse our last computation and build a 4-component spinor from the 2-component fermion ρ in equation (3.23). Using equations (3.31) and (3.32) with ρ_2 = 0 one finds that the lagrangian (3.23) can be written as

L_M = iΨ̄_M γ_μ∂^μΨ_M − mΨ̄_M Ψ_M (3.33)

where

Ψ_M = i √ 2 ( ρ σ_2ρ^∗ ) (3.34)

Applying now the operation of charge conjugation, as we did to obtain equation (3.22), it is easy to check that Ψ_M = Ψ^c_M and thus it describes both the particle and the antiparticle.

Finally, let us emphasize that the nature of neutrinos is not only a theoretical question, but it also has phenomenological implications. For example, if neutrinoless double beta decay is ever observed, neutrinos will be known to be of Majorana type, since a theory with pure Dirac neutrinos cannot lead to that process [151, 152].

3.3.2 Weinberg operator

It has been noted long ago by Weinberg [172] that one can add to the Standard Model a dimension five operator, now called the Weinberg operator, with the following definition W_{op} = 1 Λ L_iL_j HH (3.35)

Here L_i and L_j are lepton doublets, whereas H is the standard Higgs doublet.

L_i = ( ν_i l_i ) H = ( ϕ^+ ϕ^0 ) (3.36)

Finally, Λ is the energy scale at which this operator is generated. Note that, unless one couples L_i and L_j to form an antisymmetric combination, the Weinberg operator includes the piece W^{νν}_{op} = 1 Λ ν_iν_j ϕ^0ϕ^0 (3.37)

Note that the Weinberg operator breaks lepton number by two units, as required to obtain a Majorana mass for the neutrinos. In fact, after electroweak symmetry

Fig. 3.2: Weinberg dimension five operator responsible for neutrino masses.

breaking ⟨ϕ^0⟩ =^{v√}_2 and Majorana neutrino masses are generated. Note the depen-

dence m_ν ∝^{v2}_Λ , which is quadratic in v, as opposed to the rest of fermions that get masses linear in v.

It can be shown that this dimension five operator is unique in the sense that one must go beyond dimension five to find other lepton number violating effective operators. This observation by Weinberg points out that lepton number conservation looks rather accidental, since non-renormalizable operators like the one in equation (3.35) violate it.

In fact, the Weinberg operator is the effective description of most high-energy models. The details of the mechanism that generates this dimension five operator might be very different and, as we will show below, several realizations are possible. In the rest of this chapter we will follow reference [173], pointing out the main distinctions between the different realizations and describing the type of models that generate them.

3.3.3 Tree-level models

Tree-level realizations of the Weinberg operator are well known and the literature is full with examples. In fact, most of the models and mechanisms to generate neutrino masses are based on them and they have been deeply studied over the years.

There are only three ways to build up the Weinberg operator at tree-level. These are • L_i and H combine to form a fermion singlet

• L_i and L_j combine to form a scalar triplet

• L_i and H combine to form a fermion triplet

The proof is based on gauge invariance [173]. There are four SU(2)_L doublets involved in the Weinberg operator and they must combine in pairs in such a way that the total operator is a gauge invariant. Therefore, two possibilities arise: H −H and L_i − L_j or H − L_i and H − L_j . Moreover, in SU(2) one has 2 ⊗ 2 = 1 ⊕ 3, this is, two doublets can combine either to a singlet or to a triplet. Then, one obtains four combinations in total. However, note that the one with L_i − L_j combining to a singlet does not lead to the Weinberg operator. This is due to the fact that it is antisymmetric in the indices i, j and then one cannot obtain the piece ν_iν_j . Therefore, we are left with three possible realizations.

Fig. 3.3: First tree-level realization of the Weinberg operator.

In fact, although the low-energy effective operator is the same, the different realizations imply very different models in the high-energy regime. In the following we are going to discuss these three tree-level realizations, highlighting their main differences and presenting some high-energy models that generate them at low energies.

Tree-level: Realization 1

Figure 3.3 is the most common realization of the Weinberg operator and it has dominated the literature over the years. Here H − L_i and H − L_j combine to form gauge singlets and thus the intermediary particle is a singlet as well. Being M_N its mass and y the coupling HLN, one finds 1 Λ = y^2 M_N (3.38)

When ϕ^0 gets a VEV, ⟨ϕ^0⟩ = v/ √ 2, neutrino masses are generated L^{mass}_ν = − 1 2 ν^T m_ν ν + h.c. (3.39)

where

m_ν = y^2v^2 2M_N = m^2_D M_N (3.40)

where we have identified m_D = y⟨ϕ^0⟩ as the ν − N Dirac mass that is generated after electroweak symmetry breaking. Equation (3.40) shows that a large mass M_N for the singlets implies a small mass m_ν for the neutrinos. This suppression by a high scale is a natural consequence in many models and thus this realization has become a very popular way to generate small neutrino masses.

The most popular high-energy model that leads to this realization is the famous Type-I Seesaw [174, 175, 176, 177]. In this setup one adds three families of righthanded neutrinos to the Standard Model particle spectrum^3. If one allows for lepton number violation, in addition to the neutrino Yukawa coupling in equation (3.16) one can write down a mass for the right-handed neutrinos. With this additional piece the part of the lagrangian that involves the right-handed neutrino becomes

3 In principle, two families are sufficient to generate neutrino masses in the observed range, but in most of the cases three are assumed.

− L_{νR} = Y_ν ϕ^0ν̄_Rν_L + 1 2 ν^T_R M_Rν_R + h.c. (3.41)

Here M_R is a 3 × 3 symmetric matrix. Note that the Majorana mass M_R is allowed by the gauge symmetry because the right-handed neutrinos are singlets under the SM gauge group:

Field SU(3)_c SU(2)_L U(1)_Y ν_R 1 1 0

This piece was missing in our previous discussion on Dirac neutrinos, see section 3.2, and it completely changes the picture. In fact, the Majorana nature of the right-handed neutrinos is transferred to the left-handed ones through the Dirac ν_L − ν_R mixing. After electroweak symmetry breaking the lagrangian (3.41) leads to − L^{mass}_ν = m_Dν̄_Lν_R + 1 2 ν^T_R M_Rν_R + h.c. = χ̄Mχ (3.42) where χ = ( ν^c_L ν_R ) (3.43) and M = ( 0 m_D m^T_D M_R ) (3.44)

The Majorana mass M_R of the right-handed neutrinos is a free parameter of the model. Since its origin is not tied to electroweak symmetry breaking, M_R can take any value. In section 3.2 we chose M_R = 0, which leads to pure Dirac neutrinos. However, theoretical considerations prefer heavy right-handed neutrinos. For example, M_R can be generated at a very high scale by the breaking of a larger gauge group, under which the right-handed neutrinos are not singlets. Moreover, as we will see below, the assumption of heavy right-handed neutrinos helps to understand the smallness of the light neutrino masses.

If we assume M_R ≫ m_D, the matrix in equation (3.44) can be block-diagonalized in good approximation to give M̂ ≃ ( m_{light} 0 0 M_{heavy} ) (3.45)

with

m_{light} = −m^T_D · M^{−1}_R · m_D (3.46) M_{heavy} = M_R (3.47)

Here we recover the generic result in equation (3.40). The mass of the light neutrinos is given by m_ν ∼ m^2_D/M_R. This, usually called the seesaw formula, provides a natural explanation for the observed lightness of neutrinos [174, 175, 176, 177]. Let us consider the value m_ν ∼ 1 eV. If, for example, we take M_R = 10^{13} GeV, the Dirac mass turns out to be m_D = Y_ν ⟨ϕ^0⟩ ∼ 100 GeV. This implies Yukawa couplings of order 1, Y_ν ∼ 1, what can be compared to the results in our discussion on Dirac neutrinos, where we showed that the same mass for the light neutrinos implies Y_ν ∼ 10^{−11} in that case.

Fig. 3.4: Second tree-level realization of the Weinberg operator.

Moreover, under the same assumption, M_R ≫ m_D, the mass eigenstates can be approximated as χ_{light} ≃ ν_L and χ_{heavy} ≃ ν_R. This explains why neutrinos have always been observed to be left-handed in all performed experiments.

This popular framework, widely studied and extended in several directions, is one of the most common ways to generate neutrino masses and it can be used with or without supersymmetry. As we will see below, there are other types of Seesaw mechanism. They all share the common feature of the suppression of neutrino masses by the existence of a high energy scale. If this scale is very high, like in the numerical example given above, direct tests of the model become impossible. The energies reached at colliders do not allow to produce such heavy particles, and thus only indirect tests are at best available. As discussed in chapter 8, the supersymmetric version of the seesaw mechanism, in each of its variations, offers some experimental chances due to the existence of the superparticles. In particular, the sleptons carry some information on the high energy regime, which allows to test some scenarios. The non-SUSY case, however, does not provide this possibility, and thus the model cannot be put to experimental test.

Tree-level: Realization 2

Figure 3.4 shows a different tree-level realization of the Weinberg operator. In this case, L_i − L_j and H − H combine to form a SU(2)_L triplet. Therefore, the intermediary scalar Δ^0 must belong to a SU(2)_L triplet, called Δ in the following, in order to obtain a gauge invariant Feynman diagram.

Following the same approach as in the discussion for the first tree-level realization, one finds that in this case the Λ scale that appears in the non-renormalizable Weinberg operator is 1 Λ = fμ M^2_Δ

(3.48)

where f is the LLΔ coupling, μ is the HHΔ coupling and M_Δ is the mass of the Δ triplet. Note that triplets are allowed to have invariant masses, since the SU(2) product 3 ⊗ 3 includes the singlet representation. As in the previous case, when ϕ^0 gets a VEV, ⟨ϕ^0⟩ = v/ √ 2, neutrino masses are generated

m_ν = fμv^2 2M^2_Δ

(3.49)

This realization can be obtained in the so-called Type-II Seesaw mechanism [134, 178, 179, 180, 181]. In this framework one adds a scalar Higgs triplet to the SM particle spectrum:

Field SU(3)_c SU(2)_L U(1)_Y Δ 1 3 2

The triplet Δ can be written as

Δ = Δ^{++} Δ^+ Δ^0

(3.50)

although it is more common to use the 2 × 2 matrix notation Δ = ( Δ^+/ √ 2 Δ^{++} Δ^0 −Δ^+/ √ 2 ) (3.51)

Once the representation for Δ is chosen, the corresponding SU(2)_L generators have to be chosen accordingly. This way one ensures the gauge invariance of the lagrangian. In particular, the piece that involves the Δ triplet can be written as

L_Δ = (D_μΔ)^†(D^μΔ) + L_Y − V (H, Δ) (3.52)

Here L_Y is the Yukawa coupling L_Y = −fLΔL + h.c. (3.53) and V (H, Δ) is the scalar potential, which includes two important terms

V (H, Δ) ⊃ M^2_ΔΔ^†Δ + μHΔH + h.c. (3.54)

In the last two equations gauge and flavor indices have been omited for the sake of simplicity. Note that the simultaneous presence of the operators fLΔL and μHΔH necessarily break lepton number by two units. As discussed in section 3.3.1, this is a requirement for Majorana neutrinos, whose mass term also has ΔL = 2.

By studying the scalar potential one finds that its minimum its shifted from the trivial configuration ⟨H⟩ = ⟨Δ⟩ = 0. In fact, the tadpole equations link both VEVs, leading to the relation

v_Δ = μv^2 √ 2M^2_Δ

(3.55)

Here ⟨Δ⟩ = v_Δ/ √ 2 and ⟨H⟩ = v/ √ 2, as usual. Note that the larger the triplet mass is, the smaller its VEV becomes. This unexpected feature of the model has an important implication for neutrino masses and it is sometimes called Seesaw VEV relation. Substituting (3.55) into (3.53) one obtains a Majorana mass for the left-handed neutrinos that is just the same result as in equation (3.49).

Again, the heaviness of a field, the Δ triplet in this case, is used to explain the lightness of the left-handed neutrinos observed at low energies. This is the seesaw mechanism at work.

It is also worth to mention that the addition of a SU(2)_L triplet modifies some fundamental relations in the SM and, in fact, its properties are highly restricted by SM precision measurements [182, 183, 184]. Moreover, it also contributes to lepton number violating processes, what can be translated into strong bounds for its mass and couplings [185]. Therefore, the heaviness of the Δ triplet is also well motivated from the phenomenological point of view, since it helps avoiding the constraints.

As in the case of the type-I seesaw, this idea can be also employed in a supersymmetric context. Although it has attracted less attention than the type-I version of the seesaw mechanism, the type-II seesaw is also a very nice way to generate neutrino masses. In fact, it naturally appears in some high energy constructions,

Fig. 3.5: Third tree-level realization of the Weinberg operator. Note that this diagram is equivalent to the one in figure 3.3. However, here Σ belongs to a SU(2)L triplet.

like in left-right symmetric models [180, 186, 187, 188, 189] and in GUTs based on SU(5) [173, 190] or SO(10) [191, 192, 193, 194], sometimes in combination with type-I.

Tree-level: Realization 3

Finally, figure 3.5 shows the third tree-level realization of the Weinberg operator. Here, H−L_i and H−L_j combine to form a fermion triplet and thus the intermediary particle must be a fermion triplet as well. Since this diagram is equivalent to the one for the first tree-level realization, equations analogous to (3.38) and (3.40) are valid in this case.

This case has been less studied than the other two, although the basic idea is just the same. Let us consider a fermionic SU(2)_L triplet Σ with hypercharge Y = 0:

Field SU(3)_c SU(2)_L U(1)_Y Σ 1 3 0

If we add three Σ families to the SM matter content one can write down two additional lagrangian terms

− L_Σ = Y_ΣHLΣ + 1 2 ΣM_ΣΣ + h.c. (3.56)

where Y_Σ and M_Σ are 3 × 3 matrices. Note the similarity between the last expression and equation (3.41). The formal structure of this model resembles the structure of a type-I seesaw. Although the gauge indices in these two terms contract differently, due to the introduction of triplets instead of singlets, neutrino masses can be shown to follow an analogous expression

m_ν =

Y^2_Σ v^2 2M_Σ

(3.57)

Therefore, if the fermion triplet Σ is very heavy, as in the type-I case, the light neutrino masses are naturally obtained in the correct range. This is the so-called Type-III Seesaw mechanism [195].

Let us emphasize that, although the common practice is to consider a high seesaw scale in order to fit neutrino masses with order 1 couplings, there is no reason to limit ourselves to that possibility. In principle, and due to the fact that other Yukawa couplings are known to be much smaller than 1 (for example, the electron Yukawa, with Y_e ∼ 10^{−6}), one could also consider much lower seesaw scales. In that case the

Fig. 3.6: Tree-level generation of neutrino masses in Bilinear R-parity Violation. The mechanism is a combination of type-I and type-III seesaw.

seesaw formula m_ν ∼^{y2v2}_M would also require to lower the size of the y coupling. For example, if neutrino masses are generated at the electroweak scale, M ∼ 100 GeV and the corresponding Yukawa coupling must be around y ∼ 10^{−7} − 10^{−6}.

This scenario sometimes appears in the literature under the name of electroweak scale seesaw. An example is Bilinear R-parity Violation [196], briefly discussed in this thesis, see section 4.2. In this supersymmetric model, R-parity is explicitly broken by the superpotential term W ⊃ ϵ^L ^H_u (3.58) This lepton number violating term leads to mixing between neutrinos and higgsinos, which in turn mix with the electroweak gauginos after symmetry breaking. Figure 3.6 shows the realization of the Weinberg operator in this model. Note that the intermediary particles are the bino B̃^0, a singlet under SU(2)_L, and the neutral wino W̃^0, which belongs to a triplet of SU(2)_L. Therefore, neutrino masses are generated as a combination of type-I and type-III seesaw. One can estimate their magnitude as m_ν ∼ (g, g^′)^2ϵ^2v^2 m^3_{SUSY} (3.59)

where we have used M_{gauginos} ∼ M_{higgsinos} ≡ m_{SUSY} . Equation (3.59) shows that by choosing ϵ ≪ v, m_{SUSY} one obtains small neutrino masses.

Furthermore, there are extended models that generate the dimensionful ϵ coupling after electroweak symmetry breaking, see for example references [197, 198]. The superpotential term Y ^S ^L ^H_u, where ^S is a new singlet superfield, leads to Y v_S ^L ^H_u = ϵ_{ef f} ^L ^H_u, where v_S is the VEV of the scalar component of the S singlet. For v_S ∼ 100 GeV a value Y ∼ 10^{−7} −10^{−6} is required, as in most electroweak scale seesaw models.

Let us close this section by mentioning that other tree-level models can be found in the literature with the name of seesaw mechanism. The Inverse Seesaw [199] and the Linear Seesaw [200, 201, 202] are good examples. Nevertheless, they can be understood as extended versions of the three realizations discussed here. Finally, a detailed discussion of the low energy effects of the three versions of the seesaw mechanism was given in reference [203].

3.3.4 Radiative models

The Weinberg operator also admits radiative realizations. In fact, models that generate neutrino masses radiatively are very well motivated due to the loop suppression, which allows to lower the scale at which neutrino mass generation takes place. Therefore, the new particles needed to complete the loops can have masses

Fig. 3.7: First 1-loop realization of the Weinberg operator.

at the electroweak scale. This would imply a very rich phenomenology at the LHC. See [204, 205] for general reviews on radiative models.

If we concentrate on 1-loop topologies leading to neutrino masses, three types of Feynman diagrams can be drawn. Let us briefly discuss them.

1-loop: Realization 1

The first 1-loop realization of the Weinberg operator is presented in figure 3.7. When the two ϕ^0 Higgs fields get a VEV this diagram leads to Majorana neutrino masses for the neutrinos. By imposing gauge invariance in every interaction vertex one can obtain the gauge charges of the involved particles. For example, either ω or ω^c must be a SU(2)_L doublet, since they both couple to ϕ^0. If we choose ω(q_3, 2, q_1) under SU(3)_c × SU(2)_L × U(1)_Y , one easily obtains that the rest of particles must be ω^c(q^∗_3 , q_2, −q_1 + 1/2), χ(q^∗_3 , q^′_2, −q_1 + 1/2) and η(q_3, 2, q_1), where q_2 and q^′_2 are constrained to be either 1 or 3.

There are well known models that lead to this particular 1-loop realization. The most famous one is the Zee model [206]. In this case one has q_1 = q_2 = q^′_2 = q_3 = 1 and ω(1, 2, −1/2) ≡ L, ω^c(1, 1, 1) ≡ e^c and η(1, 2, −1/2) ≡ H are identified with the standard left-handed lepton doublet, right-handed lepton singlet and Higgs doublet. The additional χ(1, 1, 1) is a new charged scalar, usually called h^+. Note that the coupling H_iH_j h^+ requires at least two Higgs doublets, since the H_iH_j contraction to form a SU(2)_L singlet is antisymmetric in the SU(2)_L indices. Therefore, the Zee model contains, beside the SM particles, a new charged scalar and a second Higgs doublet. In fact, it shows how a small modification of the scalar sector has dramatic consequences concerning lepton number conservation, which is accidental in the minimalistic Standard Model.

Let us mention that the Minimal Zee Model [207] is nowadays ruled out by experimental data [208, 209, 210]. In this version only one of the Higgs doublets couples to the leptons. This automatically implies a very particular structure for the generated neutrino mass matrix. Just by inspection of the diagram in figure 3.7, adapted for the Zee Model, one finds

m^{νν}_{ab} ∝ 1 16π^2 f_{ac}m_{cd}Y^{db}_γ v_αM_{αβ} [ log (_{m2H} m^2_{h+} )] βγ m^2_{h+}

(3.60)

Fig. 3.8: Second 1-loop realization of the Weinberg operator. Note that for this diagram to be possible ω − ω^c must have an invariant mass term.

where f_{ab} is the antisymmetric matrix that appears in the lepton number violating coupling L_aL_bh^+, m_{ab} is the mass matrix of the charged leptons, Y^{ab}_γ is the Yukawa coupling H_γ L_a(e^c)_b, v_α = ⟨ϕ^0_α⟩ and M_{αβ} is the mass that appears in the scalar potential term H_αH_β h^+. In order to avoid confusion, the Higgs mass is denoted here as m_H . The last factor in equation (3.60) comes from the loop integral, that can be easily approximated in the limit m_h+ ≫ m_H . It can be shown that if only one of the Higgs doublets couples to the leptons, equation (3.60) reduces to

m^{νν}_{ab} ∝ f_{ab}(m^2_b − m^2_a) (3.61)

where m_a and m_b are charged leptons masses. With this structure one obtains the following texture

m^{νν} ∼ 0 a c a 0 b c b 0 (3.62)

which has been shown not to reproduce the observed pattern of neutrino masses and mixing angles [211]. If one allows both Higgs doublets to couple to the leptons, as in the General Zee Model [212], the previous relation is broken and one can evade this problem. In fact, this generalized version of the model leads to a very rich phenomenology at colliders, where the charged scalar h^+ has very clear signatures [213].

Another good example of this 1-loop contribution to neutrino masses is obtained in /R_p SUSY [214]. Again, one can choose q_1 = q_2 = q^′_2 = q_3 = 1 and identify ω(1, 2, −1/2) ≡ L and ω^c(1, 1, 1) ≡ e^c as the standard left- and right-handed lepton fields. In this case, however, the additional η and χ scalar fields are the corresponding sleptons, η(1, 2, −1/2) ≡ L̃ and χ(1, 1, 1) ≡ ẽ^c. Then, the lepton number violating interactions in the external vertices come from the /R_p superpotential trilinear term λ^L^L^e^c, see equation (2.45). Furthermore, if one chooses q_2 = q^′_2 = 1, q_1 = 1/6 and q_3 = 3 the fields η and χ are identified with left- and right-handed squarks, and thus the involved /R_p term is λ^′ ^L ^Q ^d^c.

1-loop: Realization 2

The second realization, shown in figure 3.8 has attracted less attention among model builders [215], although it got some renewed interest in the last years. Note that the fermions ω and ω^c must combine to form an invariant mass term. If they are chosen to be a right-handed neutrino ω = ω^c = N then the η and χ scalar fields

Fig. 3.9: Third 1-loop realization of the Weinberg operator. Note that for this diagram to be possible σ − σ^c must have an invariant mass term.

are forced to be SU(2)_L doublets, η(1, 2, 1/2) and χ(1, 2, 1/2), and they could be identified with the same extra scalar doublet. This setup has been used recently in the so-called scotogenic neutrino mass models [216, 217]. By adding a new Z_2 symmetry, under which only the right-handed neutrinos N and the second scalar doublet η are charged, one forbids the Yukawa couplings with the first scalar doublet. Moreover, the conservation of Z_2 implies that ⟨η^0⟩ = 0, and thus no Dirac masses for the neutrinos are generated. Therefore, the loop in figure 3.8 is the dominant contribution to neutrino masses. In addition, the conservation of the Z_2 symmetry has an additional consequence: it provides a dark matter candidate, the lightest Z_2-odd particle [218, 219]. The model may also provide visible signatures at the LHC [220].

1-loop: Realization 3

Finally, the third 1-loop realization is shown in figure 3.9. This has been used for quark and charged lepton masses [204], but no examples for neutrino masses are found in the literature.

Note that there are no other 1-loop realizations of the Weinberg operator. In the first realization one Higgs boson line is attached to the scalar part of the loop while the other is attached to the fermionic part, in the second realization both lines are attached to the scalar part, whereas in the third relization they are both attached to the fermionic part. Therefore, this covers all the possibilities.

Other possibilities exist if one goes beyond the 1-loop level. For example, if there is only one right-handed neutrino, only one light neutrino picks up a mass at tree-level. Then, the masses of the other active neutrinos are obtained at the 2-loop level via the exchange of W bosons [221, 222, 223]. In this scenario the GIM supression [224] naturally leads to very small neutrino masses.

The most famous 2-loop model is the Zee-Babu model [179, 225, 226]. In this case one adds to the standard model two charged scalars h^+ and k^{++}, with charges h(1, 1, 1) and k(1, 1, 2) under SU(3)_c × SU(2)_L × U(1)_Y . These two particles allow us to write down new Yukawa couplings:

L^{new}_Y = f_{ab}L_aL_bh^+ + h_{ab}e^c_ae^c_bk^{++} + h.c. (3.63)

Here f_{ab} is an antisymmetric matrix, whereas h_{ab} is symmetric. Note that the first term was already present in the Zee model but the second one is only possible due to the introduction of the k^{++} field. With this particle content and the Yukawa

Fig. 3.10: Neutrino mass generation in the Zee-Babu model.

couplings in equation (3.63) neutrino masses are generated at the 2-loop level, as shown in figure 3.10.

The cubic term μ(k^{++})^∗h^+h^+, contained in the scalar potential, is of great relevance. Without this dimensionful coupling it would be possible to find a lepton number assignment that recovers lepton number conservation and thus Majorana neutrino masses would vanish. In fact, note that the diagram in figure 3.10 would not be possible without a (k^{++})^∗h^+h^+ interaction term.

As in 1-loop radiative models, the loop suppression, higher in this case, lowers the scale at which neutrino masses are generated. This implies a very rich phenomenology at current and future experiments [227, 228]. For example, the rates for lepton flavor violating processes, like μ → eγ and μ → 3e, could be in reach of the present experimental searches. Moreover, if the additional charged scalars are light enough to be produced at the LHC one could search for their decays in channels like h^+ → l^+_i ν, which are correlated with neutrino physics [227, 228].

In conclusion, radiative models provide an interesting alternative way to generate neutrino masses. The suppression coming from the loop factors allows to lower the scale of new physics, what implies a very rich phenomenology at present and future experiments.

3.4 Summary

This chapter is a review on neutrino mass models. Although the topic has been so heavily investigated that by no means this can give a complete picture on the field, it is useful, at least, to set a common language to be used throughout the thesis.

After a short presentation of the current experimental status, several neutrino mass models have been discussed. Although the possibility of Dirac masses has been briefly mentioned, the discussion has focused on Majorana masses. This case is much more natural and nicely fits wider theoretical frameworks. In particular, the seesaw mechanism, in its different variations, provides a natural explanation for the smallness of neutrino masses and can be easily accommodated in extended versions of the SM or the MSSM.

Nevertheless, many important topics related to neutrino masses have been ignored in this chapter since they are not directly connected to the work done in this thesis.

For example, the observed pattern of neutrino masses and mixing angles has stimulated an intense investigation on flavor symmetries and the literature is full of models that attempt to explain the so-called tribimaximal mixing [211]. The references [229, 230] are detailed reviews on the subject.

Another good example is leptogenesis, a subject closely linked to the seesaw mechanism and neutrino masses. This idea, proposed many years ago [231] to explain the observed baryon asymmetry of the universe, is nowadays an active field of research, see references [232, 233, 234, 235] for general reviews.

In the following chapters two types of supersymmetric neutrino mass models will be discussed: models with R-parity violation and a left-right symmetric model that conserves R-parity.

4. INTRODUCTION TO R-PARITY VIOLATION

Neutrino masses can be easily accommodated in SUSY with R-parity violation. This interesting framework leads to a very rich phenomenology at current and future experiments, being one of the few examples in which the origin of neutrino masses can be directly tested. This chapter provides an illustrative introduction to R-parity violation, emphasizing the most important ideas that will be further explored along the thesis.

4.1 General concepts on R-parity violation

As explained in chapter 2, R-parity plays a central role in supersymmetric model building. It forbids the dangerous dimension-4 operators leading to fast proton decay due to lepton and baryon number violation and predicts the existence of a stable particle with the right properties to be a good dark matter candidate.

However, the breaking of R-parity by L violating operators generates non-zero neutrino masses as demanded by the experiments, and thus is a well motivated scenario beyond the standard SUSY models^1.

In fact, several arguments can be raised against R-parity:

• R-parity is imposed by hand.

Unlike the Standard Model, where L and B conservation is automatic, the MSSM requires to introduce an additional ad-hoc symmetry to forbid dangerous operators that contribute to L and B violating processes. However, there is no theoretical explanation for such symmetry^2.

• In fact, R-parity does not solve fast proton decay.

It is a well known fact that R-parity does not forbid some dimension-5 operators that lead to proton decay [237, 238, 239]. In particular, the operator

O_5 = f M QQQL (4.1) has R_p(O_5) = +1 and thus conserves R-parity. However, the bounds on the life time of the proton require f < 10^{−7} even for M = M_{Planck} [240]. Operators like O_5 are typically generated in GUTs, due to the fact that quarks and leptons belong to the same multiplet. Therefore, R-parity does not completely solve fast proton decay when one considers SUSY GUTs.

• There is no reason to forbid all the L and B violating operators.

1 Neutrino mass generation in /R_p was briefly described in chapter 2, section 2.3 and will be further explained in the next chapters. See section 4.2.2 for the simplest case.

2 It is possible to embed the MSSM in a wider picture with a larger symmetry group that leads to R-parity conservation at low-energies. The reference [236] explores this idea and studies what type of theories leave R-parity as a remnant after symmetry breaking. Examples of such theories are models with a Left-Right gauge group, as will be discussed in chapter 8.

Proton decay requires both L and B violation. Therefore, for the proton to be stable it is sufficient to impose the conservation of just one of these two symmetries, without any phenomenological reason to impose the conservation of both. This gives rise to a wide variety of possible discrete symmetries, apart from the usual R-parity, that protect the proton while allowing for L or B violation.

One of such symmetries is baryon triality (Z^B_3 ) [237, 241], defined as

Z^B_3 = exp [2πi(B − 2Y )/3] (4.2)

which exactly conserves baryon number but allows for lepton number violation. Models based on this type of symmetries break R-parity but do not suffer from fast proton decay.

Apart from these arguments against the introduction of R-parity one should not forget the rich phenomenology that it predicts at current and future experiments. This extension of the MSSM includes additional couplings that lead to distinctive signatures at the SUSY scale. This makes SUSY with /R_p a testable framework, possible to rule out at the LHC.

In fact, the /R_p couplings are highly constrained by experiments due to the nonobservation of L and B violating processes. Searches for neutrinoless double beta decay [242, 243, 244, 245, 246], nucleon-antinucleon oscillations [247, 248] and proton decay [52, 53, 54, 55, 56, 57] have led to strong constraints on the size of the /R_p couplings.

Furthermore, if present, the /R_p couplings would also contribute to L and B conserving processes. Some examples are rare leptonic decays of mesons, like K^0 → l^+_i l^−_j [249], BB̄ mixing [250, 251] and μ → eγ [252]. The agreement between the data and the SM predictions implies that the /R_p couplings must be below the experimental accuracy, which can be used to derive robust indirect bounds on the individual couplings or on combinations of them.

Let us consider an example. The operator ^L_1 ^L_3^e^c_k contributes to the τ lepton decay, τ → eνν̄, violating lepton number twice, as shown in figure 4.1(b). In the first vertex one has ΔL = +1 while in the second ΔL = −1, and then the global process conserves lepton number. Since the mediator of the decay, the right-handed slepton (ẽ_R)_k, is much heavier than the rest of involved particles one can describe the process by an effective 4-fermion lagrangian

L_{eff} =

|λ_{13k} |^2 2m̃^2_k

(ē_Lγ^μν_{eL})(ν̄_{τ L}γ_μτ_L) (4.3)

where m̃_k ≡ m(ẽ_R)_k. This decay can be represented in the SM by the Feynman diagram in figure 4.1(a), which has the Fermi lagrangian as effective theory, with the same structure as in (4.3). Therefore, the /R_p contribution generates an apparent shift in the Fermi constant G_F . By measuring the ratio R_τ ≡ Γ(τ → eνν̄) Γ(τ → μνν̄) (4.4)

one obtains the following deviation from the SM

R_τ = R_τ (SM) [ 1 + 2 m^2_W g^2 ( |λ_{13k}|^2 m̃^2_k )] (4.5)

Then, the combination of the experimental value R_τ = 1.028 ± 0.004, published in the final report by the ALEPH collaboration [253], and the theoretical computation R_τ (SM) = 1.028 implies the bound |λ_{13k} | < 0.05 ( m̃_k 100 GeV ) (4.6)

(a) SM (b) /R_p

Fig. 4.1: τ lepton decay: Standard Model and /R_p contributions.

Let us mention that this bound assumes that this is the only /R_p operator contributing to the process. In a more general case one obtains more complicated contraints that involve combinations of different operators.

It is possible to derive similar bounds on other coupligs following the same approach and using constrains from other physical processes. See the review [60] for a collection of bounds on trilinear /R_p couplings. In addition, the reference [68] gives an update including recent experimental data.

Finally, in /R_p the standard neutralino is lost as a dark matter candidate. Recent WMAP data [254], however, have confirmed the existence of non-baryonic dark matter and measured its contribution to the energy budget of the universe with unprecedented accuracy. Thus, in /R_p one needs a non-standard explanation of DM. Examples for DM candidates in /R_p include (i) light gravitinos [61, 62, 63], (ii) the axion [64, 65] or (iii) its superpartner, the axino [66, 67], to mention a few.

In the following section the simplest /R_p model that generates neutrino masses is discussed. For general reviews see [60, 255].

4.2 Minimal realization: b- /R_p

Bilinear R-parity Violation (b- /R_p ) [196] is the minimal extension of the MSSM that incorporates lepton number violation. It is therefore interesting to begin the discussion with this simple case that already contains many of the features present in extended models. For a pedagogical review on b- /R_p see the reference [256].

4.2.1 The model

The b- /R_p superpotential is

W = W^{MSSM} + ϵ_{ab} ϵ_i ^L^a_i ^H^b_u (4.7)

The three new ϵ_i = (ϵ_e, ϵ_μ, ϵ_τ ) parameters have dimensions of mass and break lepton number. As will be shown below, they are constrained by neutrino masses to be much smaller than the EW scale (ϵ_i ≪ m_W ). Note however that they are SUSY conserving parameters and thus one would naively expect them to be at the GUT or Planck scales. This problem is analogous to the μ-problem of the MSSM and can be addressed using the same approach. In fact, any solution to the μproblem potentially solves the ϵ_i-problem [257]. This will be discussed in detail in the sections devoted to s- /R_p and the μνSSM model.

The introduction of the new superpotential terms implies new soft terms as well V^b - /R_p sof t = −Biϵi ϵab L̃ a i H^b_u (4.8) where the B_i parameters have dimensions of mass.

With these new couplings with respect to the MSSM the scalar potential of the theory is modified. At tree-level one obtains the following linear terms

V^0_{linear} = t^0_dσ^0_d + t^0_uσ^0_u + t^0_1ν̃^R_1 + t^0_2ν̃^R_2 + t^0_3ν̃^R_3 (4.9)

where t^0 are the tree-level tadpoles, given by

t^0_d = − B_μv_u + ( m^2_{Hd} + μ^2 ) v_d + v_dD − μv_iϵ_i t^0_u = − B_μv_d + ( m^2_{Hu} + μ^2 ) v_u − v_uD + v_iB_iϵ_i + v_uϵ^2

t^0_1 =v_1D + ϵ_1 ( − μv_d + v_uB_1 + v_iϵ_i ) + 1 2 ( v_i(m^2_L)_{i1} + (m^2_L)_{1i}v_i )

t^0_2 =v_2D + ϵ_2 ( − μv_d + v_uB_2 + v_iϵ_i ) + 1 2 ( v_i(m^2_L)_{i2} + (m^2_L)_{2i}v_i )

t^0_3 =v_3D + ϵ_3 ( − μv_d + v_uB_3 + v_iϵ_i ) + 1 2 ( v_i(m^2_L)_{i3} + (m^2_L)_{3i}v_i )

(4.10)

Here a repeated index i implies summation over i = 1, 2, 3. Moreover, the usual shifts in the neutral fields have been performed

H^0_d = 1 √ 2 [σ^0_d + v_d + iϕ^0_d]

H^0_u = 1 √ 2 [σ^0_u + v_u + iϕ^0_u] (4.11)

ν̃_i = 1 √ 2 [ν̃^R_i + v_i + iν̃^I_i ]

and thus left-handed sneutrino VEVs v_i = (v_e, v_μ, v_τ ) have been introduced. Finally two useful quantities have been defined

D = 1 8 (g^2 + g^{′2})(v^2_e + v^2_μ + v^2_τ + v^2_d − v^2_u) (4.12)

ϵ^2 = ϵ^2_e + ϵ^2_μ + ϵ^2_τ (4.13)

The minimum of the potential is computed by solving the system of equations obtained when all the tadpoles t^0 vanish. Note that the superpotential term ϵ^L ^H_u generates a tadpole for the sneutrino once H^0_u gets a VEV. Therefore, the nonvanishing left-handed sneutrino VEV is a generic feature of ϵ-type models, this is, /R_p models with explicit or effective ϵ coupling. In conclusion, besides the usual Higgs VEVs

⟨H^0_d ⟩ = v_d √ 2 (4.14)

⟨H^0_u⟩ = v_u √ 2 (4.15)

one obtains ⟨ν̃_i⟩ = v_i √ 2 ≠ 0 (4.16)

The MSSM limit of the model is obtained when ϵ_i → 0. Note that in this limit the v_i VEVs vanish (see tadpole equations t^0_1, t^0_2 and t^0_3) and thus the sneutrinos do not get VEVs, fully recovering the MSSM. Furthermore, the smallness of the ϵ_i parameters implies that the sneutrino VEVs v_i must be small as well. This is of fundamental importance due to the doublet nature of the sneutrinos, which has an impact on the electroweak sector of the model. For example, after the gauge symmetry is broken the W boson gets a mass

m^2_W = 1 4 g^2(v^2_d + v^2_u + v^2_e + v^2_μ + v^3_τ ) ≃ 1 4 g^2(v^2_d + v^2_u) (4.17)

and the smallness of the sneutrino VEVs guarantees that the well-known SM result is obtained in good approximation.

4.2.2 Neutrino masses

The main motivation for /R_p is the generation of neutrino masses [258, 259, 260]. In the basis (ψ^0)^T = (−iB̃^0, −iW̃^0_3 , ~H^0_d , ~H^0_u, ν_e, ν_μ, ν_τ ) the neutral fermion mass matrix M_N is given by

M_N = M_χ0 m^T m 0 (4.18)

where

M_χ0 =

M_1 0 −^1_2 g^′v_d^1_2 g^′v_u 0 M_2^1_2 gv_d −^1_2 gv_u −^1_2 g^′v_d^1_2 gv_d 0 −μ 1 2 g^′v_u −^1_2 gv_u −μ 0

(4.19)

is the usual neutralino mass matrix of the MSSM and

m = −^1_2 g^′v_e^1_2 gv_e 0 ϵ_e

−^1_2 g^′v_μ^1_2 gv_μ 0 ϵ_μ

−^1_2 g^′v_τ^1_2 gv_τ 0 ϵ_τ

(4.20)

is the matrix that characterizes the breaking of R-parity, mixing the neutrinos with the neutralinos. Note that its elements are suppressed with respect to the elements in M_χ0 due to the smallness of the ϵ_i parameters. In fact, it is useful to define the expansion parameters

ξ = m · M^{−1}_{χ0} (4.21) where ξ denotes a 3 × 4 matrix given as [261]

ξ_{i1} = g^′M_2μ 2Det(M_χ0 )

Λ_i

ξ_{i2} = − gM_1μ 2Det(M_χ0 )

Λ_i

ξ_{i3} = − ϵ_i μ + (g^2M_1 + g^{′2}M_2)v_u 4Det(M_χ0 )

Λ_i

ξ_{i4} = −

(g^2M_1 + g^{′2}M_2)v_d

4Det(M_χ0 )

Λ_i (4.22)

The resulting M_N matrix has a type-I seesaw structure and thus the effective mass matrix of the light neutrinos can be obtained with the usual formula m^{νν}_{ef f} = −m · M^{−1}_{χ0} m^T (4.23)

By explicit computation one can show that (4.23) can be expanded to give

m^{νν}_{ef f} = M_1g^2 +M_2g^{′2} 4 Det(M_χ0 )

Λ^2_e Λ_eΛ_μ Λ_eΛ_τ Λ_eΛ_μ Λ^2_μ Λ_μΛ_τ Λ_eΛ_τ Λ_μΛ_τ Λ^2_τ

(4.24)

where

Λ_i = μv_i + v_dϵ_i (4.25)

It is important to emphasize once again that in the limit ϵ_i → 0 all the entries in m^{νν}_{ef f} vanish and one recovers the MSSM with massless neutrinos.

By diagonalizing equation (4.24) one obtains

U^T_ν m^{νν}_{ef f} U_ν = diag(0, 0, m_ν ) (4.26)

with m_ν = T r(m^{νν}_{ef f} ) = M_1g^2 + M_2g^{′2} 4 Det(M_χ0 )

|⃗Λ|^2 (4.27)

The special form of m^{νν}_{ef f} shown in equation (4.24) implies that it is a rank 1 matrix which only has one non-zero eigenvalue. With this degeneracy between the two massless eigenstates one can rotate away one of the angles in the matrix U_ν

U_ν =

1 0 0 0 cos θ_{23} − sin θ_{23} 0 sin θ_{23} cos θ_{23} × cos θ_{13} 0 − sin θ_{13} 0 1 0 sin θ_{13} 0 cos θ_{13}

(4.28)

and compute the other two angles as follows

tan θ_{13} = −

Λ_e (Λ^2_μ + Λ^2_τ )^12

(4.29)

tan θ_{23} = −

Λ_μ Λ_τ

(4.30)

Of course, this is not enough to explain the oscillation data, which at least requires the generation of two mass scales, Δm^2_{atm} and Δm^2_{sol}. However, (4.24) is just the tree-level neutrino mass matrix. Its non-vanishing eigenvalue m_{ν3} is interpreted as the atmospheric mass scale, whereas for the generation of the solar mass scale, which is much smaller (Δm^2_{sol} ≪ Δm^2_{atm}), one must go beyond the tree-level approximation.

In general, every mass matrix M_{ij} can be written as

M_{ij} = M^{(0)}_{ij} + M^{(1)}_{ij} + . . . (4.31)

where M^{(0)}_{ij} is the tree-level mass matrix, M^{(1)}_{ij} is the 1-loop correction and the dots stand for higher order corrections. In the lines above only the tree-level neutrino mass matrix has been computed, leading to the generation of the atmospheric mass scale. The addition of loop corrections changes the structure of the resulting mass matrix and generates the solar mass scale.

Fig. 4.2: Bottom–Sbottom diagrams for solar neutrino mass in the b- /R_p model. The following conventions have been adopted: a) Open circles correspond to small R-parity violating projections, indicating how much of a weak eigenstate is present in a given mass eigenstate, (b) full circles correspond to R-parity conserving projections and (c) open circles with a cross inside indicate genuine mass insertions which flip chirality. In these figures h_b ≡ Y_b is the bottom quark Yukawa coupling. For more details see [259].

In particular, it turns out that in mSUGRA like models the most important 1-loop contribution to the neutrino mass matrix comes from the bottom-sbottom loop shown in figure 4.2 [258, 259]. Neglecting the other contributions one gets m_{ν2} ≃ 3 16π^2 sin(2θ_{b̃})m_bY^2_b ΔB^{b̃2b̃1}_0

(ϵ̃^2_1 + ϵ̃^2) μ^2

(4.32)

In this expression θ_{b̃} is the mixing angle in the sbottom sector, ΔB^{b̃2b̃1}_0 is the difference between two Passarino-Veltman functions [262]

ΔB^{b̃2b̃1}_0 = B_0(0, m^2_b , m^2_{b̃1} ) − B_0(0, m^2_b , m^2_{b̃2} ) (4.33)

and the parameters ϵ̃ are defined as ϵ̃_i = (U^T_ν )^{ij} ϵ_j with the following resulting expressions in terms of the original parameters

ϵ̃_1 = ϵ_e(Λ^2_μ + Λ^2_τ ) − Λ_e(Λ_μϵ_μ + Λ_τ ϵ_τ ) √ Λ^2_μ + Λ^2_τ √ Λ^2_e + Λ^2_μ + Λ^2_τ

(4.34)

ϵ̃_2 =

Λ_τ ϵ_μ − Λ_μϵ_τ √ Λ^2_μ + Λ^2_τ

(4.35)

ϵ̃_3 = ⃗Λ · ⃗ϵ √ Λ^2_e + Λ^2_μ + Λ^2_τ

(4.36)

Complete numerical calculations show that this single contribution reproduces the exact result in good approximation in most parts of parameter space. Other relevant 1-loop corrections are the tau-stau and neutrino-sneutrino contributions, see references [259, 263] for detailed studies.

Once m_{ν1} and m_{ν2} are generated and the degeneracy between the two mass eigenstates is broken, a new mixing angle appears. This mixing angle is identified with the solar mixing angle and it can be expressed as

tan^2 θ_{12} = ϵ̃^2_1 ϵ̃^2

(4.37)

In conclusion, the b- /R_p model provides a simple framework to accommodate current data on neutrino masses and mixing angles. The breaking of R-parity mixes neutrinos and neutralinos, giving rise to a EW scale type-I seesaw. Moreover, the hierarchy Δm^2_{sol} ≪ Δm^2_{atm} is nicely explained in b- /R_p , since the atmospheric scale is obtained at tree-level where as the solar scale has its origin in radiative corrections.

4.2.3 Phenomenology

The phenomenology of b- /R_p has been extensively discussed in the literature, see for example [264, 265, 266, 267, 268, 269, 270, 271], and is beyond the scope of this thesis. Nevertheless, two important points will be briefly mentioned here due to their relevance also in extended ϵ-type models, discussed in the following chapters.

The breaking of R-parity has an immediate consequence at colliders: the LSP in no longer stable and decays. In fact, this is the main change with respect to the standard MSSM phenomenology, because the /R_p couplings are constrained to be small, and thus they do not affect either the production cross sections or the initial steps of the decay chains.

The most important lesson that one can learn from b- /R_p is that the LSP decay is governed by neutrino physics. The connection is clear. The same ϵ parameters that break R-parity and lead to LSP decay are the ones which generate neutrino masses and mixing angles. In fact, the simplicity of the model, that only has 6 /R_p parameters (3 ϵ_i and the corresponding soft parameters), tightens this link and allows to give definite predictions at colliders^3.

The first prediction has to do with the decay length of the LSP [264]. This depends on the nature of the LSP (neutralino, stau, . . . ), its mass and its couplings. Therefore, it is hard to give a definite prediction. However, some general statements are still possible due to its link with neutrino masses.

On the one hand the amplitude of the LSP decay grows for increasing values of the /R_p couplings whereas, on the other hand, the size of the /R_p couplings determines the absolute scale of neutrino masses. Therefore, one can derive a relation between the amplitude of LSP decay, Γ, and the absolute scale of neutrino masses, m_ν . In fact, by assuming a neutralino LSP and taking the value m_{SUSY} ∼ 100 GeV one can estimate

Γ ≃ 10^{−4} · m_ν (4.38)

and then, by using the known formula L = cτ = c Γ (4.39)

one can estimate the decay length L as well. For m_ν = √ Δm^2_{atm} a distance of the order of cm is obtained. This would be a clear signature at colliders such as the LHC [270, 271]. Moreover, note that the decay length of the LSP has a lower bound coming from the upper bound on the absolute scale of neutrino masses. Therefore, the prediction of a long decay length is general and holds in most parts of the parameter space.

The second definite prediction that b- /R_p makes is the sharp correlation between some ratios of branching ratios of LSP decays and the neutrino mixing angles [264, 265, 266, 267]. This tight link allows to use neutrino oscillation data to test the model at colliders. The reason comes again from the fact that the couplings that lead to LSP decay are the same as the ones that give the structure of the neutrino mass matrix.

Let us consider the L violating decay channels χ̃^0_1 → W^± l^∓_i . If the mass of the LSP is above the W boson mass these channels are open and in fact they typically

3 For comparison, we mention that the lepton sector of a type-I seesaw contains 21 physical parameters, see for example [272].

become dominant in most parts of the parameter space. Note that the breaking of R-parity mixes the charged leptons with the MSSM charginos, in the same way as the neutrinos get mixed with the neutralinos. Therefore, the vertex that is involved in the decay χ̃^0_1 → W^± l^∓_i is χ^0_i -χ^∓_j -W^± and the relevant interaction lagrangian for this process is

L =χ^−_i γ^μ ( O^{cnw}_{Lij} P_L + O^{cnw}_{Rij} P_R ) χ^0_j W^−_μ +

χ^0_i γ^μ ( O^{ncw}_{Lij} P_L + O^{ncw}_{Rij} P_R ) χ^−_j W^+_μ

(4.40)

where χ^0_i represents the neutralino i, χ^±_j represents the chargino j and P_L and P_R are the chirality projectors. The couplings O^{cnw}_{Lij} , O^{cnw}_{Rij} , O^{ncw}_{Lij} and O^{ncw}_{Rij} turn out to be

O^{cnw}_{Lij} = gS^C_j S^N_i ( − N^∗_{j2}U_{i1} − 1 √ 2 ( N^∗_{j3}U_{i2} + 3∑ k=1 N^∗_{j,4+k}U_{i,2+k} )) (4.41)

O^{cnw}_{Rij} = g ( − N_{j2}V^∗_{i1} + 1 √ 2 N_{j4}V^∗_{i2} ) (4.42) O^{ncw}_{Lij} = ( O^{cnw}_{Lij} )_∗ (4.43) O^{ncw}_{Rij} = ( O^{cnw}_{Rij} )_∗ (4.44)

where N is the rotation matrix that diagonalizes the 7 × 7 neutral fermion mass matrix (4 MSSM neutralinos +3 neutrinos), U and V diagonalize the 5 × 5 charged fermion mass matrix (2 MSSM charginos +3 charged leptons) and S^C_i and S^N_i are sign parameters defined as

S^C_i = m_χ−_i |m_χ−_i | , S^N_i = m_χ0_i |m_χ0_i | (4.45)

For the decay of a neutralino LSP one must focus on the couplings O^{cnw}_{Li1} and O^{cnw}_{Ri1} . It is easy to find approximated formulas for the rotation matrices N , U and V taking advantage of the small mixing between the MSSM and lepton sectors [261]. After applying them the final result is

O^{cnw}_{Li1} ≃ gΛ_i √ 2 [ − g^′M_2μ 2Det_0

N_{11} + g ( 1 Det_+ + M_1μ 2Det_0 ) N_{12} − v_u 2 ( g^2M_1 + g^{′2}M_2 2Det_0 + g^2 μDet_+ ) N_{13} + v_d(g^2M_1 + g^{′2}M_2) 4Det_0

N_{14}

] (4.46)

O^{cnw}_{Ri1} ≃ gY^{ii}_e v_d 2Det_+ [ gv_dN_{12} + M_2N_{14} μ ϵ_i + g

(2μ^2 + g^2v_dv_u)N_{12} + (μ + M_2)gv_uN_{14} 2μDet_+

Λ_i ]

(4.47) Here Det_0 and Det_+ are the determinants of the MSSM neutralino and chargino mass matrices, whereas N is the matrix that diagonalizes the MSSM neutralino mass matrix.

Now it is easy to understand why there are correlations between these decays and the neutrino mixing angles measured at oscillation experiments. For a pure bino LSP (N_{11} = 1, N_{1i} = 0 for i ≠ 1) the couplings in equations (4.46) and (4.47) become

O^{cnw}_{Li1} ≃ − gg^′M_2μ 2 √ 2Det_0

Λ_i (4.48)

O^{cnw}_{Ri1} ≃ 0 (4.49)

and then one obtains

Br(χ̃^0_1 → W μ) Br(χ̃^0_1 → W τ) ≃ ( Λ_μ Λ_τ

)_2

= tan^2 θ_{23} (4.50)

where equation (4.30) has been used. As shown in equation (4.50), b- /R_p makes a sharp prediction for the ratio between Br(χ̃^0_1 → W μ) and Br(χ̃^0_1 → W τ), predicted to be given by tan^2 θ_{23} ≃ 1, as measured in atmospheric neutrino experiments. A departure from this value would clearly rule out the model.

Only the case of a neutralino LSP has been discussed here. However other possibilities with interesting phenomenological consequences have been considered in the literature as well, see references [273, 274].

The two phenomenological issues briefly discussed here, the long LSP decay length and the correlations with the neutrino mixing angles, are common to all ϵtype /R_p models. The b- /R_p case, being the simplest one, will be used in the following as the basic reference to compare with.

4.2.4 Motivation for extended models

It has already been shown how b- /R_p is able to accommodate the observed pattern of neutrino masses and mixing angles and the resulting predictions for collider experiments. Such a predictive model would be easily ruled out at the LHC if it does not provide the explanation for neutrino masses. Therefore, it is an interesting alternative to the usual high scale seesaw mechanism.

However, there are some theoretical issues without explanation in b- /R_p . One of these open questions is why some of the /R_p couplings in the superpotential are zero while others, ϵ_i in particular, are not. This problem has been addressed in the literature by different means. For example, one can break R-parity spontaneously when a scalar field, charged under R-parity, acquires a VEV [275, 197]. If this is done properly, only some of the /R_p couplings are generated at tree-level. One can also suppose that some couplings are zero at the GUT scale and use the RGEs to show that their running down to the SUSY scale is negligible [276]. Finally, there are also approaches that rely on high-energy constructions [277].

The second open question in b- /R_p is the size of the ϵ couplings. Since these are SUSY conserving couplings with dimension of mass one would expect that they are generated at some high scale, like the GUT or Planck scales, and thus it is hard to understand why they are so small compared to the electroweak scale. This problem, that is analogous to the μ-problem in the MSSM, can be easily solved if the ϵ couplings are generated by physics at the SUSY scale. In fact, one can use a solution similar to the one provided in the NMSSM for the μ-problem [278, 279]. The idea is to add an additional gauge singlet superfield, that will be called ^S in this section, whose scalar component acquires a VEV generating an effective ϵ term

λ_iSL_iH_u → λ_i⟨S⟩L_iH_u = ϵ_iL_iH_u (4.51)

If this VEV is generated at the electroweak scale one can easily explain the smallness of the ϵ_i parameters by using a small coupling λ_i ∼ 10^{−7} − 10^{−6}. This idea can be applied to models that break R-parity spontaneously [197] or explicitly [198]. In fact, there are also examples in which the field that gets a VEV is not a gauge singlet [275, 280, 281], although they are nowadays ruled out due to the strong experimental constraints in the electroweak sector.

In the following chapters these ideas to address the problems of the minimal b- /R_p will be discussed in detail for two extended models: s- /R_p and μνSSM.

5. SPONTANEOUS R-PARITY VIOLATION

Spontaneous R-parity violation (s- /R_p ) is a well motivated alternative to the simple explicit violation in b- /R_p . In this type of extended models the original theory conserves R-parity and it is only after symmetry breaking that the /R_p terms are generated. This way one can explain (a) why some /R_p couplings are not generated at tree-level and (b) why the bilinear coupling is much smaller than the electroweak scale.

5.1 Introduction

One of the most important consequences of the spontaneous breaking of R-parity is the presence of a Goldstone boson, the majoron (J) [282, 283]. It is a well known fact that the breaking of a global continuous symmetry, U(1)_{B−L} in this case, implies the existence of a massless particle [15]. This additional state in the spectrum introduces many changes in the phenomenology and might lead to a completely different experimental picture.

In fact, the nature of the majoron, which is determined by the way R-parity is broken, is extremely relevant for the subsequent phenomenology. Depending on this point, one can classify the s- /R_p models into two types:

• Models that break R-parity with a gauge non-singlet

This was the original type of s- /R_p models. In [275] the breaking of R-parity in the MSSM by a left-handed sneutrino VEV v_L was studied. The resulting phenomenology was discussed in several works [280, 281] but a after a few years it was realized that having a doublet majoron, which inherits the nature of the particle that caused its appearance, leads to conflict with LEP bounds and astrophysical data [65, 44].

A doublet majoron would contribute to highly constrained processes. The first example is the cooling of red giant stars. The rate of energy loss by the dangerous process γe → Je would be clearly enhanced above the known limits [284, 285] due to the weak couplings of the majorons to matter. Once produced, the majorons would escape from the star contributing to its cooling. The astrophysical bounds can be translated into a limit on the left-handed sneutrino VEV, what will require a strong fine-tuning of the parameters of the theory. Similarly, strong bounds can be also obtained from majoron-emitting decays of light neutrinos in supernovae [286]. The second example is the contribution to the Z boson invisible decay width. It turns out that the majoron, which is a pseudoscalar, is accompanied by a light scalar ρ with a mass of the order v_L ≪ m_W , opening a new decay mode for the Z boson, Z → Jρ. Since both products of the decay are very weakly interacting particles that escape detection, this decay mode would increase the Z boson invisible decay width beyond the limits set by the LEP experiment [287, 288].

For these reasons this type of models is nowadays ruled out.

• Models that break R-parity with a gauge singlet

By using a gauge singlet one avoids the main problems present in the previous models. Reference [197] showed how to break R-parity in a phenomenologically acceptable way by extending the spectrum to include gauge singlets whose scalar components acquire VEVs at the electroweak scale. This way the majoron has a singlet nature, which reduces its coupling to the Z boson and the rate of red giant star cooling.

This is the type of models that will be discussed in this chapter. Although the presence of a massless majoron is allowed by the experimental contraints, it dramatically changes the phenomenology both at collider and lowenergy experiments [289, 290].

On the one hand, whether R-parity is conserved or not can, in principle, be easily decided at colliders in the case of explicit R-parity violation since (a) neutrino physics implies that the lightest supersymmetric particle (LSP) will decay inside a typical detector of existing and future high energy experiments [267, 274] and (b) the branching fraction for (completely) invisible LSP decays is at most O(10%) and typically smaller[267, 291]. Spontaneous violation of R-parity (s- /R_p ) [275, 197], on the other hand, implies the existence of a Goldstone boson, the majoron. In s- /R_p the lightest neutralino can then decay according to χ̃^0_1 → J + ν, i.e. completely invisible. It has been shown [291] that this decay mode can in fact be the dominant one, with branching ratios close to 100 %, despite the smallness of neutrino masses, in case the scale of R-parity breaking is relatively low. In this limit, the accelerator phenomenology of models with spontaneous violation of R-parity can resemble the MSSM with conserved R-parity and large statistics might be necessary before it can be established that R-parity indeed is broken.

In addition, measurements of the LSP branching ratios can lead to tests of the model as the origin of the neutrino mass, in case sufficient statistics for the final states with charged leptons can be obtained. This result is completely analogous to what is found in b- /R_p , see section 4.2.3. However, the additional possibility of a singlino-like LSP, studied in [289] for the first time, allows interesting cross-checks with respect to neutrino physics different from the usual bino LSP.

On the other hand, the phenomenology at low-energy experiments is also expected to change. The search for majorons in charged lepton decays with majoron emission has attracted little attention. Indeed, the limits on l_i → l_j J quoted by the Particle Data Group [44] are all based on experimental data which is now more than 20 years old. Probably this apparent lack of interest from the experimental side is due to the fact that both, the triplet [283] and the doublet majoron [275], are ruled out by LEP data, while the (classical) singlet majoron model [282] predicts majoron-neutrino and majoron-charged-lepton couplings which are unmeasurably small. Nevertheless, in the model studied in this thesis the majoron can play an important role phenomenologically. In [292] l_i → l_j J was calculated for a tau neutrino mass of m_{ντ} ≃ MeV. Below we show that (a) despite the fact that current neutrino mass bounds are of the order of eV or less, theoretically μ → eJ can be (nearly) arbitrarily large in s- /R_p , and (b) μ → eJ is large in the same part of SUSY parameter space where the invisible neutralino decay is large, making the discovery of R-parity violation at the LHC difficult. Br(μ → eJ) thus gives complementary information to accelerator experiments.

Moreover, the MEG experiment [293] has started taking data. MEG is optimised to search for Br(μ → eγ) with a sensitivity of Br(μ → eγ) ∼ (few) 10^{−14}. While the impressive statistics of the experiment should allow, in principle, to improve the existing bound on Br(μ → eJ) [44] by a considerable margin, the experimental triggers and cuts make it necessary to resort to a search for the radiative majoron emission mode, Br(μ → eJγ), if one wants to limit (or measure) the majoroncharged-lepton coupling. Therefore the Br(μ → eJγ) is also to be considered.

5.2 The model

Spontaneous breaking of a global symmetry leads to a Goldstone boson, in case of lepton number breaking usually called the majoron. Spontaneous breaking of R-parity through left sneutrinos [275], produces a doublet majoron, which is ruled out by LEP and astrophysical data [65, 44]. To construct a phenomenologically consistent version of s- /R_p it is therefore necessary to extend the particle content of the MSSM by at least one singlet field, ^ν^c, which carries lepton number. For reasons to be explained in more detail below, the model under consideration [197] contains three additional singlet superfields, namely, ^ν^c, ^S and ^Φ, with lepton number assignments of L = −1, 1, 0 respectively.

The superpotential can be written as [197] W = Y^{ij}_u ^Q_i ^u^c_j ^H_u + Y^{ij}_d ^Q_i ^d_j ^H_d + Y^{ij}_e ^L_i^e^c_j ^H_d + Y^i_ν ^L_i^ν^c ^H_u − h_0 ^H_d ^H_u ^Φ + h^Φ^ν^c ^S + λ 3! ^Φ^3. (5.1)

The basic guiding principle in the construction of equation (5.1) is that lepton number is conserved at the level of the superpotential. The first three terms are the usual MSSM Yukawa terms. The terms coupling the lepton doublets to ^ν^c fix lepton number. The coupling of the field ^Φ with the Higgs doublets generates an effective μ-term à la Next to Minimal Supersymmetric Standard Model [278]. The last two terms, involving only singlet fields, give mass to ^ν^c, ^S and ^Φ, once Φ develops a vacuum expectation value.

For simplicity we consider only one generation of ^ν^c and ^S. Adding more generations of ^ν^c or ^S does not add any qualitatively new features to the model. Note also, that the superpotential, equation (5.1), does not contain any terms with dimension of mass, thus potentially offering a solution to the μ-problem of supersymmetry. The symmetries of the model, as defined in [197], allow also to add bilinear terms with dimension of mass to eq. (5.1). However, we omit such terms here for the sake of keeping the number of free parameters of the model at the minimum. One could justify the absence of such bilinears - in the same way as is usually done in the NMSSM - by introducing a discrete Z_3 symmetry. This is known to lead to cosmological problems due to the generation of domain walls during the electroweak phase transition when the Z_3 symmetry gets broken [294, 295, 296]. Nevertheless, several solutions to this problem have been proposed, like late inflation after the formation of the domain walls, the introduction of a small explicit breaking or embedding the discrete symmetry into a gauge one. We note, however, that our numerical results on the charged lepton decays are not affected by the presence or absence of these terms.

Finally, the inclusion of ^S allows to generate a “Dirac”-like mass term for ^ν^c, once ^Φ gets a VEV. The soft supersymmetry breaking potential along neutral directions is given by [297]

V^s - /R_p sof t = [ T_hΦν̃^cS̃ − T_{h0} ΦH_uH_d + T^i_νν̃_iH_uν̃^c −B_μH_uH_d + 1 3! T_λΦ^3 + h.c. ] + ∑ α m̃^2_α|z_α|^2 (5.2)

where z_α denotes any neutral scalar field in the theory. In this expression the notation for the soft trilinear couplings introduced in [41, 42] is used.

At low energy, i.e. after electroweak symmetry breaking, various fields acquire VEVs. Besides the usual MSSM Higgs boson VEVs v_d and v_u, these are ⟨Φ⟩ = v_Φ/ √ 2, ⟨ν̃^c⟩ = v_R/ √ 2, ⟨S̃⟩ = v_S / √ 2 and ⟨ν̃_i⟩ = v_i/ √ 2. Note, that v_R ≠ 0 generates effective bilinear terms ϵ_i = Y^i_ν v_R/ √ 2 and that v_R, v_S and v_i violate lepton number as well as R-parity. Although other solutions to the tadpole equations exist, we will focus on minima that break the electroweak symmetry and R-parity simultaneously. In that sense, EWSB and R-parity violation are related and cannot be viewed independently.

5.3 Neutral fermion mass matrix

In the basis (−iB̃^0, −iW̃^0_3 , ~H^0_d , ~H^0_u, ν_e, ν_μ, ν_τ , ν^c, S, Φ̃) (5.3)

the mass matrix of the neutral fermions following from eq. (5.1) can be written as [297, 298]

M_N =

M_χ0 m_χ0_ν m_χ0_νc 0 m_χ0_Φ

m^T_{χ0 ν} 0 m_D 0 0

m^T_{χ0 νc} m^T_D 0 M_νc_S M_νc_Φ

0 0 M_νc_S 0 M_{SΦ}

m^T_{χ0 Φ} 0 M_νc_Φ M_{SΦ} M_Φ

. (5.4)

Eq. (5.4) can be diagonalized in the standard way,

^M_N = N^∗M_N N^{−1}. (5.5)

We have chosen the basis in eq. (5.3), such that N reduces to the MSSM neutralino rotation matrix in the limit where (a) R-parity is conserved and (b) the field Φ is decoupled. The various sub-blocks in eq. (5.4) are defined as follows. The matrix M_χ0 is the standard MSSM neutralino mass matrix:

M_χ0 =

M_1 0 −^1_2 g^′v_d +^1_2 g^′v_u 0 M_2 +^1_2 gv_d −^1_2 gv_u −^1_2 g^′v_d +^1_2 gv_d 0 −μ +^1_2 g^′v_u −^1_2 gv_u −μ 0

. (5.6)

Here, μ = h_0v_Φ/ √ 2. m_χ0_ν is the R-parity violating neutrino-neutralino mixing part, which also appears in explicit bilinear R-parity breaking models:

m^T_χ0_ν =

−^1_2 g^′v_e^1_2 gv_e 0 ϵ_e

−^1_2 g^′v_μ^1_2 gv_μ 0 ϵ_μ

−^1_2 g^′v_τ^1_2 gv_τ 0 ϵ_τ

, (5.7)

where v_i are the VEVs of the left-sneutrinos. m_χ0_νc is given as

m^T_χ0_νc = ( 0, 0, 0, 1 √ 2 ∑ Y^i_ν v_i ) . (5.8)

and m^T_{χ0 Φ} is

m^T_χ0_Φ = (0, 0, − 1 √ 2 h_0v_u, − 1 √ 2 h_0v_d). (5.9)

The “Dirac” mass matrix is defined in the usual way:

(m_D )_i = 1 √ 2 Y^i_ν v_u. (5.10)

And, finally,

M_νc_S = 1 √ 2 hv_Φ, M_νc_Φ = 1 √ 2 hv_S , M_{SΦ} = 1 √ 2 hv_R, M_Φ = λ √ 2 v_Φ. (5.11)

The matrix, eq. (5.4), produces ten eigenvalues with vastly different masses. First, since Det(M_N ) = 0, one state is massless at tree-level. Then there are two more very light states, together they form to a good approximation the three observed, light doublet neutrinos. Their masses and mixing will be discussed in detail in the next subsection.

The remaining seven eigenstates are typically heavy. They can be sub-divided into two groups: Mainly doublet and mainly singlet states. There are usually four states which are very similar to the well-known MSSM neutralinos. Unless h_0 is large and λv_Φ small, mixing between the phino and the higgsinos is small^1, and there are three singlets. From these singlets, unless (h − λ) ≤ v_R/v_Φ, ν^c and S form a quasi-Dirac pair, which we will loosely call “the singlino”, S_{1,2} ≃^{1√}_2 (ν^c ∓ S). Note, that this is a different state compared to the NMSSM singlino [299] which corresponds to Φ̃ in our notation.

Which of the seven, heavy states is the lightest depends on a number of unknown parameters and can not be predicted. In our analysis below we will concentrate on two cases: (a) As in mSugra motivated scenarios, M_1 is the smallest mass parameter and the lightest state mainly a bino. We study this case in order to work out the differences to (i) the well-studied phenomenology of the MSSM; and (ii) to the explicit R-parity violating case studied in [267]. The second case we consider is (b) the singlino S being the lightest state. This case is interesting, since it is the only part of the parameter space, where singlets indeed can be produced and studied at accelerators.

5.4 Neutrino masses

The smallness of the /R_p terms imply that equation (5.4) has the same structure as the analogous equation (4.18) for the bilinear R-parity breaking model. Therefore, one can follow the same approach and find the effective neutrino mass matrix in a seesaw–type approximation [297, 298]. First we define the useful dimensionless expansion parameters ξ_{ij} , which characterize the mixing between the neutrino sector and the seven heavy neutral fermion states, the “neutralinos” of the model,

ξ = m_{3×7} · M^{−1}_H . (5.12)

The sub-matrix describing the seven heavy states of eq. (5.4) is

M_H =

M_χ0 0 0 m_χ0_Φ

0 0 M_νc_S M_νc_Φ

0 M_νc_S 0 M_{SΦ}

m^T_{χ0 Φ} M^T_νc_Φ M_{SΦ} M_Φ

. (5.13)

1 As in the NMSSM, if the field Φ is light and the coupling h_0 large, one has five neutralino states.

and m_{3×7} = ( m^T_{χ0 ν} m_D 0 0 ) . (5.14) We have neglected m_χ0_νc in eq. (5.13) since it is doubly suppressed. The “effective” (3, 3) neutrino mass matrix is then given in seesaw approximation by

m^{νν}_{ef f} = −m_{3×7} · M^{−1}_H · m^T_{3×7}. (5.15)

In the following we will use the symbol N_{ij} with i, j = 1, ...7 as the matrix which diagonalizes eq. (5.13). Our N reduces to the MSSM neutralino mixing matrix N, in the limit where the singlets decouple, i.e. h_0 → 0 or M_Φ → ∞. It is not to be confused with N , the matrix that diagonalizes M_N , the complete 10 × 10 mass matrix of the neutral fermions. After some straightforward algebra ξ_{ij} can be written as ξ_{ij} = K^j_ΛΛ_i + K^j_ϵ ϵ_i, (5.16) where the effective bilinear R–parity violating parameters ϵ_i and Λ_i are

ϵ_i = Y^i_ν v_R √ 2 (5.17) and Λ_i = ϵ_iv_d + μv_i. (5.18) The coefficients K are given as

K^1_Λ = −

2g^′M_2μ m_γ a, K^1_ϵ = −

2g^′M_2μ m_γ b (5.19)

K^2_Λ = 2gM_1μ m_γ a, K^2_ϵ = 2gM_1μ m_γ b K^3_Λ = −v_ua + v_db 2v_u , K^3_ϵ = − c 2μv^2_u ( 4Det(M_H )a h^2m_γ − v_dv_uμ ) − v^2b 2v_u K^4_Λ = v_da + b 2 , K^4_ϵ = h^2μv_u 4Det(M_H )

(4M_1M_2μv_u − m_γ v_dv^2)

K^5_Λ = v_Rb 2v_u , K^5_ϵ = v_Rc 2v_u K^6_Λ = v_S b 2v_u , K^6_ϵ = c 2 √ 2v_uv_Rv_Φh

[8Det(M_H )a h^2m_γ + √ 2hv_Φv_Rv_S ]

− 2 √ 2Det(M_H )b^2 h^3m_γ v_uv_Rv_Φ

K^7_Λ = − v_Φb 2v_u , K^7_ϵ = − v_Φc 2v_u The coefficients a, b and c are defined as a = m_γ h^2v_Φ 4 √ 2Det(M_H ) (−hv_Rv_S + 1 2 λv^2_Φ + h_0v_dv_u), (5.20) b = m_γ h^2μ 4Det(M_H ) v_u(v^2_u − v^2_d), c = h^2μ Det(M_H ) v^2_u(2M_1M_2μ − m_γ v_dv_u).

Det(M_H ) is the determinant of the (7, 7) matrix of the heavy neutral states,

Det(M_H ) = 1 16 h_0h^2v^2_Φ [ 4(2M_1M_2μ − m_γ v_dv_u)(−hv_Rv_S + 1 2 λv^2_Φ + h_0v_dv_u)

−h_0m_γ (v^2_u − v^2_d)^2 ] (5.21) and v^2 = v^2_u +v^2_d. The “photino” mass parameter is defined as m_γ = g^2M_1 +g^{′2}M_2. Note that the K^i_Λ and K^i_ϵ reduce to the expressions of the explicit bilinear Rparity breaking model [258], in the limit M_Φ → ∞ and in the limit h, h_0 → 0, i.e. b = c = 0.

The effective neutrino mass matrix at tree-level can then be cast into a very simple form − (m^{νν}_{ef f} )_{ij} = aΛ_iΛ_j + b(ϵ_iΛ_j + ϵ_j Λ_i) + cϵ_iϵ_j . (5.22) Equation (5.22) resembles very closely the corresponding expression for the explicit bilinear R-parity breaking model, once the tree-level and the dominant 1-loop contributions are taken into account [266, 258, 259]. Eq. (5.22) reduces to the tree-level expression of the explicit model^2 (m^{νν}_{ef f} )_{ij} = m_γ 4Det(M_χ0 )

Λ_iΛ_j (5.23)

in the limit M_Φ → ∞ and in the limit h, h_0 → 0. Different from the explicit model, however, the spontaneous model has in general two non-zero neutrino masses at tree-level. With the lightest neutrino mass zero at tree-level, the s- /R_p model could generate degenerate neutrinos only in regions of parameter space where the two treelevel neutrino masses of eq. (5.22) are highly fine-tuned against the loop corrections. We will disregard this possibility in the following.

Neutrino physics constrains the parameters Λ_i and ϵ_i. The mass matrix in equation (5.22) must reproduce the current data on neutrino masses and mixing angles. In particular, one must correctly fit the solar and atmospheric mass scales. However, in the spontaneous model there is no a priori reason which of the terms gives the dominant contribution to the neutrino mass matrix, thus two possibilities to fit the neutrino data exist:

• case (c1) ⃗Λ generates the atmospheric mass scale, ⃗ϵ the solar mass scale

• case (c2) ⃗ϵ generates the atmospheric mass scale, ⃗Λ the solar mass scale

The absolute scale of neutrino mass requires both |⃗Λ|/μ and |⃗ϵ|/μ to be small, the exact numbers depending on many unknown parameters. For typical SUSY masses order O(100 GeV), |⃗Λ|/μ^2 ∼ 10^{−6}– 10^{−5}. If some of the singlet fields are light, i.e. have masses in the range of O(0.1 − few) TeV, also |ϵ_i/μ| can be as small as |⃗ϵ|/μ ∼ 10^{−6}–10^{−5}. On the other extreme, independent of the singlet spectrum, |⃗ϵ|/μ can not be larger than, say, |⃗ϵ|/μ ∼ 10^{−3}, due to contributions from sbottom and stau loops to the neutrino mass matrix [266, 258, 259].

The observed mixing angles in the neutrino sector then require certain ratios for the parameters Λ_i/Λ_j and ϵ_i/ϵ_j . This can be most easily understood as follows. As first observed in [211], the so-called tri-bimaximal mixing pattern

U^{TBM} =

√_2 3 1√ 3 0 −^{1√}_6^{1√}_3 −^{1√}_2 −^{1√}_6^{1√}_3^{1√}_2

. (5.24)

is a good first-order approximation to the observed neutrino angles. In case of hierarchical neutrinos M^{diag}_ν = (0, m, M), where m (M) stands for the solar (atmospheric) mass scale, rotating with U^{TBM} to the flavor basis leads to the following neutrino mass matrix

M^{TBM}_ν = 1 2 0 0 0 0 M −M 0 −M M + 1 3 m m m m m m m m m . (5.25)

2 In the definition of the coefficient a given in [297] there is a relative sign to the corresponding definition for the explicit case [258].

In case the coefficient b in equation (5.20) is exactly zero, i.e. for tan β = 1, the model would produce a tri-bimaximal mixing pattern for Λ_e = 0, Λ_μ = −Λ_τ and ϵ_e = ϵ_μ = ϵ_τ , in case (i). For case (ii) the conditions on Λ_i should be exchanged with the conditions for the ϵ_i and vice versa.

In reality, since tan β ≠ 1 in general, neither is b exactly zero, nor need the neutrino mixing angles be exactly those of eq. (5.24). One then finds certain allowed ranges for ratios of the Λ_i and ϵ_i. In case (i) one gets approximately ( Λ_e √ Λ^2_μ + Λ^2_τ

)_2 ≃ tan^2 θ_{13}, (5.26) (Λ_μ Λ_τ

)_2 ≃ tan^2 θ_{23}, ( ϵ̃_e ϵ̃_μ )_2 ≃ tan^2 θ_{12}.

Here, ϵ̃ = U^T_ν · ⃗ϵ with (U_ν )^T being the matrix which diagonalizes the (3, 3) effective neutrino mass matrix. In case (i) (U_ν )^T is (very) approximately given by

ϵ̃ =

√_{Λ2μ+Λ2τ} |⃗Λ| − Λ_eΛ_μ

√_{Λ2μ +Λ2τ |⃗Λ|} −^{Λe Λτ} √_{Λ2μ +Λ2τ |⃗Λ|} 0^{Λτ}√_{Λ2μ +Λ2τ} −^{Λμ}√_{Λ2μ +Λ2τ}

Λ_e |⃗Λ| Λ_μ |⃗Λ| Λ_τ |⃗Λ| · ⃗ϵ (5.27)

Note that U^T_Λ is the matrix which diagonalizes only the part of the effective neutrino mass matrix proportional to Λ_iΛ_j . Again, for the case (ii) replace Λ_i ↔ ϵ_i in all expressions.

5.5 Scalar sector

The scalar sector of s- /R_p has many unconventional properties, leading to a collider phenomenology different from what is expected in the MSSM. It is very important to study in detail the possible deviations from the standard phenomenology, in order to be ready for new signatures. In fact, the well established Higgs boson search strategies for the LHC might need to be changed if s- /R_p is realized in nature and we live in a region of parameter space far from the MSSM. For detailed works on the scalar sector in s- /R_p see references [297, 298], where most of the material in this section is taken from.

From a phenomenological point of view the most important difference between the scalar sectors of spontaneous and explicit R-parity violating models is the appearance of the majoron. As will be shown below, this models naturally leads to a singlet majoron, evading the strong experimental constraints.

We can follow the general procedure described in reference [300] and evaluate the second derivatives of the scalar potential [297] at the minimum. In s- /R_p this results in 8 × 8 mass matrices for the real and imaginary parts of the neutral scalars. The pseudo-scalar sector of the model we consider has eight different eigenstates. Two of them are Goldstone bosons. The standard one is eaten by the Z^0 boson, the remaining state is identified with the majoron. In the basis A^′_0 = (H^{0I}_d , H^{0I}_u , ν̃^{1I} , ν̃^{2I} , ν̃^{3I} , Φ^I , S̃^I , ν̃^{cI} ) these fields are given as,

G_0 = (N_0 v_d, −N_0 v_u, N_0 v_e, N_0 v_μ, N_0 v_τ , 0, 0, 0) (5.28)

J = N_4(−N_1v_d, N_1v_u, N_2v_e, N_2v_μ, N_2v_τ , 0, N_3v_S , −N_3v_R) where the normalization constants N_i are given as

N_0 = 1 √ v^2_d + v^2_u + v^2_e + v^2_μ + v^2_τ

N_1 = v^2_e + v^2_μ + v^2_τ

N_2 = v^2_d + v^2_u

N_3 = N_1 + N_2

N_4 = 1 √ N^2_1 N_2 + N^2_2 N_1 + N^2_3 (v^2_R + v^2_S )

(5.29)

and can easily be checked to be orthogonal, i. e. they satisfy G_0 · J = 0 [297].

It is useful to have an approximation for the majoron profile. In the limit v_i ≪ v_R, v_S this is given by the simple expression R^{P 0}_{Jm} ≃ ( 0, 0, v_k V , 0, v_S V , − v_R V ) . (5.30)

Here, V = √ v^2_R + v^2_S and terms of order^{v2L}_{V v} , where v^2_L = ∑ i v^2_i , have been neglected.

From equation (5.30) one can see that, apart from the negligible components in the left-handed sneutrino directions, the majoron is mainly given as a combination of the CP-odd components of the S̃ and ν̃^c fields. In conclusion, the s- /R_p majoron is a mixture of gauge singlet states, as needed to evade LEP and astrophysical bounds^3.

In addition to the massless majoron, there are considerable parts of the parameter space where one also finds a rather light singlet scalar, called the “scalar partner” of the majoron in [298], S_J . Different from the majoron, however, there is no simple analytical approximation for R_{SJ} . This state will be very important when we discuss invisible LSP decays, since it decays to a pair of majorons, S_J → JJ, with a branching ratio very close to 100%.

Finally, although it is not our purpose to review the phenomenology of the scalar sector in detail, that was worked out in references [297, 298], we must comment on an important result concerning Higgs boson decays into majorons. This is one of the best examples that clearly show how the phenomenology in the scalar sector might be totally modified.

Let us consider the ratio R_{Jb} = Γ(h → JJ) Γ(h → bb̄) (5.31)

of the Higgs invisible decay to the Standard Model decay into b-jets. This quantity measures the departure from the SM branching ratio. The smaller R_{Jb} is the closer we are to the standard phenomenology.

In order to compute this quantity one has to look separately at the decay widths, Γ(h → JJ) = g^2_{hJJ} 32πm_h (5.32) and Γ(h → bb̄) = 3G_F √ 2 8π cos^2 β ( R^S_{11}

)_2

m_h m^2_b [ 1 − 4 ( m_b m_h )_2]3/2 (5.33)

3 For comparison purposes, let us mention that the majoron profile in the model of reference [275] is given by J = Im (∑ i vi vL ν̃^i_L +^{vL}_{v2} (v_dH^0_d − v_uH^0_u) ) , this is, a doublet majoron.

Fig. 5.1: Ratio R_{Jb}, defined in equation (5.31), as a function of η^2. a) To the left, for different values of the parameter h, from top to bottom: h = 1, 0.9, 0.7, 0.5, 0.3, 0.1. b) To the right, for different values of the parameter vR = vS : −vR = 150, 200, 300, 400, 600, 800, 1000 GeV. This is the main result of [297].

where g^2_{hJJ} is the h^0 − J − J coupling and R^S_{11} is the h^0 component in the H^0_d direction.

In general, these two decay widths depend on many unknown parameters and one cannot give a definite prediction for their values. In addition, if one wants to enhance the branching ratio for h → JJ by enlarging its singlet component, the Higgs boson production cross section becomes very suppressed. However, it is possible to find large regions in parameters space where (a) there is a large h^0 doublet component, called here η, and (b) the decay into majorons is dominant. This important result is shown in figure 5.1, taken from reference [297], which shows explicitly that R_{Jb} > 1 is possible even for η ≃ 1. This implies that the lightest Higgs boson can decay mainly invisibly into a pair of majorons and, at the same time, have a production cross section essentially equal to the standard (MSSM) doublet Higgs boson production cross section.

5.6 Phenomenology at colliders

In this section we discuss the phenomenology of a neutralino LSP in s- /R_p at future colliders [289]^4. We do not attempt to do an exhaustive study of the (quite large) parameter space of the model. Instead we will focus on the most important qualitative differences between s- /R_p , the previously studied case of explicit bilinear /R_p [264, 265, 267, 270, 271] and the MSSM. All numerical results shown below have been obtained using the program package SPheno [301], extended to include the new singlet superfields ^ν^c, ^S and ^Φ.

Unless mentioned otherwise, we have always chosen the /R_p parameters in such a way that solar and atmospheric neutrino data [135] are fitted in the correct way. The numerical procedure to fit neutrino masses is the following. Compared to the MSSM we have a number of new parameters. For the superpotential of eq. (5.1) these are h_0, h and λ, as well as the neutrino Yukawas Y^i_ν . In addition, there are in principle also the soft SUSY breaking terms, which generate non-zero VEVs, v_R, v_S , v_Φ and v_i for ν̃^c, S̃, Φ and ν̃_i, respectively. We trade the unknown soft parameters for the VEVs. For any random choice of MSSM parameters, we can reproduce the “correct” MSSM value of μ for a random value of v_Φ, by appropriate choice of h_0. For any random set of h, λ, v_S and v_R, we can then calculate those

4 In order to make the notation simpler, this section will use the simplifications χ^0_i ≡ χ̃^0_i , B̃ ≡ B̃^0 and W̃ ≡ W̃^0.

values of Y^i_ν and v_i, using eq. (5.22), such that the corresponding ϵ_i and Λ_i give correct neutrino masses and mixing angles. There are two options, how neutrino data can be fitted, i.e. the cases (c1) and (c2), defined in section 5.4. We discuss the differences between these two possibilities below.

In the following we will study only two ’limiting’ cases, which we consider to be the simplest possibilities to realize within the parameter space of the model: (a) a bino-like LSP and (b) a singlino LSP. We note, however, that theoretically also other possibilities exist at least in some limited parts of parameter space. For example, one could also have that the phino, Φ̃, is the lightest R_p odd state. However, with the superpotential of eq. (5.1), for any given value of μ, v_Φ has a minimum value. Since the product λv_Φ also determines approximately the phino mass, a very light phino requires a certain hierarchy λ ≪ h_0, h, which might be considered to be a rather special case. Also in mSugra in the region where m_0 is large one can find points in which μ ∼ M_1 and the lightest (MSSM) neutralino has a significant higgsino component.

5.6.1 LSP production

Since neutrino physics requires that the R-parity violating parameters are small, supersymmetric production cross sections are very similar to the corresponding MSSM values, see for example [302] and references therein. Over most of the MSSM parameter space one expects that mainly gluinos and squarks are directly produced the LHC and that the lightest neutralinos appear as the “final” decay products at the end of possibly long decay chains of sparticles. In addition charginos, neutralinos and sleptons can be produced directly via Drell-Yan processes provided that they are relatively light.

Cross sections for direct production of singlinos are always negligible. There are essentially two possibilities how singlinos can be produced in cascade decays. Firstly, a somewhat exotic chance to produce singlinos occurs if at least one of the MSSM Higgsinos is heavier than Φ̃ and both h_0 and h are large. In this case S_i appear in decay chains such as H̃_{u,d} → Φ̃ + X_1 → S + X_2, where X_i denotes the additionally produced particles. Secondly, there is the possiblity that singlinos are the LSPs. Squarks and gluinos will then decay fast to the NLSP, which then decays to S. A typical decay chain might be q̃ → q + B̃ → q + S_{1,2} + J. Other NLSPs such as, τ̃_1 will decay mainly via τ̃_1 → S_{1,2} + τ, i.e. again ending up in singlinos. The total number of singlino events therefore will be simply approximately equal to the number of SUSY events for singlino LSPs.

5.6.2 LSP decays

Here we will discuss the main decay modes of bino and singlino LSPs. For a qualitative understanding of the results, which are based on exact numerical computations, the approximate formulas for the neutralino couplings in appendix A are helpful.

We will first discuss the parameter range, where m_χ0_1 ≥ m_W ± , such that twobody decays of χ^0_1 to gauge bosons are kinematically allowed. Figure 5.2 shows an example of the three lightest neutralino mass eigenvalues (left) and the main decay modes of χ^0_1 (right) as a function of^{hvΦ√}_2 for fixed values of all other parameters. This point has been constructed in such a way, that the MSSM part of the spectrum, all production cross sections and all decay branching ratios, apart from the lightest neutralino decays, match very closely the mSugra standard point SPS1a’ [302]. Here, v_R = v_S = 1 TeV has been chosen as an arbitrary example, but the result can be also obtained for other values of these two VEVs.

The left part of figure 5.2 shows how the quasi-Dirac pair S_{1,2} evolves as a function of^{hvΦ√}_2 . For low values (i.e. ≲ M_1) of this parameter combination S_1 is

Fig. 5.2: Masses of the three lightest neutralinos (left) and branching ratios for the most important decay modes of the lightest state (right) versus^{1√}_2 hvΦ for a specific, but typical example point. The MSSM parameters have been adjusted such that the sparticle spectrum of the standard point SPS1a’ is approximately reproduced. The singlet parameters have been chosen randomly, vR = vS = 1 TeV, ⃗ϵ and ⃗Λ have been fitted to neutrino data, such that ⃗Λ generates the atmospheric scale and ⃗ϵ the solar scale. For a detailed discussion see text.

the LSP, for large values a B̃ is the LSP. The right side of the figure shows the final states with the largest branching ratios. For low values of the LSP mass, J/S_J + ν is usually the most important, i.e. there is a sizeable decay to invisible final states, even for a relatively high v_R, see also the discussion for figure 5.5. Next in importance are the final states involving W^± and charged leptons. Note, that the model predicts ∑ i Br(χ^0_1 → Z^0 + ν_i) 2 ∑ i Br(χ^0_1 → W^+ + l^−_i ) ≃ g 4 cos^2 θ_W

(5.34)

with g being a phase space correction factor, with g → 1 in the limit m_χ0_1 → ∞ [63]. Equation (5.34) can be understood with the help of the approximative couplings (A.3) and (A.6). The relative size of the branching ratios for the final states W + e, W + μ and W + τ depends on both, (a) the nature of the LSP and (b) the fit to the neutrino data. We will discuss this important feature in more detail in section 5.6.4.

Generally, for m_χ0_1 ≥ m_W ± three-body final states of the neutralino decay are less important than the two-body decays shown in figure 5.2. Especially one expects that the final state νbb̄ has a smaller branching than in the case of explicit /R_p [267]. This is essentially due to the fact, that |⃗ϵ|/μ is smaller in s- /R_p with a “light” singlet spectrum than in a model with explicit bilinear /R_p , simply because in s- /R_p it enters the neutrino mass matrix at tree-level while in b- /R_p it only appears at the 1-loop level. A smaller |⃗ϵ|/μ leads to smaller couplings between χ^0_1 − l − l̃, χ^0_1 − q − q̃ and especially χ^0_1 − ν − h^0, see also couplings in [267]. We have checked numerically, that Br(χ^0_1 → ν + h^0), if kinematically open, is typically below 1% for singlets in the O(TeV) range.

For the case of m_χ0_1 ≤ m_W ± figure 5.3 shows an example for the most important final states of the lightest neutralino decay as a function of^{hvΦ√}_2 . As in the figure 5.2 to the left the lightest neutralino is a singlino, to the right of the “transition” region the lightest neutralino is a bino. Note that the point SU4^5 produces a bino

5 Benchmark point defined by the ATLAS collaboration at the Rome meeting, 2004.

Fig. 5.3: Branching ratios for the most important decay modes of the lightest neutralino state versus^{1√}_2 hvΦ for a specific, but typical example point. The MSSM parameters have been adjusted such that the sparticle spectrum of the standard point SU4 is approximately reproduced. The singlet parameters have been chosen randomly, vR = vS = 1 TeV, ⃗ϵ and ⃗Λ have been fitted to neutrino data, such that ⃗Λ generates the atmospheric scale and ⃗ϵ the solar scale. The different final states are as follows. In the left figure, as ordered on the right side, from top to bottom the lines are Br(χ^0_1 → [invisible]) (full line, blue), Br(χ^0_1 → μqq^′) (short-dashed, red), Br(χ^0_1 → τ qq^′) (large-dashed, light blue), Br(χ^0_1 → νqq̄) (full, yellow), Br(χ^0_1 → νbb̄) (full, pink) and Br(χ^0_1 → eqq^′) (full, green). In the right figure, purely leptonic modes, from top to bottom (on the right side): Br(χ^0_1 → νμτ ) (full, yellow), Br(χ^0_1 → νeμ) (dashed, green), Br(χ^0_1 → νeτ ) (full, red), Br(χ^0_1 → νμμ) (dashed, light blue), Br(χ^0_1 → ντ τ ) (full, pink) and Br(χ^0_1 → νee) (dashed, darker blue). For a detailed discussion see text.

mass of approximately m_{B̃} ≃ 60 GeV, thus the only two body decay modes which are kinematically allowed are J + ν and - very often, but not always - S_J + ν. One observes that these invisible decay modes have typically a larger branching ratio than in the case m_χ0_1 ≥ m_W ± shown in figure 5.2. This fact is essentially due to the propagator and phase space suppression factors for three body decays. For a bino LSP the invisible decay has the largest branching fraction. Semileptonic modes are next important with typically l_iqq^′ being larger than νqq̄. It is interesting to note, that in the purely leptonic decays, lepton flavor violating final states such as μτ have branching ratios typically as large or larger than the corresponding charged lepton flavor diagonal decays (μμ and ττ). These large flavor off-diagonal decays can be traced to the fact that neutrino physics requires two large mixing angles. The branching ratios shown in figure 5.3 should be understood only as representative examples - not as firm predictions. Especially for the case of a bino LSP, the partial width to the final state J + ν, i.e. invisible final state, can vary by several orders of magnitude, see the discussion below. The predictions for relative ratios of the different (partially or completely) visible final states is fixed much tighter, because these final states correlate with neutrino physics, as we discuss in section 5.6.4.

If the S is the LSP, a bino NLSP decays dominantly to the singlino plus missing energy, as is shown in figure 5.4. The final state can be either S_1 + J or S_1 + 2J, the latter due to the chain B̃ → S_2 + J → S_1 + 2J, where the 2nd step has always a branching fraction very close to 100%. However, a special opportunity arises if h is low. In this case ∑ i Br(χ^0_3 ≃ B̃ → W^± + l^∓_i ) can easily reach several percent and it becomes possible to test the model with the bino decays and the singlino decays at the same time. This would allow a much more detailed study of the model

See [303]. The values of the SU4 mSUGRA parameters can be also found at https://twiki.cern.ch/twiki/bin/view/Atlas/SusyPublicResults.

Fig. 5.4: Sum over ∑ i Br(χ^0_3 ≃ B̃ → W^± + l^∓_i ) versus h for MSSM parameters resembling the standard point SPS1a’, random values of the singlet parameters and with the condition of S1 being the LSP. The dominant decay mode for the B̃ in all points is B̃ → S1 + /E, with the missing energy due to either J or 2J emission. For low values of h one can have visible decays of the B̃ reaching (20 − 30)%, for h larger than, for say, h = 0.05 B̃ decays to S1 plus missing energy with nearly 100%.

parameters than for the more “standard” case where only either singlino or bino decay visibly. We note that for any fixed value of h, ∑ i Br(χ^0_3 ≃ B̃ → W^± + l^∓_i ) depends mostly on v_R (and to some extend on v_Φ). Low values if v_R lead to low ∑ i Br(χ^0_3 ≃ B̃ → W^± + l^∓_i ) as we will discuss next.

Figure 5.5 shows the sum over all at least partially visible decay modes of the lightest neutralino versus v_R in GeV, for a set of v_Φ values v_Φ = 10 − 40 TeV for the mSUGRA parameter point (m_0 = 280 GeV, m_{1/2} = 250 GeV, tan β = 10, A_0 = −500 GeV and sgn(μ) = +). This point was constructed to produce formally a Ω_χ0_1 h^2 ≃ 1 in case of conserved R-parity, much larger than the observed relic DM density [254]. The left plot shows the case χ^0_1 ≃ B̃, the right plot χ^0_1 ≃ S. For B̃, Br(B̃ → J + ν) very close to 100 % are found for low values of v_R. This feature is independent of the mSugra parameters, see the correspoding figure in [291]. In this case large statistics becomes necessary to find the rare visible neutralino decays, which prove that R-parity is broken. The inconsistency between the calculated Ω_χ0_1 h^2 and the measured Ω_{CDM} h^2 might give a first indication for a non-standard SUSY model.

Figure 5.5 to the right shows that the case χ^0_1 ≃ S has a very different dependence on v_R. We have checked that this feature is independent of the mSugra point. For other choices of mSugra parameters larger branching ratios for Br(S → J + ν) can be obtained, but contrary to the bino LSP case, the sum over the invisible decay branching ratios never approaches 100 %.

Figure 5.6 shows the calculated decay lengths for the lightest neutralino for the same choice of parameters as shown in figure 5.5. To the left the case χ^0_1 ≃ B̃, to the right χ^0_1 ≃ S. Decay lengths depend strongly on v_R. Singlinos tend to have larger decay lengths than binos for the same choice of parameters. However, a measurement of the decay length alone is not sufficient to decide whether the LSP is a singlino or a bino. If the nature of the LSP is known, observing a finite decay length allows a rough estimate of the scale v_R, or at least to establish a rough lower limit on v_R.

Summarizing this discussion, it can be claimed that observing a decay branching ratio of the LSP into completely invisible final states larger than Br(χ^0_1 → ∑ [invisible]) ≥ 0.1 is an indication for s- /R_p. Finding Br(χ^0_1 → ∑ [invisible]) ≃ 100% shows furthermore that the χ^0_1 must be a bino and measuring Br(χ^0_1 → ∑ [visible])

Fig. 5.5: Sum over all at least partially visible decay modes of the lightest neutralino versus vR in GeV, for a set of vΦ values vΦ = 10–40 TeV for the mSUGRA parameter point m0 = 280 GeV, m_{1/2} = 250 GeV, tan β = 10, A0 = −500 GeV and sgn(μ) = +. To the left χ^0_1 ≃ B̃; to the right χ^0_1 ≃ S. The plot demonstrates that the branching ratio into B̃ → J + ν does depend strongly on the value of vR and to a minor extend on vΦ. Lowering vR one can get branching ratios for the invisible decay of the B̃ very close to 100 %, thus a very MSSM-like phenomenology. This plot can be also found in figure 5.15, where the different values for vΦ are also indicated. The right plot demonstrates that such a possibility does not exist in the case of an S LSP.

Fig. 5.6: Decay length of the lightest neutralino in meter versus vR. To the left: Bino LSP; to the right: Singlino LSP. All parameters have been chosen as in figure 5.5.

for a bino LSP gives an order-of-magnitude estimate of v_R.

5.6.3 Possible observables to distinguish between Singlino LSP and bino LSP

Since bino and singlino LSP decays have, in principle, the same final states, simply observing some visible decay products of the LSP does not allow to decide the nature of the LSP. In this subsection we will schematically discuss some possible measurements, which would allow to check for the LSP nature.

As shown above, if the singlino is the LSP and the bino the NLSP, one can have that the bino decays to standard model particles competing with the decay to the singlino LSP. If both particles, the bino and the singlino LSP have visible decay modes, it is guaranteed that the singlino is the LSP. If the bino decays only invisibly to the singlino, a different strategy is called for. We discuss two examples in the following.

In the following discussion we will replace the neutralino mass eigenstates by the particles which correspond to their main content to avoid confusion with indices. At the LHC one will mainly produce squarks and gluinos which will decay in general in cascades. A typical example is q̃_L → qW̃ and the wino decays further to a bino LSP as for example:

W̃ → e^+ẽ^− → e^−e^+B̃ → e^−e^+μqq̄ (5.35) W̃ → e^+ẽ^− → e^−e^+B̃ → e^−e^+Jν (5.36)

In this case one can measure in principle the neutralino mass from the first decay chain. In the invariant momentum spectrum of the e^+e^− pair the edge must correspond to this mass. In the case of the singlino W̃ → e^+ẽ^− → e^−e^+B̃ → e^−e^+JS → e^−e^+Jμqq̄ (5.37) W̃ → e^+ẽ^− → e^−e^+B̃ → e^−e^+JS → e^−e^+JJν (5.38)

In this case one has on average more missing energy than for a bino LSP. However, in both cases one can study spectra combining the jet stemming from the squark and the e^+e^− pair and obtain information on the masses from the so-called edge variables [304]. In addition one can use additional variables like, for example, m_{T 2} [305, 306, 307, 308] to obtain information on the LSP mass. Note, that this variable works also if there are additional massless particles involved, although at the expense of available statistics [309]. In addition one can obtain the invariant mass of the LSP from the final state μqq̄. In the case where the LSP has a decay length measurable at the LHC, one can separate the latter decay products from the other particles in the event and, thus, reduce considerably the combinatorial problems associated with the correct assignment of the jets. In the case of a bino LSP one would find that all the three different measurements yield the same mass for the LSP. In the case of a singlino LSP, on the other hand, one would obtain that the LSP mass reconstructed from the edge variables does not coincide with the mass reconstructed from the μqq̄ spectrum. This would indicate that there are two different particles involved. (Such a difference might also be visible in the m_{T 2} variable.) However, in all cases detailed Monte Carlo studies will be necessary to work out the required statistics, etc.

Distinguishing bino and singlino LSPs will become considerably easier at a future international linear collider. In e^+e^− one can directly produce a bino LSP but not a singlino LSP and, thus, the identification of the correct scenario should be fairly straightforward.

5.6.4 Correlations between LSP decays and neutrino mixing angles

Correlations between LSP decays and neutrino mixing angles depend on the nature of the LSP. Above we have discussed some possible measurements which, at least in principle, allow to distinguish bino from singlino LSPs. In this subsection we assume that the nature of the LSP is known.

Bino LSP

We note that the following discussion is valid also if the bino is the NLSP which, as discussed above, decays with some final, but probably small percentage to visible final states.

In explicit bilinear R-parity violation the coupling of the bino component of the neutralino to gauge bosons and leptons is completely dominated by terms proportional to Λ_i, as has been shown in [267]. Although the coefficients for the spontaneous model are more complicated, see the discussion in appendix A, generation dependence for the coefficients for the coupling χ^0_1 −W −l_i appear only in the terms Λ_i and ϵ_i, i.e. K^i_Λ and K^i_ϵ are independent of the lepton generation. Numerically one finds than that the terms proportional to Λ_i dominate the χ^0_1 − W − l_i coupling for a bino LSP always. This is demonstrated in figures 5.7 and 5.8. Here we have numerically scanned the mSugra parameter space, with random singlet parameters and the additional condition that the LSP is a bino. For the left (right) figures we have numerically applied the cut N^2_{11} > 0.5 (N^2_{11} > 0.9).

Figure 5.7 [ 5.8] shows the ratio of branching ratios Br(B̃ → W + e)/Br(B̃ → W + μ) [Br(B̃ → W + μ)/Br(B̃ → W + τ)] versus (Λ_e/Λ_μ)^2 [(Λ_μ/Λ_τ )^2]. To establish a correlation between ratios of Λ_i and the bino decay branching ratios, a bino purity of N^2_{11} > 0.5 is usually sufficient. The figures demonstrate that the correlations get sharper with increasing bino purity.

We have checked that for neutralinos with mass lower than m_W one can use ratios of the decays B̃ → l_iqq^′ for the different l_i in the same way to perform a measurement of Λ_i ratios. Plots for this parameter region are rather similar to the ones shown for the case B̃ → l_iW , although with a somewhat larger dispersion, and we therefore do not repeat them here.

With the measurement of ratios of branching ratios different consistency checks of the model can be performed. In case (c1), i.e. ⃗Λ explaining the atmospheric scale, the atmospheric and the reactor angle are related to W + l final states, as shown in figure 5.9. Here we show the ratios R_μ =^{Br(χ01→μW )}_{Br(χ01→τ W )} versus tan^2 θ_{23}

(left) and R_e =^{Br(χ01 →eW )}

√_{Br(χ01 →μW )2 +Br(χ01→τ W )2} versus sin^2 θ_{13} (right) for a bino LSP,

for an assumed bino-purity of N^2_{11} > 0.8. The vertical lines are the 3σ c.l. allowed experimental ranges (upper bound), horizontal lines the resulting predictions for the two different observables R. Given the current experimental data, one expects Br(χ^0_1→μW ) Br(χ^0_1→τ W ) in the range [0.4, 2.1] and Br(χ^0_1 →eW ) √_{Br(χ01 →μW )2 +Br(χ01 →τ W )2} ≤ 0.06. Different from figure 5.9, in case of (c2), i.e. ⃗Λ explaining the solar scale, the ratio^{Br(χ01→eW )}

√_{Br(χ01→μW )2 +Br(χ01 →τ W )2} correlates with tan^2 θ_{12}, as shown in figure 5.10.

Therefore, from the 3σ c.l. allowed range of the solar angle as measured by oscillation experiments one expects to find^{Br(χ01 →eW )} √_{Br(χ01 →μW )2 +Br(χ01→τ W )2} ≃ [0.25, 0.85]. Finding this ratio experimentally to be larger than the one indicated by the solar data, i.e.^{Br(χ01 →eW )}

√_{Br(χ01 →μW )2 +Br(χ01 →τ W )2} ≫ 1, rules out the model as the origin of the

observed neutrino oscillation data. Similarly a low (high) experimental value for this ratio indicates (for a bino LSP) that case (c1) [(c2)] is the correct explanation for the two observed neutrino mass scales.

Fig. 5.7: Ratio^{Br(χ01 →eW )}

Br(χ01 →μW ) versus (Λe/Λμ )

2 for a bino LSP. To the left: “Bino-purity” N^2_{11} > 0.5, to the right: N^2_{11} > 0.9. All points with mLSP > mW .

Fig. 5.8: Ratio^{Br(χ01→μW )}

Br(χ01 →τ W ) versus (Λμ/Λτ )

2 for a bino LSP. To the left: “Bino-purity” N^2_{11} > 0.5, to the right: N^2_{11} > 0.9.

Fig. 5.9: Ratio Rμ =^{Br(χ01 →μW )}

Br(χ01 →τ W ) versus tan

2 θAtm ≡ tan^2 θ23 (left) and Re = Br(χ01 →eW ) √_{Br(χ01 →μW )2 +Br(χ01→τ W )2} versus sin^2 θ_R ≡ sin^2 θ_{13} (right) for a bino LSP. “Bino-purity” N^2_{11} > 0.8. Vertical lines are the 3σ c.l. allowed experimental ranges, horizontal lines the resulting predictions for the fit (c1), see text.

Fig. 5.10: Ratio Re =^{Br(χ01→eW )}

√_{Br(χ01→μW )2 +Br(χ01 →τ W )2} versus tan^2 θ_⊙ ≡ tan^2 θ_{12} for a bino

LSP. “Bino-purity” N^2_{11} > 0.8. Vertical lines are the 3σ c.l. allowed experimental ranges, horizontal lines the resulting predictions for the fit (c2), see text.

Fig. 5.11: Ratio^{Br(χ01 →eW )}

Br(χ01 →μW ) (left) versus (ϵe/ϵμ)

2 and^{Br(χ01 →μW )}

Br(χ01 →τ W ) (right) versus (ϵμ/ϵτ ) 2 for a “singlino” LSP.

Singlino LSP

Different from the bino LSP case, for singlinos coupling to a lepton l_i-W pair terms proportional to ϵ_i dominate by far. This is demonstrated in figure 5.11, where we show the ratios^{Br(χ01 →eW )}

Br(χ^0_1→μW ) (left) versus (ϵe/ϵμ)

2 and^{Br(χ01→μW )}

Br(χ^0_1→τ W ) (right) versus

(ϵ_μ/ϵ_τ )^2 for a singlino LSP. Note that mixing between singlinos and the doublet neutralinos of the model is always very small, unless the singlino is highly degenerate with the bino. Consequently singlinos are usually very “pure” singlinos and the correlations of the l_i-W with the ϵ_i ratios is very sharp.

Depending on which case, (c1) or (c2), is chosen to fit the neutrino data, the corresponding ratios of branching ratios are then either sensitive to the atmospheric and reactor or the solar angle. This is demonstrated in figures 5.12 and 5.13. Here, figure 5.12 shows the correlation of R_e =^{Br(χ01→eW )}

√_{Br(χ01 →μW )2 +Br(χ01→τ W )2} with tan^2 θ_{12}

for the fit (c1). This result is very similar to the one obtained for the fit (c2) and a bino LSP. For this reason the nature of the LSP needs to be known, before one can decide, whether the measurement of a ratio of branching ratio is testing (c1) or (c2).

Figure 5.13 shows the dependence of R_μ =^{Br(χ01→μW )}_{Br(χ01→τ W )} versus tan^2 θ_{23} (left)

Fig. 5.12: Ratio Re =^{Br(χ01 →eW )}

√_{Br(χ01 →μW )2 +Br(χ01→τ W )2} versus tan^2 θ_⊙ ≡ tan^2 θ_{12} for a singlino LSP. Vertical lines are the 3σ c.l. allowed experimental ranges, horizontal lines the resulting predictions for the fit (c1), see text.

Fig. 5.13: Ratio Rμ =^{Br(χ01 →μW )}

Br(χ01 →τ W ) versus tan

2 θAtm ≡ tan^2 θ23 (left) and Re = Br(χ01→eW ) √_{Br(χ01→μW )2 +Br(χ01 →τ W )2} versus sin^2 θ_R ≡ sin^2 θ_{13} (right) for a singlino LSP. Vertical lines are the 3σ c.l. allowed experimental ranges, horizontal lines the resulting predictions for the fit (c2), see text.

and R_e =^{Br(χ01 →eW )}

√_{Br(χ01 →μW )2 +Br(χ01 →τ W )2} versus sin^2 θ_{13} (right) for a singlino LSP,

using the neutrino fit (c2). Again one observes that this result is very similar to the one obtained for a bino LSP and fit (c1). This simply reflects that fact, that neutrino angles can be either fitted with ratios of ϵ_i or with ratios of Λ_i and singlinos couple mostly proportional to ϵ_i, while binos are sensitive to Λ_i.

Similar correlations can be found for scenarios with m_χ0_1 < m_W . In this case one must look at three-body decays like χ^0_1 → qq^′l_i, which are mediated by virtual W bosons.

Let us finally point out that in case the singlino is the LSP and the bino, as the NLSP, decays with some measurable branching ratios to W − l_i, both Λ_i and ϵ_i ratios could be reconstructed, which would allow for a much more comprehensive test of the model.

5.7 Phenomenology at low-energy experiments

Now we will discuss the phenomenology at low-energy experiments. The presence of a massless particle, the majoron, gives rise to new processes like μ → eJ and μ → eJγ, providing additional information not present in collider experiments [290].

Majorons are weakly coupled, thus potentially lead to a decay mode for the lightest neutralino which is invisible. As demonstrated in section 5.6.2, this new decay mode can be dominant in some regions of parameter space, making the model indistinguishable from the MSSM with conserved R-parity. Here we extend the argument and look for additional signatures at low-energy experiments.

Neutralino-Majoron couplings can be calculated from the general coupling χ^0_i − χ^0_j − P^0_k , see appendix A. Mixing between the neutralinos and the neutrinos then leads to a coupling χ^0_1 − ν_k − J which, in the limit v_R, v_S ≫ ϵ_i, v_i, can be written as [289] |O_{χ̃}0_{1 νk J} | ≃ − ϵ̃_k V N_{14} + ṽ_k 2V (g^′N_{11} − gN_{12}) + · · · , (5.39)

For the notation see appendix A. In addition to the majoron there is also a rather light singlet scalar, called the “scalar partner” of the majoron in [298], S_J . The lightest neutralino has a coupling O_{χ̃}0_{1 νk SJ} , which is of the same order as O_{χ̃}0_{1 νk J} . Since S_J decays to nearly 100 % to two majorons, this decay mode contributes sizeably to the invisble width of the lightest neutralino, for more details see [289].

The decays l_i → l_j J can be calculated from the general coupling χ^+_i −χ^−_j −P^0_k . In the limit of small R-parity violating parameters the relevant interaction lagrangian for the l_i − J − l_j coupling is given by L = l̄_i ( O^{ccp}_{LijJ} P_L + O^{ccp}_{RijJ} P_R ) l_j J (5.40)

with O^{ccp}_{RijJ} = − i(Y_e)^{jj} √ 2V [v_dv^2_L v^2 δ_{ij} + 1 μ^2

(C_1Λ_iΛ_j + C_2ϵ_iϵ_j + C_3Λ_iϵ_j + C_4ϵ_iΛ_j ) ] O^{ccp}_{LijJ} = ( O^{ccp}_{RjiJ} )_∗ . (5.41)

The C coefficients are different combinations of MSSM parameters

C_1 = g^2 2Det^2_+

(−g^2v_dv^2_u − v_dμ^2 + v_uM_2μ) (5.42)

C_2 = −2v_d C_3 = − g^2v_dv_u Det_+

C_4 = 1 − g^2v_dv_u 2Det_+

Fig. 5.14: Feynman diagrams for the decay μ → eJγ. As in the standard model radiative decay μ → eν̄νγ these diagrams contain an infrared divergence for mγ = 0, see text.

where Det_+ is the determinant of the MSSM chargino mass matrix Det_+ = M_2μ − 1 2 g^2v_dv_u. Eq. (5.41) shows that one expects large partial widths to majorons, if v_R is low.

For a charged lepton l_i, with polarization vector ⃗P_i, the decay l_i → l_j J has a differential decay width given by dΓ(l_i → l_j J) d cos θ = m^2_i − m^2_j 64πm^3_i [ |O^{ccp}_{LijJ} |^2 ( m^2_i + m^2_j ± (m^2_i − m^2_j )P_i cos θ ) +|O^{ccp}_{RijJ} |^2 ( m^2_i + m^2_j ∓ (m^2_i − m^2_j )P_i cos θ ) (5.43) +4m_im_j Re(O^{ccp}_{LijJ}^∗O^{ccp}_{RijJ} ) ]

where θ is the angle between the polarization vector ⃗P_i and the momentum ⃗p_j of the charged lepton in the final state, and P_i = | ⃗P_i| is the polarization degree of the decaying charged lepton.

In the limit m_j ≃ 0 the expression (5.43) simplifies to dΓ(l_i → l_j J) d cos θ = m_i 64π |O^{ccp}_{LijJ} |^2 ( 1 ± P_i cos θ ) (5.44)

since |O^{ccp}_{RijJ} |^2 ∝ (Y^{jj}_e )^2 ∝ m^2_j . The angular distribution of the majoron emitting lepton decay is thus very similar to the standard model muon decay [44], up to corrections of the order (m_j /m_i)^2, which are negligible in practice.

We next consider the decay μ → eJγ which might be more interesting due to the existent experiments looking for μ → eγ^6. It is induced by the Feynman diagrams shown in figure 5.14.

In the approximation m_e ≃ 0 the partial decay width for the process μ → eJγ can be written as Γ(μ → eJγ) = α 64π^2 |O^{ccp}_{LμeJ} |^2m_μI(x_{min}, y_{min}) (5.45) where I(x_{min}, y_{min}) is a phase space integral given by I(x_{min}, y_{min}) = ∫ dxdyf(x, y) = ∫ dxdy (x − 1)(2 − xy − y) y^2(1 − x − y)

, (5.46)

6 Formulas for the radiative majoron decays of the τ can be found from straightforward replacements.

the dimensionless parameters x, y are defined as usual x = 2E_e m_μ , y = 2E_γ m_μ (5.47)

and x_{min} and y_{min} are the minimal electron and photon energies measured in a given experiment.

Note that the integral I(x_{min}, y_{min}) diverges for y_{min} = 0. This infrared divergence is well-known from the standard model radiative decay μ → eν̄νγ [310, 311, 312, 313], and can be taken care off in the standard way by introducing a non-zero photon mass m_γ . Note that in the limit m_e = 0 there also appears a colinear divergence, just as in the SM radiative decay. Since in any practical experiment there is a minimum measurable photon energy, y_{min}, as well as a minimum measurable photon-electron angle (θ_{eγ} ), neither divergence affects us in practice. We simply integrate from the minimum value of y up to y_{max} when estimating the experimental sensitiviy of Br(μ → eJγ) on the majoron coupling.

In the calculation of the integral I(x_{min}, y_{min}) one has to take into account not only the experimental cuts applied to the variables x and y, but also the experimental cut for the angle between the directions of electron and photon. This angle is fixed for kinematical reasons to

cos θ_{eγ} = 1 +

2 − 2(x + y) xy . (5.48)

This relation restricts x_{max} to be x_{max} ≤ 1 as a function of y (and vice versa) and to x_{max} < 1 for cos θ_{eγ} > −1.

Using the formula for Γ(μ → eJ), in the approximation m_e ≃ 0, Γ(μ → eJ) = m_μ 32π |O^{ccp}_{LμeJ} |^2 (5.49) one finds a very simple relation between the two branching ratios Br(μ → eJγ) = α 2π I(x_{min}, y_{min})Br(μ → eJ). (5.50) We will use eq. (5.50) in section 5.7.2 when we discuss the relative merits of the two different measurements.

5.7.1 Numerical results

As in the collider phenomenology section, all numerical results shown in this section have been obtained using the program package SPheno [301], with the required extension to include ^ν^c, ^S and ^Φ. The /R_p parameters are chosen in such a way that solar and atmospheric neutrino data [135] are fitted correctly. In the plots shown below we use Λ_i for the atmospheric scale and ϵ_i for the solar scale.

As shown previously [289] if the lightest neutralino is mainly a bino, the decay to majoron plus neutrino is dominant if v_R is low. This was shown in figure 5.5 and is demonstrated again for a bino LSP in figure 5.15, to the left, with the same sample point (mSugra parameters m_0 = 280 GeV, m_{1/2} = 250 GeV, tan β = 10, A_0 = −500 GeV and sgn(μ) = +). We stress that this result is independent of the choice of mSugra parameters to a large degree [291]. A scan over v_Φ has been performed in this plot, varying v_Φ in the huge interval [1, 10^2] TeV. Large values of v_Φ lead to small values of the constant c in the neutrino mass matrix, see eqs. (5.20) and (5.21). Small c require, for constant neutrino masses, large values of ϵ_i, which in turn lead to a large invisible width of the neutralino. The largest values of v_Φ (dark areas) therefore lead to the smallest visible neutralino decay branching ratios

Fig. 5.15: Branching ratios for visible lightest neutralino decay (left) and branching ratio Br(μ → eJ) (right) versus vR in GeV for a number of different choice of vΦ between [1, 10^2 ] TeV indicated by the different colors. Darker colors indicate larger vΦ in a logarithmic scale. mSugra parameters defined in the text. There is very little dependence on the actual mSugra parameters, however, see discussion and figure 5.16.

shown in figure 5.15. Let us mention that this region of parameter space requires small values for h_0 in order to keep μ at the weak scale.

Figure 5.15, to the right, shows the branching ratio Br(μ → eJ) as a function of v_R for different values of v_Φ. All parameters have been fixed to the same values as shown in the left figure. As the figure demonstrates, small values of v_R (and large values of v_Φ) lead to large values of Br(μ → eJ). This agrees with the analytic expectation, compare to equation (5.41).

Our main result in this section is shown in figure 5.16. In this figure we show Br(μ → eJ) versus the sum of all branching ratios of neutralino decays leading to at least one visible particle in the final state for two different choices of mSugra parameters. The similarity of the two plots shows that our result is only weakly dependent on the true values of mSugra parameters. We have checked this fact also by repeating the calculation for other mSugra points, although we do not show plots here. As expected Br(μ → eJ) anticorrelates with the visible bino decay branching fraction and thus probes a complementary part in the supersymmetric parameter space. An upper bound on Br(μ → eJ) will constrain the maximum branching ratio for invisible neutralino decay, thus probing the part of parameter space where spontaneous R-parity breaking is most easily confused with conserved R-parity at accelerators.

We have checked the points shown in the plots for various phenomenological constraints. LEP bounds are trivially fulfilled by v_i < v_R. Double beta decay bounds on g_{ννJ}^7 are of the order of 10^{−4} [314] and, since the coupling g_{ννJ} is suppressed by two powers of R-parity violating parameters, are easily satisfied in our model. More interesting is the astrophysical limit on g_{eeJ} . Ref. [315] quotes a bound of g_{eeJ} ≤ 3 · 10^{−13}. Although this bound is derived from the coupling of the majoron to two electrons, thus constraining actually the products v^2_{Le} , ϵ^2_e and Λ^2_e, whereas Br(μ → eJ) is proportional to ϵ_eϵ_μ and Λ_eΛ_μ, it still leads to a (weak) constraint on Br(μ → eJ), since neutrino physics shows that two leptonic mixing

7 We will use the symbol g when discussing experimental bounds, to differentiate from the model dependent couplings O^{ccp}_L and O^{ccp}_R defined previously in this section.

Fig. 5.16: Branching ratios for visible lightest neutralino decay versus branching ratio Br(μ → eJ) for two mSugra points, for various choices of vΦ, see figure 5.15. To the left, same mSugra parameters as figure 5.15, to the right SPS1a’.

angles are large. This requires that either ϵ_e ∼ ϵ_μ or Λ_e ∼ Λ_μ. For the case studied in our plots, where ϵ_i generate the solar scale, tan^2 θ_{12} ≃ 1/2 requires ϵ_e ∼ ϵ_μ. Numerically we then find that g_{eeJ} ≤ 3 · 10^{−13} corresponds to an upper bound on Br(μ → eJ) of very roughly Br(μ → eJ) ≲ (few) · 10^{−5}. In case neutrino data is fitted with ⃗ϵ for the atmospheric scale, the corresponding bound is considerably weaker.

5.7.2 Experimental constraints and Br(μ → eJγ)

The Particle Data Group [44] cites [316] with an upper limit on the branching ratio of Br(μ → eX^0) ≤ 2.6 × 10^{−6}, where X^0 is a scalar boson called the familon. This constraint does not apply to the majoron we consider here, since it is derived from the decay of polarized muons in a direction opposite to the direction of polarization. The authors of [316] concentrated on this region, since it minimizes events from standard model β-decay. As shown in eq. (5.44), the majoron emitting decay has a very similar angular distribution as the standard model decay, with the signal approaching zero in the data sample analyzed by [316]. Nevertheless, from the spin processed data shown in figure (7) of [316], which seems to be in good agreement with the SM prediction, it should in principle be possible to extract a limit on Br(μ → eJ). From this figure we estimate very roughly that this limit should be about one order of magnitude less stringent than the one for familon decay. For a better estimate a re-analysis of this data, including systematic errors, would be necessary.

Ref. [317] searched for majorons in the decay of π → eνJ, deriving a limit of Br(π → eνJ) ≤ 4 · 10^{−6}. Since the experimental cuts used in this paper [317] are designed to reduce the standard model background from the decay chain π → μ → e, the contribution from on-shell muons is reduced by about five orders of magnitude. The limit then essentially is a limit on the majoron-neutrino-neutrino coupling, g_{ννJ} , leaving only a very weak constraint on the coupling g_{μeJ} . Also an analysis searching for Br(μ → eJγ) has been published previously [318]. From a total data sample of 8.15·10^{11} stopped muons over the live time of the experiment [318] derived a limit on Br(μ → eJγ) of the order of Br(μ → eJγ) ≤ 1.3·10^{−9}. For the cuts used in this analysis, we calculate I ≃ 10^{−3}. Thus, see eq. (5.50), this limit translates into only a rather weak bound Br(μ → eJ) ≤ 1.1 · 10^{−3}.

Fig. 5.17: The phase space integral for the decay μ → eJγ as a function of xmin for three different values of ymin = 0.95, 0.99, 0.995 from top to bottom and for two different values of cos θeγ . To the left cos θeγ = −0.99, to the right cos θeγ = −0.99997.

Currently, the MEG experiment [293] is the most advanced experiment investigating muon decay. With a muon stopping rate of (0.3 − 1) · 10^8 per second, it expects a total of the order of 10^{15} muons over the expected live time of the experiment. An analysis of electron only events near the endpoint should therefore allow, in principle, to improve the existing limits on Br(μ → eJ) by an estimated (2 − 3) orders of magnitude, if systematic errors can be kept under control.

However, the MEG experiment, as it is designed to search for Br(μ → eγ), uses a trigger that requires a photon in the event with a minimum energy of E^{min}_γ ≥ 45 MeV. Data for muon decays without a photon in the final state are only kept for background measurements and calibration purposes. Therefore, until these data are released, it is interesting to constrain the majoron-charged-lepton coupling via searching for Γ(μ → eJγ). See appendix B for a comparison between the constraining power of Γ(μ → eJ) and Γ(μ → eJγ).

Figure 5.17 shows the value of the phase space integral I(x_{min}, y_{min}) as a function of x_{min} for three different values of y_{min} and for two choices of cos θ_{eγ} . The MEG proposal describes the cuts used in the search for μ → eγ as x_{min} ≥ 0.995, y_{min} ≥ 0.99 and |π − θ_{eγ} | ≤ 8.4 mrad. For these values we find a value of I ≃ 6 · 10^{−10}. A limit for Br(μ → eγ) of Br(μ → eγ) ≤ 10^{−13} then translates into a limit of Br(μ → eJ) ≤ 0.14, obviously not competitive. To improve upon this bound, it is necessary to relax the cuts. For example, relaxing the cut on the opening angle to cos θ_{eγ} = −0.99, the value of the integral increases by more than 3 orders of magnitude for x_{min} = y_{min} ≥ 0.95.

On the other hand, such a change in the analysis is prone to induce background events, which the MEG cuts were designed for to avoid. The MEG proposal discusses as the two most important sources of background: (a) Prompt events from the standard model radiative decay μ → eνν̄γ; and (b) accidental background from muon annihilation in flight. For the current experimental setup the accidental background is larger than the prompt background. Certainly, a better timing resolution of the experiment would be required to reduce this background. For the prompt background we estimate, using the formulas of [319], that for a total of 10^{13} muon events, one background event from the radiative decay will enter the analysis window for x_{min} = y_{min} ≃ 0.96 for the current cut on cos θ_{eγ} .

A further relaxation of the cuts can lead, in principle, to much larger values for I(x_{min}, y_{min}). However, the search for Br(μ → eJγ) than necessarily is no longer background free. Since all the events from μ → eJγ lie along the line of cos θ_{eγ} defined by eq. (5.48), whereas events from the SM radiative mode fill all of the cos θ_{eγ} space, such a strategy might be advantageous, given a large enough data sample.

Before closing this section, we mention that tau decays with majoron emission are less interesting phenomenologically for two reasons. First the existing experimental limits are much weaker for taus [320] Br(τ → μJ) ≤ 2.3 % and Br(τ → eJ) ≤ 0.73 %. And, second, although the coupling τ − μ − J is larger than the coupling μ − e − J by a factor m_τ /m_μ, the total width of the tau is much larger than the width of the muon, thus the resulting theoretical predictions for tau branching ratios to majorons are actually smaller than for the muon by a factor of approximately 10^4. Finally, we also point out that μ – e conversion in nuclei is another important observable, intimately linked to those studied here. Experiments like COMET and PRISM/PRIME [321], still in the research and design stage, will have sensitivities for conversion rates as low as 10^{−16} − 10^{−18}, and thus very promising results are expected.

5.8 Summary

We have studied the theory and phenomenology of a supersymmetric model in which neutrino oscillation data is explained by spontaneous R-parity violation. This setup provides a testable framework that explains neutrino masses and solves some of the problems of b- /R_p .

The model has many distinctive signatures. From the collider point of view, the LSP decay clearly distinguishes this model from the standard MSSM, and provides a tool to test the model.

We have concentrated the discussion on the case that the LSP is either a bino, like in a typical mSugra point, or a singlino state, novel to the current model. We have worked out the most important phenomenological signals of the model and how it might be distinguished from the well-studied case of the MSSM, as well as from a model in which the violation of R-parity is explicit.

There are regions in parameter space, where χ̃^0 decays invisibly with branching ratios close to 100 %, despite the smallness of neutrino masses. In this limit, spontaneous violation of R-parity can resemble the MSSM with conserved R-parity at the LHC and the experimentalists would have to search for the very rare visible decay channels to establish the R-parity indeed is broken.

The perhaps most important test of the model as the origin of the observed neutrino masses comes from measurements of ratios of branching ratios to W -boson and charged lepton final states. Ratios of these decays are always related to measured neutrino angles. If SUSY has a spectrum light enough to be produced at the LHC, the spontaneous model of R-parity violation is therefore potentially testable.

However, as stated above, invisible decays might be dominant and do not allow for these signals to be seen at the LHC. In that case one needs to study additional observables that are enhanced in the region of parameter space where the branching ratio for majoron final states approaches 100 %. These observables are provided by low-energy experiments.

We have calculated branching ratios for exotic muon and tau decays involving majorons in the final state. Branching ratios can be measurably large, if the scale of lepton number breaking is low. Note that this is the region of parameter space where a bino LSP decays mainly to invisible states, and thus the combination between collider and low-energy experiments might allow to distinguish s- /R_p from the MSSM with conserved R-parity.

This result is independent of the absolute value of the neutrino mass. The lowest possible values of v_R (at large values of v_Φ) are already explored by the existing limit on Br(μ → eJ).

We have briefly discussed the status of experimental limits. It will not be an easy task to improve the current numbers in future experiments. While MEG [293] certainly has a high number of muon events in the detector, a search for Br(μ → eJγ) instead of Br(μ → eJ) suffers from a small value of the available phase space integral, given current MEG cuts. An improvement will only be possible, if a dedicated search by the experimentalists is carried out. Nevertheless, we believe this is a worthwhile undertaking, since measuring a finite value for Br(μ → eJ) will establish that R-parity is broken in a region of SUSY parameter space complementary to that probed by accelerator searches.

6. μνSSM

The μνSSM was recently proposed as an economical way to introduce neutrino masses in the MSSM. This R-parity breaking model introduces just one singlet to address the μ and ϵ problems. In that sense, the μνSSM is a simpler scheme than s- /R_p , where three additional singlets are used. The main difference is, however, the explicit breaking of R-parity. This implies a spectrum without majoron.

6.1 Motivation

The superpotential of the MSSM contains a mass term for the Higgs superfields, μ ^H_d ^H_u. For phenomenological reasons this parameter μ must be of the order of the electroweak scale. However, if there is a larger scale in the theory, like the grand unification or Planck scales, the natural value of μ lies at this large scale. This naturalness problem is, in short, the μ-problem of the MSSM [46]. The Next-to- Minimal SSM (NMSSM) provides a solution [278, 279] at the cost of introducing a new singlet field and imposing the scale invariance of the superpotential by assuming a discrete Z_3 symmetry. The VEV of the singlet produces the μ term, once the electroweak symmetry is broken (for recent reviews on the NMSSM see [322, 323], whereas for some recent papers on the phenomenology of the NMSSM, see for example [324, 325, 326, 327] and references therein.).

The μνSSM [198] proposes to use the same singlet superfield(s) which generate the μ term to also generate Dirac mass terms for the observed left-handed neutrinos. Lepton number in this approach is broken explicitly by cubic terms coupling only singlets. R_p is broken also and Majorana neutrino masses are generated once electroweak symmetry is broken. Two recent papers have studied the μνSSM in more detail. In [276] the authors analyze the parameter space of the μνSSM, putting special emphasis on constraints arising from correct electroweak symmetry breaking, avoiding tachyonic states and Landau poles in the parameters. The phenomenology of the μνSSM has been studied also in [328]. In this paper formulas for tree-level neutrino masses are given and decays of a neutralino LSP to two-body (W -lepton) final states have been calculated [328].

There have been recent works expanding our knowledge on the μνSSM. The authors of reference [329] investigate indirect signals coming from a decaying gravitino in the μνSSM. This is one of the usual dark matter candidates in /R_p SUSY. Reference [330] studies spontaneous CP violation in the μνSSM, showing that it can indeed happen. This recent contribution also addresses the seesaw mechanism in the μνSSM, describing its origin and how it can accommodate the observed neutrino masses and mixing angles. Finally, reference [331] makes a detailed computation of the 1-loop corrections to neutrino masses and mixing angles in the μνSSM.

In the present chapter, we study the collider phenomenology of the μνSSM [332], extending previous works [198, 276, 328]. In contrast to [328] all kinematically allowed final states are considered. This does not only cover scenarios where twobody decays are important, but also those where three-body decays are dominant. We consider two different variations of the model. In its simplest form the μνSSM contains only one new singlet. This version produces one neutrino mass at tree-level, while the remaining two neutrinos receive mass at the loop-level. This feature is very similar to bilinear R-parity breaking, although as discussed below, the relative importance of the various loops is different for the explicit bilinear model and the μνSSM. As in the explicit bilinear model neutrino angles restrict the allowed range of /R_p parameters and correlations between certain ratios of decay branching ratios of the LSP and neutrino angles appear. In the second version we allow for n singlets. Neutrino masses can then be fitted with tree-level physics only. However, many of the features of the one generation model remain at least qualitatively true also in the n singlet variants. LSP decays (for a bino or a singlino LSP) can be correlated with either the solar or atmospheric angle, thus allowing to construct explicit tests of the model for the LHC.

Finally, similar proposals have been discussed in the literature. [333] studied a model in which the NMSSM singlet is coupled to (right-handed) singlet neutrino superfields. Effectively this leads to a model which is very similar to the NMSSM with explicit bilinear terms, as studied for example also in [334]. In [335] the authors propose a model similar to the μνSSM, but with only one singlet.

6.2 The model

In this section we introduce the model, work out its most important properties related to phenomenology and neutrino masses and mixings. As explained in the introduction, we will consider the n generations case in this section. Approximate formulas are then given for scalar masses for the one (1) ν̂^c-model and for neutrino masses for the 1 and 2 ν̂^c-model.

6.2.1 Superpotential

The model contains n generations of right-handed neutrino singlets. The superpotential can be written as W = Y^{ij}_u ^Q_i ^u^c_j ^H_u + Y^{ij}_d ^Q_i ^d_j ^H_d + Y^{ij}_e ^L_i^e^c_j ^H_d + Y^{is}_ν ^L_i ^ν^c_s ^H_u − λ_s ^ν^c_s ^H_d ^H_u + 1 3! κ_{stu} ^ν^c_s ^ν^c_t ^ν^c_u . (6.1) The last three terms include the right-handed neutrino superfields, which additionally play the role of the ^Φ superfield in the NMSSM [278], a gauge singlet with respect to the SM gauge group. The model does not contain any terms with dimensions of mass, providing a natural solution to the μ-problem of the MSSM. Like in the NMSSM or s- /R_p , this can be enforced by introducing a discrete Z_3 symmetry. For the associated domain wall problem and its possible solutions we refer the reader to references [294, 295, 296].

Note, that as the number of right-handed neutrino superfields can be different from 3 we use the letters s, t and u as generation indices for the ^ν^c superfields and reserve the letter i, j and k as generation indices for the usual MSSM matter fields.

The last two terms in (6.1) explicitly break lepton number and thus R-parity giving rise to neutrino masses. Note that κ_{stu} is completely symmetric in all its indices. In contrast to other models with R-parity violation, this model does not need the presence of unnaturally small parameters with dimensions of mass, like in bilinear R-parity breaking models [256], and there is no Goldstone boson associated with the breaking of lepton number [282, 283, 275], since breaking of R_p is done explicitly.

The absence of the R-parity violating superpotential trilinear couplings can be justified by assuming that they vanish at some high-energy scale. Then, although they are generated at the SUSY scale by RGE running, their values remain negligible [276].

For practical purposes, it is useful to write the superpotential in the basis where the right-handed neutrinos have a diagonal mass matrix. Since their masses are induced by the κ term in (6.1), this is equivalent to writing this term including only diagonal couplings: κ_{stu} ^ν^c_s ^ν^c_t ^ν^c_u =⇒ n∑ s=1 κ_s(^ν^c_s )^3 (6.2)

6.2.2 Soft terms

The soft SUSY breaking terms of the model are V_{sof t} = V^{MSSM−Bμ} sof t + V singlets sof t . (6.3) V^{MSSM−Bμ} sof t contains all the usual soft terms of the MSSM but the Bμ-term, see

equation (2.30), and V^{singlets}_{sof t} includes the new terms with singlets: V^{singlets} sof t = (m 2 ν^c ) stν̃^c_sν̃^{c ∗}_t + ϵ_{ab} [ T^{st}_ν L̃^a_sν̃^c_t H^b_u − T^s_λν̃^c_s H^a_d H^b_u + h.c. ] (6.4) + [ 1 3! T^{stu}_κ ν̃^c_sν̃^c_t ν̃^c_u + h.c. ] In these expressions the notation for the soft trilinear couplings introduced in [41, 42] is used. Note that the rotation made in the superpotential does not necessarily diagonalize the soft trilinear terms T^{stu}_κ implying in general additional mixing between the right-handed sneutrinos.

6.2.3 Scalar potential and its minimization

Summing up the different contributions, the scalar potential considering only neutral fields reads V = V_D + V_F + V_{sof t} (6.5) with

V_D = 1 8 (g^2 + g^{′2}) ( |H^0_u|^2 − |H^0_d |^2 − 3∑ i=1 |ν̃_i|^2 )_2 (6.6)

V_F = |Y^{is}_ν ν̃_iν̃^c_s − λ_sν̃^c_s H^0_d |^2 + |λ_sν̃^c_s H^0_u|^2 + 3∑ i=1 |Y^{is}_ν ν̃^c_s H^0_u|^2 (6.7)

+ n∑ s=1 |Y^{is}_ν ν̃_iH^0_u − λ_sH^0_uH^0_d + 1 2 κ_s(ν̃^c_s )^2|^2 ,

where summation over repeated indices is implied.

This scalar potential determines the structure of the vacuum, inducing VEVs:

⟨H^0_d ⟩ = v_d √ 2 , ⟨H^0_u⟩ = v_u √ 2 , ⟨ν̃^c_s ⟩ = v_{Rs} √ 2 , ⟨ν̃_i⟩ = v_i √ 2 (6.8)

In particular, the VEVs for the right-handed sneutrinos generate effective bilinear couplings: Y^{is}_ν ^L_i ^ν^c_s ^H_u − λ_s ^ν^c_s ^H_d ^H_u ⇓ (6.9) Y^{is}_ν ^L_i v_{Rs} √ 2 ^H_u − λ_s v^{Rs}√ 2 ^H_d ^H_u ≡ ϵ_i ^L_i ^H_u − μ ^H_d ^H_u

Since by electroweak symmetry breaking an effective μ term is generated, it is naturally at the electroweak scale. Minimizing the scalar potential gives the tadpole equations at tree-level, see appendix C.

As usual in R-parity breaking models with right-handed neutrinos, see for example the model proposed in [197] and discussed in chapter 5, it is possible to explain the smallness of the v_i in terms of the smallness of the Yukawa couplings Y_ν , that generate Dirac masses for the neutrinos. This can be easily seen from equation (C.3), where both quantities are proportional. Moreover, as shown in [198], taking the limit Y_ν → 0 and, consequently, v_i → 0, one recovers the tadpole equations of the NMSSM, ensuring the existence of solutions to this set of equations.

Finally, as in chapter 5, although other vacuum configurations exist, we will focus on minima that break the electroweak symmetry and R-parity simultaneously.

6.2.4 Masses of the neutral scalars and pseudoscalars

In this subsection we work out the main features of the neutral scalar sector mainly focusing on singlets. The complete mass matrices are given in appendix D. We start with the one generation case which closely resembles the NMSSM, considered, for example, in [336, 337]. This already implies an upper bound on the lightest doublet Higgs mass m(h^0), on which we will focus on at the end of this subsection. A correct description of neutrino physics implies small values for the VEVs v_i of the left sneutrinos and small Yukawa couplings h_ν as we will see later. Neglecting mixing terms proportional to these quantities, the (6 × 6) mass matrix of the pseudoscalars in the basis Im(H^0_d , H^0_u, ν̃^c, ν̃_i) given in appendix D, equation (D.20), can be decomposed in two (3 × 3) blocks. By using the tadpole equations we obtain

M^2_P 0 =

M^2_{HH} M^2_{HS} 0 ( M^2_{HS} )_T M^2_{SS} 0 0 0 M^2_{L̃L̃}

(6.10)

with

M^2_{HH} = ( (Ω_1 + Ω_2)^{vu}_{vd} Ω_1 + Ω_2 Ω_1 + Ω_2 (Ω_1 + Ω_2) ) (6.11)

M^2_{HS} = ( (−2Ω_1 + Ω_2)^{vu}_{vR} (−2Ω_1 + Ω_2)^{vd}_{vR} ) (6.12)

M^2_{SS} = (4Ω_1 + Ω_2) v_dv_u v^2_R

− 3Ω_3 (6.13) ( M^2_{L̃L̃} ) ij =^1_2 ( m^2_L ) ij +^1_2 ( m^2_L ) ji + δ_{ij} [_1 8 ( g^2 + g^{′2} ) u^2 ] (6.14)

where u^2 = v^2_d − v^2_u + v^2_1 + v^2 + v^2_3 . The parameters Ω_i are defined as:

Ω_1 = 1 8 (λκ^∗ + λ^∗κ) v^2_R (6.15)

Ω_2 = 1 2 √ 2 (T_λ + T^∗_λ ) v_R (6.16)

Ω_3 = 1 4 √ 2 (T_κ + T^∗_κ ) v_R (6.17)

The upper (3 × 3) block contains the mass terms for Im(H_d), Im(H_u) and Im(ν̃^c) and we get analytic expressions for the eigenvalues:

m^2(P^0_1 ) = 0

m^2(P^0_2 ) = 1 2 (Ω_1 + Ω_2) ( v_d v_u + v_u v_d + v_dv_u v^2_R ) − 3 2 Ω_3 − √ Γ (6.18) m^2(P^0_3 ) = 1 2 (Ω_1 + Ω_2) ( v_d v_u + v_u v_d + v_dv_u v^2_R ) − 3 2 Ω_3 + √ Γ

with

Γ = ( 1 2 (Ω_1 + Ω_2) ( v_d v_u + v_u v_d + v_dv_u v^2_R ) − 3 2 Ω_3

)_2 (6.19)

+ 3 (Ω_1 + Ω_2) Ω_3 ( v_d v_u + v_u v_d ) − 9Ω_1Ω_2 ( v^2_R v^2_d + v^2_R v^2_u )

The first eigenvalue corresponds to the Goldstone boson due to spontaneous symmetry breaking. To get only positive eigenvalues for the physical states, the condition

Ω_3 < v_dv_u v^2_R

3Ω_1Ω_2 Ω_1 + Ω_2

=: f_1 (Ω_2) (6.20)

has to be fulfilled, implying that T_κ has in general the opposite sign of v_R. Additional constraints on the parameters are obtained from the positiveness of the squared masses of the neutral scalars. Taking the scalar mass matrix from appendix D, equation (D.11), in the basis Re(H^0_d , H^0_u, ν̃^c, ν̃_i) in the same limit as above we obtain

M^2_S0 =

M^2_{HH} M^2_{HS} 0 ( M^2_{HS} )_T M^2_{SS} 0 0 0 M^2_{L̃L̃}

(6.21)

with

M^2_{HH} = ( (Ω_1 + Ω_2)^{vu}_{vd} + Ω_6^{vd}_{vu} −Ω_1 − Ω_2 − Ω_6 + Ω_4 −Ω_1 − Ω_2 − Ω_6 + Ω_4 (Ω_1 + Ω_2)^{vd}_{vu} + Ω_6^{vu}_{vd} ) (6.22)

M^2_{HS} = ( (−2Ω_1 − Ω_2)^{vu}_{vR} + Ω_4^{vR}_{vu} (−2Ω_1 − Ω_2)^{vd}_{vR} + Ω_4^{vR}_{vd} ) (6.23)

M^2_{SS} = Ω_2 v_dv_u v^2_R

+ Ω_3 + Ω_5 (6.24) ( M^2_{L̃L̃} ) ij =^1_4 ( g^2 + g^{′2} ) v_iv_j +^1_2 ( m^2_L ) ij +^1_2 ( m^2_L ) ji (6.25) + δ_{ij} [_1 8 ( g^2 + g^{′2} ) u^2 ] using the additional parameters

Ω_4 = λλ^∗v_dv_u > 0 (6.26)

Ω_5 = 1 2 κκ^∗v^2_R > 0 (6.27)

Ω_6 = 1 4 ( g^2 + g^{′2} ) v_dv_u > 0 (6.28)

An analytic determination of the eigenvalues is possible but not very illuminating. However, one can use the following theorem: A symmetric matrix is positive definite, if all eigenvalues are positive and this is equal to the positiveness of all principal minors (Sylvester criterion). This results in the following three conditions

0 < (Ω_1 + Ω_2) v_u v_d + Ω_6 v_d v_u 0 < (Ω_1 + Ω_2) ( Ω_6 ( v^2_d v^2_u + v^2_u v^2_d ) − 2Ω_6 + 2Ω_4 ) + 2Ω_4Ω_6 − Ω^2_4

0 < Ω_3 − f_2 (Ω_2) , (6.29) where f_2(Ω_2) is given by f_2 (Ω_2) =^{Σ1}_{Σ2} , with

Σ_1 = (Ω_1 + Ω_2) Ω_5 (−2Ω_4 + 2Ω_6) + ( Ω^2_4 − 2Ω_4Ω_6 ) Ω_5

+ (Ω_1 + Ω_2) Ω^2_4v^2_R ( v_d v^3_u + v_u v^3_d ) + ( 4Ω^2_1 + 3Ω_1Ω_2 ) Ω_6 1 v^2_R ( v^3_d v_u + v^3_u v_d )

− (Ω_1 + Ω_2) Ω_5Ω_6 ( v^2_d v^2_u + v^2_u v^2_d ) + 2 (Ω_1 + Ω_2 − Ω_4 + 2Ω_6) Ω^2_4 v^2_R v_dv_u − 2 (2Ω_1 + Ω_2) (2Ω_1 + 2Ω_2 − Ω_4 + 2Ω_6) Ω_4 ( v_d v_u + v_u v_d )

+ [ 16Ω^3_1 + 8 (4Ω_2 − Ω_4 + Ω_6) Ω^2_1 + 10Ω_1Ω_2 (2Ω_2 − Ω_4 + Ω_6)

+Ω_2 (2Ω_2 − Ω_4) (2Ω_2 − Ω_4 + 2Ω_6)] v_dv_u v^2_R

(6.30)

Σ_2 = (Ω_1 + Ω_2) Ω_6 ( v^2_d v^2_u + v^2_u v^2_d ) + 2 (Ω_1 + Ω_2) (Ω_4 − Ω_6)

+ 2Ω_4Ω_6 − Ω^2_4 (6.31)

The first two conditions are in general fulfilled, but for special values of tan β or λ. Putting all the above together we get the following conditions:

f_2(Ω_2) < Ω_3 < f_1(Ω_2) (6.32)

It turns out that by taking a negative value of Ω_3 (∝ T_κ) near f_2(Ω_2) one obtains a very light singlet scalar, whereas for a value of Ω_3 near f_1(Ω_2) one gets a very light singlet pseudoscalar. In between one finds a value of Ω_3, where both particles have the same mass. This discussion is comparable to formula (37) in [337] for the NMSSM. Moreover, a small mass of the singlet scalar and/or pseudoscalar comes always together with a small mass of the singlet fermion.

In the n generation case a similar result holds as long as T_κ and m^2_{ν̃}c do not have sizeable off-diagonal entries. Inspecting eqs. (D.15) and (D.24) it is possible to show that the singlet scalars and pseudoscalars can be made heavy by properly choosing values for the off-diagonal entries of T_κ while keeping at the same time the singlet fermions relatively light, as will be discussed later. As pointed out in [276], the NMSSM upper bound on the lightest doublet Higgs mass of about ∼ 150 GeV, which also applies in the μνSSM, can be relaxed to O(300) GeV, if one does not require perturbativity up to the GUT scale.

6.3 Neutrino masses

In the basis ( ψ^0 )_T = ( − iB̃^0, −iW̃^0_3 , H̃^0_d , H̃^0_u, ν^c_s , ν_i ) (6.33)

the mass matrix of the neutral fermions, see appendix D, has the structure

M_N = ( M_H m m^T 0 ) . (6.34)

Here M_H is the submatrix including the heavy states, which consists of the usual four neutralinos of the MSSM and n generations of right-handed neutrinos. The matrix m mixes the heavy states with the left-handed neutrinos and contains the R-parity breaking parameters.

The matrix M_N can be diagonalized in the standard way:

^M_N = N^∗M_N N^{−1} (6.35)

As we saw in the previous chapters, the smallness of neutrino masses allows to find the effective neutrino mass matrix in a seesaw approximation m^{νν}_{ef f} = −m^T · M^{−1}_H · m = −ξ · m , (6.36) where the matrix ξ contains the small expansion parameters which characterize the mixing between the neutrino sector and the heavy states.

Since the superpotential explicitly breaks lepton number, at least one mass for the left-handed neutrinos is generated at tree-level. In the case of the 1 ν̂^c-model the other neutrino masses are generated at loop-level. With more than one generation of right-handed neutrinos additional neutrino masses are generated at tree-level, resulting in different possibilities to fit the neutrino oscillation data, see the discussion below.

6.3.1 1 generation of right-handed neutrinos With only one generation of right-handed neutrinos the matrix ξ is given by

ξ_{ij} = K^j_ΛΛ_i − 1 μ ϵ_iδ_{j3} , (6.37)

where the ϵ_i and Λ_i parameters are defined as usual

ϵ_i = 1 √ 2 Y^i_ν v_R (6.38)

Λ_i = μv_i + ϵ_iv_d (6.39)

and K^j_Λ as

K^1_Λ =

2g^′M_2μ m_γ a K^2_Λ = − 2gM_1μ m_γ a K^3_Λ = m_γ 8μDet(M_H )

(λ^2v_dv^2 + 2M_Rμv_u)

K^4_Λ = − m_γ 8μDet(M_H )

(λ^2v_uv^2 + 2M_Rμv_d)

K^5_Λ = λm_γ 4 √ 2Det(M_H )

(v^2_u − v^2_d) (6.40)

The parameters m_γ = g^2M_1 + g^{′2}M_2 and v^2 = v^2_d + v^2_u have the same definition as in the models studied in the previous chapters, M_R and a are given by

M_R = 1 √ 2 κv_R (6.41) a = m_γ 4μDet(M_H )

(v_dv_uλ^2 + M_Rμ) (6.42)

and Det(M_H ) is the determinant of the (5 × 5) mass matrix of the heavy states

Det(M_H ) = 1 8 m_γ (λ^2v^4 + 4M_Rμv_dv_u) − M_1M_2μ(v_dv_uλ^2 + M_Rμ) . (6.43)

Using these expressions the tree-level effective neutrino mass matrix takes the form

(m^{νν}_{ef f} )_{ij} = aΛ_iΛ_j . (6.44)

Fig. 6.1: Example of one 1-loop correction to the effective neutrino mass matrix involving the singlet scalar/pseudoscalar.

Fig. 6.2: 1-loop mixing between gauginos and the right-handed neutrinos.

The projective form of this mass matrix implies that only one neutrino gets a treelevel mass, while the other two remain massless. Therefore, as in models with bilinear R-parity violation [266, 258, 259] 1-loop corrections are needed in order to correctly explain the oscillation data, which requires at least one additional massive neutrino. The absolute scale of neutrino mass constrains the ⃗Λ and ⃗ϵ parameters, which have to be small. For typical SUSY masses order O(100 GeV), one finds |⃗Λ|/μ^2 ∼ 10^{−7}–10^{−6} and |⃗ϵ|/μ ∼ 10^{−5}–10^{−4}. This implies a ratio of |⃗ϵ|^2/|⃗Λ| ∼ 10^{−3}– 10^{−1}.

General formulas for the 1-loop contributions can be found in [258] and adjusted to the μνSSM with appropriate changes in the index ranges for neutralinos and scalars. See also reference [331], which provides a complete calculation of the 1-loop corrections to the neutrino mass matrix. Important contributions to the neutrino mass matrix are due to b − b̃ and τ − τ̃ loops as in the models with b- /R_p [259]. In addition there are two new important contributions: (i) loops containing the singlet scalar and singlet pseudoscalar shown in figure 6.1. As shown in [338, 339, 340], the sum of both contributions is proportional to the squared mass difference Δ_{12} = m^2_R − m^2_I ∝ κ^2v^2_R between the singlet scalar and pseudoscalar mass eigenstates. Note that this splitting can be much larger than the corresponding one for the left sneutrinos. Thus the sum of both loops can be more important than b − b̃ and τ − τ̃ loops in the current model. See appendix E for more details. (ii) At loop-level a direct mixing between the right-handed neutrinos and the gauginos is possible which is zero at tree-level, see figure 6.2.

6.3.2 n generations of right-handed neutrinos

In this class of models with n > 1 one can explain the neutrino data using the tree-level neutrino mass matrix only. In general one finds that the loop corrections are small if the conditions given at the end of this section are fulfilled.

For the sake of simplicity, let us consider two generations of right-handed neutrinos. This choice contains all relevant features. The matrix ξ in equation (6.36) takes the form ξ_{ij} = K^j_ΛΛ_i + K^j_αα_i − ϵ_i μ δ_{j3} (6.45)

with

ϵ_i = 1 √ 2 Y^{is}_ν v_{Rs} (6.46)

Λ_i = μv_i + ϵ_iv_d (6.47) α_i = v_u(λ_2Y^{i1}_ν − λ_1Y^{i2}_ν ) . (6.48)

The K_Λ and K_α coefficients have complicated dependencies on the parameters of the model. We list them here:

K^1_Λ =

2g^′M_2μ m_γ a K^2_Λ = − 2gM_1μ m_γ a K^3_Λ = v_u 2 a + m_γ 8μDet(M_H ) [ v^3_d(M_{R1}λ^2 + M_{R2}λ^2_1) + M_{R1}M_{R2}μv_u ]

K^4_Λ = − v_d 2 a − m_γ 8μDet(M_H ) [ v^3_u(M_{R1}λ^2 + M_{R2}λ^2_1) + M_{R1}M_{R2}μv_d ]

K^5_Λ =

M_{R2}λ_1m_γ 4 √ 2Det(M_H )

(v^2_u − v^2_d)

K^6_Λ =

M_{R1}λ_2m_γ 4 √ 2Det(M_H )

(v^2_u − v^2_d) (6.49)

K^1_α =

2g^′M_2μ m_γ b K^2_α = − 2gM_1μ m_γ b K^3_α = b m_γ (v^2_u − v^2_d)

(m_γ v^2v_u − 4M_1M_2μv_d)

K^4_α = b m_γ (v^2_u − v^2_d)

(m_γ v^2v_d − 4M_1M_2μv_u)

K^5_α = − √ 2λ_2c −

4Det_0v_{R1} μm_γ (v^2_u − v^2_d) b K^6_α = √ 2λ_1c −

4Det_0v_{R2} μm_γ (v^2_u − v^2_d) b (6.50)

The effective neutrino mass matrix reads as

(m^{νν}_{ef f} )_{ij} = aΛ_iΛ_j + b(Λ_iα_j + Λ_j α_i) + cα_iα_j (6.51) with a = m_γ 4μDet(M_H )

(M_{R1}λ^2v_uv_d + M_{R2}λ^2_1v_uv_d + M_{R1}M_{R2}μ) (6.52) b = m_γ 8 √ 2μDet(M_H )

(v^2_u − v^2_d)(M_{R1}v_{R1}λ_2 − M_{R2}v_{R2}λ_1) (6.53) c = − 1 16μ^2Det(M_H ) [ μ^2(m_γ v^4 − 8M_1M_2μv_uv_d) (6.54)

+4Det_0(M_{R1}v^2_{R1} + M_{R2}v^2_{R2}) ] using M_{Rs} =^{1√}_2 κ_sv_{Rs}. The determinant of the (6 × 6) mass matrix of the heavy states is

Det(M_H ) = 1 8 [ (M_{R2}λ^2_1 + M_{R1}λ^2)(m_γ v^4 − 8M_1M_2μv_uv_d) + 8M_{R1}M_{R2}Det_0 ] (6.55)

with Det_0 being the determinant of the usual MSSM neutralino mass matrix

Det_0 = 1 2 m_γ μv_dv_u − M_1M_2μ^2 . (6.56)

Note that the ⃗α parameters play the role of the ⃗ϵ parameters in s- /R_p , see equation (5.22). Therefore, one can follow an analogous procedure to fit neutrino data.

The mass matrix in equation (6.51) has two nonzero eigenvalues and therefore the loop corrections are not needed to explain the experimental data. Two different options arise:

• ⃗Λ generates the atmospheric mass scale, ⃗α the solar mass scale • ⃗α generates the atmospheric mass scale, ⃗Λ the solar mass scale

In both cases one obtains in general a hierarchical spectrum. A strong finetuning would be necessary to generate an inverted hierarchy which is not stable against small variations of the parameters or radiative corretions. Moreover the absolute scale of neutrino mass requires both |⃗Λ|/μ^2 and |⃗α|/μ to be small. For typical SUSY masses order O(100 GeV) we find in the first case |⃗Λ|/μ^2 ∼ 10^{−7}– 10^{−6} and |⃗α|/μ ∼ 10^{−9}–10^{−8}. In the second case we find |⃗Λ|/μ^2 ∼ 10^{−8}–10^{−7} and |⃗α|/μ ∼ 10^{−8}–10^{−7}. The ratios including ⃗ϵ or ⃗α are much smaller than those in the 1 ^ν^c case. We find that 1-loop corrections to (6.51) are negligible if |⃗α|^2 |⃗Λ| ≲ 10^{−3} and |⃗ϵ|^2 |⃗Λ| ≲ 10^{−3} (6.57)

are fulfilled. Note that the mixing of the neutrinos with the higgsinos, given by the third column in the matrix ξ in equation (6.45), depends not only on α_i but also on ϵ_i. This leads to 1-loop corrections to the neutrino mass matrix with pieces proportional to the ϵ_i parameters, as also happens in the 1 ^ν^c-model. Therefore, both conditions in equation (6.57) need to be fulfilled. See ref. [331] for more details on the 1-loop corrected neutrino mass matrix. Finally, in models with more generations of right-handed neutrinos there will be more freedom due to additional contributions to the neutrino mass matrix. For example, the case of three generations is discussed in [328], where the additional freedom is also used to generate an inverted hierarchy for the neutrino masses.

6.4 Choice of the parameters and experimental constraints

In the subsequent sections we work out collider signatures for various scenarios. To facilitate the comparison with existing studies we adopt the following strategy: We take existing study points and augment them with the additional model parameters breaking R-parity. These points are SPS1a’ [302], SPS3, SPS4, SPS9 [341] and the ATLAS SU4 point [303]. SPS1a’ contains a relative light spectrum so that at LHC a high statistic can be achieved, SPS3 has a somewhat heavier spectrum and in addition the lightest neutralino and the lighter stau are close in mass which affects also the R-parity violating decays of the lightest neutralino. SPS4 is chosen because of the large tan β value and SPS9 is an AMSB scenario where not only the lightest neutralino but also the lighter chargino has dominant R-parity violating decay modes. In all these points the lightest neutralino is so heavy that it can decay via two-body modes, as long as it’s not a light ν^c. In contrast for the SU4 point all two-body decay modes (at tree-level) are kinematically forbidden. As the parameters of these points are given at different scales we use the program SPheno [301] to evaluate them at Q = m_Z where we add the additional model parameters. Note that we allow μ to depart from their standard SPS values to be consistent with the LEP bounds on Higgs masses, discussed below.

The additional model parameters are subject to theoretical and experimental constraints. In [276] the question of color and charge breaking minima, perturbativity up to the GUT scale as well as the questions of tachyonic states for the neutral scalar and pseudoscalars have been investigated. The last issue has already been addressed in section 6.2.4 where we derived conditions on the parameters. By choosing the coupling constants λ, κ < 0.6 in the 1 ^ν^c-model and λ_s, κ_s < 0.5 in the 2 ^ν^c-model, perturbativity up to the GUT scale is guaranteed [276]. Note, that choosing somewhat larger values for λ and/or κ up to 1 does not change any of the results presented below. We also address the question of color and charge breaking minimas by choosing λ_s > 0, κ_s > 0, T^s_λ > 0, T^{stu}_κ < 0, whereas the Yukawa couplings Y^{is}_ν can either be positive or negative, but those values are small < O(10^{−6}) due to constraints from neutrino physics. Our T^{is}_ν are negative, so the condition (2.8) of [276] is easy to fulfill.

Concerning experimental data we take the following constraints into account:

• We check that the neutrino data are fulfilled within the 2-σ range given in Table 3.1 taken from ref. [135] if not stated otherwise. These data can easily be fitted using the effective neutrino mass matrices given in section 6.3.

• Breaking lepton number implies that flavor violating decays of the leptons like μ → eγ are possible, where strong experimental bounds exist [44]. However, in the model under study it turns out that these bounds are automatically fulfilled once the constraints from neutrino physics are taken into account similar to the case of models with bilinear R-parity breaking [342].

• Bounds on the masses of the Higgs bosons [343, 44]. For this purpose we have added the dominant 1-loop correction to the (2,2) entry of the scalar mass matrix in appendix D. Moreover, we have checked in the 1 ν̂^c-model with the help of the program NMHDECAY [327] that in the NMSSM limit the experimental constraints are fulfilled.

• Constraints on the chargino and charged slepton masses given by the PDG [44].

• The bounds on squark and gluino masses from TEVATRON [44] are automatically fulfilled by our choices of the study points.

Fig. 6.3: Masses of the lightest neutralinos χ̃^0_l and the lightest scalar S^0_1 = Re(ν̃^c)/pseudoscalar P^0_1 = Im(ν̃^c_1) as a function of Aκ = Tκ/κ for λ = 0.24, κ = 0.12, μ = 150 GeV and T_λ = 360 GeV for SPS1a’. The different colors refer to the singlino χ̃^0_1 (blue), the bino χ̃^0_2 (red), the singlet scalar S^0_1 (black) and the singlet pseudoscalar P^0_1 (green).

The smallness of the /R_p parameters guarantees that the direct production cross sections for the SUSY particles are very similar to the corresponding MSSM/NMSSM values. Note that for low values of λ the singlet states are decoupled from the rest of the particles, leading to low production rates.

6.5 Phenomenology of the 1 ^ν^c model

In this section we discuss the phenomenology of the 1 ^ν^c-model, including mass hierarchies, mixings in the scalar and fermionic sectors, decays of the scalar and fermionic states and the correlations between certain branching ratios and the neutrino mixing angles.

In the following discussion we call a neutralino χ̃^0_l a bino (singlino) if |N_{l+3,1}|^2 > 0.5 (|N_{l+3,5}|^2 > 0.5). As discussed below, light scalar S^0_m or pseudoscalar states P^0_m appear, especially in case of the singlino being the lightest neutralino. In the following we discuss possible mass hierarchies and mixings in more detail.

The diagonal entry of the singlet right-handed neutrino in the mass matrix of the neutral fermions is M_R =^{1√}_2 κv_R, see appendix D. A singlino as lightest neutralino is obtained by choosing small values for κ and/or v_R. Since the masses of the four MSSM neutralinos are mainly fixed by the chosen SPS point, we can either generate a bino-like or a singlino-like lightest neutralino by varying κ and/or v_R, where the latter case means a variation of λ due to a fixed μ-parameter. A light singlet scalar and/or pseudoscalar can be obtained by appropriate choices of T_λ and T_κ. An example spectrum is shown in figure 6.3. The MSSM parameters have been chosen according to SPS1a’ except for μ = 150 GeV. The scalar state S^0_2 = h^0 can easily get too light to be consistent with current experimental data, although the production rate e^+e^− → ZS^0_2 is lowered, since a mixing with the lighter singlet scalar S^0_1 = ν̃^c reduces its mass. By reducing μ the mixing can be lowered (see mass matrices) and this problem can be solved.

Another example spectrum for neutral fermions is shown in figure 6.4. Again SPS1a’ parameters have been chosen, except μ = 170 GeV. As the figure demonstrates for this reduced value of μ the states are usually quite mixed, which is important for their decay properties, as discussed below. Note that the abrupt change in composition in χ̃^0_3 is due to the level crossing in the mass eigenstates.

The decay properties of the lightest scalars/pseudoscalars are in general quite

Fig. 6.4: Masses and particle characters of the lightest neutralinos χ̃^0_l as a function of κ for λ = 0.24, μ = 170 GeV, T_λ = 360 GeV and Tκ = −κ · 50 GeV for SPS1a’. The different colors refer to singlino purity |N_{l+3,5}|^2 (blue), bino purity |N_{l+3,1}|^2 (red), wino purity |N_{l+3,2}|^2 (black) and higgsino purity |N_{l+3,3}|^2 + |N_{l+3,4}|^2 (green).

Fig. 6.5: Branching ratios Br(S^0_2 = h^0) as a function of m(χ̃^0_1) for the parameter set of figure 6.4 (variation of κ). The colors indicate the different final states: χ̃^0_1χ̃^0_1 (red), bb (blue), τ^+τ^− (green), cc (orange) and W qq (brown).

Fig. 6.6: Dominant Feynman graph for the decay χ̃^0_1 → liτ ν with li = e, μ.

similar to those found in the NMSSM [337, 326]. The lightest doublet Higgs boson similar to the h^0 decays mainly like in the MSSM, apart from the possible final states 2χ̃^0_1 and 2P^0_1 , if kinematically possible. The decay to a pair of light pseudoscalars has not been studied in this thesis, and the interested reader is referred to earlier works in the NMSSM [337, 326], where this possibility is addressed with conserved R-parity. Concerning the decay to a pair of light neutralinos, an example is shown in figure 6.5, which display the branching ratios of S^0_2 = h^0 versus m(χ̃^0_1). χ̃^0_1 in this plot is mainly a singlino (see figure 6.4), variation of κ varies its mass, since v_R is kept fixed here. In contrast to the NMSSM this does not lead to an invisible Higgs, since the neutralinos themselves decay. For the range of parameters where the decay to 2χ̃^0_1 is large, χ̃^0_1 decays mainly to νbb, leading to the final state 4 b-jets plus missing energy. Note that the S^0_1 which is mainly singlet here decays dominantly to bb̄ final states, followed by ττ final states.

6.5.1 Decays of a gaugino-like lightest neutralino

We first consider the case of a bino as lightest neutralino. Although m(χ̃^0_1) > m_W in the SPS points we have chosen, two-body decay modes are not necessarily dominant. The three-body decay χ̃^0_1 → l_il_j ν dominated by a virtual τ̃ also can have a sizeable branching ratio, see Table 6.1 and figure 6.7. The importance of this final state can be understood from the Feynman graph shown in figure 6.6, giving the dominant contribution due to H̃^−_d -l_i-mixing (l_i = e, μ).

Br(χ̃^0_1) SPS1a’ SPS3 SPS4

W l 23 − 80 12 − 55 68 − 72 l_il_j ν 11 − 75 2 − 31 2.6 − 3.9 Zν 2.2 − 8.9 5 − 28 25 − 28 h^0ν − 15 − 53 < 2.0 Decay length [mm] 1.6 − 7.0 0.1 − 0.5 1.4 − 1.6

Tab. 6.1: Branching ratios (in %) and total decay length in mm of the decay of the lightest bino-like neutralino for different values of λ ∈ [0.02, 0.5] and κ ∈ [0.1, 0.6] with a dependence of allowed κ(λ) similar to [276] and to figure 6.7 and T_λ = λ · 1.5 TeV and Tκ = −κ · 100 GeV.

Fig. 6.7: Dependence of allowed κ(λ) for values of λ ∈ [0.02, 0.5] and κ ∈ [0.1, 0.6] and Br(χ̃^0_1 → lilj ν) as function of λ and κ exemplary for SPS1a’ with μ = 390 GeV, T_λ = λ · 1.5 TeV and Tκ = −κ · 100 GeV.

In the case l_i = τ there’s an additional contribution due to H̃^0_d -ν-mixing. As figure 6.7 shows there exist parameter combinations in the λ-κ-plane, where the decay mode χ̃^0_1 → l_il_j ν is more important than χ̃^0_1 → W l. The strong variation in the branching ratios for SPS1a’ is mainly due to the strong dependence of the partial decay width of χ̃^0_1 → l_il_j ν, where the decays with i = j and i ≠ j both play a role. Other important final states are χ̃^0_1 → Zν and in case of a light scalar with m(χ̃^0_1) > m(h^0) the decay χ̃^0_1 → h^0ν, as demonstrated in Table 6.1.

In the μνSSM one finds correlation between the decays of the lightest neutralino and the neutrino mixing angles, because neutralino couplings depend on the same /R_p parameters as the neutrino masses. figure 6.8 shows the correlation between the branching ratios of the decay χ̃^0_1 → W l as a function of the atmospheric angle. Although a clear correlation is visible it is not as pronounced as in the n generation case, see below and [328], due to inclusion of 1-loop effects in the neutrino masses and mixing angles.

Also the three-body decay χ̃^0_1 → l_il_j ν exemplifies a correlation with neutrino physics. However, this decay is connected to the solar angle, see figure 6.9. There are two main contributions to this final state: χ̃^0_1 → W l → l_il_j ν and χ̃^0_1 → τ̃^∗l → l_il_j ν. While the former is mainly sensitive to Λ_i, the latter is dominated by ϵ_i-type couplings (see figure 6.6), causing the connection to solar neutrino angle. In case the W is on-shell as in the SPS1a’ point, one could in principle devise kinematical

Fig. 6.8: Ratio^{Br(χ̃01→W μ)}

Br(χ̃01 →W τ ) versus tan

2 θatm ≡ tan^2 θ23 for different SPS scenarios (SPS1a’ (black), SPS3 (red), SPS4 (green)) and for different values of λ ∈ [0.02, 0.5] and κ ∈ [0.1, 0.6] with a dependence of allowed κ(λ) similar to [276] and to figure 6.7 and T_λ = λ · 1.5 TeV and Tκ = −κ · 100 GeV.

Fig. 6.9: Ratio^{Br(χ̃01 →eτ ν)}

Br(χ̃01 →μτ ν) versus tan

2 θ_{sol} ≡ tan^2 θ12 with same set of parameters as figure 6.8. Bino purity |N41 |^2 > 0.97. To the left (a) two-body plus three-body contributions, to the right (b) three-body contributions only. For a discussion see text.

Fig. 6.10: Decay branching ratios for bino-like lightest neutralino as a function of κ for λ ∈ [0.02, 0.5], T_λ = λ · 1.5 TeV, Tκ = −κ · 100 GeV and for MSSM parameters defined by the study point SU4 of the ATLAS collaboration [303]. The colors indicate the different final states: lilj ν (red), lqiq_j (black), νqq̄ (blue) and 3ν (orange).

cuts reducing this contribution. Such a cut can significantly improve the quality of the correlation.

The SU4 scenario of the ATLAS collaboration [303] has a very light SUSY spectrum close to the Tevatron bound with a bino-like neutralino m(χ̃^0_1) ≈ 60 GeV. Thus, for SU4 the lightest neutralino has only three-body decay modes. Most important branching ratios are shown in figure 6.10. The lightness of the bino-like neutralino χ̃^0_1 in this scenario implies a larger average decay length of (8 − 90) cm, depending on the parameter point in the λ-κ-plane. Note that the decay length becomes smaller for smaller values of λ, κ. In general the decay length scales as L ∝ m^{−4}(χ̃^0_1) for m(χ̃^0_1) < m_W . Also for this point a correlation between the branching ratios and the neutrino mixing angles is found as illustrated in figure 6.11.

Fig. 6.11: To the left (a) ratio^{Br(χ̃01→μqi qj )}

Br(χ̃01 →τ qiqj ) versus tan

2 θatm ≡ tan^2 θ23 for the SU4 sce-

nario of the ATLAS collaboration [303] and to the right (b) ratio^{Br(χ̃01 →eτ ν)}_{Br(χ̃01 →μτ ν)} versus tan^2 θ_{sol} ≡ tan^2 θ12 with same set of parameters as (a). Bino purity |N41|^2 > 0.94.

In addition to the SUGRA scenarios discussed up to now we have also studied SPS9, which is a typical AMSB point. The most important difference between this point and the previously discussed cases is the near degeneracy between lightest neutralino and lightest chargino. This near degeneracy is the reason that the chargino decay is dominated by /R_p final states. Varying λ and κ as before we

Fig. 6.12: Ratio^{Br(χ̃±1 →Zμ)}

Br(χ̃±1 →Zτ ) versus tan

2 θatm ≡ tan^2 θ23 for the AMSB scenario SPS9

and for different values of λ ∈ [0.02, 0.5], κ ∈ [0.1, 0.6], T_λ = λ · 1.5 TeV and Tκ = −κ · 100 GeV.

find a total decay length of (0.12 − 0.16)mm with Br(χ̃^±_1 → W ν) = (42 − 57)%, Br(χ̃^±_1 → Zl) = (20 − 26)% and Br(χ̃^±_1 → h^0l) = (17 − 40)%. This is especially interesting since, similar to W l in case of the gaugino-like lightest neutralino, the decay to Zl of the chargino is linked to the atmospheric angle, see figure 6.12.

6.5.2 Decays of a singlino-like lightest neutralino

We now turn to the case of a singlino-like LSP. As already explained, this scenario is connected to a light singlet scalar and pseudoscalar. Recall, that the particles in the fermionic sector are mixed for λ, κ = O(10^{−1}) due to the reduced μ-parameter as can be seen in figure 6.4. We will first discuss the average decay length of the lightest neutralino χ̃^0_1. Figure 6.13 shows the average decay length in meter for different SPS scenarios as a function of the mass of the lightest neutralino m(χ̃^0_1). Composition of the neutralino is indicated by color code, as given in the caption. λ, κ, T_κ and μ are varied in this plot. Note that by variation of T_κ the parameter points in figure 6.13 are chosen in such a way, that all scalar and pseudoscalar states are heavier than the lightest neutralino. Singlino purity in this plot increases with decreasing mass and for pure singlinos the decay length is mainly determined by its mass and the experimentally determined neutrino masses. For neutralino masses below about 50 GeV decay lengths become larger than 1 meter, implying that a large fraction of neutralinos will decay outside typical collider detectors. Note that if one allows for lighter scalar states so that at least one of the decays χ̃^0_1 → S^0_1 (P^0_1 )ν appears, the average decay length can be easily reduced by several orders of magnitude.

Again typical decays are W l, lq_iq_j , Zν, νqq, l_il_j ν and the invisible decay to 3ν. For the region of m(χ̃^0_1) below the W threshold see figure 6.14. The dominance of νbb for smaller values of m(χ̃^0_1) is due to the decay chain χ̃^0_1 → S^0_1 ν → νbb, whereas for larger values of m(χ̃^0_1) we find m(S^0_1 ) > m(χ̃^0_1). Final state ratios show correlations with neutrino physics also in this case. As an example we show l_il_j ν branching ratios versus the solar neutrino mixing angle in figure 6.15. Singlino purity for this plot |N_{45}|^2 ∈ [0.75, 0.83] and mass m(χ̃^0_1) ∈ [22, 53] GeV. The absolute values for the branching ratios are comparable to those of the described SU4 scenario with a bino-like lightest neutralino. We note that for the parameters in figure 6.15 the light Higgs S^0_2 = h^0 decays to χ̃^0_1χ̃^0_1 with a branching ratio of Br(S^0_2 = h^0 → χ̃^0_1χ̃^0_1) = (21 − 91)%.

Up to now we have considered values of λ and κ larger than 10^{−2}. For very small values of these couplings, the singlet sector, although very light, effectively decouples. This implies that R-parity conserving decays of χ̃^0_2, e.g. decays to final

Fig. 6.13: Decay length of the lightest neutralino χ̃^0_1 in m as a function of its mass m(χ̃^0_1) in GeV for different values of λ ∈ [0.2, 0.5], κ ∈ [0.025, 0.2] and μ ∈ [110, 170] GeV with a dependence of allowed κ(λ) similar to [276] and to figure 6.7 and T_λ = λ · 1.5 TeV, whereas Tκ ∈ [−20, −0.05] GeV is chosen in such a way, that no lighter scalar or pseudoscalar states with {m(S^0_1 ), m(P^0_1 )} < m(χ̃^0_1) appear. Note that the different colors stand for SPS1a’ (real singlino, |N45 |^2 > 0.5) (gray), SPS1a’ (mixture state) (black), SPS3 (real singlino) (blue), SPS3 (mixture state) (red) and SPS4 (mixture state) (green).

Fig. 6.14: Singlino decay branching ratios as a function of its mass, for the same parameter choices as in figure 6.5. The colors indicate the different final states: νbb̄ (blue), lilj ν (red), lqiq_j (black), 3ν (orange) and νqq̄ (q ≠ b, green).

Fig. 6.15: Ratio^{Br(χ̃01 →eτ ν)}

Br(χ̃01 →μτ ν) versus tan

2 θ_{sol} ≡ tan^2 θ12 for the SPS1a’ scenario and λ ∈ [0.2, 0.5], μ ∈ [110, 170] GeV, κ = 0.035, T_λ = λ · 1.5 TeV and Tκ = −0.7 GeV.

states like χ̃^0_1S^0_1 , χ̃^0_1P^0_1 , χ̃^0_1l^+l^− or χ̃^0_1qq, are strongly suppressed and the /R_p decay modes dominate, implying decays with correlations as in the case of the explicit b- /R_p .

6.6 Phenomenology of the n ^ν^c model

In the previous section the phenomenology for the one generation case of the model has been worked out in detail. Most of the signals discussed so far are independent of the number of right-handed neutrinos. However, the n generation variants also offer some additional phenomenology, which we discuss here for the simplified case of n = 2.

In the μνSSM with one right-handed neutrino superfield a light singlino will always imply a light scalar/pseudoscalar. This connection between the neutral fermion sector and scalar/pseudoscalar sector is a well-known property of the NMSSM (see again [336, 337]). In the μνSSM with more than one generation of singlets, the off-diagonal T_κ terms in equation (6.4) induce mixing between the different generations of singlet scalars and pseudoscalars. This opens up the possibility, not considered in previous publications [198, 276, 328], to have the singlet scalars considerably heavier than the singlet fermions.

Let us illustrate this feature with a simple example. Imagine a light singlino ν^c_1, and a heavy singlino ν^c_2, in a model with non-zero trilinear couplings T^{112}_κ . In that case, the contributions to the mass of the ν̃^c_1, scalar or pseudoscalar, coming from the large value of v_{R2} are proportional to T^{112}_κ . Without these contributions the mass of ν̃^c_1 would only depend on the small v_{R1}, thus making it light like the singlino of the same generation. With non-zero T^{112}_κ the mass of both ν̃^c_s are dominated by the larger of the v_{Rs}. This feature is demonstrated in figure 6.16. In the two plots the lightest neutralino is mostly ν^c_1, with a mass of ∼ 50 GeV. These plots show the dependence of the masses of the singlet scalar states Re(ν̃^c_1) and Re(ν̃^c_2) and the corresponding pseudoscalar states Im(ν̃^c_1 ) and Im(ν̃^c_2 ) with v_{R2} for different values of T^{112}_κ = T^{122}_κ . The masses of the light Higgs boson h^0 and the lightest left-handed sneutrino Im(ν̃_1) are also shown for reference. Note that for T^{112}_κ = T^{122}_κ = 0 the mass of the state Re(ν̃^c_1) does not depend on v_{R2}, whereas for T^{112}_κ = T^{122}_κ = −2 GeV the lightest singlet scalar becomes heavier for larger values of v_{R2}. The same feature is present in the pseudoscalar sector, where the effect is even more pronounced.

6.6.1 Correlations with neutrino mixing angles in the n ^ν^c-model

The connection between decays and neutrino angles is not a particular property of the 1 ^ν^c-model and is also present in a general n ^ν^c-model. However, since the structure of the approximate couplings χ̃^0_1 − W^± − l^∓_i is different, see appendix F, we encounter additional features for n = 2.

As explained in section 6.3.2, we have now two possibilities to fit neutrino data. If the dominant contribution to the neutrino mass matrix comes from the Λ_iΛ_j term in equation (6.51) one can link it to the atmospheric mass scale, using the α_iα_j term to fit the solar mass scale. This case will be called option fit1. On the other hand, if the dominant contribution is given by the α_iα_j term one has the opposite situation, where the atmospheric scale is fitted by the α_i parameters and the solar scale is fitted by the Λ_i parameters. This case will be called option fit2.

For the case of a bino-like lightest neutralino one can show that the coupling is proportional to Λ_i whereas for the case of a singlino-like lightest neutralino the dependence is on α_i, as shown in appendix F. Figure 6.17 shows the ratio^{Br(χ̃01→W μ)}_{Br(χ̃01→W τ )}

versus tan^2(θ_{23}) (left) and^{Br(χ̃01 →W e)}

√_{Br(χ̃01 →W μ)2 +Br(χ̃01 →W τ )2} versus sin^2(θ_{13}) (right) for a

Fig. 6.16: Masses of the scalar states Re(ν̃^c_1 ) (green), Re(ν̃^c_2 ) (red) and h^0 (blue) and the pseudoscalar states Im(ν̃^c_1 ) (dashed green), Im(ν̃^c_2 ) (dashed red) and Im(ν̃1) (dashed blue) as a function of vR2 for different values of T^{112}_κ = T^{122}_κ . To the left (a) T^{112}_κ = T^{122}_κ = 0 whereas to the right (b) T^{112}_κ = T^{122}_κ = −2 GeV. The MSSM parameters have been taken such that the standard SPS1a’ point is reproduced. The light singlet parameters κ1 = 0.16 and vR1 = 500 GeV ensure that in all points the lightest neutralino is mostly ν^c_1 , with a mass of 47 − 48 GeV. In addition, T^1_λ = 300 GeV and T^2_λ ∈ [10, 200] GeV.

Fig. 6.17: To the left (a) ratio^{Br(χ̃01 →W μ)}

Br(χ̃01 →W τ ) versus tan

2 θatm ≡ tan^2 θ23 and to the right (b)

ratio^{Br(χ̃01→W e)}

√_{Br(χ̃01→W μ)2 +Br(χ̃01 →W τ )2} versus sin^2 θ_R ≡ sin^2 θ_{13} for a bino LSP. Bino

purity |N41 |^2 > 0.9. Neutrino data is fitted using option fit1.

Fig. 6.18: Ratio^{Br(χ̃01 →W e)}

√_{Br(χ̃01 →W μ)2 +Br(χ̃01→W τ )2} versus tan^2 θ_{sol} ≡ tan^2 θ_{12} for a bino LSP.

Bino purity |N41|^2 > 0.9. Neutrino data is fitted using option fit2.

Fig. 6.19: Ratio^{Br(χ̃01 →W e)}

√_{Br(χ̃01 →W μ)2 +Br(χ̃01→W τ )2} versus tan^2 θ_{sol} ≡ tan^2 θ_{12} for a singlino LSP.

Singlino purity |N45|^2 > 0.9. Neutrino data is fitted using option fit1.

Fig. 6.20: To the left (a) ratio^{Br(χ̃01 →W μ)}

Br(χ̃01 →W τ ) versus tan

2 θatm ≡ tan^2 θ23 and to the right (b)

ratio^{Br(χ̃01→W e)}

√_{Br(χ̃01→W μ)2 +Br(χ̃01 →W τ )2} versus sin^2 θ_R ≡ sin^2 θ_{13} for a singlino LSP.

Singlino purity |N45|^2 > 0.9. Neutrino data is fitted using option fit2.

bino LSP and option fit1. The correlation with the atmospheric angle and the upper bound on^{Br(χ̃01 →W e)}

√_{Br(χ̃01 →W μ)2 +Br(χ̃01→W τ )2} from sin^2(θ_{13}) is more pronounced than in the

1 ν̂^c-model, because we fit neutrino data with tree-level physics only. Recall that this implies that the ratio |⃗ϵ|^2/|⃗Λ| is much smaller than in the plots shown in the previous section. A correlation between^{Br(χ̃01 →W e)}

√_{Br(χ̃01→W μ)2 +Br(χ̃01 →W τ )2} and tan^2 θ_{12} is

found instead, if neutrino data is fitted with option fit2, as figure 6.18 shows.

For the case of a singlino LSP the correlations and types of fit to neutrino data are swapped with respect to the gaugino case. Since the couplings χ̃^0_1 − W^± − l^∓_i are mainly proportional to α_i, instead of Λ_i, a scenario with a singlino LSP and option fit1 (fit2) will be similar to bino LSP and option fit2 (fit1). This similarity is demonstrated in figures 6.19 and 6.20. To decide which case is realized in nature, one would need to determine the particle character of the lightest neutralino. This might be difficult at the LHC, but could be determined by a cross section measurement at the ILC. We want to note, that in the 2 ^ν^c-model we cannot reproduce all correlations for a singlino LSP presented for the 3 ^ν^c-model in [328].

The results shown so far in this section were all calculated for the SPS1a’ scenario. We have checked explicitly that for all the other standard points results remain unchanged. We have also checked that for a LSP with a mass below m_W the three-body decays χ̃^0_1 → lq_iq̄_j , mediated by virtual W bosons, show the same

Fig. 6.21: Decay length of the lightest neutralino and its dependence on the type of fit to neutrino data. To the left (a) the decay length of the lightest neutralino versus m(χ̃^0_1) for the case fit1 (red) and the case fit2 (blue). To the right (b) the ratio L(fit1)/L(fit2) versus m(χ̃^0_1). The MSSM parameters have been taken such that the standard SPS1a’ point is reproduced. The light singlet parameter κ is varied in the range κ ∈ [0.01, 0.1]. In all the points the lightest neutralino has a singlino purity higher than 0.99.

correlations.

A final comment is in order. In a n ^ν^c-model with n > 2, the effective neutrino mass matrix will have additional terms with respect to (6.51), due to the contributions coming from the new right-handed neutrinos. For this richer structure there is one additional contribution to m^{νν}_{ef f} , which could be sub-dominant. Therefore, one can imagine a scenario in which a third generation of singlets produces a negligible contribution to neutrino masses while the corresponding singlino, ν^c_3, is the LSP. In such a scenario the correlations between the ν^c_3 LSP decays and the neutrino mixing angles will be lost.

6.6.2 χ̃^0_1 decay length and type of fit

As already discussed we have two different possiblities to fit neutrino data: ⃗Λ generates the atmospheric mass scale and ⃗α the solar mass scale (case fit1), or vice versa (case fit2). It turns out that the decay length of the lightest neutralino is sensitive to the type of fit, due to the proportionality between its couplings with gauge bosons and the /R_p parameters (see appendix F for exact and approximated formulas of the couplings χ̃^0_1 − W^± − l^∓_i and their simplified expressions in particular limits). For example, a singlino-like neutralino couples to the gauge bosons proportionally to the α_i parameters. This implies that its decay length will follow L ∝ 1/|⃗α|^2 and obeys the approximate relation L(fit1) L(fit2) ≃ m_{atm} m_{sol} ≃ 6 . (6.58)

In figure 6.21 the decay length of the lightest neutralino and its dependence on the type of fit to neutrino data is shown. Once mass and length are known this dependence can be used to determine which parameters generate which mass scale. Note that this feature is essentially independent of the MSSM parameters. However, this property is lost if either the lightest neutralino has a sizeable gaugino/higgsino component or if there are singlet scalars/pseudoscalars lighter than the singlino.

Fig. 6.22: Branching ratios Br(χ̃^0_3 = B̃^0 → χ̃^0_1) (red) and Br(χ̃^0_3 = B̃^0 → χ̃^0_2) (blue) as a function of the mass of the lightest neutralino for the scenario considered in section 6.6.3. The MSSM parameters have been taken such that the standard SPS1a’ point is reproduced, whereas the singlet parameters are chosen randomly in the ranges vR1, vR2 ∈ [400, 600] GeV, λ1, λ2 ∈ [0.0, 0.4], T^{111}_κ = T^{222}_κ ∈ [−15, −1] GeV, T^{112}_κ = T^{122}_κ ∈ [−1.5, −0.005] GeV and T^1_λ , T^2_λ ∈ [0, 600] GeV. κ1 = κ2 = 0.16 is fixed to ensure the lightness of the two singlinos.

6.6.3 Several light singlets

In scenarios with two (or more) light singlets, the phenomenology has additional features. The light Higgs boson h^0 can decay with measurable branching ratios to pairs of right-handed neutrinos of different generations. Similarly, the bino can decay to the different light right-handed neutrinos.

In the following, the case of two light singlinos and two light scalars/pseudoscalars will be considered. For the neutral fermion sector this implies that the mass eigenstates χ̃^0_1 and χ̃^0_2 will always be the singlets ν^c_1 and ν^c_2 and the bino will be the χ̃^0_3. In the scalar sector one has two very light mostly singlet states S^0_1 and S^0_2 , which are consistent with the LEP bounds. Finally, the state S^0_3 will be the light doublet Higgs boson h^0. One can also have light singlet pseudoscalars.

The decays of a bino-like χ̃^0_3 can be very important to distinguish between the one generation model and models with more than one generation of singlets. In principle, the most important decay channels strongly depend on the couplings of the bino to the two generations of singlinos and the configuration of masses of singlinos and scalars. Therefore, a general list of signals cannot be given. Nevertheless, there are some features which are always present:

When kinematically allowed, the decays χ̃^0_3 → χ̃^0_{1,2} S^0_1 (P^0_1 ) dominate, with the sum of the branching ratios typically larger than 50 %. The relative importance of the different channels is mainly dictated by kinematics. This feature is illustrated in figure 6.22, where these two quantities are shown as a function of the mass of the lighest neutralino. The MSSM parameters are fixed to the standard point SPS1a’, with light singlet parameters taken randomly. One can see that the relative importance of each singlino cannot be predicted in general, but both branching ratios are at least of order 10^{−3} − 10^{−4}, given enough statistics. For very light singlinos two-body decays including scalars and pseudoscalars are open, and thus both Br(χ̃^0_3 → χ̃^0_1) and Br(χ̃^0_3 → χ̃^0_2) are close to 50%, as expected if the values of the singlet parameters are of the same order for the two light generations. On the other hand, if the mass of the lightest neutralino is increased some of the twobody decays are kinematically forbidden, specially those of the χ̃^0_2, which has to be produced through three-body decays, leading to a suppresion in Br(χ̃^0_3 → χ̃^0_2). Note that it is also possible to find points where the decay mode χ̃^0_3 → χ̃^0_{1,2} S^0_2 (P^0_2 )

Fig. 6.23: Higgs boson decays as a function of the mass of the lightest neutralino for the scenario considered in section 6.6.3. To the left (a) the standard decay channel h^0 → bb̄, whereas to the right (b) the exotic decays to pairs of singlinos h^0 → χ̃^0_1χ̃^0_1 (red), h^0 → χ̃^0_1χ̃^0_2 (blue) and h^0 → χ̃^0_2χ̃^0_2 (black). The parameters are chosen as in figure 6.22.

has a branching ratio about 10%-20%, giving additional information.

The other possible signals are the usual bino decays of the NMSSM. Final states with standard model particles, like χ̃^0_{1,2}l^+l^− or χ̃^0_{1,2}qq̄, become very important when the decays to scalars and pseudoscalars are kinematically forbidden.

In addition, the decays of the light Higgs boson h^0 can also play a very important role in the study of the different generations, provided it can decay to final states including χ̃^0_1 or χ̃^0_2. In this case typically the standard Higgs boson decays are reduced to less than 40%, completely changing the usual search strategies.

In figure 6.23 the branching ratios of standard and exotic Higgs boson decay channels are shown. The left plot shows the suppressed branching ratio of the standard bb̄ channel. The main decay channel is χ̃^0_1 χ̃^0_1, but there is a sizeable branching ratio to χ̃^0_1 χ̃^0_2. Note that χ̃^0_2 decays dominantly to χ̃^0_1 plus two SM fermions. This feature allows us to distinguish between the 1 ^ν^c-model and models with more than one generation of singlets. Finally, the branching ratio to χ̃^0_2 χ̃^0_2 is small due to kinematics, but leads to interesting final states with up to eight b-jets plus missing energy.

A final comment is in order. In these kind of scenarios with many light singlets χ̃^0_1 decays to νbb̄ can be dominant. This will reduce the available statistics in the interesting l_il_j ν and lq_iq_j channels. Moreover, the correlations are less pronounced due to mixing effects in the singlet sector.

6.7 Summary

The phenomenology of the μνSSM has been studied in this chapter. This proposal solves at the same time the μ-problem of the MSSM and generates small neutrino masses, consistent with data from neutrino oscillation experiments. Neutrino data put very stringent constraints on the parameter space of the model. Both the leftsneutrino vacuum expectation values and the effective bilinear parameters have to be small compared to MSSM soft SUSY breaking parameters. As a result all SUSY production cross sections and all decay chains are very similar to the NMSSM, the only, but phenomenologically very important, exceptions being the decay of the LSP and NLSP (the latter only in some parts of the parameter space) plus the decays of the lightest Higgses.

We have discussed in some details two variants of the model. In the simplest version with only one generation of singlets 1-loop corrections to the neutralinoneutrino mass matrix need to be carefully calculated in order to explain neutrino data correctly. The advantage of this minimal scheme is that effectively it contains only six new (combinations of) /R_p parameters, which can be fixed to a large extent by the requirement that oscillation data is correctly explained. This feature of the model is very similar to explicit bilinear R-parity breaking, although, as we have discussed, the relative importance of the different 1-loop contributions is different in the μνSSM and in bilinear /R_p . Certain ratios of decay branching ratios depend on the same parameter combinations as neutrino angles and are therefore predicted from neutrino physics, to a large extent independent of NMSSM parameters. We have also calculated the decay length of the LSP, which depends mostly on the LSP mass and the (experimentally determined) neutrino masses. Lengths sufficiently large to observe displaced vertices are predicted over most parts of the parameter space. However, for neutralinos lighter than approximately 30 GeV, decay lengths become larger than 10 meters, making the observation of /R_p difficult for LHC experiments. However, if there is a singlet scalar or pseudoscalar with a mass smaller than the lightest neutralino, χ̃^0_1 → S^0_m(P^0_m)ν is the dominant decay mode and the corresponding decay lengths become much smaller, such that the displaced vertex signature of /R_p might even be lost in some points of this part of parameter space. On the other hand, in case the mass of the lightest scalar is larger than twice the singlino mass, the decay S^0_m → 2χ̃^0_1 becomes important, both for S^0_m ∼ ν̃^c and S^0_m ∼ h^0. If this kinematical situation is realized also the Higgs search at the LHC will definitely be affected.

The more involved n generation variants of the μνSSM can explain all neutrino data at tree-level and therefore are calculationally simpler. Depending on the nature of the neutralino, neutralino LSP decays show different correlations with either solar or atmospheric neutrino angles. This is guaranteed in the two generation version of the model and likely, but not always true, for n generations. If the NMSSM coupling λ is sufficiently small also the NLSP has decays to /R_p final states with potentially measurable branching ratios. In this part of parameter space it seems possible, in principle, to test both solar and atmospheric neutrino angles. If only the singlino(s) are light, i.e. the singlet scalars are heavier than, say, the h^0, the decay length of the singlino is very sharply predicted as a function of its mass and either the solar or atmospheric neutrino mass scale. If both, singlinos and singlet scalars (or pseudoscalars) are light, bino NLSP and h^0 will decay not only to the lightest singlinos/singlets but also to next-to-lightest states. This leads to enhanced multiplicities in the final states and the possibility to observe multiple displaced vertices.

In conclusion, the μνSSM offers a very rich phenomenology. Especially scenarios with light singlets deserve further, much more detailed studies.

7. COMPARISON BETWEEN R-PARITY BREAKING SCHEMES

We now briefly discuss possible differences in collider phenomenology of R-parity breaking schemes. Different models of R-parity breaking appear clearly distinct at the Lagrangian level. However, at accelerator experiments it can be very hard to distinguish the different proposals. This can be easily understood from the fact that for a heavy singlet sector all /R_p models approach necessarily the MSSM with explicit R-parity breaking terms. It is therefore an interesting question to ask, what - if any - kind of signals could exist, which at least might hint at which model is the correct description of /R_p . Given the large variety of possibilities and the very limited predictive power of the most general cases, any discussion before the discovery of SUSY must be rather qualitative.

First one should mention that not all /R_p models explaining neutrino data show correlations between LSP decay branching ratios and neutrino angles. Especially the large number of free parameters in trilinear models exclude the possibility to make any definite predictions. /R_p models which do show such correlations, on the other hand, lead usually to very similar predictions for the corresponding LSP decays. For example, fitting the atmospheric data with tree-level /R_p terms, a bino LSP in explicit bilinear models and in the μνSSM decay with the same ratio of branching ratios into W l (or lq_iq̄_j ) final states. Thus, to distinguish the different proposals other signals are needed.

We will briefly discuss the main differences in collider phenomenology between the following three proposals: (i) MSSM with explicit bilinear terms; (ii) Spontaneous /R_p model and (iii) μνSSM. Table 7.1 shows a brief summary of this comparison. Differences occur in (a) the observability of a displaced vertex of the lightest neutralino decay; (b) the upper limit on the branching ratio of the lightest neutralino decaying completely invisible and (c) standard versus non-standard lightest Higgs decays.

The decay length of the lightest neutralino is fixed in both, the b- /R_p model and the μνSSM, essentially by the mass of the lightest neutralino and the experimentally determined neutrino masses. For m(χ̃^0_1) larger than the W-mass decay lengths are typically of the order of O(mm) and proportional to m^{−1}(χ̃^0_1). For lighter neutralinos, larger decay lengths are expected, see figures 6.13 and 6.21, which scale like m^{−4}(χ̃^0_1). Shorter decay lengths are not possible in b- /R_p and possible in the μνSSM only if at least one (singlet) scalar or pseudoscalar is lighter than χ̃^0_1, when χ̃^0_1 → S^0_m(P^0_m)ν dominates. Since in the μνSSM the singlet scalars decay with a short decay length to b̄b, one expects that in the μνSSM short χ̃^0_1 decay lengths correlate with the dominance of b̄b + missing energy final states. In the s- /R_p , on the other hand, the χ̃^0_1 decay length can be shorter than in the b- /R_p , due to the new final state χ̃^0_1 → J + ν, where J is the Majoron. Therefore, different from the μνSSM, the neutralino decay length in the s- /R_p model anti-correlates with the branching ratio for the invisible neutralino decay.

Finally, in the b- /R_p one expects that the decay properties of the lightest Higgs (h^0) are equal to the MSSM expectations, the only exception being the case when h^0 → 2χ̃^0_1 is possible kinematically, in which the χ̃^0_1 decays themselves can then lead to a non-standard signal in the Higgs sector. This is different in s- /R_p , where for a low-scale of spontaneous R-parity breaking, the h^0 can decay to two Majorons,

7. Comparison between /R_p schemes 109

Displaced

vertex

Comment Br(invisible) Higgs decays

b- /R_p Yes Visible ≤ 10 % standard

s- /R_p Yes/No anti-correlates with invisible any non-standard (invisible)

μνSSM Yes/No anti-correlates with non-standard Higgs

≤ 10 % non-standard

Tab. 7.1: Comparison of displaced vertex signals, completely invisible final state branching ratios for LSP decays and lightest Higgs decays for three different R-parity violating models. For a discussion see text.

i.e. large branching ratios of Higgs to invisible particles are possible. In the μνSSM the h^0 decays can be non-standard, if the lightest singlino is lighter than m(h^0)/2. However, since the singlinos decay, this will not lead to an invisible Higgs, unless the mass of the singlino is so small, that the decays occur outside the detector.

To summarize this brief discussion, b- /R_p , s- /R_p and μνSSM can, in principle, be distinguished experimentally if the singlets are light enough to be observed in case of s- /R_p and μνSSM. We note in passing that we have not found any striking differences in collider phenomenology of the μνSSM and the NMSSM with explicit bilinear terms.

8. LEPTON FLAVOR VIOLATION IN SUSY LEFT-RIGHT MODELS

Left-right symmetric models are well motivated extensions of the SM. Apart from their original motivation, the restoration of parity at high energies, they have very interesting properties. In particular, their particle spectra contain right-handed neutrinos and thus they can accommodate a seesaw mechanism, generating neutrino masses quite naturally. Moreover, in the case of supersymmetry, and due to the inclusion of U(1)_{B−L} in the left-right gauge group, the low energy theory potentially conserves R-parity. In this chapter the phenomenology of a SUSY left-right model is studied, with emphasis on lepton flavor violation at low energy experiments and colliders. The main novelty with respect to minimal seesaw models is the presence of signatures in the right slepton sector. These provide a clear hint of the underlying left-right symmetry of the model.

8.1 Introduction

The most popular explanation for the observed smallness of neutrino masses is certainly the seesaw mechanism [174, 177, 134, 179]. Literally hundreds of theoretical papers based on “the seesaw” have been published since the discovery of neutrino oscillations [131]. Unfortunately, attractive as this idea might appear from the theoretical point of view, “the seesaw” will never be directly tested due to the high scales involved^1.

This situation might change slightly, if supersymmetry (SUSY) is found at the LHC, essentially because scalar leptons provide potentially additional information about seesaw parameters. Assuming SUSY gets broken at a high energy scale, the seesaw parameters leave their imprint on the soft parameters in the RGE running. Then, at least in principle, indirect tests of the seesaw become possible. Indeed, this has been pointed out already in [344], where it was shown that lepton flavor violating (LFV) off-diagonal mass terms for sleptons are automatically generated in seesaw (type-I), even if SUSY breaking is completely flavor blind at the GUT scale as in minimal supergravity.

Motivated by the above arguments, many authors have then studied LFV in SUSY models. For the seesaw type-I, low energy LFV decays such as l_i → l_j γ and l_i → 3l_j have been calculated in [345, 346, 347, 348, 349, 350, 351, 352, 353, 272]; μ− e conversion in nuclei has been studied in [354, 355]. The type-II seesaw has received much less attention, although it has actually fewer free parameters than type-I. The latter implies that ratios of LFV decays of leptons can actually be predicted as a function of neutrino angles in mSUGRA, as has been shown in [190, 356]. Finally, for completeness we mention that LFV in SUSY seesaw type-III has been studied in [357].

Measurements at colliders, once SUSY is discovered, can provide additional information. LFV decays of left sleptons within mSUGRA have been studied for type-I in [358] and for type-II in [356, 359]. Precise mass measurements might also show indirect effects of the seesaw [360, 361, 362]. Most prominently, type-II and

1 Of course, we are referring here to the usual high energy realizations of the seesaw mechanism.

type-III seesaw contain non-singlet superfields, so gauge couplings run differently from pure MSSM. One then expects that sparticle spectra show a characteristic “deformation” with respect to mSUGRA predictions. From different combinations of masses one can form “invariants”, i.e. numbers which to leading order depend only on the seesaw scale [363], although there are important corrections at 2-loop [356, 357], which have to be included before any quantitative analysis can be done. Experimentally interesting is also that at the LHC the mass splitting between selectrons and smuons may be constrained down to O(10^{−4}) for 30 fb^{−1} of integrated luminosity [364]. In mSUGRA, one expects this splitting to be unmeasurably tiny, whereas in mSUGRA plus seesaw significantly different masses can be generated, as has been shown for type-I in [365].

Interestingly, in pure seesaw models with flavor blind SUSY boundary conditions all of the effects discussed above show up only in the left slepton sector. Naturally one expects that in a supersymmetric model with an intermediate left-right symmetric stage, also the right sleptons should contain some indirect information about the high energy parameters. This simple observation forms the main motivation for the current investigation [366]. Before entering in the details of our calculation, let us first briefly discuss left-right symmetric models.

8.1.1 Left-right symmetric models

Quite a large number of different left-right (LR) symmetric models have been discussed in the literature. Originally LR models were introduced to explain the observed left-handedness of the weak interaction as a consequence of symmetry breaking [367, 368, 369]. However, LR models offer other advantages as well. First, the particle content of LR models contains automatically the right-handed neutrino and thus the ingredients for generating a (type-I) seesaw mechanism^2. Second, the gauge group SU(3)_c × SU(2)_L × SU(2)_R × U(1)_{B−L} is one of the possible chains through which SO(10) [370, 371] can be broken to the standard model gauge group. In addition, it has been shown that they provide technical solutions to the SUSY CP and strong CP problems [372] and they give an understanding of the U(1) charges of the standard model fermions. Interesting only for the supersymmetric versions of LR models, (B-L) is gauged and thus, potentially, the low energy theory conserves R-parity [242, 236].

This last argument requires possibly some elaboration. R-parity, defined as R_P = (−1)^{3(B−L)+2s} (where B and L stand for baryon and lepton numbers and s for the spin of the particle), is imposed in the MSSM to avoid dangerous baryon and lepton number violating operators. However, the origin of R_P is not explained within the MSSM. In early LR models SU(2)_R doublets were used to break the gauge symmetry. The non-supersymmetric model proposed in references [368, 369] introduced two additional scalar doublets χ_L and χ_R, where χ_L ≡ χ_L(1, 2, 1, 1) and χ_R ≡ χ_R(1, 1, 2, −1) under SU(3)_c × SU(2)_L × SU(2)_R × U(1)_{B−L}. Parity conservation implies that both, χ_L and χ_R, are needed. When the neutral component of χ_R gets a VEV, ⟨χ^0_R⟩ ≠ 0, the gauge symmetry is broken down to the SM gauge group. However, χ_R is odd under U(1)_{B−L} and thus, in the SUSY versions of this setup, R_P is broken at the same time^3. A possible solution to this problem is to break the gauge symmetry by SU(2)_R fields with even charge under U(1)_{B−L}, i.e. by triplets. For a SUSY LR model, this was in fact proposed in reference [373], where four triplets were added to the MSSM spectrum: Δ(1, 3, 1, 2), Δ^c(1, 1, 3, −2), Δ̄(1, 3, 1, −2) and Δ̄c(1, 1, 3, 2). Breaking the symmetry by the VEV of Δc produces at the same time a right-handed neutrino mass via the operator L^cΔ^cL^c, leading

2 Breaking the LR symmetry with triplets can generate also a type-II [177]. 3 This could be solved by imposing additional discrete symmetries on the model that forbid the dangerous /R_p operators [202], but this cannot be regarded as automatic R-parity conservation.

to a type-I seesaw mechanism. Depending on whether or not Δ gets a VEV, also a type-II seesaw can be generated [189].

However, whether R-parity is conserved in this setup is not clear. The reason is that the minimum of the potential might prefer a solution in which also the righthanded scalar neutrino gets a vev, thus breaking R_P , as has been claimed to be the case in [374]. Later [375] calculated some 1-loop corrections to the scalar potential, concluding that R_P conserving minima can be found. However, this contradicts the earlier claim [374] that 1-loop corrections can not eliminate the dangerous /R_p minima. On the other hand, as first noted in [376] and later showed by Aulakh and collaborators [377, 378], by the addition of two more triplets, Ω(1, 3, 1, 0) and Ω^c(1, 1, 3, 0), with zero lepton number one can achieve LR breaking with conserved R_P guaranteed already at tree-level. Lacking a general proof that the model [373] conserves R_P we will follow [377, 378] as the setup for our numerical calculations.

Finally, for completeness we mention the existence of left-right models with R-parity violation. For example, if the left-right symmetry is broken with the VEVs of right-handed sneutrinos R-parity gets broken as well and the resulting phenomenology is totally different, as shown in [379, 380].

Compared to the long list of papers about indirect tests of the seesaw, surprisingly little work on the “low-energy” phenomenology of SUSY LR models has been done. One loop RGEs for two left-right SUSY models have been calculated in [381]. These two models are (with one additional singlet): (a) breaking LR by doublets a la [368, 369] and (b) by triplets following [373], but no numerical work at all was done in this paper. The possibility that right sleptons might have flavor violating decays in the left-right symmetric SUSY model of [373] was mentioned in [382]. A systematic study of all the possible signals discussed above for the seesaw case is lacking and to our knowledge there is no publication of any calculation of these signals for the model of [377, 378]. (For completeness we would like to mention that in GUTs based on SU(5) one can have the situation the LFV occurs only in the right slepton sector, as pointed out in [383]. However, this model [383] is in a different class from all the models discussed above, since it does not contain non-zero neutrino masses.)

The rest of this paper is organized as follows. In the next section we define the model [377, 378] and discuss its particle content and main features at each symmetry breaking scale. We have calculated the RGEs for each step complete at the 2- loop level following the general description by [384] using the Mathematica package SARAH [385, 386, 387]. A summary is given in the appendix, the complete set of equations and the SARAH model files can be found at [388]. Neutrino masses can be fitted to experimental data via a type-I seesaw mechanism and we discuss different ways to implement the fit. We then turn to the numerical results. The output of SARAH has been passed to the program package SPheno [301] for numerical evaluation. We calculate the SUSY spectra and LFV slepton decays, such as τ̃_{L/R} → μχ̃^0_1 and τ̃_{L/R} → eχ̃^0_1 and χ̃^0_2 → eμχ̃^0_1, as well as low-energy decays l_i → l_j γ for some sample points as a function of the LR and (B-L) scales. Potentially measurable signals are found in both, left and right slepton sectors, if (a) the seesaw scale is above (very roughly) 10^{13} GeV and (b) if the scale of LR breaking is significantly below the GUT scale. Since we find sizeable LFV soft masses in both slepton sectors, also the polarization in μ → eγ is different from the pure seesaw expectation. We then close with a short summary.

Superfield generations SU(3)_c SU(2)_L SU(2)_R U(1)_{B−L} Q 3 3 2 1^1_3 Q^c 3 ¯3 1 2 −^1_3 L 3 1 2 1 -1 L^c 3 1 1 2 1 Φ 2 1 2 2 0 Δ 1 1 3 1 2 Δ̄ 1 1 3 1 -2

Δ^c 1 1 1 3 -2 Δ̄^c 1 1 1 3 2

Ω 1 1 3 1 0 Ω^c 1 1 1 3 0

Tab. 8.1: Matter content between the GUT scale and the SU(2)R breaking scale.

8.2 The model

In this section we define the model, its particle content and give a description of the different symmetry breaking steps. The fit to neutrino masses and its connection to LFV violation in the slepton sector is discussed in some detail, to prepare for the numerical results given in the next section. We summarize briefly the free parameters of the theory.

The model essentially follows [377, 378]. We have not attempted to find a GUT completion. We will, however, assume that gauge couplings and soft SUSY parameters can be unified, i.e. implicitly assume that such a GUT model can indeed be constructed.

8.2.1 Step 1: From GUT scale to SU(2)_R breaking scale

Just below the GUT scale the gauge group of the model is SU(3)_c × SU(2)_L × SU(2)_R × U(1)_{B−L}. In addition it is assumed that parity is conserved, see below. The matter content of the model is given in table 8.1. Here Q, Q^c, L and L^c are the quark and lepton superfields of the MSSM with the addition of (three) right-handed neutrino(s) ν^c.

Two Φ superfields, bidoublets under SU(2)_L × SU(2)_R, are introduced. They contain the standard H_d and H_u MSSM Higgs doublets. In this model, two copies are needed for a non-trivial CKM matrix. Although there are known attempts to build a realistic LR model with only one bidoublet generating the quark mixing angles at the loop level [389], we will not rely on such a mechanism. Finally, the rest of the superfields in table 8.1 are introduced to break the LR symmetry, as explained above.

Table 8.1 shows also the gauge charges for the matter content in the model. In particular, the last column shows the B −L value for the different superfields. However, the following definition for the electric charge operator will be used throughout this paper

Q = I_{3L} + I_{3R} + B − L 2 (8.1)

and thus the U(1)_{B−L} charge is actually^{B−L}_2 .

With the representations in table 8.1, the most general superpotential compatible with the gauge symmetry and parity is

W = Y_QQΦQ^c + Y_LLΦL^c − μ 2 ΦΦ + fLΔL + f^∗L^cΔ^cL^c

+ aΔΩΔ̄ + a^∗Δ^cΩ^cΔ̄^c + αΩΦΦ + α^∗Ω^cΦΦ + M_ΔΔΔ̄ + M^∗_ΔΔ^cΔ̄^c + M_ΩΩΩ + M^∗_ΩΩ^cΩ^c . (8.2)

Note that this superpotential is invariant under the parity transformations Q ↔ (Q^c)^∗, L ↔ (L^c)^∗, Φ ↔ Φ^†, Δ ↔ (Δ^c)^∗, Δ̄ ↔ (Δ̄^c)^∗, Ω ↔ (Ω^c)^∗. This discrete symmetry fixes, for example, the L^cΔ^cL^c coupling to be f^∗, the complex conjugate of the LΔL coupling, thus reducing the number of free parameters of the model.

Family and gauge indices have been omitted in eq. (8.2), more detailed expressions can be found in [377]. Y_Q and Y_L are quark and lepton Yukawa couplings. However, with two bidoublets there are two copies of them, and thus there are four 3×3 Yukawa matrices. Conservation of parity implies that they must be hermitian. μ is a 2 × 2 symmetric matrix, whose entries have dimensions of mass, f is a 3 × 3 (dimensionless) complex symmetric matrix, and α is a 2 × 2 antisymmetric matrix, and thus it only contains one (dimensionless) complex parameter, α_{12}. The mass parameters M_Ω and M_Δ can be exchanged for v_R and v_{BL}, the vacuum expectation values of the scalar fields that break the LR symmetry, see below.

The soft terms of the model are

− L_{sof t} = m^2_QQ̃^†Q̃ + m^2_QcQ̃^{c†}Q̃^c + m^2_LL̃^†L̃ + m^2_LcL̃^{c†}L̃^c

+ m^2_ΦΦ^†Φ + m^2_ΔΔ^†Δ + m^2_{Δ̄}Δ̄^†Δ̄ + m^2_Δc Δ^{c†}Δ^c

+ m^2_{Δ̄c}Δ̄^{c †}Δ̄^c + m^2_ΩΩ^†Ω + m^2_Ωc Ω^{c†}Ω^c (8.3) + 1 2 [ M_1B̃^0B̃^0 + M_2(W̃_LW̃_L + W̃_RW̃_R) + M_3g̃g̃ + h.c. ] + [ T_QQ̃ΦQ̃^c + T_LL̃ΦL̃^c + T_f L̃ΔL̃ + T^∗_f L̃^cΔ^cL̃^c

+ T_aΔΩΔ̄ + T^∗_a Δ^cΩ^cΔ̄^c + T_αΩΦΦ + T^∗_α Ω^cΦΦ + h.c. ] + [ B_μΦΦ + B_{MΔ} ΔΔ̄ + B_{MΔ}^∗Δ^cΔ̄^c + B_{MΩ} ΩΩ + B_{MΩ}^∗Ω^cΩ^c + h.c. ] . Again, family and gauge indices have been omitted for the sake of simplicity. The LR model itself does not, of course, fix the values of the soft SUSY breaking terms. In the numerical evaluation of the RGEs we will resort to mSUGRA-like boundary conditions, i.e. m^2_0 I_{3×3} = m^2_Q = m^2_Qc = m^2_L = m^2_Lc , m^2_0 I_{2×2} = m^2_Φ, m^2_0 = m^2_Δ = m^2_{Δ̄} = m^2_Δc = m^2_{Δ̄c} = m^2_Ω = m^2_Ωc , M_{1/2} = M_1 = M_2 = M_3, T_Q = A_0Y_Q, T_L = A_0Y_L, T_f = A_0f, T_a = A_0a, T_α = A_0α, B_μ = B_0, B_{MΔ} = B_0M_Δ, B_{MΩ} = B_0M_Ω. Here I_{3×3} and I_{2×2} are the 3 × 3 and 2 × 2 identity matrices, respectively. The superpotential couplings f, Y_Q and Y_L are fixed by the low-scale fermion masses and mixing angles. Their values at the GUT scale are obtained by RGE running. This will be discussed in more detail in section 8.2.4.

The breaking of the LR gauge group to the MSSM gauge group takes place in two steps: SU(2)_R × U(1)_{B−L} → U(1)_R × U(1)_{B−L} → U(1)_Y . In the first step the neutral component of the triplet Ω takes a VEV:

⟨Ω^{c 0}⟩ = v_R √ 2 (8.4)

which breaks SU(2)_R. However, since I_{3R}(Ω^{c 0}) = 0 there is a U(1)_R symmetry left over. Next, the group U(1)_R × U(1)_{B−L} is broken by

⟨Δ^{c 0}⟩ = v_{BL} √ 2 , ⟨Δ̄^{c 0}⟩ = v̄_{BL} √ 2 . (8.5)

Superfield generations SU(3)_c SU(2)_L U(1)_R U(1)_{B−L} Q 3 3 2 0^1_3 d^c 3 ¯3 1^1_2 −^1_3 u^c 3 ¯3 1 −^1_2 −^1_3 L 3 1 2 0 −1 e^c 3 1 1^1_2 1 ν^c 3 1 1 −^1_2 1 H_d 1 1 2 −^1_2 0 H_u 1 1 2^1_2 0 Δ^{c 0} 1 1 1 1 -2 Δ̄c 0 1 1 1 -1 2 Ω 1 1 3 0 0 Ω^{c 0} 1 1 1 0 0

Tab. 8.2: Matter content from the SU(2)R breaking scale to the U(1)B−L breaking scale.

The remaining symmetry is now U(1)_Y with hypercharge defined as Y = I_{3R} +^{B−L}_2 .

The tadpole equations do not link Ω^c, Δ^c and Δ̄^c with their left-handed counterparts, due to supersymmetry. Thus, the left-handed triplets can have vanishing VEVs [377] and the model produces only a type-I seesaw.

Although a “hierarchy” between the two breaking scales may exist, v_{BL} ≪ v_R, one cannot neglect the effects of the second breaking stage on the first one, since mass terms of Ω and Δ enter in both tadpole equations. If we assume v̄_{BL} = v_{BL} the tadpole equations of the model can be written ∂V ∂v_R = 4|M_Ω|^2v_R + 1 2 |a|^2v^2_{BL}v_R − 1 2 v^2_{BL} [a^∗(M_Δ + M_Ω) + c.c] = 0 , (8.6) ∂V ∂v_{BL} = |M_Δ|^2v_{BL} + 1 4 |a|^2(v^2_{BL} + v^2_R)v_{BL} − 1 2 v_{BL}v_R [a^∗(M_Δ + M_Ω) + c.c] = 0 . (8.7)

In these equations (small) soft SUSY breaking terms have been neglected. Similarly, at this stage there are no electroweak symmetry breaking VEVs v_d and v_u. From equations (8.6) and (8.7) one sees that, in fact, there is an inverse hierarchy between the VEVs and the superpotential masses M_Δ, M_Ω, given by

v_R =

2M_Δ a , v_{BL} = 2 a (2M_ΔM_Ω)^{1/2} . (8.8)

And so, v_{BL} ≪ v_R requires M_Δ ≫ M_Ω, as has already been discussed in [377].

8.2.2 Step 2: From SU(2)_R breaking scale to U(1)_{B−L} breaking scale

At this step the gauge group is SU(3)_c × SU(2)_L × U(1)_R × U(1)_{B−L}. The particle content of the model from the SU(2)_R breaking scale to the U(1)_{B−L} breaking scale is given in table 8.2.

Some comments might be in order. Despite M_Δ being of the order of v_R (or larger), see eq. (8.8), not all components of the Δ superfields receive large masses. The neutral components of Δ^c and Δ̄^c lie at the v_{BL} scale. One can easily check that the F-term contributions to their masses vanish in the minimum of the scalar potential eq. (8.8). Moreover, Ω^c does not generate D-terms contributions to their masses. Therefore, contrary to the other components of the Δ triplets, they only get masses at the v_{BL} scale. On the other hand, one might guess that all components in the Ω,Ω^c superfields should be retained at this stage, since their superpotential mass M_Ω is required to be below v_{BL}. However, some of their components get contributions from SU(2)_R breaking, and thus they become heavy. The charged components of Ω^c do develop large masses, in the case of the scalars through D-terms, while in the case of the fermions due to their mixing with the charged gauginos W̃^±_R , which have masses proportional to v_R. However, the neutral components of Ω^c do not get SU(2)_R breaking contributions, since they have I_{3R}(Ω^{c 0}) = 0, and then they must be included in this energy regime. See reference [378] for a more quantitative discussion.

After SU(2)_R breaking the two bidoublets Φ_1 and Φ_2 get split into four SU(2)_L doublets. Two of them must remain light, identified with the two Higgs doublets of the MSSM, responsible for EW symmetry breaking, while, at the same time, the other two get masses of the order of v_R. This strong hierarchy can be only obtained by imposing a fine-tuning condition on the parameters involved in the bidoublet sector.

The superpotential terms mixing the four SU(2)_L doublets can be rewritten as

W_M = (H^f_d )^T M_H H^f_u (8.9)

where H^f_d = (H^1_d , H^2_d ) and H^f_u = (H^1_u, H^2_u) are the interaction eigenstates. In this basis reads the matrix

M_H = ( μ_{11} μ_{12} + α_{12}M_R μ_{12} − α_{12}M_R μ_{22} ) , (8.10)

where the relations μ_{ij} = μ_{ji} and α_{ij} = −α_{ji} have been used and M_R =^{vR}_2 has been defined. In order to get two light doublets we impose the fine-tuning condition [378] Det(M_H ) = μ_{11}μ_{22} − (μ^2_{12} − α^2_{12}M^2_R) = 0 . (8.11)

The result of eq. (8.11) is to split the two Higgs bidoublets into two pairs of doublets (H_d, H_u)_L and (H_d, H_u)_R, where (H_d, H_u)_L is the light pair that appears in table 8.2, and (H_d, H_u)_R a heavy pair with mass of order of v_R. In practice, equation (8.11) implies that one of the superpotential parameters must be chosen in terms of the others. Since this fine-tuning condition is not protected by any symmetry, the RGEs do not preserve it, and one must impose it at the SU(2)_R breaking scale. In our computation we chose to compute μ_{11} in terms of the free parameters μ_{12}, μ_{22}, α_{12} and v_R.

In order to compute the resulting couplings for the light Higgs doublets one must rotate the original fields into their mass basis. Since M_H is not a symmetric matrix (unless α_{12} = 0) one has to rotate independently H^f_d and H^f_u , i.e. H^f_d = DH^m_d , H^f_u = UH^m_u , where D and U are orthogonal matrices and H^m_d = (H^L_d , H^R_d ) and H^m_u = (H^L_u , H^R_u ) are the mass eigenstates. This way one finds

W_M = (H^f_d )^T M_H H^f_u = (H^m_d )^T D^T M_H UH^m_u = (H^m_d )^T M̂_H H^m_u (8.12)

where M̂_H is a diagonal matrix, with eigenvalues

M̂^2_{H,1} = 0 ,

M̂^2_{H,2} = 1 μ^2_2 ( α^4_{12}M^4_R + 2α^2_{12}M^2_R(μ^2_2 − μ^2_{12}) + (μ^2_2 + μ^2_{12})^2 ) . (8.13)

The D and U rotations are, in general, different. We can compute them by using the following identities

M̂^2_H = M̂_H (M̂_H )^T = D^T M_H (M_H )^T D , M̂^2_H = (M̂_H )^T M̂_H = U^T (M_H )^T M_H U , (8.14)

where we used DD^T = D^T D = UU^T = U^T U = I. If we parametrize the rotations as D = ( cos θ_1 sin θ_1 − sin θ_1 cos θ_1 ) , U = ( cos θ_2 sin θ_2 − sin θ_2 cos θ_2 ) (8.15)

one gets

H^1_d = cos θ_1H^L_d + sin θ_1H^R_d , H^2_d = − sin θ_1H^L_d + cos θ_1H^R_d , (8.16)

and similar for H_u. In general the angles θ_1 and θ_2 are different. However, they are connected to the same matrix M_H and can be calculated by diagonalizing M_H (M_H )^T or (M_H )^T M_H . Using eq. (8.14) one finds

tan θ_{1,2} = μ_{12} ± α_{12}M_R μ_{22}

. (8.17)

In these expressions Det(M_H ) = 0 has been used to simplify the result. Exact Det(M_H ) = 0 implies that the μ-term of the MSSM is zero, so this condition can only be true up to small corrections, see the discussion below. Note that there are two interesting limits. First, μ_{12} ≫ α_{12}M_R : this implies tan θ_1 = tan θ_2 and therefore D = U. This is as expected, since that limit makes M_H symmetric. And, second, μ_{12} ≪ α_{12}M_R : this implies tan θ_1 = − tan θ_2 and therefore D = U^T .

The superpotential at this stage is

W = Y_uQH_uu^c + Y_dQH_dd^c + Y_eLH_de^c + Y_ν LH_uν^c + μH_uH_d + f^1_c ν^cν^cΔ^{c 0} + M^1_Δc Δ^{c 0}Δ̄^{c 0} + a^1_c Δ^{c 0}Δ̄^{c 0}Ω^{c 0} + bΩH_dH_u + b_cΩ^{c 0}H_dH_u + M_ΩΩΩ + M_Ωc Ω^{c 0}Ω^{c 0}. (8.18)

Particles belonging to the same SU(2)_R gauge multiplets split due to their different U(1)_R charges. At this stage both the LR group, that symmetrizes the SU(2)_L and SU(2)_R gauge interactions, and the discrete parity symmetry that we imposed on the couplings are broken.

The soft terms are

− L_{sof t} = m^2_QQ̃^†Q̃ + m^2_ucũ^{c†}ũ^c + m^2_dcd̃^{c†}d̃^c + m^2_LL̃^†L̃ + m^2_ecẽ^{c†}ẽ^c + m^2_νcν̃^{c†}ν̃^c + m^2_{Hu} H^†_uH_u + m^2_{Hd} H^†_dH_d + m^2_Δc 0 Δ^{c 0†}Δ^{c 0} + m^2_{Δ̄c 0}Δ̄^{c 0 †}Δ̄^{c 0} + m^2_ΩΩ^†Ω + m^2_Ωc 0 Ω^{c 0 †}Ω^{c 0} (8.19) + 1 2 [ M_1B̃^0B̃^0 + M_LW̃_LW̃_L + M_RW̃^0_RW̃^0_R + M_3g̃g̃ + h.c. ] + [ T_uQ̃H_uũ^c + T_dQ̃H_dd̃^c + T_eL̃H_dẽ^c + T_νL̃H_uν̃^c + T^1_{fc}ν̃^cν̃^cΔ^{c 0} + T^1_{ac} Δ^{c 0}Ω^{c 0}Δ̄^{c 0} + T_bΩH_dH_u + T_bc Ω^{c 0}H_dH_u + h.c. ] + [ B_μH_uH_d + B_M 1_{Δc} Δ^{c 0}Δ̄^{c 0} + B_{MΩ} ΩΩ + B_M c_Ω Ω^{c 0}Ω^{c 0} + h.c. ] . Again we suppress gauge and family indices.

We must impose matching conditions at the SU(2)_R breaking scale. These are for superpotential parameters given by

Y_d = Y^1_Q cos θ_1 − Y^2_Q sin θ_1 , Y_u = −Y^1_Q cos θ_2 + Y^2_Q sin θ_2 ,

Y_e = Y^1_L cos θ_1 − Y^2_L sin θ_1 , Y_ν = −Y^1_L cos θ_2 + Y^2_L sin θ_2 ,

f^1_c = −f^∗ , a^1_c = − a^∗ √ 2 , M^1_Δc = M^∗_Δ , M_Ωc = M^∗_Ω , b = 2αR , b_c = √ 2α^∗R , (8.20)

where R = sin(θ_1 − θ_2). For the soft masses we have

m^2_uc = m^2_dc = m^2_Qc , (8.21)

m^2_ec = m^2_νc = m^2_Lc ,

m^2_Δc 0 = m^2_Δc , m^2_{Δ̄c 0} = m^2_{Δ̄c} , m^2_Ωc 0 = m^2_Ωc , M_L = M_R = M_2 .

The matching of the soft trilinears follows corresponding conditions. In addition, one has

m^2_{Hd} = cos^2 θ_1(m^2_Φ)_{11} + sin^2 θ_1(m^2_Φ)_{22} − sin θ_1 cos θ_1 [ (m^2_Φ)_{12} + (m^2_Φ)_{21} ] , m^2_{Hu} = cos^2 θ_2(m^2_Φ)_{11} + sin^2 θ_2(m^2_Φ)_{22} − sin θ_2 cos θ_2 [ (m^2_Φ)_{12} + (m^2_Φ)_{21} ] , as obtained when the operator m^2_ΦΦ^†Φ is projected into the light Higgs doublets operators (H^L_d )^†H^L_d and (H^L_u )^†H^L_u . Gauge couplings are matched as g_L = g_R = g_2.

8.2.3 Step 3: From U(1)_{B−L} breaking scale to EW/SUSY scale

We mention this stage only for completeness, since the last regime is just the usual MSSM. We need matching conditions in the gauge sector. Since U(1)_R × U(1)_{B−L} breaks to U(1)_Y , the MSSM gauge coupling g_1 will be a combination of g_R and g_{BL}. The resulting relationship is

g_1 = √ 5g_Rg_{BL} √ 2g^2_R + 3g^2_{BL}

. (8.22)

Analogously, the following condition holds for gaugino masses

M_1(MSSM) =

2g^2_RM_1 + 3g^2_{BL}M_R 2g^2_R + 3g^2_{BL}

. (8.23)

Note that in the last two equations the gauge couplings are GUT-normalized. Electroweak symmetry breaking occurs as in the MSSM. We take the Higgs doublet VEVs ⟨H^0_d ⟩ = v_d √ 2 , ⟨H^0_u⟩ = v_u √ 2 , (8.24)

as free parameters and then solve the tadpole equations to find μ_{MSSM} and B^μ. μ_{MSSM} must be different from zero, that is Det(M_H ) can not be exactly zero. Instead the tuning must be exact up to Det(M_H ) = O(μ^2_{MSSM}). This strong finetuning is required for a correct EWSB and is nothing but the μ-problem of the MSSM, which we do not attempt to solve here. Finally, tan β =^{vu}_{vd} is used as a free parameter. Also the sign of μ_{MSSM} is not constrained as usual.

8.2.4 Neutrino masses, LFV and Yukawa couplings

Neutrino masses are generated after U(1)_{B−L} breaking through a type-I seesaw mechanism. The matrix f^1_c leads to Majorana masses for the right-handed neutrinos once Δ^{c 0} gets a VEV. We define the seesaw scale as the lightest eigenvalue of

M_S ≡ f^1_c v_{BL} . (8.25)

As usual, we can always rotate the fields to a basis where M_S is diagonal. However, this will introduce lepton flavor violating entries in the Y_{Li} Yukawas, see discussion below. As mentioned above, contrary to non-supersymmetric LR models [177], there is no type-II contribution to neutrino masses.

Global fits to all available experimental data provide values for the parameters involved in neutrino oscillations, see table 3.1 for updated results. As first observed in [211], these data imply that the neutrino mass matrix can be diagonalized to a good approximation by the so-called tri-bimaximal mixing pattern:

U_{T BM} = √_2 3 √_1 3 0 −^{1√}_6^{1√}_3 −^{1√}_2 −^{1√}_6^{1√}_3^{1√}_2

. (8.26)

The matrix product Y_ν ·(f^1_c )^{−1} ·Y^T_ν is constrained by this particular structure. LFV entries can be present in both Y_ν and f^1_c , see also the discussion about parameter counting in the next subsection. However, in the numerical section we will consider only two specific kinds of fits:

• Y_ν -fit: flavor structure in Y_ν and diagonal f^1_c .

• f-fit: flavor structure in f^1_c and diagonal Y_ν .

While at first it may seem either way of doing the fit is equivalent, f^1_c and Y_ν in our setup can leave different traces in the soft slepton mass parameters if v_{BL} ≪ v_R. This last condition is essential to distinguish between both possibilities, because otherwise one obtains the straightforward prediction that LFV entries in left and right slepton are equal, due to the assumed LR symmetry above v_R.

These two types of fit were already discussed in reference [390], which investigates low energy LFV signatures in a supersymmetric seesaw model where the right-handed neutrino mass is generated from a term of the form fΔ^cν^cν^c. When the scalar component of Δ^c acquires a VEV a type-I seesaw is obtained, generating masses for the light neutrinos. Therefore, this model has the ingredients to accommodate a Y_ν -fit, named as Dirac LFV in [390], or a f-fit, named as Majorana LFV. Note, however, that the left-right symmetry, central in our work, is missing in this reference, thus implying different signatures at the electroweak scale.

The difference in phenomenology of the two fits can be easily understood considering approximated expressions for the RGEs for m^2_L and m^2_ec . In the first step, from the GUT scale to the v_R scale RGEs at 1-loop order can be written in leading-log approximation as [382]

Δm^2_L = − 1 4π^2 ( 3ff^† + Y^{(k)}_L Y^{(k) †}_L ) (3m^2_0 + A^2_0) ln ( m_{GUT} v_R ) , Δm^2_Lc = − 1 4π^2 ( 3f^†f + Y^{(k) †}_L Y^{(k)}_L ) (3m^2_0 + A^2_0) ln ( m_{GUT} v_R ) . (8.27)

Of course, also the A parameters develop LFV off-diagonals in the running. We do not give the corresponding approximated equations for brevity. After parity breaking at the v_R scale the Yukawa coupling Y_L splits into Y_e, the charged lepton

Yukawa, and Y_ν , the neutrino Yukawa. The later contributes to LFV entries in the running down to the v_{BL} scale. Thus,

Δm^2_L ∼ − 1 8π^2 Y_ν Y^†_ν ( 3m^2_L|_{vR} + A^2_e|_{vR} ) ln ( v_R v_{BL} ) , Δm^2_ec ∼ 0 , (8.28)

where m^2_L|_{vR} is the matrix m^2_L at the scale v_R and A^2_e |_{vR} is defined as T_e = Y_eA_e and also has to be taken at v_R. In order to understand the main difference between the two fits, let us first consider the f-fit. This assumes that Y_ν is diagonal at the seesaw scale and thus the observed low energy mismatch between the neutrino and charged lepton sectors is due to a non-trivial flavor structure in f^1_c . Of course, non-diagonal entries in f generate in the running also non-diagonal entries in Y_ν and Y_e, but these can be neglected in first approximation. In this case, equations (8.27) and (8.28) show that the LR symmetry makes m^2_L and m^2_ec run with the same flavor structure and the magnitudes of their off-diagonal entries at the SUSY scale are similar. If, on the other hand, Y_ν is non-trivial (Y_ν -fit), while f is diagonal, the running from the GUT scale to the v_R scale induces again the same off-diagonal entries in m^2_L and m^2_Lc . However, from v_R to v_{BL} the off-diagonals entries in m^2_L continue to run, while those in m^2_ec do not. This effect, generated by the righthanded neutrinos via the Y_ν Yukawas, induces additional flavor violating effects in the L sector compared to the R sector. Seeing LFV in both left- and right slepton sectors thus allows us to indirectly learn about the high energy theory. We will study this in some detail in the phenomenology section below, where the numerical results will be presented.

8.2.5 Parameter counting

Let us briefly summarize the free parameters of the model. With the assumption of mSUGRA (or better: mSUGRA-like) boundary conditions, in the SUSY breaking sector we only have the standard parameters m_0, M_{1/2}, A_0, tan β, sign(μ_{MSSM}). Thus, we count 4+1 parameters in the soft terms. We note in passing that the soft terms of the heavy sector, of course, do not have to follow strictly the conditions outlined in equation (8.3), as long as these parameters are small compared to v_{BL} there are no changes compared to the above discussion.

In the superpotential we have a, α, μ, M_Δ and M_Ω. This leaves, at first sight, 7 parameters free. However, we can reduce them to 4+2 parameters as follows. Since α_{ij} = −α_{ji}, α only contains one free parameter: α_{12}. The matrix μ has 3 entries, but one of them, μ_{11}, is fixed by the fine-tuning condition Det(M_H ) = O(μ^2_{MSSM}). This leaves two free parameters, μ_{12}, μ_{22}. We have traded M_Δ and M_Ω for the VEVs v_R, v_{BL}, since ln(^{vR}_{vBL} ) and ln(^{vGU T}_{vR} ) enter into the RGEs and thus can, at least in principle, be determined from low-energy spectra. There are then in summary 6 parameters, four independent of low-energy constraints and two which could be fixed from LFV data, see below.

In addition, in the superpotential we have the Yukawa matrices Y_{Qi} , Y_{Li} and f. Let’s consider the quark sector first. Since we can always go to a basis in which one of the Y_{Qi} is diagonal with only real entries, there are 12 parameters. Ten of them are fixed by six quark masses, three CKM angles and the CKM phase, leaving two phases undetermined.

In the lepton sector we have the symmetric matrices, Y_{L1} and Y_{L2} . As with the quark sector, a basis change shows that there are only 12 free parameters. f is symmetric and thus counts as another 9 parameters. Going to a basis in which f is diagonal does not reduce the number of free parameters, since in this basis we can no longer assume one of the Y_{Li} to be diagonal. In summary there are thus free 21 parameters in these three matrices.

In the simple, pure seesaw type-I with three generations of right-handed neutrinos the number of free parameters is 21. Only 12 of them can be fixed from low-energy data: three neutrino and three charged lepton masses, three leptonic mixing angles and three phases (two Majorana and one Dirac phase). However, as pointed out in [347], in principle, m^2_L contains 9 observable entries and thus, if the normalization (i.e. m_0, A_0, tan β etc.) is known from other sfermion measurements, one could re-construct the type-I seesaw parameters^4.

How does the SUSY LR model compare to this? We have, as discussed above, also 21 parameters in the three coupling matrices, but neutrino masses depend also on v_{BL}. However, in principle, we have 9 more observables in m^2_ec , assuming again that the soft SUSY breaking terms can be extracted from other measurements. Since in the RGEs also v_R appears we have in total 23 parameters which need to be determined. The number of observables, on the other hand is fixed to 30 in total, as we have 12 (low-energy lepton sector) plus 9 (left sleptons) plus 9 (right sleptons) possible measurements.

8.3 Phenomenology

8.3.1 Procedure for numerics

All necessary, analytical expressions were calculated with SARAH. For this purpose, two different model files for the model above the two threshold scales were created and used to calculate the full set of 2-loop RGEs. SARAH calculates the RGEs using the generic expressions of [384] in the most general form respecting the complete flavor structure. These RGEs were afterwards exported to Fortran code and implemented in SPheno. As starting point for the RGE running, the gauge and Yukawa couplings at the electroweak scale are used. In the calculation of the gauge and Yukawa couplings we follow closely the procedure described in reference [301]: the values for the Yukawa couplings giving mass to the SM fermions and the gauge couplings are determined at the scale M_Z based on the measured values for the quark, lepton and vector boson masses as well as for the gauge couplings. Here, we have included the 1-loop corrections to the mass of W- and Z-boson as well as the SUSY contributions to δ_{V B} for calculating the gauge couplings. Similarly, we have included the complete 1-loop corrections to the self-energies of SM fermions [391]. Moreover, we have resummed the tan β enhanced terms for the calculation of the Yukawa couplings of the b-quark and the τ-lepton as in [301]. The vacuum expectation values v_d and v_u are calculated with respect to the given value of tan β at M_Z . Since we are working with two distinct threshold scales, not all heavy fields are integrated out at their mass and the corresponding 1-loop boundary conditions at the threshold scales are needed. It is known that these particles cause a finite shift in the gauge couplings and gaugino masses. The general expressions are [392] g_i → g_i ( 1 ± 1 16π^2 g^2_i I^i_2(r) ln ( M^2 M^2_T )) , (8.29) M_i → M_i ( 1 ± 1 16π^2 g^2_i I^i_2(r) ln ( M^2 M^2_T )) . (8.30)

I^i_2(r) is the Dynkin index of a field transforming as representation r with respect to the gauge group belonging to the gauge coupling g_i, M is the mass of this particle and M_T is the threshold scale. When evaluating the RGEs from the low to the high scale, the contribution is positive, when running down, it is negative. The different masses used for calculating the finite shifts are the eigenvalues of the full

4 Of course, this discussion is slightly academic, since at least one of the Majorana phases will never be measured in praxis.

Fig. 8.1: 1-loop running of the gauge couplings for the choice of scales mSUSY = 1 TeV, vBL = 10^{14} GeV and vR = 10^{15} GeV. The dependence of α^{−1}_i , where αi =^{g2i}_{4π} , on the energy scale μ is shown. Different gauge couplings are represented in the different energy regimes. For μ ∈ [mZ , vBL] one has α^{−1}_3 (blue), α^{−1}_L (green) and α^{−1}_Y (red). For μ ∈ [vBL, vR] one has α^{−1}_3 (blue), α^{−1}_L (green), α^{−1}_R (purple) and α^{−1}_{BL} (red). For μ > vR one has α^{−1}_3 (blue), α^{−1}_2 ≡ α^{−1}_L = α^{−1}_R (green) and α^{−1}_{BL} (red).

tree-level mass matrix of the charged, heavy particles removed from the spectrum. The correct mass spectrum is calculated in an iterative way.

Some comments on the determination of the GUT scale are now in order. In our numerical procedure the GUT scale is defined as the scale at which g_{BL} = g_2 = g_{GUT} holds. Generally, there is difference with g_3 to g_{GUT} in the percent range, the actual numerical mismatch depending on the scales v_{BL} and v_R and being larger for lower values of v_{BL} and v_R. Figure 8.1 shows an example for the choice of scales m_{SUSY} = 1 TeV, v_{BL} = 10^{14} GeV and v_R = 10^{15} GeV. It has been stressed in particular in [393] that within supersymmetric LR models, the LR symmetry breaking scale has to be close to the GUT scale, otherwise this mismatch will grow too large.

However, several solutions are known. In [394] it was pointed out that GUT thresholds - unknown unless the GUT model, including the complete Higgs sector used to break the GUT symmetry, is specified - can lead to important corrections, accounting for this apparent non-unification^5. Another possibility is the addition of new particles to the spectrum. As clearly seen in figure 8.1, unification is not obtained due to a too fast running of g_3. This can be fixed by adding new superfields charged under SU(3)_c but singlet under the other gauge subgroups, as pointed out in [396]. Two examples are shown in figure 8.2, where the addition of triplets of SU(3)_c has been considered. To the left, one generation is added at m_{SUSY} , whereas to the right five generations are added at v_{BL}. In both cases the new contributions to the running of g_3 are sufficient to obtain gauge coupling unification.

Nevertheless, in our numerical procedure we simply use g_{BL} = g_2 = g_{GUT} and attribute departures from complete unification to (unknown) thresholds and/or the existence of additional colored particles below m_{GUT} .

After applying the GUT scale boundary conditions, the RGEs are evaluated down to the low scale and the mass spectrum of the MSSM is calculated. The MSSM masses are, in general, calculated at the 1-loop level in the DR scheme using on-shell external momenta. For the Higgs fields also the most important 2-

5 For a discussion of these effects in the context of SU(5) see [395].

Fig. 8.2: 1-loop running of the gauge couplings for the choice of scales mSUSY = 1 TeV, vBL = 10^{14} GeV and vR = 10^{15} GeV. Contrary to figure 8.1, gauge coupling unification is obtained thanks to additional colored superfields. In the left panel, one triplet under SU(3)c, singlet under the other gauge subgroups, is added at mSUSY , whereas in the right panel five generations of the same superfield are added at vBL . See figure 8.1 for the color code.

loop contributions are taken into account. We note that the corresponding Fortran routines are also written by SARAH but they are equivalent to the routines included in the public version of SPheno based on [391]. The iteration stops when the largest change in the calculation of the SUSY and Higgs boson masses at m_{SUSY} is below one per-mille between two iterations.

8.3.2 Mass spectrum

The appearance of charged particles at scales between the electroweak scale and the GUT scale leads to changes in the beta functions of the gauge couplings [190, 363]. This does not only change the evolution of the gauge couplings but also the evolution of the gaugino and scalar mass parameters [363, 356]. The LR model contains additional triplets, and similar to what is observed in the seesaw models [357] the mass spectrum at low energies is shifted with respect to mSUGRA expectations. Two examples of this behaviour are shown in figure 8.3. In this figure we show the two lightest neutralino masses and the masses of the left and right smuons versus v_{BL} (left side) and v_R (right side). We note that also all other sfermion and gaugino masses show the same dependence and in general smaller values are obtained for lower values of v_{BL} and v_R. One finds that gaugino masses depend stronger on v_{BL} and v_R than sfermion masses and that right sleptons are the sfermions for which the sensitivity to these VEVs is smallest.

The change in the low energy spectrum, however, maintains to a good degree the standard mSUGRA expectation for the ratios of gaugino masses, as shown in figures 8.4 and 8.5. Here, figure 8.4 shows the ratios M_1/M_2 and M_2/M_3 versus v_{BL}, while figure 8.5 shows the same ratios versus v_R. Shown are the results for three different SUSY points, which in the limit of v_R, v_{BL} → m_{GUT} approach the standard SPS points SPS1a’ [302], SPS3 and SPS5 [341]. For example, the ratio M_1/M_2 is expected to be (5/3) tan^2 θ_W ≃ 0.5 at 1-loop order in mSUGRA. The exact ratio, however, depends on higher order corrections, and thus on the SUSY spectrum. The LR model will thus appear rather mSUGRA like, if these ratios are measured. Only with very high precision on mass measurements, possible only at a linear collider, can one hope to find any (indirect) dependence on v_{BL} and v_R.

Fig. 8.3: Example of spectra at the SUSY scale and its dependence on vBL (left side) and vR (right side). The masses of four states are shown: χ̃^0_1 (blue line), χ̃^0_2 (blue dashed line), μ̃R (red line) and μ̃L (red dashed line). In both panels the mSUGRA parameters have been taken as in the SPS3 benchmark point.

Fig. 8.4: Gaugino mass ratios as a function of vBL for the fixed value vR = 10^{15} GeV.

To the left, M1/M2, whereas to the right M2/M3. In both figures the three colored lines correspond to three mSUGRA benchmark points: SPS1a’ (blue), SPS3 (green) and SPS5 (red). Note the small variation in the numbers on the Y axis.

Fig. 8.5: Gaugino mass ratios as a function of vR for the fixed value vBL = 10^{14} GeV.

To the left, M1/M2, whereas to the right M2/M3. In both figures the three colored lines correspond to three mSUGRA benchmark points: SPS1a’ (blue), SPS3 (green) and SPS5 (red). Note the small variation in the numbers on the Y axis.

8.3.3 Low energy LFV

Lepton flavor violation in charged lepton decays has attracted a lot of attention for decades. Processes like μ → eγ are highly suppressed in the standard model (plus non-zero neutrino masses) due to the GIM mechanism [224], and thus the observation of these rare decays would imply new physics. The MEG experiment [293] is currently the most advanced experimental setup in the search for μ^+ → e^+γ. This rare decay will be observed if its branching ratio is above the MEG expected sensitivity, around Br(μ → eγ) ∼ 10^{−13}.

LFV decays like l_i → l_j γ are induced by 1-loop diagrams with the exchange of neutralinos and sleptons. They can be described by the effective Lagrangian, see for example the review [319], L_{ef f} = e m_i 2 l̄_iσ_{μν} F^{μν} (A^{ij}_L P_L + A^{ij}_R P_R)l_j + h.c. . (8.31)

Here P_{L,R} =^1_2 (1 ∓ γ_5) are the usual chirality projectors and therefore the couplings A_L and A_R are generated by loops with left and right sleptons, respectively. In our numerical calculation we use exact expressions for A_L and A_R. However, for an easier understanding of the numerical results, we note that the relation between these couplings and the slepton soft masses is very approximately given by A^{ij}_L ∼ (m^2_L)_{ij} m^4_{SUSY} , A^{ij}_R ∼ (m^2_ec )_{ij} m^4_{SUSY} , (8.32)

where m_{SUSY} is a typical supersymmetric mass. Here it has been assumed that (a) chargino/neutralino masses are similar to slepton masses and (b) A-terms mixing left-right transitions are negligible. Therefore, due to the negligible off-diagonal entries in m^2_ec , a pure seesaw model predicts A_R ≃ 0.

The branching ratio for l_i → l_j γ can be calculated from the previous formulas. The result is Br(l_i → l_j γ) = 48π^3α G^2_F ( |A^{ij}_L |^2 + |A^{ij}_R |^2 ) Br(l_i → l_j ν_iν̄_j ) . (8.33)

Figure 8.6 shows two examples for Br(μ → eγ) in the m_0, M_{1/2} plane. Here, we have fixed v_{BL} = 10^{14} GeV and v_R = 10^{15} GeV and show to the left M_S = 10^{12}

Fig. 8.6: Contours of Br(μ → eγ) in the m0, M_{1/2} plane for vBL = 10^{14} GeV and vR = 10^{15} GeV. To the left MS = 10^{12} GeV, whereas to the right MS = 10^{13} GeV. Neutrino oscillation data have been fitted with the Yν fit, assuming degenerate right-handed neutrinos, MRi = MS .

GeV, whereas to the right M_S = 10^{13} GeV. Once Yukawas are fitted to explain the observed neutrino masses, the branching ratio shows an approximately quadratic dependence on the seesaw scale, with lower M_S giving smaller Br(μ → eγ). As expected, the branching ratio also strongly decreases as m_0 and/or M_{1/2} increase. This is because the superparticles in the loops leading to μ → eγ become heavier in these directions, suppressing the decay rate. In fact, from equations (8.32) and (8.33) one easily finds the dependence Br(μ → eγ) ∼ 48π^3α G^2_F

(m^2_{L,ẽ}c )^2_{ij} m^8_{SUSY} , (8.34)

which shows that Br(μ → eγ) decreases as m^{−8}_{SUSY} .

It is also remarkable that for a given seesaw scale, Br(μ → eγ) is sizeably larger in the LR model than in a pure seesaw type-I model, see for example [359]. The explanation of this is that right sleptons contribute significantly in the LR model to Br(μ → eγ) and these contributions are absent in seesaw models.

As already discussed, a pure seesaw model predicts simply A_R ≃ 0. However, in the LR model we expect a more complicated picture. Left-right symmetry implies that, above the parity breaking scale, non-negligible flavor violating entries are generated in m^2_ec . Therefore, A_R ≠ 0 is obtained at low energy. The angular distribution of the outgoing positron at, for example, the MEG experiment could be used to discriminate between left- and right-handed polarized states [397, 398]. If MEG is able to measure the positron polarization asymmetry, defined as

A(μ^+ → e^+γ) = |A_L|^2 − |A_R|^2 |A_L|^2 + |A_R|^2

, (8.35)

there will be an additional observable to distinguish from minimal seesaw models. In a pure seesaw model one expects A ≃ +1 to a very good accuracy. However, the LR model typically leads to significant departures from this expectation, giving an interesting signature of the high energy restoration of parity.

Figure 8.7 shows contours for A(μ^+ → e^+γ) in the m_0, M_{1/2} plane. For the corresponding branching ratios see figure 8.6. Note the rather strong dependence on m_0. The latter can be understood as follows. Since v_{BL} in these examples is one

Fig. 8.7: Contours of A(μ^+ → e^+γ) in the m0, M_{1/2} plane. To the left MS = 10^{12} GeV, whereas to the right MS = 10^{13} GeV. The parameters have been chosen as in figure 8.6.

order of magnitude smaller than v_R, and the Y_ν fit has been used, the LFV mixing angles in the left slepton sector are larger than the corresponding LFV entries in the right sleptons. At very large values of m_0, were the masses of right and left sleptons are of comparable magnitude, therefore “left” LFV is more important and the model approaches the pure seesaw expectation. At smaller values of m_0, right sleptons are lighter than left sleptons, and due to the strong dependence of μ → eγ on the sfermion masses entering the loop calculation, see eq. (8.32), A_R and A_L can become comparable, despite the smaller LFV entries in right slepton mass matrices. In the limit of very small right slepton masses the model then approaches A ∼ 0. We have not explicitly searched for regions of parameter space with A < 0, but one expects that negative values for A are possible if v_{BL} is not much below v_R and sleptons are light at the same time, i.e. small values of m_0 and M_{1/2}. Note that, again due to the LR symmetry above to v_R, the model can never approach the limit A = −1 exactly.

The positron polarization asymmetry is very sensitive to the high energy scales. Figure 8.8 shows A as a function of v_R for M_S = 10^{13} GeV, v_{BL} = 10^{14} GeV and the mSUGRA parameters as in the SPS3 benchmark point. The plot has been obtained using the Y_ν fit. This example shows that as v_R approaches m_{GUT} the positron polarization A approaches +1, which means A_L dominates the calculation. This is because, in the Y_ν fit, the right-handed LFV soft slepton masses, and thus the corresponding A_R coupling, only run from m_{GUT} to v_R.

A(μ^+ → e^+γ) also has an important dependence on the seesaw scale. This is shown in figure 8.9, where A is plotted as a function of the lightest right-handed neutrino mass. This dependence can be easily understood from the seesaw formula for neutrino masses. It implies that larger M_S requires larger Yukawa parameters in order to fit neutrino masses which, in turn, leads to larger flavor violating soft terms due to RGE running. However, note that, for very small seesaw scales all lepton flavor violating effects are negligible and no asymmetry is produced, since A_L ∼ A_R ∼ 0.

In addition, figure 8.9 shows again the relevance of v_R, which determines the parity breaking scale at which the LFV entries in the right-handed slepton sector essentially stop running. Lighter colors indicate larger v_R. As shown already in figure 8.8 for a particular point, the positron polarization approaches +1 as v_R is increased.

Fig. 8.8: Positron polarization asymmetry A(μ^+ → e^+γ) as a function of vR for the parameter choice MS = 10^{13} GeV and vBL = 10^{14} GeV. The mSUGRA parameters have been taken as in the SPS3 benchmark point and neutrino oscillation data have been fitted with the Yν fit, assuming degenerate right-handed neutrinos, MRi = MS .

Fig. 8.9: Positron polarization asymmetry A(μ^+ → e^+γ) as a function of the seesaw scale, defined as the mass of the lightest right-handed neutrino, for the parameter choice vBL = 10^{15} GeV and vR ∈ [10^{15} , 10^{16} ] GeV. Lighter colors mean higher values of vR. The mSUGRA parameters have been taken as in the SPS3 benchmark point and neutrino oscillation data have been fitted with the Yν fit, assuming degenerate right-handed neutrinos, MRi = MS .

Fig. 8.10: Positron polarization asymmetry A(μ^+ → e^+γ) as a function of the ratio vBL/vR. The seesaw scale MS has been fixed to 10^{13} GeV, whereas vBL and vR take values in the ranges vBL ∈ [10^{14} , 10^{15} ] GeV and vR ∈ [10^{15} , 10^{16} ] GeV. Lighter colors indicate larger vBL. The mSUGRA parameters have been taken as in the SPS3 benchmark point and neutrino oscillation data have been fitted with the Yν fit, assuming degenerate right-handed neutrinos, MRi = MS .

Below the SU(2)_R breaking scale parity is broken and left and right slepton soft masses evolve differently. The approximate solutions to the RGEs in equations (8.27) and (8.28) show that, if neutrino data is fitted according to the Y_ν fit, the lefthanded ones keep running from the SU(2)_R breaking scale to the U(1)_{B−L} scale. In this case one expects larger flavor violating effects in the left-handed slepton sector and a correlation with the ratio v_{BL}/v_R, which measures the difference between the breaking scales. This correlation, only present in the Y_ν fit, is shown in figure 8.10. On the one hand, one finds that as v_{BL} and v_R become very different, v_{BL}/v_R ≪ 1, the positron asymmetry approaches A = +1. On the other hand, when the two breaking scales are close, v_{BL}/v_R ∼ 1, this effect disappears and the positron polarization asymmetry approaches A = 0. Note that the Y_ν fit does not usually produce a negative value for A since the LFV terms in the right slepton sector never run more than the corresponding terms in the left-handed sector. The only possible execption to this general rule is, as discussed above, in the limit of very small m_0 and v_{BL}/v_R ∼ 1.

The determination of the ratio v_{BL}/v_R from figure 8.10 is shown to be very inaccurate. This is due to the fact that other parameters, most importantly m_{GUT} (which itself has an important dependence on the values of v_{BL} and v_R), have a strong impact on the results. Therefore, although it would be possible to constrain the high energy structure of the theory, a precise determination of the ratio v_{BL}/v_R will require additional input. Figure 8.11, on the other hand, shows that the polarization asymmetry A(μ^+ → e^+γ) is much better correlated with the quantity log(v_R/m_{GUT} )/ log(v_{BL}/m_{GUT} ). This is as expected from equations (8.27) and (8.28) and confirms the validity of this approximation.

We close our discussion on the positron polarization asymmetry with some comments on the f fit. Since this type of fit leads to Δm^2_L ∼ Δm^2_ec ∼ 0 in the v_{BL} − v_R energy region, there is little dependence on these symmetry breaking scales. This is illustrated in figure 8.12, where the asymmetry A is plotted as a function of v_R for three different mSUGRA benchmark points: SPS1a’ (blue line), SPS3 (green line) and SPS5 (red line). One clearly sees that the dependence on v_R is quite weak compared to the Y_ν fit. In fact, the variations in this figure are mostly due to the

Fig. 8.11: Positron polarization asymmetry A(μ^+ → e^+γ) as a function of log(vR/mGUT )/ log(vBL/mGUT ). The parameters have been chosen as in figure 8.10.

Fig. 8.12: Positron polarization asymmetry A(μ^+ → e^+γ) as a function of vR for three different mSUGRA benchmark points: SPS1a’ (blue line), SPS3 (green line) and SPS5 (red line). In this figure a fixed value vBL = 10^{14} GeV is taken. Neutrino oscillation data have been fitted with the f fit.

Fig. 8.13: Br(τ̃i → χ̃^0_1 e) and Br(τ̃i → χ̃^0_1 μ) as a function of the seesaw scale, defined as the mass of the lightest right-handed neutrino, for the parameter choice vBL = 10^{15} GeV and vR = 5 · 10^{15} GeV. The dashed lines correspond to τ1 ≃ τR and the solid ones to τ2 ≃ τL. To the left, the mSUGRA parameters have been taken as in the SPS1a’ benchmark point, whereas to the right as in the SPS3 benchmark point. In both figures neutrino oscillation data have been fitted according to the f fit, with non-degenerate right-handed neutrinos. The blue shaded regions are excluded by μ → eγ.

changes in the low energy supersymmetric spectrum due to different v_R values. In the case of the f-fit one then typically finds A ∈ [0.0 − 0.3].

8.3.4 LFV at LHC/ILC

Lepton flavor violation might show up at collider experiments as well. Although the following discussion is focused on the LHC discovery potential for LFV signatures, let us emphasize that a future linear collider will be able to determine the relevant observables with much higher precision.

Figure 8.13 shows Br(τ̃_i → χ̃^0_1 e) and Br(τ̃_i → χ̃^0_1 μ) as a function of the seesaw scale. The dashed lines correspond to τ_1 ≃ τ_R and the solid ones to τ_2 ≃ τ_L. As in the case of μ → eγ, see figure 8.6, lower seesaw scales imply less flavor violating effects due to smaller Yukawa couplings. Moreover, figure 8.13 presents the same results for two different benchmark points, SPS1a’ and SPS3. As already shown in figure 8.6, μ → eγ is strongly dependent on the SUSY spectrum. For lighter supersymmetric particles, as in the benchmark point SPS1a’, μ → eγ is large, setting strong limits on the seesaw scale and thus on the possibility to observe LFV at colliders. In the case of heavier spectrums, as in SPS3, μ → eγ is still the most stringent constraint, but larger values of the seesaw scale and thus LFV violating branching ratios become allowed. Whether decays such as Br(τ̃_i → χ̃^0_1 e) and Br(τ̃_i → χ̃^0_1 μ) are observable at the LHC or not, thus depends very sensitively on the unknown m_0, M_{1/2} and M_S .

Furthermore, the right panel of figure 8.13 also shows that right staus can also have LFV decays with sizeable rates. Of course, as emphasized already above, this is the main novelty of the LR model compared to pure seesaw models. This is direct consequence of parity restoration at high energies.

Moreover, as in our analysis of the positron polarization asymmetry, one expects to find that if the difference between v_R and v_{BL} is increased, the difference between the LFV entries in the L and R sectors gets increased as well. This property of the Y_ν fit is shown in figure 8.14, which shows branching ratios for the LFV decays of the staus as a function of v_{BL} for v_R ∈ [10^{15}, 5 · 10^{15}] GeV. As the figure shows,

Fig. 8.14: Br(τ̃L → χ̃^0_1 μ) and Br(τ̃R → χ̃^0_1 μ) as a function of vBL for MS = 10^{13} GeV and vR ∈ [10^{15} , 5 · 10^{15} ] GeV. Red dots correspond to τ1 ≃ τR, whereas the blue ones correspond to τ2 ≃ τL. The mSUGRA parameters have been taken as in the SPS3 benchmark point and neutrino oscillation data have been fitted with the Yν fit, assuming degenerate right-handed neutrinos, MRi = MS .

the theoretical expectation is confirmed numerically: the difference between Br(τ̃_L) and Br(τ̃_R) strongly depends on the difference between v_R and v_{BL}.

The question arises whether one can determine the ratio v_{BL}/v_R by measuring both Br(τ̃_L) and Br(τ̃_R) at colliders. Figure 8.15 attempts to answer this. Here the ratio Br(τ̃_R → χ̃^0_1 e)/Br(τ̃_L → χ̃^0_1 e) is plotted as a function of v_{BL}/v_R. A measurement of both branching ratios would allow to constrain the ratio v_{BL}/v_R and increase our knowledge on the high energy regimes. For the sake of brevity we do not present here the analogous plots for other LFV slepton decays and/or other lepton final states, since they show very similar correlations with v_{BL}/v_R. For example, in principle, one could also use the ratio Br(μ̃_R → χ̃^0_1 τ)/Br(μ̃_L → χ̃^0_1 τ) to determine the ratio between the two high scales.

However, as observed also in the polarization asymmetry for μ → eγ there is an important dependence on other parameters of the model, especially the exact value of m_{GUT} . This implies a theoretical uncertainty in the determination of v_{BL}/v_R. Again, as for A, a much better correlation with log(v_R/m_{GUT} )/ log(v_{BL}/m_{GUT} ) is found, see figure 8.16.

In conclusion, to the determine v_{BL} and v_R individually more theoretical input is needed, such as the GUT scale thresholds, which are needed to fix the value of m_{GUT} . Recall, that we did not specify the exact values of these thresholds in our numerical calculation. This leads to a “floating” value of m_{GUT} when v_R and v_{BL} are varied. Also more experimental data is needed to make more definite predictions. Especially SUSY mass spectrum measurements, which may or may not be very precise at the LHC, depending on the SUSY point realized in nature, will be of great importance. Recall that, if in reach of a linear collider, slepton mass and branching ratio measurements can be highly precise.

So far only slepton decays have been discussed. This served to illustrate the most interesting signatures of the model, namely, lepton flavor violation in the right slepton sector. However, LHC searches for lepton flavor violation usually concentrate on the decay chain [399, 400, 401]

χ̃^0_2 → l̃^±l^∓ → χ̃^0_1l^±l^∓ .

This well known signature has been widely studied due to the accurate information it can provide about the particle spectrum [402, 403, 404, 405, 303]. Note that in

Fig. 8.15: Br(τ̃R → χ̃^0_1 μ)/Br(τ̃L → χ̃^0_1 μ) as a function of vBL /vR. The seesaw scale MS has been fixed to 10^{13} GeV, whereas vBL and vR take values in the ranges vBL ∈ [10^{14} , 10^{15} ] GeV and vR ∈ [10^{15} , 10^{16} ] GeV. Lighter colors indicate larger vBL. The rest of the parameters have been chosen as in figure 8.14.

Fig. 8.16: Br(τ̃R → χ̃^0_1 e)/Br(τ̃L → χ̃^0_1 e) as a function of log(vR/mGUT )/ log(vBL/mGUT ).

The parameters have been chosen as in figure 8.15.

this decay one assumes usually that the χ̃^0_2 themselves stem from the decay chain q̃_L → qχ̃^0_2. If the mass ordering m_{χ̃}0_2 > m_{l̃} > m_{χ̃}0_1 is realized, the dilepton invariant mass [404, 304], defined as m^2(l^+l^−) = (p_l+ + p_l− )^2, has an edge structure with a prominent kinematical endpoint at [ m^2(l^+l^−) ] max ≡ m^2_{ll} = (m^2_{χ̃02} − m^2_{l̃} )(m^2_{l̃} − m^2_{χ̃01} )

m^2_{l̃}

, (8.36)

where the masses of the charged leptons have been neglected. The position of this edge can be measured with impressively high precision at the LHC [402, 403, 404], implying also an accurate determination of the intermediate slepton masses.

In fact, if two different sleptons l̃_{1,2} have sufficiently high event rates for χ̃^0_2 → l̃^±_{1,2}l^∓_j → χ̃0_1l^±_i l^∓_j and their masses allow these chains to be on-shell, two different dilepton edge distributions are expected [406, 364]. This presents a powerful tool to measure slepton mass splittings, which in turn allows to discriminate between the standard mSUGRA expectation, with usually negligible mass splittings for the first two generations, and extended models with additional sources of flavor violation.

The relation between the slepton mass splitting and the variation in the position of the kinematical is edge is found to be [364] Δm_{ll} m̄_{ll} = Δm_{l̃} m̄_{l̃} m^2_{χ̃01} m^2_{χ̃02} − m̄^4_{l̃}

(m̄^2_{l̃} − m^2_{χ̃01} )(m̄^2_{l̃} − m^2_{χ̃02} )

. (8.37)

Here Δm_{ll}(i, j) = m_{lili} − m_{lj lj} is the difference between two edge positions, Δm_{l̃} = m_{l̃i} − m_{l̃j} the difference between slepton masses and m̄_{ll} and m̄_{l̃} average values of the corresponding quantities. Note that higher order contributions of^{Δml̃}_{m̄l̃} have been neglected in equation (8.37).

A number of studies about the dilepton mass distribution have been performed [402, 403, 404], concluding that the position of the edges can be measured at the LHC with an accuracy up to 10^{−3}. Moreover, as shown in reference [364], this can be generally translated into a similar precision for the relative ẽ − μ̃ mass splitting, with some regions of parameter space where values as small as 10^{−4} might be measurable. Since this mass splitting is usually negligible in a pure mSUGRA scenario, it is regarded as an interesting signature of either lepton flavor violation or non-universality in the soft terms. Furthermore, in the context of this paper, it is important to emphasize that pure seesaw models can have this signature only in the left slepton sector [365].

Figure 8.17 shows our results for the observables^{Δmll}_{m̄ll} and^{Δml̃}_{m̄l̃} as a function of the seesaw scale. Large values for M_S lead to sizeable deviations from the mSUGRA expectation, with a distinctive multi-edge structure in the dilepton mass distribution. Moreover, this effect is found in both left- and right- mediated decays. Observing this affect would clearly point towards a non-minimal seesaw model, such as the LR model we discuss.

As expected, these observables are correlated with other LFV signals [407, 365]. Figure 8.18 shows Br(μ → eγ) as a function of (_{Δmll} m̄_{ll} ) L (mass distribution with

intermediate L sleptons) and (_{Δmll} m̄_{ll} ) R (mass distribution with intermediate R sleptons). Again, the main novelty with respect to the usual seesaw implementations is the correlation in the right sector, not present in the minimal case [365].

Furthermore, the process χ̃^0_2 → χ̃^0_1l^+_i l^−_j might provide additional LFV signatures if the rate for decays with l_i ≠ l_j is sufficiently high. Reference [408] has investigated this possibility in great detail, performing a complete simulation of the CMS

Fig. 8.17:^{Δmll}_{m̄ll} (left-hand side) and^{Δml̃}_{m̄l̃} (right-hand side) as a function of the seesaw scale, defined as the mass of the lightest right-handed neutrino, for the parameter choice vBL = 10^{15} GeV and vR ∈ [10^{15} , 10^{16} ] GeV. Blue dots correspond to the mass distribution generated by intermediate left sleptons whereas red dots correspond to the mass distribution generated by the right ones. The mSUGRA parameters have been taken as in the SPS3 benchmark point and neutrino oscillation data have been fitted according to the Yν fit, with degenerate right-handed neutrinos.

Fig. 8.18: Br(μ → eγ) as a function of (_{Δmll} m̄ll ) L (left-hand side) and (_{Δmll} m̄ll ) R (right-hand side). The parameters are chosen as in figure 8.17.

Fig. 8.19: Keμ as a function of the lightest right-handed neutrino mass, for the parameter choice vBL = 10^{15} GeV and vR = 5 · 10^{15} GeV. The blue curve corresponds to contributions from intermediate L sleptons, whereas the red one corresponds to intermediate R sleptons. The mSUGRA parameters have been taken as in the SPS3 benchmark point, which satisfies m(χ̃^0_2) > m(l̃i) > m(χ̃^0_1), and thus the intermediate L and R sleptons can be produced on-shell. Neutrino oscillation data have been fitted according to the f fit, with non-degenerate right-handed neutrinos. The blue shaded region is excluded by μ → eγ.

detector in the LHC for the decay χ̃^0_2 → χ̃^0_1eμ. The result is given in terms of the quantity K_{eμ} = Br(χ̃^0_2 → χ̃^0_1eμ) Br(χ̃^0_2 → χ̃^0_1ee) + Br(χ̃^0_2 → χ̃^0_1μμ)

, (8.38)

which parametrizes the amount of flavor violation in χ̃^0_2 decays. The study, focused on the CMS test point LM1 (m_0 = 60 GeV, M_{1/2} = 250 GeV, A_0 = 0 GeV, tan β = 10, sign(μ) = +) [405], concludes that LFV can be discovered at the LHC at 5σ level with an integrated luminosity of 10fb^{−1} if K_{eμ} ≥ K^{min}_{eμ} = 0.04.

Figure 8.19 shows our computation of K_{eμ} as a function of the lightest righthanded neutrino mass, for the parameter choice v_{BL} = 10^{15} GeV and v_R = 5 · 10^{15} GeV. The results are shown splitting the contributions from intermediate left (blue) and right (red) sleptons. Although the selected mSUGRA parameters belong to the SPS3 point, and not to LM1 as in reference [408], a similar sensitivity for K^{min}_{eμ} is expected^6. This is because the reduction in the cross-section due to the slightly heavier supersymmetric spectrum is possibly partially compensated by the corresponding reduction in the SM background and thus a limiting value K^{min}_{eμ} of a similar order is expected. Moreover, [408] uses 10 fb^{−1} and with larger integrated luminosities even smaller K^{min}_{eμ} should become accessible at the LHC.

The main result in figure 8.19 is that for large M_S values the rates for LFV χ̃^0_2 decays are measurable for both left and right intermediate sleptons. In fact, for M_S ≳ 10^{12} GeV the parameter K_{eμ} is above its minimum value for the 5σ discovery of χ̃^0_2 → χ̃^0_1eμ. See references [408, 409] for more details on the LHC discovery potential in the search for LFV in this channel.

6 Moreover, the LM1 point, being very similar to SPS1a’, is strongly constrained by μ → eγ.

8.4 Summary

This chapter presents a supersymmetric left-right symmetric model. The motivation for studying this setup is twofold. First, LR models are theoretically attractive, since they contain all the necessary ingredients to generate a seesaw mechanism, instead of adding it by hand as is so often done. And, second, in a setup where the SUSY LR is supplemented by flavor blind supersymmetry breaking boundary conditions, different from all pure seesaw setups, lepton flavor violation occurs in both, the left and the right slepton sectors.

We have calculated possible low-energy signals of this SUSY LR model, using full 2-loop RGEs for all parameters. We have found that low-energy lepton flavor violating decays, such as μ → eγ are (a) expected to be larger than for the corresponding mSUGRA points in parameter space of seesaw type-I models and (b) the polarization asymmetry A of the outgoing positron is found to differ significantly from the pure seesaw prediction of A = +1 in large regions of parameter space. We have also discussed possible collider signatures of the SUSY LR model for LHC and a possible ILC. Mass splittings between smuons and selectrons and LFV violating slepton decays should occur in both the left and the right slepton sector, again different from the pure seesaw expectations.

SUSY LR model is a good example of a “beyond” minimal, pure seesaw and offers many interesting novelties. For example, the impact of the intermediate scales on dark matter relic density and on certain mass combinations and the influence of the right-handed neutrino spectrum on low energy observables, are topics that certainly deserve further studies.

9. SUMMARY

The subject of this thesis is the phenomenology of neutrino mass models in supersymmetry. Both analytical and numerical tools have been employed in the research this thesis is based on, the results of which have been described in the previous chapters. In the following lines the main conclusions will be summarized and a global picture of the thesis will be presented.

Two different approaches to neutrino masses have been studied in this thesis: (1) R-parity violating models with broken lepton number, and (2) supersymmetric left-right models that conserve R-parity at low energies. In both cases a detailed study of the phenomenology has been performed, obtaining numerical predictions for present and future experiments.

More emphasis has been put on the falsifiability of the models rather than on their verification. In fact, it is impossible to verify a model. In this sense, Popper’s idea of science has been applied all along this thesis, looking for clear experimental signatures which, if not observed, disprove the models under investigation.

In the first part of the thesis the phenomenology of two R-parity violating models has been investigated. In this setup neutrinos get masses due to their mixing with the higgsinos in what can be regarded as an electroweak version of the seesaw mechanism. The cleanest prediction in this type of models is the sharp correlation that is found between LSP decays and neutrino physics. This can be used to rule out the model at colliders if a clear deviation is found from the predicted ratios.

When R-parity is broken spontaneously a Goldstone boson appears in the spectrum, the so-called majoron. This leads to many novel signatures, some of which have been studied in this thesis. We found that invisible LSP decays might be dominant if the scale of lepton number breaking is low. This would require large statistics to distinguish s- /R_p from the MSSM with conserved R-parity. However, if low energy experiments are taken into account new perspectives open up. The search for exotic muon decays involving majorons in the final state is of great help to solve the potential confusion, since the branching ratios for these processes are enhanced in the same region of parameter space where the LSP decays mainly to invisible channels.

If, on the other hand, R-parity is broken explicitly, no majoron is generated in the model. This is the case of the μνSSM which, nevertheless, has a very rich phenomenology at colliders. It combines the clear correlations found in bilinear Rparity breaking models with the interesting possibility, also present in the NMSSM, of a light singlet. The phenomenology of the μνSSM with one or two generations of singlet superfields is described in this thesis, together with the characterization of neutrino masses in both cases.

The second part of this thesis is devoted to the study of a non-minimal supersymmetric left-right model that leads to R-parity conservation at low energies. In this case neutrino masses are generated with a type-I seesaw mechanism.

The model is described in detail and its RGEs are computed at 2-loop level including threshold corrections at the intermediate scales. This is numerically implemented with the help of tools like Sarah and SPheno, which have been used extensively in this thesis. The resulting code is able to calculate the soft masses of the sleptons at the SUSY scale and, as usual, the inclusion of the seesaw mechanism

9. Summary 139

leads to the appearance of off-diagonal entries in these matrices. As a consequence of this, lepton flavor violating signatures at the SUSY scale are obtained.

However, in addition to the known phenomenology in the left slepton sector, we have found signatures in the right one, which clearly points to a non-minimal seesaw implementation. Observables like right slepton LFV decays and mass splittings or positron polarization asymmetry in μ^+ → e^+γ different from A = +1 would be clear hints towards an underlying left-right symmetry.

Moreover, measurements of ratios like Br(τ̃_R → χ̃^0_1μ)/Br(τ̃_L → χ̃^0_1μ) constrain the high energy structure of the model, since they are correlated with the ratio v_{BL}/v_R. However, a precise knowledge of the particle spectrum is needed if one wants to set strong and reliable bounds.

Finally, other observables are slightly changed with respect to minimal seesaw models. This is the case of μ → eγ, whose branching ratio gets increased due to the new right-handed slepton contributions.

As a general conclusion from this thesis, neutrino masses make us think that a rich phenomenology will be found at the LHC and other experiments in progress. Only through the careful examination of the new data we will be able to disentangle the different signals and find out which of our models, if any, is the right description of nature.

APPENDIX

A. S- /R_p : APPROXIMATED COUPLINGS

With broken R-parity the lightest supersymmetric particle decays. Here we list the most important couplings of the lightest neutralino in s- /R_p using the seesaw approximation. In the numerical calculations discussed in the thesis, all mass matrices are exactly diagonalized in order to obtain the exact couplings. For the understanding of the main qualitative features of the LSP decays, however, the approximated couplings listed below are very helpful.

We define the “rotated” quantities: x̃_i ≡ ( U_ν )_T ikx_k , ỹ_{ij} ≡ ( U_ν )_T iky_{kj} . (A.1) Here (U_ν )^T is the matrix which diagonalizes either the part of the (3, 3) effective neutrino mass matrix, proportional to a or c, depending on which gives the larger eigenvalue.

χ̃^0_1 − W^± − l^∓_i couplings are found from the general expressions for the χ̃^0 − W^± − χ̃^∓ vertices L = χ̄^−_i γ^μ ( O^{cnw}_{Lij} P_L + O^{cnw}_{Rij} P_R ) χ^0_j W^−_μ + χ̄^0_i γ^μ ( O^{ncw}_{Lij} P_L + O^{ncw}_{Rij} P_R ) χ^−_j W^+_μ (A.2) as O^{cnw}_{Li1} = g √ 2 [ gN_{12}Λ_i

Det_+ − ( ϵ_i μ + g^2v_uΛ_i 2μDet_+ ) N_{13} − 7∑ k=1 N_{1k}ξ_{ik} ] , (A.3) O^{cnw}_{Ri1} = 1 2 g(Y_e)^{ii} v_d Det_+

[gv_dN_{12} + M_2N_{14} μ ϵ_i + g(2μ^2 + g^2v_uv_d)N_{12} + g^2v_u(μ + M_2)N_{14} 2μDet_+

Λ_i ] . Det_+ is the determinant of the MSSM chargino mass matrix and N is the matrix which diagonalizes the MSSM neutralino mass matrix. Here, O^{ncw}_{Li1} = ( O^{cnw}_{Li1} )_∗ , (A.4) O^{ncw}_{Ri1} = ( O^{cnw}_{Ri1} )_∗ . The Lagrangian for χ̃^0_i − χ̃^0_j − Z L = 1 2 χ̄^0_i γ^μ ( O^{nnz}_{Lij} P_L + O^{nnz}_{Rij} P_R ) χ^0_j Z_μ (A.5)

gives for χ̃^0_1 − ν_i − Z O^{nnz}_{Li1} = − g 2 cos θ_W [~ ξ_{i1}N_{11} + ξ̃_{i2}N_{12} + 2ξ̃_{i4}N_{14} + ξ̃_{i5}N_{15} + ξ̃_{i6}N_{16} + ξ̃_{i7}N_{17} ] , O^{nnz}_{Ri1} = − ( O^{nnz}_{Li1} )_∗ . (A.6)

The most important difference to the explicit R-parity violating models comes from the coupling χ̃^0_i − χ̃^0_j − P^0_k L = 1 2 χ̄^0_i ( O^{nnp}_{Lij} P_L + O^{nnp}_{Rij} P_R ) χ^0_j P^0_k , (A.7) with O^{nnp}_{Li1J} = R^p_{Jm}O^{′ nnp}_{Li1m}, (A.8) O^{nnp}_{Ri1J} = ( O^{nnp}_{Li1J} )_∗ . Because the spontaneous breaking of lepton number produces a massless pseudoscalar, eq. (A.7) leads to a coupling χ̃^0_1 − J − ν_i, i.e a new invisible decay channel for the lightest neutralino. In the limit v_i ≪ v_R, v_S one can find the approximated majoron profile in equation (5.30) and easily obtain simplified expressions for its couplings.

The “unrotated” couplings O^{′ nnp}_{Li1m} are O^{′ nnp}_{Li1L̃0k} = − i 2 ( U_ν ) ki(g^′N_{11} − gN_{12}), (A.9) O^{′ nnp}_{Li1S̃} = i √ 2 h (~ ξ_{i5}N_{17} + ξ̃_{i7}N_{15} ) , O^{′ nnp}_{Li1ν̃}c = −i ϵ̃_i v_R N_{14} + i √ 2 h (~ ξ_{i6}N_{17} + ξ̃_{i7}N_{16} ) . In the limit v_R, v_S → ∞ one can derive a very simple approximation formula for O_{χ̃}0_{1 νk J} . It s given by^1 |O_{χ̃}0_{1 νk J} | ≃ − ϵ̃_k V N_{14} + ṽ_k 2V (g^′N_{11} − gN_{12}) + h.O. (A.10)

Here, h.O. stands for higher order terms. Eq. (A.10) serves to show that for constant ϵ̃_i and ṽ_i, O_{χ̃}0_{1 νk J} → 0 as v_R goes to infinity. This is as expected, since for v_R → ∞ the spontaneous model approaches the explicit bilinear model. Note, that only the presence of the field ^ν^c is essential for the coupling Eq. (A.10). If ^S is absent, replace V → v_R.

In addition to the Majoron in considerable parts of the parameter space one also finds a rather light singlet scalar, called the “scalar partner” of the Majoron in [298], S_J . From the Lagrangian L = 1 2 χ̄^0_i ( O^{nns}_{Lij} P_L + O^{nns}_{Rij} P_R ) χ^0_j S^0_k , (A.11)

one finds the coupling χ̃^0_1 − S_J − ν_i as O^{nns}_{Li1SJ} = R^s_{SJ k}O^{′ nns}_{Li1k}, (A.12) O^{nns}_{Ri1SJ} = ( O^{nns}_{Li1SJ} )_∗ . Different from the Majoron, however, there is no simple analytical approximation for R_{SJ} . We write symbolically R^s_{SJ k} = ( R_{SJ Hd} , R_{SJ Hu} , R_{SJ L̃}0_k , R_{SJ ϕ}, R_{SJ S̃} , R_{SJ ν̃}c ) , (A.13)

1 We correct here a misprint in [291].

and define unrotated couplings by O^{′ nns}_{Li1Hd} = 1 2 [ (gξ̃_{i2} − g^′ξ̃_{i1})N_{13} + (gN_{12} − g^′N_{11})ξ̃_{i3} − √ 2h_0(ξ̃_{i7}N_{14} + ξ̃_{i4}N_{17}) ] , O^{′ nns}_{Li1Hu} = 1 2 [ (g^′ξ̃_{i1} − gξ̃_{i2})N_{14} + (g^′N_{11} − gN_{12})ξ̃_{i4} − √ 2h_0(ξ̃_{i7}N_{13} + ξ̃_{i3}N_{17}) − √ 2 ϵ̃_i v_R N_{15} ] , O^{′ nns}_{Li1L̃0k} = 1 2 ( U_ν ) ki(g^′N_{11} − gN_{12}), O^{′ nns}_{Li1ϕ} = 1 √ 2 [ − h_0(ξ̃_{i3}N_{14} + ξ̃_{i4}N_{13}) + h(ξ̃_{i6}N_{15} + ξ̃_{i5}N_{16}) + λξ̃_{i7}N_{i7} ] , O^{′ nns}_{Li1S̃} = 1 √ 2 h (~ ξ_{i5}N_{17} + ξ̃_{i7}N_{15} ) , O^{′ nns}_{Li1ν̃}c = − ϵ̃_i v_R N_{14} + 1 √ 2 h (~ ξ_{i6}N_{17} + ξ̃_{i7}N_{16} ) . (A.14)

As eqs. (A.14) shows, χ̃^0_1 → S_J + ν_i has a partial decay width similar in size to the

decay χ̃^0_1 → J + ν_i, as soon as kinematically allowed. Since, on the other hand, S_J

decays practically always with a branching ratio close to 100 % into two Majorons,

χ̃^0_1 → S_J + ν_i gives in general a sizeable contribution to the invisible width of the

neutralino.

Finally, we give also the coupling χ̃^0_i − J − χ̃^0_j , for the case of two heavy neu-

tralinos. Here, O^{nnp}_{LijJ} = − i √ 2 h V [ v_S (N_{j7}N_{i5} + N_{i7}N_{j5}) − v_R(N_{j7}N_{i6} + N_{i7}N_{j6}) ] . (A.15)

B. S- /R_p : μ → EJ VS μ → EJγ

Let us compare the constraining power of μ → eJ and μ → eJγ in order to know which one is better suited for putting bounds in the s- /R_p parameter space.

Background

Both processes have standard model background. Since the majoron escapes detection it is seen experimentally as missing energy, what makes μ → eJ indistinguishable from the usual μ → eνν̄, and μ → eJγ indistinguishable from the radiative decay μ → eνν̄γ. According to the PDG [44], these are the branching ratios for these decays:

Br(μ → eνν̄) ≃ 100% Br(μ → eνν̄γ) = (1.4 ± 0.4)% (B.1)

In addition, μ → eJγ has also a very important accidental background due to photons produced in other processes inside the detector. If they happen to be in coincidence with an electron produced in μ → eνν̄, there is no way to distinguish the event from the prompt decay μ → eνν̄γ. This will be discussed below.

Bounds on branching ratios

The first step to find bounds for the parameters is to put a bound on the corresponding branching ratio.

Let N be the effective number of muons which are used in the experiment (the total number minus the muons which are lost due to non-perfect detector acceptance). Then, for a given process, we can split the possible final states as

N = n_s + n_b + n_o (B.2)

where n_s is the number of events of the signal we are interested on, n_b is the number of events of its background, and n_o is the number of events involving other final states.

In order to claim detection of a given signal we have to find an excess over the background larger than the background uncertainty. This means n_s > √ n_b ⇒ Detection (B.3)

Therefore, if the process is not observed, the bound on the branching ratio is given by Br(signal) < Br(signal)_{bound} (B.4) where Br(signal)_{bound} = √ n_b N (B.5)

After this brief introduction, let us estimate expressions for the bounds that μ → eJ and μ → eJγ would have if they are not observed.

For the case of μ → eJ the background has a branching ratio close to 1, and therefore n_b ≃ N. This implies Br(μ → eJ)_{bound} ≃ 1 √ N (B.6)

For the case of μ → eJγ we need to know the number of events of μ → eνν̄γ, what is related to its branching ratio Br(μ → eνν̄γ) = α 8π I^′ (B.7)

where I^′ is a four-body phase space integral. Then, since n = Br × N, we get Br(μ → eJγ)_{bound} = √_α 8π I^′N N ≃ 1.7 · 10^{−2} √ I^′ N (B.8)

The integral I^′ is found to be typically smaller than one, and then the bound on this branching ratio is potentially better. However, since the calculation of parameter bounds using μ → eJγ also implies small factors, namely another α factor and the three-body phase space integral of the process, it is not clear a priori whether we can get better bounds, with respect to μ → eJ, or not. This is what we want to answer in the following.

Background supression

In order to supress as much background as possible we can use kinematical relations involving E_e, E_γ and cos θ_{eγ} to distinguish between μ → eJγ and μ → eνν̄γ.

Let us note that in a three-body decay the angle between the directions of two particles can be determined using their energies. This is the case for μ → eJγ, that allows to find a relation

θ_{eγ} = f(E_e, E_γ ) (B.9)

In contrast, for a four-body decay, like μ → eνν̄γ, θ_{eγ} can be taken as another free parameter. Therefore, the relative directions of the additional two particles provide a higher-dimensional phase space. For our calculation this implies that I^′ has to be calculated integrating over the possible values of E_e, E_γ and cos θ_{eγ} , while for μ → eJγ we will get an integral, I, over E_e and E_γ only.

Moreover, for experimental purposes this means that the prompt decay μ → eνν̄γ can have electron-photon pairs with directions forbidden by the relation (B.9). This can be used to suppress the background, eliminating events which are clearly outside the allowed phase space for μ → eJγ.

In practice one can measure the quantities E_e and E_γ , with their corresponding errors, and calculate the hypothetical θ_{eγ} that would be predicted with (B.9), also with its corresponding error. The problem is that the errors in the energies of the electron and the photon (order % for the MEG experiment [293]) are too large to predict an accurate value for θ_{eγ} , giving only an allowed range and implying that many μ → eνν̄γ events can survive this kinematical cut.

For that reason, although the background is supressed and the integral I^′ has a clearly lower value than it would have without the cut, the result is not optimal, still having a lot of μ → eνν̄γ events which cannot be distinguished from μ → eJγ.

Comparison

There is a simple relation between the branching ratios of μ → eJ and μ → eJγ: Br(μ → eJγ) = α 2π IBr(μ → eJ) (B.10) where I is the corresponding three-body phase space integral. We can use (B.10) to find out which process can give us the best bound. Let us suppose that our experiment is designed to look for photons in the final state. In that case we can get a bound on Br(μ → eJγ) as explained in the previous section, and use it to obtain an indirect bound on Br(μ → eJ) thanks to equation (B.10). Br(μ → eJ)_{indirectbound} = 2π α 1 I Br(μ → eJγ)_{bound} (B.11) and then, using the expressions (B.6) and (B.7), we can get the ratio

Br(μ → eJ)_{bound} Br(μ → eJ)_{indirectbound} = 1√ N 2π α 1 I √_α 8π √_{I ′} N ≃ 0.07 I √ I^′ (B.12)

Numerically it has been found that I √ I^′ ∼ [0.1 − 7] (B.13)

depending on the parameters E^{min}_e , E^{min}_γ and θ^{min}_{eγ} , given by the experimental setup.

Therefore Br(μ → eJ)_{bound} Br(μ → eJ)_{indirectbound} < 1 (B.14)

This means that the bound coming from μ → eJγ will not be better than a possible bound coming directly from μ → eJ, since the background given by μ → eνν̄γ makes it hard to see a positive signal. This could be different if the measurement of the electron and photon energies was more precise. In that case the uncertainty in the angle θ_{eγ} would be small enough to supress much more background, allowing us to get better bounds on the parameters of the model.

It is also important to remember that the MEG experiment focuses on electrons and photons in the last energy bin (both particles with energies close to m_μ/2), since they are interested in the detection of μ → eγ. The reduction of the accidental background, see below, demands this restriction as well. That way, by taking very small energy windows, the supression of the background μ → eνν̄γ is extremely good, and in practice they work in the regime in which there are no background events from the radiative decay. If we stay in the same phase space region we also have no background, but the integral I decreases strongly. Both things compensate, giving again the same final result for the possible bounds.

Accidental background

Finally, let us mention that the process μ → eγ is also plagued with an important background coming from photons produced in other processes that happen to be accidentally in coincidence with electrons. In fact, this is the strongest limitation in experiments like MEG, which require to focus on very small deviations from coincidence in order to claim detection.

In principle, one could reduce the accidental background by applying a cut on the relative time Δt_{eγ} , the difference between the detection times of photon and electron. However, this is restricted by current technology to be around 100 ps [293]. Further developments might provide a better time resolution, what would imply a better reduction of the background from accidental photons.

In conclusion, one has to add the limitation coming from accidental background to the previous discussion. As a consequence, it is not possible to enlarge the measurement window, due to the strong rise of accidental photons.

C. μνSSM: TADPOLE EQUATIONS

The tree-level tadpole equations of the μνSSM can be written as ∂V ∂v_d = 1 8 (g^2 + g^{′2})u^2v_d + m^2_{Hd} v_d + 1 2 v_dλ_sλ^∗_t v_{Rs}v_{Rt} + 1 2 v_dv^2_uλ_sλ^∗_s − 1 8 v^2_{Rs}v_u(κ_sλ^∗_s + h.c.) − 1 4 v_i(λ^∗_s Y^{it}_ν v_{Rs}v_{Rt} + h.c.) − 1 4 v^2_uv_i(λ^∗_s Y^{is}_ν + h.c.) − 1 2 √ 2 v_uv_{Rs}(T^s_λ + h.c.) = 0 (C.1) ∂V ∂v_u = − 1 8 (g^2 + g^{′2})u^2v_u + m^2_{Hu} v_u + 1 2 v_uλ_sλ^∗_t v_{Rs}v_{Rt} + 1 2 v^2_dv_uλ_sλ^∗_s − 1 8 v^2_{Ri}v_d(κ_sλ^∗_s + h.c.) + 1 8 v_iv^2_{Rs}(κ^∗_s Y^{is}_ν + h.c.) − 1 2 v_dv_uv_i(λ^∗_s Y^{is}_ν + h.c.) + 1 2 v_uv_iv_j Y^{is}_ν (Y^{js}_ν )^∗ + 1 2 v_uY^{is}_ν (Y^{it}_ν )^∗v_{Rs}v_{Rt} − 1 2 √ 2 v_dv_{Rs}(T^s_λ + h.c.) + 1 2 √ 2 v_iv_{Rs}(T^{is}_ν + h.c.) = 0 (C.2) ∂V ∂v_i = 1 8 (g^2 + g^{′2})u^2v_i + 1 2 (m^2_{Lij} + m^2_{Lji})v_j − 1 4 v_dv^2_u(λ^∗_s Y^{is}_ν + h.c.) + 1 8 v^2_{Rs}v_u(κ^∗_s Y^{is}_ν + h.c.) − 1 4 v_d(λ^∗_s v_{Rs}v_{Rt}Y^{it}_ν + h.c.) + 1 4 v_j (v_{Rs}v_{Rt}Y^{is}_ν (Y^{jt}_ν )^∗ + h.c.) + 1 4 v^2_uv_j (Y^{is}_ν (Y^{js}_ν )^∗ + h.c.) + 1 2 √ 2 v_uv_{Rs}(T^{is}_ν + h.c.) = 0 (C.3) ∂V ∂v_{Rs} = m^2_{ν̃}c_{ss}v_{Rs} − 1 4 v_dv_uv_{Rs}(κ_sλ^∗_s + h.c.) + 1 4 κ_sκ^∗_s v^3_{Rs} + 1 4 v_uv_{Rs}v_j (κ^∗_s Y^{js}_ν + h.c.) + 1 4 (v^2_u + v^2_d)(λ_sλ^∗_t v_{Rt} + h.c.) + 1 4 v^2_u[Y^{js}_ν (Y^{jt}_ν )^∗v_{Rt} + h.c.] + 1 4 v_mv_n[(Y^{ms}_ν )^∗Y^{nt}_ν v_{Rt} + h.c.] − 1 4 v_dv_j (λ^∗_t Y^{js}_ν v_{Rt} + λ^∗_s v_{Rt}Y^{jt}_ν + h.c.) − 1 2 √ 2 v_dv_u(T^s_λ + h.c.) + 1 2 √ 2 v_uv_j (T^{js}_ν + h.c.) + 1 4 √ 2 v_{Rt}v_{Ru} ( T^{stu}_κ + h.c. ) = 0 (C.4)

with

u^2 = v^2_d − v^2_u + v^2_e + v^2_μ + v^2_τ (C.5)

and there is no sum over the index s in equation (C.4).

D. μνSSM: MASS MATRICES

In the scalar mass matrices shown below the tadpole equations have not yet been used to reduce the number of free parameters.

Charged Scalars

In the basis ( S^{+′} )_T = ((H^−_d )^∗, H^+_u , ẽ^∗_L, μ̃^∗_L, τ̃^∗_L, ẽ_R, μ̃_R, τ̃_R) ( S^{−′} )_T = (H^−_d , (H^+_u )^∗, ẽ_L, μ̃_L, τ̃_L, ẽ^∗_R, μ̃^∗_R, τ̃^∗_R) (D.1)

the scalar potential includes the term V ⊃ ( S^{−′} )_T M^2_S± S^{+′} , (D.2)

where M^2_{S±} is the (8 × 8) mass matrix of the charged scalars. In the ξ = 0 gauge it can be written as

M^2_S± = ( M^2_{HH} ( M^2_{Hl̃} )_† M^2_{Hl̃} M^2_{l̃l̃} ) . (D.3)

The (2 × 2) M^2_{HH} matrix is given by: ( M^2_{HH} ) 11 = m^2_{Hd} + 1 8 [(g^2 + g^{′2})v^2_d + (g^2 − g^{′2})(v^2_u − v^2_e − v^2_μ − v^2_τ )] + 1 2 λ_sλ^∗_t v_{Rs}v_{Rt} + 1 2 v_i ( Y_eY^†_e ) ij v_j ( M^2_{HH} ) 12 = 1 4 g^2v_uv_d − 1 2 λ_sλ^∗_s v_uv_d + 1 4 λ_sκ^∗_s v^2_{Rs} + 1 2 v_uv_iλ_s(Y^{is}_ν )^∗ + 1 √ 2 v_{Rs}T^s_λ ( M^2_{HH} ) 21 = ( M^2_{HH} )_∗ 12 ( M^2_{HH} ) 22 = m^2_{Hu} + 1 8 [(g^2 + g^{′2})v^2_u + (g^2 − g^{′2})(v^2_d + v^2_e + v^2_μ + v^2_τ )] + 1 2 λ_sλ^∗_t v_{Rs}v_{Rt} + 1 2 v_{Rs}v_{Rt}Y^{is}_ν (Y^{it}_ν )^∗ (D.4)

The (6 × 2) matrix that mixes the charged Higgs bosons with the charged sleptons is M^2_{Hl̃} = ( M^2_{HL} M^2_{HR} ) (D.5)

with:

( M^2_{HL} ) i1 = 1 4 g^2v_dv_i − 1 2 λ^∗_s Y^{it}_ν v_{Rs}v_{Rt} − 1 2 v_d ( Y_eY^†_e ) ij v_j ( M^2_{HL} ) i2 = 1 4 g^2v_uv_i − 1 4 κ^∗_s v^2_{Rs}Y^{is}_ν + 1 2 v_uv_dλ^∗_s Y^{is}_ν − 1 2 v_uv_j Y^{is}_ν (Y^{js}_ν )^∗ − 1 √ 2 v_{Rs}T^{is}_ν ( M^2_{HR} ) i1 = − 1 2 v_uv_{Rs}(Y^{ji}_e )^∗Y^{js}_ν − 1 √ 2 v_j (T^{ji}_e )^∗ ( M^2_{HR} ) i2 = − 1 2 λ_sv_{Rs}v_j (Y^{ji}_e )^∗ − 1 2 v_d(Y^{ji}_e )^∗Y^{js}_ν v_{Rs} (D.6)

Finally, the (6 × 6) mass matrix of the charged sleptons can be written as

M^2_{l̃l̃} = ( M^2_{LL} M^2_{LR}

M^2_{RL} M^2_{RR} ) (D.7)

with: ( M^2_{LL} ) ij = ( m^2_L ) ij + 1 8 (g^{′2} − g^2)(v^2_d − v^2_u + v^2_e + v^2_μ + v^2_τ )δ_{ij} + 1 4 g^2v_iv_j + 1 2 v^2_d ( Y_eY^†_e ) ij + 1 2 v_{Rs}v_{Rt}Y^{is}_ν (Y^{jt}_ν )^∗ M^2_{LR} = − 1 2 λ^∗_s v_{Rs}v_uY_e + 1 √ 2 v_dT_e M^2_{RL} = ( M^2_{LR} )_† ( M^2_{RR} ) ij = ( m^2_ec ) ij + 1 4 g^{′2}(v^2_u − v^2_d − v^2_e − v^2_μ − v^2_τ )δ_{ij} + 1 2 v^2_d ( Y^†_e Y_e ) ij + 1 2 v_k v_m(Y^{ki}_e )^∗Y^{mj}_e (D.8)

Neutral Scalars

In the basis ( S^{0′} )_T = Re(H^0_d , H^0_u, ν̃^c_s , ν̃_i) (D.9)

the scalar potential includes the term V ⊃ ( S^{0′} )_T M^2_S0 S^{0′} (D.10)

and the ((5 + n) × (5 + n)) neutral scalar mass matrix can be written as

M^2_S0 =

M^2_{HH} M^2_{HS} M^2_{HL̃} ( M^2_{HS} )_T M^2_{SS} M^2_{L̃S} ( M^2_{HL̃} )_T ( M^2_{L̃S} )_T M^2_{L̃L̃}

. (D.11)

The matrix elements are given as follows:

( M^2_{HH} ) 11 = m^2_{Hd} + 1 8 (g^2 + g^{′2})(3v^2_d − v^2_u + v^2_e + v^2_μ + v^2_τ ) + 1 2 λ_sλ^∗_t v_{Rs}v_{Rt} + 1 2 v^2_uλ_sλ^∗_s ( M^2_{HH} ) 12 = − 1 4 (g^2 + g^{′2})v_dv_u + λ_sλ^∗_s v_dv_u − 1 8 v^2_{Rs}(λ_sκ^∗_s + h.c.) − 1 2 v_uv_i(λ^∗_s Y^{is}_ν + h.c.) − 1 2 √ 2 v_{Rs}(T^s_λ + h.c.) ( M^2_{HH} ) 21 = ( M^2_{HH} ) 12 ( M^2_{HH} ) 22 = m^2_{Hu} − 1 8 (g^2 + g^{′2})(v^2_d − 3v^2_u + v^2_e + v^2_μ + v^2_τ ) + 1 2 λ_sλ^∗_t v_{Rs}v_{Rt} + 1 2 v^2_dλ_sλ^∗_s + 1 2 v_{Rs}v_{Rt}Y^{is}_ν (Y^{it}_ν )^∗ + 1 2 v_iv_j (Y^{is}_ν )^∗Y^{js}_ν − 1 2 v_dv_i(λ^∗_s Y^{is}_ν + h.c.) (D.12) ( M^2_{HS} ) 1s = − 1 4 v_uv_{Rs}(λ^∗_s κ_s + h.c.) + 1 2 v_dv_{Rt}(λ_sλ^∗_t + h.c.) − 1 2 √ 2 v_u(T^s_λ + h.c.) − 1 4 v_iv_{Rt}(λ^∗_s Y^{it}_ν + λ^∗_t Y^{is}_ν + h.c.) ( M^2_{HS} ) 2s = − 1 4 v_dv_{Rs}(λ^∗_s κ_s + h.c.) + 1 2 v_uv_{Rt}(λ_sλ^∗_t + h.c.) − 1 2 √ 2 v_d(T^s_λ + h.c.) + 1 2 √ 2 v_t(T^{ts}_ν + h.c.) + 1 4 v_{Rs}v_i(κ^∗_s Y^{is}_ν + h.c.) + 1 2 v_uv_{Rt}[Y^{is}_ν (Y^{it}_ν )^∗ + h.c.] (D.13) ( M^2_{HL̃} ) 1i = 1 4 (g^2 + g^{′2})v_dv_i − 1 4 v^2_u(λ^∗_s Y^{is}_ν + h.c.) − 1 4 v_{Rs}v_{Rt}(λ^∗_s Y^{it}_ν + h.c.) ( M^2_{HL̃} ) 2i = − 1 4 (g^2 + g^{′2})v_uv_i + 1 8 v^2_{Rs}(κ^∗_s Y^{is}_ν + h.c.) − 1 2 v_uv_d(λ^∗_s Y^{is}_ν + h.c.) + 1 2 v_uv_j [Y^{js}_ν (Y^{is}_ν )^∗ + h.c.] + 1 2 √ 2 v_{Rs}(T^{is}_ν + h.c.) (D.14) ( M^2_{SS} ) st = 1 2 [(m^2_νc )_{st} + (m^2_νc )_{ts}] + 1 4 (λ_sλ^∗_t + h.c.)(v^2_d + v^2_u) − 1 4 v_dv_u(λ^∗_s κ_s + h.c.)δ_{st} + 3 4 κ_sκ^∗_s v^2_{Rs}δ_{st} + 1 4 v_uv_i(κ^∗_s Y^{is}_ν + h.c.)δ_{st} + 1 4 v^2_u[(Y^{is}_ν )^∗Y^{it}_ν + h.c.] + 1 4 v_iv_j [(Y^{is}_ν )^∗Y^{jt}_ν + h.c.] − 1 4 v_dv_i[λ^∗_s Y^{it}_ν + λ_t(Y^{is}_ν )^∗ + h.c.] + 1 2 √ 2 v_{Ru}(T^{stu}_κ + h.c.) (D.15) ( M^2_{L̃S} ) si = 1 4 v_uv_{Rs}(κ^∗_s Y^{is}_ν + h.c.) − 1 4 v_dv_{Rt}(λ^∗_s Y^{it}_ν + λ^∗_t Y^{is}_ν + h.c.) + 1 2 √ 2 v_u(T^{is}_ν + h.c.) + 1 4 v_j v_{Rt}[Y^{jt}_ν (Y^{is}_ν )^∗ + Y^{js}_ν (Y^{it}_ν )^∗ + h.c.] (D.16)

( M^2_{L̃L̃} ) ij = 1 2 [(m^2_L)_{ij} + (m^2_L)_{ji}] + 1 8 (g^2 + g^{′2})(v^2_d − v^2_u + v^2_e + v^2_μ + v^2_τ )δ_{ij} + 1 4 (g^2 + g^{′2})v_iv_j + 1 4 v^2_u[Y^{is}_ν (Y^{js}_ν )^∗ + h.c.] + 1 4 v_{Rs}v_{Rt}[Y^{is}_ν (Y^{jt}_ν )^∗ + h.c.] (D.17)

Pseudoscalars

In the basis ( P^{0′} )_T = Im(H^0_d , H^0_u, ν̃^c_s , ν̃_i) (D.18) the scalar potential includes the term V ⊃ ( P^{0′} )_T M^2_P 0 P^{0′} (D.19)

and the ((5 + n) × (5 + n)) pseudoscalar mass matrix can be written as

M^2_P 0 =

M^2_{HH} M^2_{HS} M^2_{HL̃} ( M^2_{HS} )_T M^2_{SS} M^2_{L̃S} ( M^2_{HL̃} )_T ( M^2_{L̃S} )_T M^2_{L̃L̃}

. (D.20)

The matrix elements are given as follows: ( M^2_{HH} ) 11 = m^2_{Hd} + 1 8 (g^2 + g^{′2})(v^2_d − v^2_u + v^2_e + v^2_μ + v^2_τ ) + 1 2 λ_sλ^∗_t v_{Rs}v_{Rt} + 1 2 v^2_uλ_sλ^∗_s ( M^2_{HH} ) 12 = 1 8 v^2_{Rs}(λ_sκ^∗_s + h.c.) + 1 2 √ 2 v_{Rs}(T^s_λ + h.c.) ( M^2_{HH} ) 21 = ( M^2_{HH} ) 12 ( M^2_{HH} ) 22 = m^2_{Hu} − 1 8 (g^2 + g^{′2})(v^2_d − v^2_u + v^2_e + v^2_μ + v^2_τ ) + 1 2 λ_sλ^∗_t v_{Rs}v_{Rt} + 1 2 v^2_dλ_sλ^∗_s + 1 2 v_{Rs}v_{Rt}Y^{is}_ν (Y^{it}_ν )^∗ + 1 2 v_iv_j (Y^{is}_ν )^∗Y^{js}_ν − 1 2 v_dv_i(λ^∗_s Y^{is}_ν + h.c.) (D.21)

( M^2_{HS} ) 1s = − 1 4 v_uv_{Rs}(λ^∗_s κ_s + h.c.) + 1 4 ∑ t≠s v_iv_{Rt}(λ^∗_s Y^{it}_ν − λ^∗_t Y^{is}_ν + h.c.) + 1 2 √ 2 v_u(T^s_λ + h.c.) ( M^2_{HS} ) 2s = − 1 4 v_dv_{Rs}(λ^∗_s κ_s + h.c.) + 1 4 v_{Rs}v_i(κ^∗_s Y^{is}_ν + h.c.) + 1 2 √ 2 v_d(T^s_λ + h.c.) − 1 2 √ 2 v_i(T^{is}_ν + h.c.) (D.22)

( M^2_{HL̃} ) 1i = − 1 4 v^2_u(λ^∗_s Y^{is}_ν + h.c.) − 1 4 v_{Rs}v_{Rt}(λ^∗_s Y^{it}_ν + h.c.) ( M^2_{HL̃} ) 2i = − 1 8 v^2_{Rs}(κ^∗_s Y^{is}_ν + h.c.) − 1 2 √ 2 v_{Rs}(T^{is}_ν + h.c.) (D.23)

( M^2_{SS} ) st = 1 2 [(m^2_νc )_{st} + (m^2_νc )_{ts}] + 1 4 (λ_sλ^∗_t + h.c.)(v^2_d + v^2_u) + 1 4 v_dv_u(λ^∗_s κ_s + h.c.)δ_{st} + 1 4 κ_sκ^∗_s v^2_{Rs}δ_{st} − 1 4 v_uv_i(κ^∗_s Y^{is}_ν + h.c.)δ_{st} + 1 4 v^2_u[(Y^{is}_ν )^∗Y^{it}_ν + h.c.] + 1 4 v_iv_j [(Y^{is}_ν )^∗Y^{jt}_ν + h.c.] − 1 4 v_dv_i[λ^∗_s Y^{it}_ν + λ_t(Y^{is}_ν )^∗ + h.c.] − 1 2 √ 2 v_{Ru}(T^{stu}_κ + h.c.) (D.24)

( M^2_{L̃S} ) si = 1 4 v_uv_{Rs}(κ^∗_s Y^{is}_ν + h.c.) + 1 4 ∑ t≠s v_dv_{Rt}(λ^∗_t Y^{is}_ν − λ^∗_s Y^{it}_ν + h.c.) + 1 4 ∑ t≠s v_j v_{Rt}[Y^{js}_ν (Y^{it}_ν )^∗ − Y^{jt}_ν (Y^{is}_ν )^∗ + h.c.] − 1 2 √ 2 v_u(T^{is}_ν + h.c.) (D.25)

( M^2_{L̃L̃} ) ij = 1 2 [(m^2_L)_{ij} + (m^2_L)_{ji}] + 1 8 (g^2 + g^{′2})(v^2_d − v^2_u + v^2_e + v^2_μ + v^2_τ )δ_{ij} + 1 4 v^2_u[Y^{is}_ν (Y^{js}_ν )^∗ + h.c.] + 1 4 v_{Rs}v_{Rt}[Y^{is}_ν (Y^{jt}_ν )^∗ + h.c.] (D.26)

Neutral Fermions

In the basis ( ψ^0 )_T = ( − iB̃^0, −iW̃^0_3 , H̃^0_d , H̃^0_u, ν^c_s , ν_i ) (D.27) the lagrangian of the model includes the term L ⊃ − 1 2 ( ψ^0 )_T M_N ψ^0 + h.c. (D.28)

with the ((7 + n) × (7 + n)) mass matrix of the neutral fermions, which can be written as:

M_N =

M_χ0 m_{χ̃}0_νc m_{χ̃}0_ν m^T_{χ̃0 νc} M_R m_D m^T_{χ̃0 ν} m^T_D 0

(D.29)

M_χ0 is the usual mass matrix of the neutralinos in the MSSM

M_{χ̃}0 =

M_1 0 −^1_2 g^′v_d^1_2 g^′v_u 0 M_2^1_2 gv_d −^1_2 gv_u −^1_2 g^′v_d^1_2 gv_d 0 −μ 1 2 g^′v_u −^1_2 gv_u −μ 0

(D.30)

with μ = 1 √ 2 λ_sv_{Rs} . (D.31)

The mixing between the neutralinos and the singlet ν^c_s is given by

(m^T_{χ̃}0_νc )_s = ( 0 0 −^{1√}_2 λ_sv_u −^{1√}_2 λ_sv_d +^{1√}_2 v_iY^{is}_ν ) . (D.32)

m_{χ̃}0_ν is the neutralino-neutrino mixing part

m^T_{χ̃}0_ν =

−^1_2 g^′v_e^1_2 gv_e 0 ϵ_e −^1_2 g^′v_μ^1_2 gv_μ 0 ϵ_μ −^1_2 g^′v_τ^1_2 gv_τ 0 ϵ_τ

(D.33)

with

ϵ_i = 1 √ 2 n∑ s=1 v_{Rs}Y^{is}_ν . (D.34)

The neutrino Dirac term is

(m_D )_{is} = 1 √ 2 Y^{is}_ν v_u (D.35)

and finally M_R is

(M_R)_{st} = 1 √ 2 κ_sv_{Rs}δ_{st} . (D.36)

Charged Fermions

In the basis ( ψ^− )_T = ( W̃^−, H̃^−_d , e, μ, τ ) ( ψ^+ )_T = ( W̃^+, H̃^+_u , e^c, μ^c, τ^c ) , (D.37)

the (5 × 5) mass matrix of the charged fermions is given by

M_c =

M_2^{1√}_2 gv_u 0 0 0 1√ 2 gv_d μ −^{1√}_2 Y^{i1}_e v_i −^{1√}_2 Y^{i2}_e v_i −^{1√}_2 Y^{i3}_e v_i 1√ 2 gv_e −ϵ_e^{1√}_2 Y^{11}_e v_d 0 0 1√ 2 gv_μ −ϵ_μ 0^{1√}_2 Y^{22}_e v_d 0 1√ 2 gv_τ −ϵ_τ 0 0^{1√}_2 Y^{33}_e v_d

. (D.38)

E. μνSSM: SINGLET SCALAR/PSEUDOSCALAR 1-LOOP CONTRIBUTIONS TO THE NEUTRINO MASS MATRIX

An estimate of the 1-loop correction to the effective neutrino mass matrix coming from the singlet scalar/pseudoscalar contribution in figure E.1 is given in this appendix.

1 ^ν^c model

The tree-level neutrino mass matrices can be written as

m^{tree}_{ij} = aΛ_iΛ_j (E.1) where a and Λ_i are defined in section 6.3.1. After diagonalizing the tree-level mass matrix and adding (only) the corrections due to loops with right-handed sneutrinos ν̃^c, we obtain

m^{1−loop} ij = (m^{tree}_{ij} )^{diag} + ΔM_{ij} = (a + a^′)Λ̃_iΛ̃_j

where

a^′ = −

Δ_{12} 32π^2 ∑ k=χ m_k(R_k )^2C_0(k) (E.2)

The Λ̃_i parameters are the alignment parameters Λ_i rotated with the matrix U_ν that diagonalizes the tree-level neutrino mass matrix:

Λ̃_i = (U^T_ν )_{ij} Λ_j = (U_ν )_{ji}Λ_j (E.3)

Δ_{12} is the squared mass difference of the two right-handed sneutrino mass eigenstates ν̃^{cR} and ν̃^{cI} [338, 339, 340]:

Δ_{12} = m^2_R − m^2_I

= 2(k^2v^2_R − kλv_uv_d + 1 3 T_kv_R)

R_k is related to the mixing and couplings of the neutralino k

R_k = λm_γ 8μDet(M_H ) [ λ^2v^2(v_dN_{k4} + v_uN_{k3}) + 2M_Rμ(v_dN_{k3} + v_uN_{k4}) − √ 2kμ(v^2_u − v^2_d)N_{k5} ] (E.4)

where N_{ij} is the matrix that diagonalizes the 5 × 5 mass matrix of the heavy neutralinos. Finally, C_0(k), is a Passarino-Veltman function [262]

Fig. E.1: 1-loop correction to the effective neutrino mass matrix involving the singlet scalar/pseudoscalar.

C_0(k) ≡ C_0(0, 0, 0, m^2_k, m^2_R, m^2_I ) (E.5) In order to compare this loop correction with the tree-level value, it is interesting to define the ratio R = a^′ a (E.6)

which can be expressed in good approximation as R ≃ − λ^2m_γ M^2_R 32π^2Det_0 ∑ k=χ m_k(v_dN_{k3} + v_uN_{k4})^2C_0(k) (E.7)

where Det_0 is the determinant of the usual MSSM neutralino mass matrix. Now, using this expression, it is possible to understand the importance of this loop correction to the neutrino mass matrix. Since m_γ Det_0 ∼ 1 μ^2M_{gaugino} (E.8)

the ratio R is proportional to R ∝ λ^2m_γ M^2_R Det_0 ∝ λ^2M^2_R μ^2

∝ k^2 (E.9)

If we stay in the perturbative regime, the superpotential coupling k is at most O(1) and therefore this loop correction cannot be very large. This conclusion has been checked numerically.

2 ^ν^c model

In this case we have contributions from loops with ν̃^c_1 and ν̃^c_2: m^{1−loop} ij = (m^{tree}_{ij} )^{diag} + ΔM^{(1)}_{ij} + ΔM^{(2)}_{ij} (E.10) with

ΔM^{(n)}_{ij} = −

Δ^{(n)}_{12} 32π^2 ∑ k=χ m_kR^{(n)}_{jk} R^{(n)}_{ki} C^{(n)}_0 (k) (E.11)

The definitions of these parameters are similar to those shown in the previous section, but the expressions are different. In fact, the contributions from both righthanded sneutrinos take the same form, just exchanging the indices. Then, we give only the formulas for the first right-handed sneutrino, omitting the index in the notation.

The squared mass difference of the two right-handed sneutrino mass eigenstates is Δ_{12} = 2(k^2_1 v^2_{R1} − k_1λ^1v_uv_d + 1 3 T^{111}_k v_{R1} + T^{112}_k v_{R2}) (E.12)

The factors R_{ik} can be written as

R_{ik} = C^k_{ϵ1} ϵ^i_1 + C^k_{ϵ2} ϵ^i_2 + C^k_ΛΛ_i (E.13)

with

C^k_{ϵ1} = λ^2v_u μm_γ v_{R1}(v^2_d − v^2_u) [ − √ 2bμλ^1(Δ_{du}N_{k3} + Δ_{ud}N_{k4}) + v_{R2} v_u m_γ (v^2_d − v^2_u)N_{k4} +2 √ 2M_{R1} ( λ^2 v_{R1} cμm_γ (v^2_d − v^2_u) − 2 √ 2bDet_0 ) N_{k5} ] (E.14)

C^k_{ϵ2} = − μ_1 μ_2

C^k_{ϵ1} (E.15)

C^k_Λ = λ^1 8μDet(M_H ) [( 4aμDet(M_H ) + M_{R1}M_{R2}m_γ μ ) (v_uN_{k4} − v_dN_{k3}) +m_γ ( (λ^1)^2M_{R2} + (λ^2)^2M_{R1} ) (v^3_dN_{k4} − v^3_uN_{k3}) + √ 2k_1μm_γ M_{R2}(v^2_d − v^2_u)N_{k5} ] (E.16)

where μ_i =^{1√}_2 λ_iv_{Ri}, the coefficients a, b and c are given in section 6.3.2 and we have defined

Δ_{du} = m_γ v^2v_d − 4M_1M_2μv_u (E.17) Δ_{ud} = m_γ v^2v_u − 4M_1M_2μv_d (E.18)

The connection between C^k_{ϵ1} and C^k_{ϵ2} allows us to prove that the determinant of the 1-loop mass matrix vanishes, implying that after adding this loop correction there is still one zero eigenvalue. In conclusion, this loop does not generate a new mass scale.

The complicated structure of the resulting expressions does not allow to find an approximated formula to get a clue about the importance of the loop. Numerically it has been shown that for low values of v_{R1} and v_{R2}, below 1-5 TeV, the corrections to m_{ν2} and m_{ν3} are typically of order ∼ 10^{−3}m^{tree}_{ν2,3} , with a few points in parameter space where it reaches ∼ 10^{−2}m^{tree}_{ν2,3} . For higher values of v_{R1} and v_{R2} the model approaches the explicit limit (b- /R_p model): the corrections for m_{ν3} are still small, but the corrections to m_{ν2} are very important, since the tree-level value goes to zero in this limit.

F. μνSSM: COUPLING χ̃^0_1 − W^± − L^∓_I

Approximate formulas for the coupling χ̃^0_1 − W^± − l^∓_i can be obtained from the general χ̃^0_i − W^± − χ̃^∓_j interaction lagrangian L ⊃ χ̃^−_i γ^μ ( O^{cnw}_{Lij} P_L + O^{cnw}_{Rij} P_R ) χ̃^0_j W^−_μ + χ̃^0_i γ^μ ( O^{ncw}_{Lij} P_L + O^{ncw}_{Rij} P_R ) χ̃^−_j W^+_μ , (F.1)

where O^{cnw}_{Li1} = g [ −U_{i1}N^∗_{12} − 1 √ 2 ( U_{i2}N^∗_{13} + 3∑ k=1 U_{i,2+k}N^∗_{1,5+k} )]

O^{cnw}_{Ri1} = g ( −V^∗_{i1}N_{12} + 1 √ 2 V^∗_{i2}N_{14} )

O^{ncw}_{L1j} = ( O^{cnw}_{Lj1} )_∗ O^{ncw}_{R1j} = ( O^{cnw}_{Rj1} )_∗ . (F.2)

The matrix N diagonalizes the neutral fermion mass matrix while the matrices U and V diagonalize the charged fermion mass matrix, see appendix D.

As was already mentioned for the case of neutral fermions in section 6.3, it is possible to diagonalize the mass matrices in very good approximation due to the fact that the /R_p parameters are small. Defining the matrices ξ, ξ_L and ξ_R, that will be taken as expansion parameters, one gets the leading order expressions N = ( N Nξ^T −U^T_ν ξ U^T_ν ) , U = ( U_c U_cξ^T_L −ξ_L I_3 ) , V = ( V_c V_cξ^T_R −ξ_R I_3 ) , (F.3)

where I_3 is the (3 × 3) identity matrix. The expansion matrices ξ_L and ξ_R are

(ξ_L)_{i1} = gΛ_i √ 2Det_+

(ξ_L)_{i2} = − ϵ_i μ − g^2v_uΛ_i 2μDet_+

(ξ_R)_{i1} = gv_dY^{ii}_e 2Det_+ [ v_uϵ_i μ + ( 2μ^2 + g^2v^2_u ) Λ_i 2μDet_+ ]

(ξ_R)_{i2} = − √ 2v_dY^{ii}_e 2Det_+ [ M_2ϵ_i μ + g^2 (v_dμ + M_2v_u) Λ_i 2μDet_+ ] , (F.4)

where Det_+ = −^1_2 g^2v_dv_u + M_2μ is the determinant of the MSSM chargino mass matrix, μ =^{1√}_2 λ_sv_{Rs} and ϵ_i =^{1√}_2 v_{Rs}Y^{is}_ν . The expressions for the matrix ξ depend on the number of singlet generations in the model. Particular cases can be found in (6.37) and (6.45).

Using the previous equations and assuming that all parameters are real , one gets the approximate formulas O^{cnw}_{Li1} = g √ 2 [ gN_{12}Λ_i Det_+ − ( ϵ_i μ + g^2v_uΛ_i 2μDet_+ ) N_{13} − n∑ k=1 N_{1k}ξ_{ik} ]

O^{cnw}_{Ri1} = 1 2 g(Y_e)^{ii} v_d Det_+

[gv_uN_{12} − M_2N_{14} μ ϵ_i + g(2μ^2 + g^2v^2_u)N_{12} − g^2(v_dμ + M_2v_u)N_{14} 2μDet_+

Λ_i ] O^{ncw}_{Li1} = ( O^{cnw}_{Li1} )_∗ O^{ncw}_{Ri1} = ( O^{cnw}_{Ri1} )_∗ . (F.5)

It is important to emphasize that all previous formulas, and the following simplified versions, are tree-level results. More simplified formulas are possible if the lightest neutralino has a large component in one of the gauge eigenstates. These particular limits are of great interest to understand the phenomenology:

Bino-like χ̃^0_1

This limit is characterized by N^2_{11} = 1 and N_{1m} = 0 for m ≠ 1. One gets O^{cnw}_{Li1} = − g √ 2 ξ_{i1} O^{cnw}_{Ri1} = 0 . (F.6)

For the 1 ^ν^c-model this implies that a bino-like χ̃^0_1 couples to W l_i proportionally to Λ_i, see equation (6.37), without any dependence on the ϵ_i parameters.

On the other hand, for the 2 ^ν^c-model, the more complicated structure of the ξ matrix, see equations (6.45) and (6.49), implies a coupling of a bino-like χ̃^0_1 with W l_i dependent on two pieces, one proportional to Λ_i and one proportional to α_i:

ξ_{i1} =

2g^′M_2μ m_γ (aΛ_i + bα_i) (F.7)

However, a simple estimate of the relative importance of these two terms is possible. By assuming that all masses are at the same scale m_{SUSY} , the couplings κ and λ are of order 0.1, and the /R_pterms Y^i_ν and v_i are of order h_{/Rp} and m_{SUSY} h_{/Rp} respectively, one can show that aΛ_i ∼ 200 bα_i. Therefore, one gets a coupling which is proportional, in very good approximation, to Λ_i, as confirmed by the exact numerical results shown in the main part of the paper. Similar arguments apply for models with more generations of right-handed neutrinos.

In conclusion, for a bino-like neutralino the coupling χ̃^0_1 −W^±−l^∓_i is proportional to Λ_i to a good approximation.

Higgsino-like χ̃^0_1

This limit is characterized by N^2_{13} + N^2_{14} = 1 and N_{1m} = 0 for m ≠ 3, 4. If the coupling O^{cnw}_{Ri1} is neglected due to the supression given by the charged lepton Yukawa couplings, one gets O^{cnw}_{Li1} = − g √ 2 [ ( ϵ_i μ + g^2v_uΛ_i 2μDet_+

+ ξ_{i3} ) N_{13} + ξ_{i4}N_{i4} ]

O^{cnw}_{Ri1} ≃ 0 . (F.8)

Equations (6.37) and (6.45) show that the ϵ_i terms cancel out in the coupling (F.8), and therefore one gets dependence only on Λ_i in the 1 ^ν^c-model, and (Λ_i, α_i) in the 2 ^ν^c-model. However, this cancellation is not perfect in O^{cnw}_{Ri1} and thus one still has some dependence on ϵ_i.

Singlino-like χ̃^0_1

The limit in which the right-handed neutrino ν^c_s is the lightest neutralino is characterized by N^2_{1m} = 1 for m ≥ 5 and N_{1l} = 0 for l ≠ m. One gets

O^{cnw}_{Li1} = − g √ 2 ξ_{im} O^{cnw}_{Ri1} = 0 . (F.9)

For the 1 ^ν^c-model this expression implies that a pure singlino-like χ̃^0_1 couples to W l_i proportional to Λ_i, see equation (6.37), without any dependence on the ϵ_i parameters. This proportionality to Λ_i is different to what is found in spontaneous R-parity violation, where the different structure of the corresponding ξ matrix [289] implies that the singlino couples to W l_i proportionally to ϵ_i.

For the n ^ν^c-model one finds that the coupling χ̃^0_1 − W^± − l^∓_i for a singlino-like neutralino has little dependence on Λ_i. For example, in the 2 ^ν^c-model one finds that the element ξ_{i5}, corresponding to the right-handed neutrino ν^c_1, is given by

ξ_{i5} =

M_{R2}λ_1m_γ 4 √ 2Det(M_H )

(v^2_u − v^2_d)Λ_i − (√ 2λ_2c +

4Det_0v_{R1} μm_γ (v^2_u − v^2_d) b ) α_i . (F.10)

The coupling has two pieces, one proportional to Λ_i and one proportional to α_i. However, the α_i piece gives the dominant contribution, as can be shown using an estimate completely analogous to the one done for a bino-like χ̃^0_1. In this case, the ratio between the two terms in equation (F.10) is α_i-piece ∼ 8 Λ_i-piece, sufficient to ensure a very good proportionality to the α_i parameters. This estimate has been corroborated numerically.

G. SUSYLR: RENORMALIZATION GROUP EQUATIONS

We present in the following appendices our results for the RGEs of the model above the U(1)_{B−L} breaking scale. We will only show the β-functions for the gauge couplings and the anomalous dimensions of all chiral superfields. We briefly discuss in this appendix how these results were calculated. Furthermore, we show how they can be used to calculate the other β-functions of the models and give as example the 1-loop results for the soft SUSY breaking masses of the sleptons. The complete results are given online on this site

http://theorie.physik.uni-wuerzburg.de/~fnstaub/supplementary.html

In addition, the corresponding model files for SARAH are also given on this web page.

Calculation of supersymmetric RGEs

For a general N = 1 supersymmetric gauge theory with superpotential

W (ϕ) = 1 2 μ^{ij} ϕ_iϕ_j + 1 6 Y^{ijk} ϕ_iϕ_j ϕ_k (G.1)

the soft SUSY-breaking scalar terms are given by

Vsoft = ( 1 2 b^{ij} ϕ_iϕ_j + 1 6 h^{ijk} ϕ_iϕ_j ϕ_k + c.c. ) + (m^2)^i_j ϕ_iϕ^∗_j . (G.2)

The anomalous dimensions are given by [384]

γ^{(1)j}_i = 1 2 Y_{ipq} Y^{jpq} − 2δ^j_i g^2C_2(i) , (G.3)

γ^{(2)j}_i = − 1 2 Y_{imn}Y^{npq} Y_{pqr}Y^{mrj} + g^2Y_{ipq} Y^{jpq} [2C_2(p) − C_2(i)] + 2δ^j_i g^4[C_2(i)S(R) + 2C_2(i)^2 − 3C_2(G)C_2(i)] , (G.4)

and the β-functions for the gauge couplings are given by

β^{(1)}_g =g^3 [S(R) − 3C_2(G)] , (G.5) β^{(2)}_g =g^5 { −6[C_2(G)]^2 + 2C_2(G)S(R) + 4S(R)C_2(R) } − g^3Y^{ijk} Y_{ijk} C_2(k)/d(G) . (G.6)

Here, C_2(i) is the quadratic Casimir for a specific superfield and C_2(R), C_2(G) are the quadratic Casimirs for the matter and adjoint representations, respectively. d(G) is the dimension of the adjoint representation.

The β-functions for the superpotential parameters can be obtained by using superfield technique. The obtained expressions are [410, 411].

β^{ijk}_Y = Y^{p(ij} γ_p^{k)} , (G.7) β^{ij}_μ = μ^{p(i}γ_p^{j)} . (G.8)

The (..) in the superscripts denote symmetrization. Most of the β-functions of the models can be derived from these results using the procedure given in [412] based on the spurion formalism [413]. In the following, we briefly summarize the basic ideas of this calculation for completeness.

The exact results for the soft β-functions are given by [412]:

β_M = 2O [ β_g g ] , (G.9)

β^{ijk}_h = h^{l(jk} γ^{i)}_l − 2Y^{l(jk} γ_1^{i)}_l , β^{ij}_b = b^{l(i}γ^{j)}_l − 2μ^{l(i}γ_1^{j)}_l , (β_m2 )^i_j = Δγ^i_j . (G.10)

where we defined O = Mg^2 ∂ ∂g^2 − h^{lmn} ∂ ∂Y^{lmn} , (G.11)

(γ_1)^i_j = Oγ^i_j , (G.12)

Δ = 2OO^∗ + 2MM^∗g^2 ∂ ∂g^2 + [ Ỹ^{lmn} ∂ ∂Y^{lmn} + c.c. ] + X ∂ ∂g . (G.13)

Here, M is the gaugino mass and Ỹ^{ijk} = (m^2)^i_lY^{jkl} + (m^2)^j_lY^{ikl} + (m^2)^k_lY^{ijl}. Eqs. (G.9) - (G.10) hold in a class of renormalization schemes that includes the DRED^′-one [414]. We take the known contributions of X from [415]:

X^{DRED′ (1)} = −2g^3S , (G.14) X^{DRED′ (2)} = (2r)^{−1}g^3tr[W C_2(R)] − 4g^5C_2(G)S − 2g^5C_2(G)QMM^∗(G.15)

where

S = r^{−1}tr[m^2C_2(R)] − MM^∗C_2(G) , (G.16)

W^j_i = 1 2 Y_{ipq} Y^{pqn}(m^2)^j_n + 1 2 Y^{jpq} Y_{pqn}(m^2)^n_i + 2Y_{ipq} Y^{jpr} (m^2)^q_r + h_{ipq} h^{jpq}

−8g^2MM^∗C_2(R)^j_i . (G.17)

With Q = T (R) − 3C_2(G), and T (R) = tr [C_2(R)], r being the number of group generators.

From GUT scale to SU(2)_R breaking scale

In the following sections we will use the definitions

Y^{ij}_{Qk} = Y^{ijk}_Q , Y^{ij}_{Lk} = Y^{ijk}_L (G.18)

and in the same way T^{ij}_{Qk} and T^{ij}_{Lk} . We will also assume summation of repeated indices.

Anomalous Dimensions

γ^{(1)}_{Q̂} = 2Y^∗_{Qk} Y^T_{Qk} − 1 12 ( 18g^2 + 32g^2_3 + g^2_{BL} ) 1 (G.19) γ^{(2)}_{Q̂} = + 1 144 ( − 128g^4_3 + 2052g^4_2 + 289g^4_{BL} + 36g^2 ( 32g^2_3 + g^2_{BL} ) + 64g^2_3g^2_{BL} ) 1 + Y^∗_{Qm} ( 6g^2δ_{mn} + 27 4 Tr ( αα^∗ ) δ_{mn} − 2Tr ( Y^∗_{Ln} Y^T_{Lm} ) − 6Tr ( Y^∗_{Qn} Y^T_{Qm} )) Y^T_{Qn} − 32Y^∗_{Qm} Y^†_{Qn} Y_{Qn} Y^T_{Qm} (G.20)

γ^{(1)}_{Q̂c} = 2Y^†_{Qk} Y_{Qk} − 1 12 ( 18g^2 + 32g^2_3 + g^2_{BL} ) 1 (G.21)

γ^{(2)}_{Q̂c} = + 1 144 ( − 128g^4_3 + 2052g^4_2 + 289g^4_{BL} + 36g^2 ( 32g^2_3 + g^2_{BL} ) + 64g^2_3g^2_{BL} ) 1 + Y^†_{Qm} ( 6g^2δ_{mn} + 27 4 Tr ( αα^∗ ) δ_{mn} − 2Tr ( Y^∗_{Ln} Y^T_{Lm} ) − 6Tr ( Y^∗_{Qn} Y^T_{Qm} )) Y_{Qn} − 32Y^†_{Qm} Y_{Qn} Y^T_{Qm} Y^∗_{Qn} (G.22)

γ^{(1)}_{L̂} = 2 ( 3f^†f + Y^∗_{Lk} Y^T_{Lk} ) − 3 4 ( 2g^2 + g^2_{BL} ) 1 (G.23)

γ^{(2)}_{L̂} = 3 16 ( 12g^2g^2_{BL} + 76g^4_2 + 99g^4_{BL} ) 1 + 3f^†f ( − 3|a|^2 − 4Tr ( ff^† ) + 6g^2_{BL} + 8g^2 )

+ Y^∗_{Lm} ( 6g^2δ_{mn} + 27 4 Tr ( αα^∗ ) δ_{mn} − 2Tr ( Y^∗_{Ln} Y^T_{Lm} ) − 6Tr ( Y^∗_{Qn} Y^T_{Qm} )

− 11f^†fδ_{mn} ) Y^T_{Ln} − 4Y^∗_{Lm} Y^†_{Ln} Y_{Ln} Y^T_{Lm} − 2f^† ( 17ff^† + 3Y_{Lk} Y^†_{Lk} ) f − 6f^†Y_{Lk} fY^∗_{Lk} (G.24)

γ^{(1)}_{L̂c} = 2 ( 3ff^† + Y^†_{Lk} Y_{Lk} ) − 3 4 ( 2g^2 + g^2_{BL} ) 1 (G.25)

γ^{(2)}_{L̂c} = 3 16 ( 12g^2g^2_{BL} + 76g^4_2 + 99g^4_{BL} ) 1 + 3ff^† ( − 3|a|^2 − 4Tr ( ff^† ) + 6g^2_{BL} + 8g^2 )

+ Y^†_{Lm} ( 6g^2δ_{mn} + 27 4 Tr ( αα^∗ ) δ_{mn} − 2Tr ( Y^∗_{Ln} Y^T_{Lm} ) − 6Tr ( Y^∗_{Qn} Y^T_{Qm} )

− 11ff^†δ_{mn} ) Y_{Ln} − 4Y^†_{Lm} Y_{Ln} Y^T_{Lm} Y^∗_{Ln} − 2f ( 17f^†f + 3Y^T_{Lk} Y^∗_{Lk} ) f^† − 6Y^†_{Lk} Y_{Lk} ff^† (G.26)

(γ^{(1)}_{Φ̂} )_{ij} = −3g^21 − 3 2 ( αα^∗ + α^∗α ) + δ_{im}δ_{jn} ( 3Tr ( Y^∗_{Qm} Y^T_{Qn} ) + Tr ( Y^∗_{Lm} Y^T_{Ln} )) (G.27)

(γ^{(2)}_{Φ̂} )_{ij} = 33g^4_21 − 9 ( 2(ααα^∗α^∗ + α^∗α^∗αα) + 3(αα^∗αα^∗ + α^∗αα^∗α) )

− 24(αα^∗ + α^∗α) ( 2g^2 + 2Tr ( αα^∗ ) − |a|^2 )

− 3 2 ( α_{jm}α^∗_{in} + α^∗_{jm}α_{in} )( 3Tr ( Y^∗_{Qm} Y^T_{Qn} ) + Tr ( Y^∗_{Lm} Y^T_{Ln} ))

− 1 2 δ_{im}δ_{in} ( − 3g^2_{BL}Tr ( Y^∗_{Lm} Y^T_{Ln} ) − (32g^2_3 + g^2_{BL})Tr ( Y^∗_{Qm} Y^T_{Qn} )

+ 2 ( 5Tr ( ff^†Y_{Ln} Y^†_{Lm} ) + Tr ( fY^∗_{Ln} Y^T_{Lm} f^† ) + 6Tr ( fY^∗_{Lm} Y^T_{Ln} f^† ))

+ 4 ( 2Tr ( Y^†_{Lm} Y_{Ln} Y^T_{Ln} Y^∗_{Ln} ) + Tr ( Y^†_{Lm} Y_{Lm} Y^T_{Ln} Y^∗_{Lm} )

+ Tr ( Y^†_{Lm} Y_{Ln} Y^T_{Lm} Y^∗_{Lm} ))

+ 12 ( 2Tr ( Y^†_{Qm} Y_{Qn} Y^T_{Qn} Y^∗_{Qn} ) + Tr ( Y^†_{Qm} Y_{Qm} Y^T_{Qn} Y^∗_{Qm} )

+ Tr ( Y^†_{Qm} Y_{Qn} Y^T_{Qm} Y^∗_{Qm} ))) (G.28)

γ^{(1)}_{Δ̂} = 2Tr ( ff^† ) − 3g^2_{BL} − 4g^2 + 3 2 |a|^2 (G.29)

γ^{(2)}_{Δ̂} = 48g^4_2 + 24g^2g^2_{BL} + 81g^4_{BL} + 3 2 |a|^2 ( 4g^2 + Tr ( αα^∗ ) − 7 2 |a|^2 ) − ( 2g^2 + 3g^2_{BL} ) Tr ( ff^† )

− 24Tr ( ff^†ff^† ) − 6Tr ( ff^†Y_{Lk} Y^†_{Lk} ) − 2Tr ( fY^∗_{Lk} Y^T_{Lk} f^† ) (G.30)

γ^{(1)}_{^̄Δ} = −3g^2_{BL} − 4g^2 + 3 2 |a|^2 (G.31)

γ^{(2)}_{^̄Δ} = 3 4 ( 4 ( 16g^4_2 + 27g^4_{BL} + 8g^2g^2_{BL} )

+ |a|^2 ( 2Tr ( αα^∗ ) − 3Tr ( ff^† ) − 7|a|^2 + 8g^2 )) (G.32)

γ^{(1)}_{Δ̂c} = 2Tr ( ff^† ) − 3g^2_{BL} − 4g^2 + 3 2 |a|^2 (G.33)

γ^{(2)}_{Δ̂c} = 48g^4_2 + 24g^2g^2_{BL} + 81g^4_{BL} + 3 2 |a|^2 ( 4g^2 + Tr ( αα^∗ ) − 7 2 |a|^2 ) − ( 2g^2 + 3g^2_{BL} ) Tr ( ff^† )

− 24Tr ( ff^†ff^† ) − 8Tr ( fY^T_{Lk} Y^∗_{Lk} f^† ) (G.34)

γ^{(1)}_{^̄Δc} = −3g^2_{BL} − 4g^2 + 3 2 |a|^2 (G.35)

γ^{(2)}_{^̄Δc} = 3 4 ( 4 ( 16g^4_2 + 27g^4_{BL} + 8g^2g^2_{BL} )

+ |a|^2 ( 2Tr ( αα^∗ ) − 3Tr ( ff^† ) − 7|a|^2 + 8g^2 )) (G.36)

γ^{(1)}_{Ω̂} = 2|a|^2 − 4g^2 (G.37)

γ^{(2)}_{Ω̂} = 3Tr ( α(αα^∗ − α^∗α)α^∗ ) + 48g^4_2 + |a|^2 ( 12g^2_{BL} − 3Tr ( ff^† ) − 6|a|^2 + 8g^2 ) (G.38)

γ^{(1)}_{Ω̂c} = 2|a|^2 − 4g^2 (G.39)

γ^{(2)}_{Ω̂c} = 3Tr ( α(αα^∗ − α^∗α)α^∗ ) + 48g^4_2 + |a|^2 ( 12g^2_{BL} − 3Tr ( ff^† ) − 6|a|^2 + 8g^2 ) (G.40)

Note that the previous formulas are totally general and can be applied with any number of bidoublets. Nevertheless, if two bidoublets are considered αα^∗ = α^∗α and further simplifications are possible.

Beta functions for soft breaking masses of sleptons

Using the procedure explained in section G, we can calculate the soft breaking masses for the sleptons. The results are

16π^2 d dt m^2_L = 6ff^†m^2_L + 12fm^2_Lf^† + 6m^2_Lff^† + 12m^2_Δff^†

+2Y_{Lk} Y^†_{Lk} m^2_L + 2m^2_LY_{Lk} Y^†_{Lk} + 4Y_{Lk} m^2_Lc Y^†_{Lk}

+4(m^2_Φ)_{mn}Y^{(m)}_L Y^{(n) †}_L + 12T_f T^†_f + 4T_{Lk} T^†_{Lk}

−(3g^2_{BL}|M_1|^2 + 6g^2|M_2|^2 + 3 2 g^2_{BL}S_1)1 (G.41)

16π^2 d dt m^2_Lc = 6f^†fm^2_Lc + 12f^†m^2_Lc f + 6m^2_Lc f^†f + 12m^2_Δc f^†f

+2Y^†_{Lk} Y_{Lk} m^2_Lc + 2m^2_Lc Y^†_{Lk} Y_{Lk} + 4Y^†_{Lk} m^2_LY_{Lk}

+4(m^2_Φ)_{mn}Y^{(m) †}_L Y^{(n)}_L + 12T^†_f T_f + 4T^†_{Lk} T_{Lk}

−(3g^2_{BL}|M_1|^2 + 6g^2|M_2|^2 − 3 2 g^2_{BL}S_1)1 (G.42)

where

S_1 = 3(m^2_Δ − m^2_{Δ̄} − m^2_Δc + m^2_{Δ̄c} ) + ∑ m,n [ (m^2_Q)_{mn} − (m^2_Qc )_{mn} − (m^2_L)_{mn} + (m^2_Lc )_{mn} ] (G.43)

Beta functions for gauge couplings

β^{(1)}_{gBL} = 24g^3_{BL} (G.44)

β^{(2)}_{gBL} = 1 2 g^3_{BL} ( − 192|a|^2 − 93Tr ( ff^† ) + 2 ( 115g^2_{BL} + 162g^2

− 2Tr ( Y^∗_{Qk} Y^T_{Qk} ) − 6Tr ( Y^∗_{Lk} Y^T_{Lk} ) + 8g^2_3 )) (G.45)

β^{(1)}_{g2} = 8g^3_2 (G.46)

β^{(2)}_{g2} = 1 6 g^3_2 ( 660g^2 + 144g^2_3 + 162g^2_{BL} − 192|a|^2 + 108Tr ( αα^∗ ) − 73Tr ( ff^† )

− 24Tr ( Y^∗_{Lk} Y^T_{Lk} ) − 72Tr ( Y^∗_{Qk} Y^T_{Qk} )) (G.47)

β^{(1)}_{g3} = −3g^3 (G.48)

β^{(2)}_{g3} = g^3 ( 14g^2_3 + 18g^2 − 8Tr ( Y^∗_{Qk} Y^T_{Qk} ) + g^2_{BL} ) (G.49)

From SU(2)_R breaking scale to U(1)_{B−L} breaking scale

Anomalous Dimensions

γ^{(1)}_{Q̂} = − 1 12 ( 18g^2_L + 32g^2_3 + g^2_{BL} ) 1 + Y^∗_d Y^T_d + Y^∗_u Y^T_u (G.50)

γ^{(2)}_{Q̂} = + 1 144 ( 109g^4_{BL} − 128g^4_3 + 36g^2_{BL}g^2_L + 64g^2_3 ( 18g^2_L + g^2_{BL} ) + 972g^4_L ) 1 − 2 ( Y^∗_d Y^T_d Y^∗_d Y^T_d + Y^∗_u Y^T_u Y^∗_u Y^T_u )

+ Y^∗_d Y^T_d ( − 3Tr ( Y_dY^†_d ) − |b_c|^2 − 3 2 |b|^2 − Tr ( Y_eY^†_e ) + g^2_R )

+ Y^∗_u Y^T_u ( − 3Tr ( Y_uY^†_u ) − |b_c|^2 − 3 2 |b|^2 − Tr ( Y_ν Y^†_ν ) + g^2_R ) (G.51) γ^{(1)}_{d̂c} = 2Y^†_d Y_d − 1 12 ( 32g^2_3 + 6g^2_R + g^2_{BL} ) 1 (G.52)

γ^{(2)}_{d̂c} = − 1 144 ( − 109g^4_{BL} + 128g^4_3 − 12g^2_{BL}g^2_R − 64g^2_3 ( 6g^2_R + g^2_{BL} ) − 684g^4_R ) 1 − 2 ( Y^†_d Y_dY^†_d Y_d + Y^†_d Y_uY^†_u Y_d )

− Y^†_d Y_d ( 2|b_c|^2 + 2Tr ( Y_eY^†_e ) + 3|b|^2 − 6g^2_L + 6Tr ( Y_dY^†_d )) (G.53)

γ^{(1)}_ûc = 2Y^†_u Y_u − 1 12 ( 32g^2_3 + 6g^2_R + g^2_{BL} ) 1 (G.54)

γ^{(2)}_ûc = − 1 144 ( − 109g^4_{BL} + 128g^4_3 − 12g^2_{BL}g^2_R − 64g^2_3 ( 6g^2_R + g^2_{BL} ) − 684g^4_R ) 1 − 2 ( Y^†_u Y_dY^†_d Y_u + Y^†_u Y_uY^†_u Y_u )

− Y^†_u Y_u ( 2|b_c|^2 + 2Tr ( Y_ν Y^†_ν ) + 3|b|^2 − 6g^2_L + 6Tr ( Y_uY^†_u )) (G.55)

γ^{(1)}_{L̂} = − 3 4 ( 2g^2_L + g^2_{BL} ) 1 + Y^∗_e Y^T_e + Y^∗_ν Y^T_ν (G.56)

γ^{(2)}_{L̂} = + 9 16 ( 12g^4_L + 13g^4_{BL} + 4g^2_{BL}g^2_L ) 1 − 2 ( Y^∗_e Y^T_e Y^∗_e Y^T_e + Y^∗_ν Y^T_ν Y^∗_ν Y^T_ν ) − Y^∗_ν F_cY^T_ν + Y^∗_e Y^T_e ( − 3Tr ( Y_dY^†_d ) − |b_c|^2 − 3 2 |b|^2 − Tr ( Y_eY^†_e ) + g^2_R )

+ Y^∗_ν Y^T_ν ( − 3Tr ( Y_uY^†_u ) − |b_c|^2 − 3 2 |b|^2 − Tr ( Y_ν Y^†_ν ) + g^2_R ) (G.57)

γ^{(1)}_êc = 2Y^†_e Y_e − 1 4 ( 2g^2_R + 3g^2_{BL} ) 1 (G.58)

γ^{(2)}_êc = + 1 16 ( 117g^4_{BL} + 12g^2_{BL}g^2_R + 76g^4_R ) 1 − 2 ( Y^†_e Y_eY^†_e Y_e + Y^†_e Y_ν Y^†_ν Y_e )

− Y^†_e Y_e ( 2|b_c|^2 + 2Tr ( Y_eY^†_e ) + 3|b|^2 − 6g^2_L + 6Tr ( Y_dY^†_d )) (G.59)

γ^{(1)}_{ν̂}c = 2Y^†_ν Y_ν − 1 4 ( 2g^2_R + 3g^2_{BL} ) 1 + F^∗_c (G.60)

γ^{(2)}_{ν̂}c = 1 16 ( 117g^4_{BL} + 12g^2_{BL}g^2_R + 76g^4_R ) 1 − (f^{1†}_c + f^{1∗}_c )F_c(f^1_c + f^{1T}_c ) − 2Y^†_ν ( Y_eY^†_e + Y_ν Y^†_ν ) Y_ν − 2(f^{1†}_c + f^{1∗}_c )Y^T_ν Y^∗_ν (f^1_c + f^{1T}_c ) − Y^†_ν Y_ν ( 2 ( − 3g^2_L + 3Tr ( Y_uY^†_u ) + |b_c|^2 + Tr ( Y_ν Y^†_ν )) + 3|b|^2 )

+ F^∗_c ( 2g^2_R + 3g^2_{BL} − |a^1_c |^2 − Tr ( f^1_c f^{1†}_c ) − Tr ( f^{1†}_c f^{1T}_c )) (G.61)

γ^{(1)}_{Ĥd} = 3Tr ( Y_dY^†_d ) − 1 2 g^2_R + 3 2 |b|^2 − 3 2 g^2_L + |b_c|^2 + Tr ( Y_eY^†_e ) (G.62)

γ^{(2)}_{Ĥd} = 1 4 ( 27g^4_L + 6g^2_Lg^2_R + 19g^4_R + 2 ( 32g^2_3 + g^2_{BL} ) Tr ( Y_dY^†_d ) + 6g^2_{BL}Tr ( Y_eY^†_e )

+ |b|^2 ( − 18Tr ( Y_uY^†_u ) − 15|b|^2 − 19|b_c|^2 + 24g^2_L − 6Tr ( Y_ν Y^†_ν ))

− 4|b_c|^2 ( 3|b_c|^2 + 3Tr ( Y_uY^†_u ) + |a^1_c |^2 + Tr ( Y_ν Y^†_ν )) − 36Tr ( Y_dY^†_d Y_dY^†_d )

− 12Tr ( Y_dY^†_d Y_uY^†_u ) − 12Tr ( Y_eY^†_e Y_eY^†_e ) − 4Tr ( Y_eY^†_e Y_ν Y^†_ν )) (G.63)

γ^{(1)}_{Ĥu} = 3Tr ( Y_uY^†_u ) − 1 2 g^2_R + 3 2 |b|^2 − 3 2 g^2_L + |b_c|^2 + Tr ( Y_ν Y^†_ν ) (G.64)

γ^{(2)}_{Ĥu} = 1 4 ( 27g^4_L + 6g^2_Lg^2_R + 19g^4_R

+ |b|^2 ( − 18Tr ( Y_dY^†_d ) − 15|b|^2 − 19|b_c|^2 + 24g^2_L − 6Tr ( Y_eY^†_e ))

− 4|b_c|^2 ( 3|b_c|^2 + 3Tr ( Y_dY^†_d ) + |a^1_c |^2 + Tr ( Y_eY^†_e ))

+ 2 ( 32g^2_3 + g^2_{BL} ) Tr ( Y_uY^†_u ) + 6g^2_{BL}Tr ( Y_ν Y^†_ν ) − 4Tr ( f^1_c f^{1†}_c Y^T_ν Y^∗_ν )

− 4Tr ( f^1_c Y^†_ν Y_ν f^{1†}_c ) − 12Tr ( Y_dY^†_d Y_uY^†_u ) − 4Tr ( Y_eY^†_e Y_ν Y^†_ν )

− 36Tr ( Y_uY^†_u Y_uY^†_u ) − 4Tr ( Y_ν f^{1†}_c f^{1T}_c Y^†_ν ) − 12Tr ( Y_ν Y^†_ν Y_ν Y^†_ν )

− 4Tr ( f^{1†}_c Y^T_ν Y^∗_ν f^{1T}_c )) (G.65)

γ^{(1)}_{Δ̂c0} = −2g^2_R − 3g^2_{BL} + |a^1_c |^2 + Tr ( f^1_c f^{1†}_c ) + Tr ( f^{1†}_c f^{1T}_c ) (G.66)

γ^{(2)}_{Δ̂c0} = 1 2 ( 72g^4_{BL} + 24g^2_{BL}g^2_R + 44g^4_R − 4|a^1_c|^2 ( |a^1_c |^2 + |b_c|^2 )

− ( 2g^2_R + 3g^2_{BL} )( Tr ( f^1_c f^{1†}_c ) + Tr ( f^{1†}_c f^{1T}_c )) − 4Tr ( f^1_c f^{1†}_c f^1_c f^{1†}_c )

− 8Tr ( f^1_c f^{1†}_c f^{1T}_c f^{1†}_c ) − 8Tr ( f^1_c f^{1†}_c f^{1T}_c f^{1∗}_c ) − 4Tr ( f^1_c f^{1†}_c Y^T_ν Y^∗_ν )

− 4Tr ( f^1_c Y^†_ν Y_ν f^{1†}_c ) − 4Tr ( Y_ν f^{1†}_c f^{1T}_c Y^†_ν ) − 4Tr ( f^{1†}_c f^{1T}_c f^{1†}_c f^{1T}_c )

− 8Tr ( f^{1†}_c f^{1T}_c f^{1∗}_c f^{1T}_c ) − 4Tr ( f^{1†}_c Y^T_ν Y^∗_ν f^{1T}_c )) (G.67)

γ^{(1)}_{^̄Δc0} = −2g^2_R − 3g^2_{BL} + |a^1_c |^2 (G.68)

γ^{(2)}_{^̄Δc0} = 12g^2_{BL}g^2_R + 22g^4_R + 36g^4_{BL}

− |a^1_c |^2 ( 2|a^1_c |^2 + 2|b_c|^2 + Tr ( f^1_c f^{1†}_c ) + Tr ( f^{1†}_c f^{1T}_c )) (G.69)

γ^{(1)}_{Ω̂} = −4g^2_L + |b|^2 (G.70)

γ^{(2)}_{Ω̂} = 28g^4_L − |b|^2 ( 2|b_c|^2 + 3|b|^2 + 3Tr ( Y_dY^†_d ) + 3Tr ( Y_uY^†_u )

− g^2_R + g^2_L + Tr ( Y_eY^†_e ) + Tr ( Y_ν Y^†_ν )) (G.71)

γ^{(1)}_{Ω̂c0} = 2|b_c|^2 + |a^1_c |^2 (G.72)

γ^{(2)}_{Ω̂c0} = −2|a^1_c |^4 − |a^1_c |^2 ( − 4g^2_R − 6g^2_{BL} + Tr ( f^1_c f^{1†}_c ) + Tr ( f^{1†}_c f^{1T}_c ))

− 2|b_c|^2 ( 2|b_c|^2 + 3|b|^2 − 3g^2_L + 3Tr ( Y_dY^†_d ) + 3Tr ( Y_uY^†_u )

− g^2_R + Tr ( Y_eY^†_e ) + Tr ( Y_ν Y^†_ν )) (G.73)

In these expressions we have defined

F_c = f^1_c f^{1†}_c + f^1_c f^{1∗}_c + f^{1T}_c f^{1†}_c + f^{1T}_c f^{1∗}_c (G.74)

Beta functions for soft breaking masses of sleptons

Again, the results for the slepton soft SUSY breaking masses at 1-loop are shown. The beta functions read

16π^2 d dt m^2_L = 2Y_em^2_ec Y^†_e + 2m^2_{Hd} Y_eY^†_e + 2m^2_{Hu} Y_ν Y^†_ν + m^2_LY_eY^†_e (G.75)

+Y_eY^†_e m^2_L + m^2_LY_ν Y^†_ν + Y_ν Y^†_ν m^2_L + 2Y_ν m^2_νc Y^†_ν

+2T_eT^†_e + 2T_ν T^†_ν − (3g^2_{BL}|M_1|^2 + 6g^2_L|M_L|^2 + 3 4 g^2_{BL}S_2)1

16π^2 d dt m^2_ec = 2Y^†_e Y_em^2_ec + 2m^2_ec Y^†_e Y_e + 4m^2_{Hd} Y^†_e Y_e + 4Y^†_e m^2_LY_e (G.76)

+4T^†_e T_e − (3g^2_{BL}|M_1|^2 + 2g^2_R|M_R|^2 − 3 4 g^2_{BL}S_2 − 1 2 g^2_RS_3)1

where

S_2 = 2(m^2_Δc 0 − m^2_{Δ̄c 0} ) + T r [ m^2_dc − m^2_ec + m^2_uc − m^2_νc + 2m^2_L − 2m^2_Q ] S_3 = 2(m^2_Δc 0 − m^2_{Δ̄c 0} − m^2_{Hd} + m^2_{Hu} ) + T r [ 3m^2_dc + m^2_ec − 3m^2_uc − m^2_νc ]

Beta functions for gauge couplings

β^{(1)}_{gBL} = 9g^3_{BL} (G.77)

β^{(2)}_{gBL} = 1 2 g^3_{BL} ( 16g^2_3 + 50g^2_{BL} + 18g^2_L + 30g^2_R − 12|a^1_c|^2 − 9Tr ( f^1_c f^1_c^† ) (G.78)

− 2Tr ( Y_dY^†_d ) − 6Tr ( Y_eY^†_e ) − 2Tr ( Y_uY^†_u ) − 6Tr ( Y_vY^†_v ) − 9Tr ( f^1_c^†f^1_c^T )) β^{(1)}_{gL} = 3g^3_L (G.79)

β^{(2)}_{gL} = 1 3 g^3_L ( − 28|b|^2 + 3 ( 24g^2_3 − 2|b_c|^2 − 2Tr ( Y_eY^†_e ) − 2Tr ( Y_v Y^†_v ) + 3g^2_{BL}

+ 49g^2_L − 6Tr ( Y_dY^†_d ) − 6Tr ( Y_uY^†_u ) + g^2_R )) (G.80)

β^{(1)}_{gR} = 9g^3_R (G.81)

β^{(2)}_{gR} = g^3_R ( 24g^2_3 + 15g^2_{BL} + 3g^2_L + 15g^2_R − 4|a^1_c|^2 − 4|b|^2 − 2|b_c|^2 − 3Tr ( f^1_c f^1_c^† )

− 6Tr ( Y_dY^†_d ) − 2Tr ( Y_eY^†_e ) − 6Tr ( Y_uY^†_u ) − 2Tr ( Y_vY^†_v ) − 3Tr ( f^1_c^†f^1_c^T )) (G.82)

β^{(1)}_{g3} = −3g^3 (G.83)

β^{(2)}_{g3} = g^3 ( 14g^2_3 + 3g^2_R − 4Tr ( Y_dY^†_d ) − 4Tr ( Y_uY^†_u ) + 9g^2_L + g^2_{BL} ) (G.84)

BIBLIOGRAPHY

[1] S. Weinberg, Eur. Phys. J. C34, 5 (2004). [2] J. R. Oppenheimer, Phys. Rev. 35, 461 (1930). [3] H. A. Bethe, Phys. Rev. 72, 339 (1947).

[4] J. Schwinger (editor), Selected papers on Quantum Electrodynamics, Dover publications (1958).

[5] E. Fermi, Z. Phys. 88, 161 (1934). [6] E. Fermi, Nuovo Cim. 11, 1 (1934). [7] M. Gell-Mann, Phys. Lett. 8, 214 (1964). [8] G. Zweig, (1964), CERN-TH-401.

[9] C.-N. Yang and R. L. Mills, Phys. Rev. 96, 191 (1954). [10] P. W. Higgs, Phys. Lett. 12, 132 (1964). [11] P. W. Higgs, Phys. Rev. Lett. 13, 508 (1964). [12] P. W. Higgs, Phys. Rev. 145, 1156 (1966).

[13] G. S. Guralnik, C. R. Hagen, and T. W. B. Kibble, Phys. Rev. Lett. 13, 585 (1964).

[14] F. Englert and R. Brout, Phys. Rev. Lett. 13, 321 (1964). [15] J. Goldstone, Nuovo Cim. 19, 154 (1961). [16] S. L. Glashow, Nucl. Phys. 22, 579 (1961). [17] S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967).

[18] A. Salam, Elementary Particle Theory, The Nobel Symposium no 8, edited by N. Svartholm, Stockholm: Almquvist and Wiksell (1968).

[19] G. ’t Hooft, Nucl. Phys. B33, 173 (1971). [20] G. ’t Hooft, Nucl. Phys. B35, 167 (1971).

[21] G. ’t Hooft and M. J. G. Veltman, Nucl. Phys. B44, 189 (1972). [22] G. ’t Hooft and M. J. G. Veltman, Nucl. Phys. B50, 318 (1972). [23] C. Quigg, Front. Phys. 56, 1 (1983). [24] S. F. Novaes, hep-ph/0001283 (1999). [25] C. Quigg, Rept. Prog. Phys. 70, 1019 (2007). [26] M. Drees, hep-ph/9611409 (1996).

[27] H. P. Nilles, Phys. Rept. 110, 1 (1984).

[28] H. E. Haber and G. L. Kane, Phys. Rept. 117, 75 (1985). [29] M. F. Sohnius, Phys. Rept. 128, 39 (1985). [30] S. P. Martin, hep-ph/9709356 (1997).

[31] H. Baer and X. Tata, (2006), cambridge, UK: Univ. Pr. 537 p. [32] S. R. Coleman and J. Mandula, Phys. Rev. 159, 1251 (1967). [33] R. Haag, J. T. Lopuszanski, and M. Sohnius, Nucl. Phys. B88, 257 (1975). [34] Y. A. Golfand and E. P. Likhtman, JETP Lett. 13, 323 (1971). [35] D. V. Volkov and V. P. Akulov, JETP Lett. 16, 438 (1972). [36] D. V. Volkov and V. P. Akulov, Phys. Lett. B46, 109 (1973). [37] J. Wess and B. Zumino, Nucl. Phys. B70, 39 (1974). [38] K. A. Intriligator and N. Seiberg, Class. Quant. Grav. 24, S741 (2007). [39] L. Girardello and M. T. Grisaru, Nucl. Phys. B194, 65 (1982). [40] S. Dimopoulos and H. Georgi, Nucl. Phys. B193, 150 (1981). [41] P. Z. Skands et al., JHEP 07, 036 (2004).

[42] B. Allanach et al., Comp. Phys. Commun. 180, 8 (2009). [43] M. Ahmed et al., Phys.Rev. D65, 112002 (2002). [44] C. Amsler et al., Phys. Lett. B667, 1 (2008). [45] K. A. Olive, arXiv: 1009.0232 (2010).

[46] J. E. Kim and H. P. Nilles, Phys. Lett. B138, 150 (1984). [47] H. E. Haber and R. Hempfling, Phys. Rev. Lett. 66, 1815 (1991). [48] Y. Okada, M. Yamaguchi, and T. Yanagida, Prog. Theor. Phys. 85, 1 (1991). [49] Y. Okada, M. Yamaguchi, and T. Yanagida, Phys. Lett. B262, 54 (1991). [50] J. R. Ellis, G. Ridolfi, and F. Zwirner, Phys. Lett. B257, 83 (1991). [51] J. R. Ellis, G. Ridolfi, and F. Zwirner, Phys. Lett. B262, 477 (1991). [52] I. Hinchliffe and T. Kaeding, Phys. Rev. D47, 279 (1993). [53] F. Vissani, Phys. Rev. D52, 4245 (1995).

[54] A. Y. Smirnov and F. Vissani, Phys. Lett. B380, 317 (1996). [55] H. N. Long and P. B. Pal, Mod. Phys. Lett. A13, 2355 (1998). [56] G. Bhattacharyya and P. B. Pal, Phys. Rev. D59, 097701 (1999). [57] G. Bhattacharyya and P. B. Pal, Phys. Lett. B439, 81 (1998). [58] P. Fayet, Nucl. Phys. B90, 104 (1975).

[59] G. R. Farrar and P. Fayet, Phys. Lett. B76, 575 (1978).

[60] R. Barbier et al., Phys. Rept. 420, 1 (2005).

[61] S. Borgani, A. Masiero, and M. Yamaguchi, Phys. Lett. B386, 189 (1996). [62] F. Takayama and M. Yamaguchi, Phys. Lett. B485, 388 (2000). [63] M. Hirsch, W. Porod, and D. Restrepo, JHEP 03, 062 (2005). [64] J. E. Kim, Phys. Rept. 150, 1 (1987).

[65] G. G. Raffelt, (1996), chicago, USA: Univ. Pr. 664 p. [66] E. J. Chun and H. B. Kim, Phys. Rev. D60, 095006 (1999). [67] E. J. Chun and H. B. Kim, JHEP 10, 082 (2006). [68] Y. Kao and T. Takeuchi, arXiv: 0910.4980 (2009). [69] R. Davis, Prog. Part. Nucl. Phys. 32, 13 (1994). [70] B. T. Cleveland et al., Astrophys. J. 496, 505 (1998). [71] K. Lande et al., Nucl. Phys. Proc. Suppl. 77, 13 (1999). [72] J. N. Abdurashitov et al., Phys. Rev. C60, 055801 (1999). [73] J. N. Abdurashitov et al., J. Exp. Theor. Phys. 95, 181 (2002). [74] W. Hampel et al., Phys. Lett. B447, 127 (1999). [75] M. Altmann et al., Phys. Lett. B490, 16 (2000). [76] C. M. Cattadori, Nucl. Phys. Proc. Suppl. 110, 311 (2002). [77] Y. Fukuda et al., Phys. Rev. Lett. 77, 1683 (1996). [78] S. Fukuda et al., Phys. Rev. Lett. 86, 5651 (2001). [79] S. Fukuda et al., Phys. Lett. B539, 179 (2002). [80] M. B. Smy, hep-ex/0202020 (2002).

[81] A. W. P. Poon, Int. J. Mod. Phys. A21, 1855 (2006). [82] Q. R. Ahmad et al., Phys. Rev. Lett. 89, 011301 (2002). [83] Q. R. Ahmad et al., Phys. Rev. Lett. 89, 011302 (2002). [84] S. N. Ahmed et al., Phys. Rev. Lett. 92, 181301 (2004). [85] B. Aharmim et al., Phys. Rev. C72, 055502 (2005).

[86] J. N. Bahcall and M. H. Pinsonneault, Rev. Mod. Phys. 67, 781 (1995). [87] J. N. Bahcall, S. Basu, and M. H. Pinsonneault, Phys. Lett. B433, 1 (1998). [88] J. N. Bahcall, M. H. Pinsonneault, and S. Basu, Astrophys. J. 555, 990 (2001). [89] J. N. Bahcall and M. H. Pinsonneault, Phys. Rev. Lett. 92, 121301 (2004). [90] J. N. Bahcall, A. M. Serenelli, and S. Basu, Astrophys. J. 621, L85 (2005). [91] J. N. Bahcall, A. M. Serenelli, and S. Basu, Astrophys. J. Suppl. 165, 400 (2006).

[92] T. K. Gaisser, T. Stanev, and G. Barr, Phys. Rev. D38, 85 (1988). [93] G. Barr, T. K. Gaisser, and T. Stanev, Phys. Rev. D39, 3532 (1989). [94] M. Honda, T. Kajita, K. Kasahara, and S. Midorikawa, Phys. Rev. D70, 043008 (2004).

[95] K. Daum et al., Z. Phys. C66, 417 (1995). [96] R. Becker-Szendy et al., Phys. Rev. D46, 3720 (1992). [97] M. Aglietta et al., Europhys. Lett. 8, 611 (1989). [98] K. S. Hirata et al., Phys. Lett. B280, 146 (1992). [99] Y. Fukuda et al., Phys. Lett. B335, 237 (1994). [100] L. Wolfenstein, Phys. Rev. D17, 2369 (1978). [101] J. W. F. Valle, Phys. Lett. B199, 432 (1987).

[102] M. M. Guzzo, A. Masiero, and S. T. Petcov, Phys. Lett. B260, 154 (1991). [103] E. Roulet, Phys. Rev. D44, 935 (1991).

[104] J. N. Bahcall, N. Cabibbo, and A. Yahil, Phys. Rev. Lett. 28, 316 (1972). [105] J. N. Bahcall, S. T. Petcov, S. Toshev, and J. W. F. Valle, Phys. Lett. B181, 369 (1986).

[106] A. Acker, S. Pakvasa, and J. T. Pantaleone, Phys. Rev. D43, 1754 (1991). [107] A. Acker, A. Joshipura, and S. Pakvasa, Phys. Lett. B285, 371 (1992). [108] A. Acker and S. Pakvasa, Phys. Lett. B320, 320 (1994). [109] V. D. Barger, J. G. Learned, S. Pakvasa, and T. J. Weiler, Phys. Rev. Lett.

82, 2640 (1999).

[110] V. D. Barger et al., Phys. Lett. B462, 109 (1999). [111] J. Schechter and J. W. F. Valle, Phys. Rev. D24, 1883 (1981). [112] C.-S. Lim and W. J. Marciano, Phys. Rev. D37, 1368 (1988). [113] E. K. Akhmedov, Phys. Lett. B213, 64 (1988). [114] Y. Grossman and M. P. Worah, (1998).

[115] E. Lisi, A. Marrone, and D. Montanino, Phys. Rev. Lett. 85, 1166 (2000). [116] M. Gasperini, Phys. Rev. D38, 2635 (1988). [117] M. Gasperini, Phys. Rev. D39, 3606 (1989). [118] B. Pontecorvo, Sov. Phys. JETP 6, 429 (1957). [119] B. Pontecorvo, Sov. Phys. JETP 7, 172 (1958). [120] B. Pontecorvo, Sov.Phys.JETP 26, 984 (1968).

[121] Boehm, F. and Vogel, P., Physics of massive neutrinos, Cambridge, UK: Univ.

Pr. (1992) 249 p.

[122] Kim, C. W. and Pevsner, A., Neutrinos in physics and astrophysics, Contemp.

Concepts Phys. 8 (1993) 429 p.

[123] S. M. Bilenky, C. Giunti, and W. Grimus, Prog. Part. Nucl. Phys. 43, 1 (1999).

[124] C. Giunti, hep-ph/0409230 (2004).

[125] A. Strumia and F. Vissani, hep-ph/0606054 (2006).

[126] E. K. Akhmedov and A. Y. Smirnov, Phys. Atom. Nucl. 72, 1363 (2009). [127] S. Mikheev and A. Smirnov, Sov.J.Nucl.Phys. 42, 913 (1985). [128] S. Abe et al., Phys. Rev. Lett. 100, 221803 (2008). [129] J. Hosaka et al., Phys. Rev. D74, 032002 (2006). [130] P. Adamson et al., Phys. Rev. Lett. 101, 131802 (2008). [131] Y. Fukuda et al., Phys. Rev. Lett. 81, 1562 (1998). [132] K. Eguchi et al., Phys. Rev. Lett. 90, 021802 (2003). [133] Y. Ashie et al., Phys. Rev. Lett. 93, 101801 (2004). [134] J. Schechter and J. Valle, Phys.Rev. D22, 2227 (1980).

[135] T. Schwetz, M. A. Tortola, and J. W. F. Valle, New J. Phys. 10, 113011 (2008).

[136] G. L. Fogli et al., Phys. Rev. Lett. 101, 141801 (2008). [137] M. C. Gonzalez-Garcia, M. Maltoni, and J. Salvado, JHEP 04, 056 (2010). [138] A. Aguilar et al., Phys.Rev. D64, 112007 (2001). [139] A. Aguilar-Arevalo et al., Phys.Rev.Lett. 98, 231801 (2007). [140] A. Aguilar-Arevalo et al., Phys.Rev.Lett. 102, 101802 (2009). [141] A. Aguilar-Arevalo et al., Phys.Rev.Lett. 105, 181801 (2010). [142] H. Barth et al., Prog. Part. Nucl. Phys. 40, 353 (1998). [143] V. M. Lobashev et al., Phys. Lett. B460, 227 (1999). [144] R. E. Shrock, Phys. Lett. B96, 159 (1980). [145] J. Bonn et al., Nucl. Phys. Proc. Suppl. 91, 273 (2001). [146] C. Weinheimer, Nucl. Phys. Proc. Suppl. 118, 279 (2003). [147] L. Bornschein, hep-ex/0309007 (2003).

[148] S. M. Bilenky, C. Giunti, J. A. Grifols, and E. Masso, Phys. Rept. 379, 69 (2003).

[149] C. Weinheimer, hep-ex/0210050 (2002). [150] C. Giunti, Acta Phys. Polon. B36, 3215 (2005). [151] J. Schechter and J. W. F. Valle, Phys. Rev. D25, 2951 (1982).

[152] M. Hirsch, S. Kovalenko, and I. Schmidt, Phys. Lett. B642, 106 (2006). [153] H. V. Klapdor-Kleingrothaus, A. Dietz, I. V. Krivosheina, and O. Chkvorets, Nucl. Instrum. Meth. A522, 371 (2004).

[154] H. V. Klapdor-Kleingrothaus et al., Eur. Phys. J. A12, 147 (2001). [155] C. E. Aalseth et al., Phys. Rev. D65, 092007 (2002). [156] G. Zuzel, Acta Phys. Polon. B41, 1469 (2010). [157] E. Guardincerri, PoS EPS-HEP2009, 274 (2009). [158] D. Akimov et al., Nucl. Phys. Proc. Suppl. 138, 224 (2005). [159] O. Civitarese and J. Suhonen, Nucl. Phys. A729, 867 (2003). [160] S. R. Elliott and J. Engel, J. Phys. G30, R183 (2004). [161] J. Lesgourgues and S. Pastor, Phys. Rept. 429, 307 (2006). [162] W. Hu, D. J. Eisenstein, and M. Tegmark, Phys. Rev. Lett. 80, 5255 (1998). [163] S. F. King, Rept. Prog. Phys. 67, 107 (2004). [164] R. N. Mohapatra et al., Rept. Prog. Phys. 70, 1757 (2007). [165] R. N. Mohapatra and A. Y. Smirnov, Ann. Rev. Nucl. Part. Sci. 56, 569 (2006).

[166] J. W. F. Valle, J. Phys. Conf. Ser. 53, 473 (2006).

[167] H. Nunokawa, S. J. Parke, and J. W. F. Valle, Prog. Part. Nucl. Phys. 60, 338 (2008).

[168] T. Asaka, K. Ishiwata, and T. Moroi, Phys. Rev. D75, 065001 (2007). [169] S. Gopalakrishna, A. de Gouvea, and W. Porod, JCAP 0605, 005 (2006). [170] A. de Gouvea, S. Gopalakrishna, and W. Porod, JHEP 11, 050 (2006). [171] E. Majorana, Nuovo Cim. 14, 171 (1937). [172] S. Weinberg, Phys. Rev. Lett. 43, 1566 (1979). [173] E. Ma, Phys. Rev. Lett. 81, 1171 (1998). [174] P. Minkowski, Phys. Lett. B67, 421 (1977).

[175] M. Gell-Mann, P. Ramond, and R. Slansky, (1979), print-80-0576 (CERN). [176] T. Yanagida, in KEK lectures, proceedings of the Workshop on Unified Theory and Baryon Number in the Universe, KEK, edited by O. Sawada and A. Sugamoto (1979).

[177] R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980). [178] W. Konetschny and W. Kummer, Phys. Lett. B70, 433 (1977). [179] T. P. Cheng and L.-F. Li, Phys. Rev. D22, 2860 (1980). [180] R. N. Mohapatra and G. Senjanovic, Phys. Rev. D23, 165 (1981). [181] G. Lazarides, Q. Shafi, and C. Wetterich, Nucl. Phys. B181, 287 (1981).

[182] J. F. Gunion, R. Vega, and J. Wudka, Phys. Rev. D43, 2322 (1991). [183] T. G. Rizzo, Mod. Phys. Lett. A6, 1961 (1991). [184] T. Blank and W. Hollik, Nucl. Phys. B514, 113 (1998). [185] F. Cuypers and S. Davidson, Eur. Phys. J. C2, 503 (1998). [186] C. S. Aulakh, A. Melfo, and G. Senjanovic, Phys. Rev. D57, 4174 (1998). [187] E. Ma, Phys. Rev. D69, 011301 (2004).

[188] E. K. Akhmedov and M. Frigerio, Phys. Rev. Lett. 96, 061802 (2006). [189] E. K. Akhmedov and M. Frigerio, JHEP 01, 043 (2007). [190] A. Rossi, Phys. Rev. D66, 075003 (2002).

[191] B. Bajc, G. Senjanovic, and F. Vissani, hep-ph/0110310 (2001). [192] H. S. Goh, R. N. Mohapatra, and S.-P. Ng, Phys. Lett. B570, 215 (2003). [193] H. S. Goh, R. N. Mohapatra, and S.-P. Ng, Phys. Rev. D68, 115008 (2003). [194] S. Bertolini, M. Frigerio, and M. Malinsky, Phys. Rev. D70, 095002 (2004). [195] R. Foot, H. Lew, X. G. He, and G. C. Joshi, Z. Phys. C44, 441 (1989). [196] L. J. Hall and M. Suzuki, Nucl. Phys. B231, 419 (1984). [197] A. Masiero and J. W. F. Valle, Phys. Lett. B251, 273 (1990). [198] D. E. Lopez-Fogliani and C. Munoz, Phys. Rev. Lett. 97, 041801 (2006). [199] R. N. Mohapatra and J. W. F. Valle, Phys. Rev. D34, 1642 (1986). [200] E. K. Akhmedov, M. Lindner, E. Schnapka, and J. Valle, Phys.Lett. B368, 270 (1996).

[201] E. K. Akhmedov, M. Lindner, E. Schnapka, and J. Valle, Phys.Rev. D53, 2752 (1996).

[202] M. Malinsky, J. C. Romao, and J. W. F. Valle, Phys. Rev. Lett. 95, 161801 (2005).

[203] A. Abada et al., JHEP 0712, 061 (2007).

[204] K. S. Babu and E. Ma, Mod. Phys. Lett. A4, 1975 (1989). [205] D. Chang and A. Zee, Phys. Rev. D61, 071303 (2000). [206] A. Zee, Phys. Lett. B93, 389 (1980). [207] L. Wolfenstein, Nucl. Phys. B175, 93 (1980). [208] Y. Koide, Phys. Rev. D64, 077301 (2001).

[209] P. H. Frampton, M. C. Oh, and T. Yoshikawa, Phys. Rev. D65, 073014 (2002). [210] X.-G. He, Eur. Phys. J. C34, 371 (2004).

[211] P. F. Harrison, D. H. Perkins, and W. G. Scott, Phys. Lett. B530, 167 (2002). [212] K. R. S. Balaji, W. Grimus, and T. Schwetz, Phys. Lett. B508, 301 (2001).

[213] D. Aristizabal Sierra and D. Restrepo, JHEP 08, 036 (2006). [214] Y. Koide and J. Sato, Phys. Rev. D68, 056004 (2003). [215] G. C. Branco, W. Grimus, and L. Lavoura, Nucl. Phys. B312, 492 (1989). [216] E. Ma, Phys. Rev. D73, 077301 (2006). [217] E. Ma, Mod. Phys. Lett. A23, 647 (2008).

[218] L. Lopez Honorez, E. Nezri, J. F. Oliver, and M. H. G. Tytgat, JCAP 0702, 028 (2007).

[219] M. Gustafsson, E. Lundstrom, L. Bergstrom, and J. Edsjo, Phys. Rev. Lett.

99, 041301 (2007).

[220] Q.-H. Cao, E. Ma, and G. Rajasekaran, Phys. Rev. D76, 095011 (2007). [221] S. T. Petcov and S. T. Toshev, Phys. Lett. B143, 175 (1984). [222] K. S. Babu and E. Ma, Phys. Rev. Lett. 61, 674 (1988). [223] K. S. Babu and E. Ma, Phys. Lett. B228, 508 (1989). [224] S. L. Glashow, J. Iliopoulos, and L. Maiani, Phys. Rev. D2, 1285 (1970). [225] A. Zee, Nucl. Phys. B264, 99 (1986). [226] K. S. Babu, Phys. Lett. B203, 132 (1988).

[227] K. S. Babu and C. Macesanu, Phys. Rev. D67, 073010 (2003). [228] D. Aristizabal Sierra and M. Hirsch, JHEP 12, 052 (2006). [229] H. Ishimori et al., Prog.Theor.Phys.Suppl. 183, 1 (2010). [230] G. Altarelli and F. Feruglio, (2010).

[231] M. Fukugita and T. Yanagida, Phys.Lett. B174, 45 (1986). [232] G. Giudice et al., Nucl.Phys. B685, 89 (2004).

[233] W. Buchmuller, R. Peccei, and T. Yanagida, Ann.Rev.Nucl.Part.Sci. 55, 311 (2005).

[234] M.-C. Chen, hep-ph/0703087 123 (2007).

[235] S. Davidson, E. Nardi, and Y. Nir, Phys.Rept. 466, 105 (2008). [236] S. P. Martin, Phys. Rev. D46, 2769 (1992). [237] L. E. Ibanez and G. G. Ross, Nucl. Phys. B368, 3 (1992). [238] N. Sakai and T. Yanagida, Nucl. Phys. B197, 533 (1982). [239] S. Weinberg, Phys. Rev. D26, 287 (1982).

[240] J. R. Ellis, J. S. Hagelin, D. V. Nanopoulos, and K. Tamvakis, Phys. Lett.

B124, 484 (1983).

[241] H. K. Dreiner, C. Luhn, and M. Thormeier, Phys. Rev. D73, 075007 (2006). [242] R. N. Mohapatra, Phys. Rev. D34, 3457 (1986).

[243] M. Hirsch, H. V. Klapdor-Kleingrothaus, and S. G. Kovalenko, Phys. Rev.

Lett. 75, 17 (1995).

[244] M. Hirsch, H. V. Klapdor-Kleingrothaus, and S. G. Kovalenko, Phys. Rev.

D53, 1329 (1996).

[245] A. Faessler, S. Kovalenko, and F. Simkovic, Phys. Rev. D58, 055004 (1998). [246] M. Hirsch, Nucl. Phys. Proc. Suppl. 81, 249 (2000). [247] F. Zwirner, Phys. Lett. B132, 103 (1983). [248] J. L. Goity and M. Sher, Phys. Lett. B346, 69 (1995). [249] D. Choudhury and P. Roy, Phys. Lett. B378, 153 (1996). [250] B. de Carlos and P. L. White, Phys. Rev. D55, 4222 (1997). [251] G. Bhattacharyya and A. Raychaudhuri, Phys. Rev. D57, 3837 (1998). [252] A. de Gouvea, S. Lola, and K. Tobe, Phys. Rev. D63, 035004 (2001). [253] S. Schael et al., Phys. Rept. 421, 191 (2005). [254] E. Komatsu et al., arXiv: 1001.4538 (2010). [255] M. Chemtob, Prog. Part. Nucl. Phys. 54, 71 (2005). [256] M. Hirsch and J. W. F. Valle, New J. Phys. 6, 76 (2004). [257] H.-P. Nilles and N. Polonsky, Nucl. Phys. B484, 33 (1997). [258] M. Hirsch et al., Phys. Rev. D62, 113008 (2000). [259] M. A. Diaz et al., Phys. Rev. D68, 013009 (2003). [260] E. J. Chun and S. K. Kang, Phys. Rev. D61, 075012 (2000). [261] M. Hirsch and J. W. F. Valle, Nucl. Phys. B557, 60 (1999). [262] G. Passarino and M. J. G. Veltman, Nucl. Phys. B160, 151 (1979). [263] Y. Grossman and S. Rakshit, Phys. Rev. D69, 093002 (2004). [264] B. Mukhopadhyaya, S. Roy, and F. Vissani, Phys. Lett. B443, 191 (1998). [265] S. Y. Choi, E. J. Chun, S. K. Kang, and J. S. Lee, Phys. Rev. D60, 075002 (1999).

[266] J. C. Romao et al., Phys. Rev. D61, 071703 (2000).

[267] W. Porod, M. Hirsch, J. Romao, and J. W. F. Valle, Phys. Rev. D63, 115004 (2001).

[268] D. Restrepo, W. Porod, and J. W. F. Valle, Phys. Rev. D64, 055011 (2001). [269] A. Bartl et al., JHEP 11, 005 (2003). [270] F. de Campos et al., JHEP 05, 048 (2008). [271] F. De Campos et al., arXiv: 1006.5075 (2010). [272] M. Hirsch et al., Phys.Rev. D78, 013006 (2008).

[273] M. Hirsch, W. Porod, J. C. Romao, and J. W. F. Valle, Phys. Rev. D66, 095006 (2002).

[274] M. Hirsch and W. Porod, Phys. Rev. D68, 115007 (2003). [275] C. S. Aulakh and R. N. Mohapatra, Phys. Lett. B119, 136 (1982). [276] N. Escudero, D. E. Lopez-Fogliani, C. Munoz, and R. R. de Austri, JHEP 12, 099 (2008).

[277] J. A. Casas, E. K. Katehou, and C. Munoz, Nucl. Phys. B317, 171 (1989). [278] R. Barbieri, S. Ferrara, and C. A. Savoy, Phys. Lett. B119, 343 (1982). [279] H. P. Nilles, M. Srednicki, and D. Wyler, Phys. Lett. B120, 346 (1983). [280] J. R. Ellis et al., Phys. Lett. B150, 142 (1985). [281] G. G. Ross and J. W. F. Valle, Phys. Lett. B151, 375 (1985). [282] Y. Chikashige, R. N. Mohapatra, and R. D. Peccei, Phys. Lett. B98, 265 (1981).

[283] G. B. Gelmini and M. Roncadelli, Phys. Lett. B99, 411 (1981). [284] H. M. Georgi, S. L. Glashow, and S. Nussinov, Nucl. Phys. B193, 297 (1981). [285] M. Fukugita, S. Watamura, and M. Yoshimura, Phys. Rev. Lett. 48, 1522 (1982).

[286] M. Kachelriess, R. Tomas, and J. W. F. Valle, Phys. Rev. D62, 023004 (2000). [287] M. C. Gonzalez-Garcia and Y. Nir, Phys. Lett. B232, 383 (1989). [288] J. C. Romao and P. Nogueira, Phys. Lett. B234, 371 (1990). [289] M. Hirsch, A. Vicente, and W. Porod, Phys. Rev. D77, 075005 (2008). [290] M. Hirsch, A. Vicente, J. Meyer, and W. Porod, Phys. Rev. D79, 055023 (2009).

[291] M. Hirsch and W. Porod, Phys. Rev. D74, 055003 (2006). [292] J. C. Romao, N. Rius, and J. W. F. Valle, Nucl. Phys. B363, 369 (1991). [293] Proposal to PSI: “MEG: Search for μ → eγ down to 10^{−14} branching ratio”, Documents and status at http://meg.web.psi.ch/. For a status report see, for example: D. Nicolo, AIP Conf. Proc. 1222 (2010) 403. Whereas for recent results: E. Baracchini, 1005.2569.

[294] S. A. Abel, S. Sarkar, and P. L. White, Nucl. Phys. B454, 663 (1995). [295] S. A. Abel, Nucl. Phys. B480, 55 (1996).

[296] C. Panagiotakopoulos and K. Tamvakis, Phys. Lett. B446, 224 (1999). [297] M. Hirsch, J. C. Romao, J. W. F. Valle, and A. Villanova del Moral, Phys.

Rev. D70, 073012 (2004).

[298] M. Hirsch, J. C. Romao, J. W. F. Valle, and A. Villanova del Moral, Phys.

Rev. D73, 055007 (2006).

[299] F. Franke and S. Hesselbach, Phys. Lett. B526, 370 (2002).

[300] J. C. Romao, C. A. Santos, and J. W. F. Valle, Phys. Lett. B288, 311 (1992). [301] W. Porod, Comput. Phys. Commun. 153, 275 (2003). [302] J. A. Aguilar-Saavedra et al., Eur. Phys. J. C46, 43 (2006). [303] G. Aad et al., arXiv: 0901.0512 (2009).

[304] B. C. Allanach, C. G. Lester, M. A. Parker, and B. R. Webber, JHEP 09, 004 (2000).

[305] A. Barr, C. Lester, and P. Stephens, J. Phys. G29, 2343 (2003). [306] A. J. Barr, B. Gripaios, and C. G. Lester, JHEP 02, 014 (2008). [307] W. S. Cho, K. Choi, Y. G. Kim, and C. B. Park, JHEP 02, 035 (2008). [308] A. J. Barr and C. G. Lester, arXiv: 1004.2732 (2010). [309] Alan J. Barr, private communications.

[310] R. E. Behrends, R. J. Finkelstein, and A. Sirlin, Phys. Rev. 101, 866 (1956). [311] D. R. Yennie, S. C. Frautschi, and H. Suura, Ann. Phys. 13, 379 (1961). [312] S. Weinberg, Phys. Rev. 140, B516 (1965). [313] D. A. Ross, Nuovo Cim. A10, 475 (1972). [314] R. Arnold et al., Nucl. Phys. A765, 483 (2006). [315] G. G. Raffelt, Phys. Rept. 198, 1 (1990). [316] A. Jodidio et al., Phys. Rev. D34, 1967 (1986). [317] C. E. Picciotto et al., Phys. Rev. D37, 1131 (1988). [318] J. T. Goldman et al., Phys. Rev. D36, 1543 (1987). [319] Y. Kuno and Y. Okada, Rev. Mod. Phys. 73, 151 (2001). [320] R. M. Baltrusaitis et al., Phys. Rev. Lett. 55, 1842 (1985). [321] Y. Kuno, PoS NUFACT08, 111 (2008). [322] M. Maniatis, Int. J. Mod. Phys. A25, 3505 (2010). [323] U. Ellwanger, C. Hugonie, and A. M. Teixeira, (2009). [324] A. Djouadi et al., JHEP 07, 002 (2008).

[325] A. Djouadi, U. Ellwanger, and A. M. Teixeira, JHEP 04, 031 (2009). [326] U. Ellwanger, J. F. Gunion, and C. Hugonie, JHEP 07, 041 (2005). [327] U. Ellwanger and C. Hugonie, Comput. Phys. Commun. 175, 290 (2006). [328] P. Ghosh and S. Roy, JHEP 04, 069 (2009).

[329] K.-Y. Choi, D. E. Lopez-Fogliani, C. Munoz, and R. R. de Austri, JCAP 1003, 028 (2010).

[330] J. Fidalgo, D. E. Lopez-Fogliani, C. Munoz, and R. Ruiz de Austri, JHEP 08, 105 (2009).

[331] P. Ghosh, P. Dey, B. Mukhopadhyaya, and S. Roy, JHEP 05, 087 (2010). [332] A. Bartl et al., JHEP 05, 120 (2009).

[333] R. Kitano and K.-y. Oda, Phys. Rev. D61, 113001 (2000). [334] A. Abada and G. Moreau, JHEP 08, 044 (2006). [335] M. Chemtob and P. N. Pandita, Phys. Rev. D73, 055012 (2006). [336] F. Franke and H. Fraas, Phys. Lett. B353, 234 (1995).

[337] D. J. Miller, 2, R. Nevzorov, and P. M. Zerwas, Nucl. Phys. B681, 3 (2004). [338] M. Hirsch, H. V. Klapdor-Kleingrothaus, and S. G. Kovalenko, Phys. Lett.

B398, 311 (1997).

[339] M. Hirsch, H. V. Klapdor-Kleingrothaus, and S. G. Kovalenko, Phys. Rev.

D57, 1947 (1998).

[340] Y. Grossman and H. E. Haber, Phys. Rev. Lett. 78, 3438 (1997). [341] B. C. Allanach et al., Eur. Phys. J. C25, 113 (2002).

[342] D. F. Carvalho, M. E. Gomez, and J. C. Romao, Phys. Rev. D65, 093013 (2002).

[343] S. Schael et al., Eur. Phys. J. C47, 547 (2006). [344] F. Borzumati and A. Masiero, Phys.Rev.Lett. 57, 961 (1986). [345] J. Hisano et al., Phys.Lett. B357, 579 (1995).

[346] J. Hisano, T. Moroi, K. Tobe, and M. Yamaguchi, Phys.Rev. D53, 2442 (1996).

[347] J. R. Ellis, J. Hisano, M. Raidal, and Y. Shimizu, Phys.Rev. D66, 115013 (2002).

[348] F. Deppisch et al., Eur.Phys.J. C28, 365 (2003).

[349] S. Petcov, S. Profumo, Y. Takanishi, and C. Yaguna, Nucl.Phys. B676, 453 (2004).

[350] E. Arganda and M. J. Herrero, Phys.Rev. D73, 055003 (2006). [351] S. Petcov, T. Shindou, and Y. Takanishi, Nucl.Phys. B738, 219 (2006). [352] S. Antusch, E. Arganda, M. Herrero, and A. Teixeira, JHEP 0611, 090 (2006). [353] F. Deppisch and J. Valle, Phys.Rev. D72, 036001 (2005). [354] E. Arganda, M. Herrero, and A. Teixeira, JHEP 0710, 104 (2007). [355] F. Deppisch, T. Kosmas, and J. Valle, Nucl.Phys. B752, 80 (2006). [356] M. Hirsch, S. Kaneko, and W. Porod, Phys.Rev. D78, 093004 (2008). [357] J. Esteves et al., Phys.Rev. D83, 013003 (2011).

[358] J. Hisano, M. M. Nojiri, Y. Shimizu, and M. Tanaka, Phys.Rev. D60, 055008 (1999).

[359] J. Esteves et al., JHEP 0905, 003 (2009).

[360] G. Blair, W. Porod, and P. Zerwas, Eur.Phys.J. C27, 263 (2003). [361] A. Freitas, W. Porod, and P. Zerwas, Phys.Rev. D72, 115002 (2005). [362] F. Deppisch, A. Freitas, W. Porod, and P. Zerwas, Phys.Rev. D77, 075009 (2008).

[363] M. R. Buckley and H. Murayama, Phys.Rev.Lett. 97, 231801 (2006). [364] B. Allanach, J. Conlon, and C. Lester, Phys.Rev. D77, 076006 (2008). [365] A. Abada, A. Figueiredo, J. Romao, and A. Teixeira, arXiv: 1007.4833 (2010). [366] J. Esteves et al., JHEP 1012, 077 (2010). [367] J. C. Pati and A. Salam, Phys.Rev. D10, 275 (1974). [368] R. Mohapatra and J. C. Pati, Phys.Rev. D11, 2558 (1975). [369] G. Senjanovic and R. N. Mohapatra, Phys.Rev. D12, 1502 (1975). [370] H. Georgi, AIP Conf.Proc. 23, 575 (1975).

[371] H. Fritzsch and P. Minkowski, Annals Phys. 93, 193 (1975). [372] R. N. Mohapatra and A. Rasin, Phys.Rev. D54, 5835 (1996). [373] M. Cvetic and J. C. Pati, Phys.Lett. B135, 57 (1984). [374] R. Kuchimanchi and R. Mohapatra, Phys.Rev. D48, 4352 (1993). [375] K. Babu and R. N. Mohapatra, Phys.Lett. B668, 404 (2008). [376] R. Kuchimanchi and R. Mohapatra, Phys.Rev.Lett. 75, 3989 (1995). [377] C. S. Aulakh, K. Benakli, and G. Senjanovic, Phys.Rev.Lett. 79, 2188 (1997). [378] C. S. Aulakh, A. Melfo, A. Rasin, and G. Senjanovic, Phys.Rev. D58, 115007 (1998).

[379] M. J. Hayashi and A. Murayama, Phys.Lett. B153, 251 (1985). [380] P. Fileviez Perez and S. Spinner, Phys.Lett. B673, 251 (2009). [381] N. Setzer and S. Spinner, Phys.Rev. D71, 115010 (2005). [382] W. Chao, arXiv: 0705.4351 (2007).

[383] R. Barbieri and L. Hall, Phys.Lett. B338, 212 (1994). [384] S. P. Martin and M. T. Vaughn, Phys.Rev. D50, 2282 (1994). [385] F. Staub, arXiv: 0806.0538 (2008).

[386] F. Staub, Comput.Phys.Commun. 181, 1077 (2010). [387] F. Staub, Comput.Phys.Commun. 182, 802 (2011). [388] http://theorie.physik.uni-wuerzburg.de/ fnstaub/supplementary.html. [389] K. Babu, B. Dutta, and R. Mohapatra, Phys.Rev. D60, 095004 (1999). [390] K. Babu, B. Dutta, and R. Mohapatra, Phys.Rev. D67, 076006 (2003).

[391] D. M. Pierce, J. A. Bagger, K. T. Matchev, and R.-j. Zhang, Nucl.Phys.

B491, 3 (1997).

[392] L. J. Hall, Nucl.Phys. B178, 75 (1981).

[393] J. Kopp, M. Lindner, V. Niro, and T. E. Underwood, Phys.Rev. D81, 025008 (2010).

[394] S. K. Majee, M. K. Parida, A. Raychaudhuri, and U. Sarkar, Phys.Rev. D75, 075003 (2007).

[395] W. Martens, L. Mihaila, J. Salomon, and M. Steinhauser, arXiv: 1008.3070 (2010).

[396] D. Borah and U. A. Yajnik, arXiv:1010.6289 (2010).

[397] Y. Okada, K.-i. Okumura, and Y. Shimizu, Phys.Rev. D61, 094001 (2000). [398] J. Hisano, M. Nagai, P. Paradisi, and Y. Shimizu, JHEP 0912, 030 (2009). [399] I. Hinchliffe and F. Paige, Phys.Rev. D63, 115006 (2001). [400] D. Carvalho et al., Phys.Lett. B618, 162 (2005). [401] E. Carquin et al., JHEP 0905, 026 (2009). [402] F. E. Paige, SUP114 (1996).

[403] I. Hinchliffe et al., Phys.Rev. D55, 5520 (1997).

[404] H. Bachacou, I. Hinchliffe, and F. E. Paige, Phys.Rev. D62, 015009 (2000). [405] G. Bayatian et al., J.Phys.G G34, 995 (2007). [406] A. Bartl et al., Eur.Phys.J. C46, 783 (2006).

[407] A. J. Buras, L. Calibbi, and P. Paradisi, JHEP 1006, 042 (2010). [408] Y. Andreev, S. Bityukov, N. Krasnikov, and A. Toropin, Phys.Atom.Nucl.

70, 1717 (2007).

[409] F. del Aguila et al., Eur.Phys.J. C57, 183 (2008). [410] P. C. West, Phys.Lett. B137, 371 (1984).

[411] D. Jones and L. Mezincescu, Phys.Lett. B138, 293 (1984). [412] I. Jack, D. Jones, and A. Pickering, Phys.Lett. B426, 73 (1998). [413] Y. Yamada, Phys.Rev. D50, 3537 (1994). [414] I. Jack et al., Phys.Rev. D50, 5481 (1994).

[415] I. Jack, D. Jones, and A. Pickering, Phys.Lett. B432, 114 (1998).