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INTRODUCTION

The Standard Model (SM) of particle physics is the theory which currently best describes the
fundamental forces of electromagnetic, weak, and strong nuclear interactions. Nevertheless,
it fails in fully being a "theory of everything". Despite its success in explaining a wide vari-
ety of experimental results of the last 40 years, it does not provide an explanation for some
still unresolved questions, like the nature of dark matter (DM) and neutrino oscillations.
These two problems are indeed the main motivations for this doctoral thesis. Therefore,
one of the two research lines developed in this manuscript concerns possible extensions of
the SM which can correctly describe neutrino physics.

The observation of neutrino oscillations has been one of the major discoveries in particle
physics, implying that neutrinos have mass. The improved precision of modern neutrino
experiments has led to the accurate measurement of the oscillation parameters and they
have �rmly demonstrated that the anomalies observed by the experiments are due to this
phenomenon. However, in the SM neutrinos are described as massless particles and there-
fore it is necessary to go beyond this well-established theoretical framework to explain their
masses. This can be accomplished through the famous seesaw mechanism. This elegant way
to generate neutrino masses and to explain their smallness requires the introduction of new
particles. The necessary ingredients to realize this mechanism can naturally occur in Grand
Uni�ed (GUT) models, which have been historically introduced to unify the strong, weak
and electromagnetic forces. Interestingly enough, this uni�cation is particularly successful
once another important theoretical concept, namely the idea of supersymmetry (SUSY) is
taken into account. This widely motivated extension of the SM relates the fermionic and
bosonic degrees of freedom, predicting the existence of a supersymmetric partner for each
of the SM particles.

Motivated by the fact that the masses of SUSY particles encode valuable information about
new physics associated with some possible intermediate scale between the electro-weak (TeV)
and the GUT scales, we will analyze some SUSY GUT models with low energy-scale seesaws,
capable of accomodating neutrino masses and mixings. We will study the SUSY spectra
at the TeV scale and we will investigate the possibility of disentangling di�erent models
through the measurements of the masses of SUSY particles at colliders like the LHC (Large
Hadron Collider). The LHC is indeed the most powerful experiment currently involved in
searches for physics beyond the SM.

The second research line of this thesis is motivated by the so-called dark matter problem.
Indeed manyfold astrophysical and cosmological observations give strong evidences for the
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4 INTRODUCTION

existence of a form of non-luminous and non-baryonic matter, the DM, which should account
for almost 27% of the total mass-energy of the Universe. Nevertheless, while numerous mea-
surements have precisely determined the amount of DM in our Universe, its nature is still
unknown. While DM cannot be formed by any of the SM particles, good DM candidates
can arise in extensions of the SM. For instance, SUSY theories provide a possible candidate
for DM, notably the lightest supersymmetric particle of the model. In the context of SUSY
models with a low-scale seesaw mechanism, we will focus on the sneutrino, the scalar su-
perpartner of the neutrino. We will discuss phenomenological constraints on the parameter
space of the di�erent models, notably we will impose the correct cosmological abundance
of sneutrino DM as well as the measured neutrino masses and mixings. We will further
consider bounds from lepton �avour violation processes and SUSY searches at colliders.
Finally, we will present prospects for the detection of sneutrino DM.

Sneutrino DM features properties that are typical of a class of DM candidates dubbed weakly
interacting massive particles (WIMPs). These particles exhibit weak scale interactions and
masses near the weak scale. In general, WIMP candidates can be searched for with multiple
techniques: detecting their recoil against nuclei in underground direct detection experiments
or looking for the products of their annihilations/decays with astrophysical observations (in-
direct detection). Concerning the latter possibility, γ-rays are one of the most promising
messengers of DM annihilations to look at. In fact, current γ-ray experiments, thanks to
their increased sensitivity, have started to explore the theoretically favoured regions of the
WIMP parameter space. Moreover, γ-rays are almost not de�ected during their propaga-
tion therefore they carry spatial information about the distribution of their sources. This
feature can be exploited to disentangle possible exotic DM signals from the astrophysical
background.

In the second part of this thesis, we will employ the γ-ray measurements pursued by the
Fermi-LAT telescope, in order to constrain the WIMP parameters. Notably, we will infer
bounds on the WIMP annihilation cross section by looking at the energy spectrum of the
extragalactic isotropic gamma-ray background (IGRB). Furthermore, we will constrain sce-
narios in which the DM annihilation cross section is enhanced through a velocity-dependent
mechanism, the Sommerfeld enhancement. We will further consider the �uctuations on
small angular scales (anisotropies) of the IGRB as a complementary technique to search
for WIMP annihilations. In particular, we will study the angular power spectrum of the
γ-ray emission due to WIMP annihilations in the halo of our galaxy and we will analyze
the impact of some astrophysical uncertainties on these predictions.

The material of this thesis is organized as follows: the �rst Chapter is a short review about
the observational and theoretical motivations for new physics beyond the SM; the second
Chapter deals with some remarks about searches for DM, among them the indirect detection
of DM through γ-rays. The original part of this thesis will start from the third Chapter,
which is dedicated to the study of four basic SUSY SO(10) GUT models [1]. The fourth
Chapter is about the phenomenological analysis of SUSY models with and without left-right
symmetry, with the sneutrino as DM candidate [2]. The �fth Chapter is entirely devoted to
the indirect detection of DM through γ-rays, namely to bounds on the WIMP annihilation
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cross section from the IGRB [3] and �nally, the sixth Chapter focuses on the study of
anisotropies in the γ-ray sky from DM annihilation in the halo of the Milky Way, a work
which is still in preparation.



6 INTRODUCTION



RESUMEN

El modelo estándar (SM) de la física de partículas es la teoría que describe mejor las fuerzas
fundamentales de electromagnetismo, débil, y las interacciones nucleares fuerte. Sin em-
bargo, fracasa en ser una completa "teoría del todo". A pesar de su éxito a la hora de
explicar una gran variedad de resultados experimentales de los últimos 40 años, no pro-
porciona una explicación para algunas cuestiones aún sin resolver, como la naturaleza de
la materia oscura (DM) y oscilación de los neutrinos. Estos dos problemas son, de hecho,
las principales motivaciones de esta tesis doctoral. Por lo tanto, una de las dos líneas de
investigación que se desarrollan en este manuscrito trata sobre posibles extensiones del SM
que describen correctamente la física de los neutrinos.

La observación de la oscilación de los neutrinos ha sido uno de los grandes descubrimien-
tos de la física de las partículas, esto implica que los neutrinos tienen masa. La precisión
mejorada de los experimentos modernos para detectar los neutrinos ha dado lugar a una
mejor medición de los parámetros de oscilación y han corroborado que las anomalías ob-
servadas por los experimentos son debidas a este fenómeno. Sin embargo, en el SM los
neutrinos se describen como partículas sin masa y por lo tanto es necesario ir más allá
de este (bien establecido) marco teórico para explicar sus masas. Esto se puede lograr a
través del conocido mecanismo de seesaw. Esta elegante manera de generar las masas de los
neutrinos y de explicar su pequeñez requiere la introducción de nuevas partículas. Los ingre-
dientes necesarios para hacer realidad este mecanismo pueden producirse de manera natural
en modelos de Gran Uni�cación (GUT), los cuales han sido históricamente introducidos
para uni�car las fuerzas débiles, fuerte y electromagnética. Curiosamente, esta uni�cación
es particularmente efectiva cuando otro importante concepto teórico, es decir, la idea de
supersimetría (SUSY) es tomada en cuenta. Esta amplia extensión del SM ha sido moti-
vada para introducir una simetría entres los grados de libertad bosónicos y fermiónicos, y
predice la existencia de un compañero supersimétrico para cada una de las partículas del SM.

Motivados por el hecho de que las masas de las partículas SUSY codi�can información
valiosa acerca de nueva física asociada con algunas posibles escalas intermedias entre las
escalas electro-débil (TeV) y GUT, analizamos algunos modelos SUSY GUT con seesaw
de baja energía, capaz de explicar las masas y mezclas de los neutrinos. Estudiamos los
espectros SUSY en la escala TeV y investigamos la posibilidad de diferenciar entre difer-
entes modelos a través de la medición de las masas de las partículas SUSY en colisionadores
como el LHC (Gran Colisionador de Hadrones). El LHC es el experimento más potente
que actualmente participa en las búsquedas de la física más allá del SM. Aunque todos los
modelos estan basados en el grupo de gauge SO(10) GUT, se diferencian al nivel de grupos
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8 Resumen

de simetría en la escala intermedios y/o contenido de partículas debajo de la escala GUT.
Los grupos gauge suplementarios y/o campos más allá de MSSM cambian la evolución de los
parámetros soft con respecto a la expectativa mSugra básica. Las combinaciones de masas
invariantes que consideramos convienen sobre todo mostrar los efectos de física más allá
de mSugra en los espectros SUSY. Notablemente, mientras los invariantes sólo contienen
dependencia logarítmica en las nuevas escalas de la física, su comportamiento es cualitati-
vamente distinto en modelos diferentes. Por lo tanto, sostenemos que los invariantes RGE
pueden ser buenos discriminadores de modelos.

La segunda línea de investigación de esta tesis está motivada por el problema de la materia
oscura. De hecho varias observaciones astrofísicas y cosmológicas dan fuertes evidencias de
la existencia de una forma de materia no-luminosa y no-bariónica, la DM, que corresponde
a casi el 27% de la energía total del universo. No obstante numerosas mediciones hayan
determinado la cantidad de DM en nuestro universo, su naturaleza es todavía desconocida.
Mientras que la DM no puede estar formada por alguna de las partículas del SM, buenos can-
didatos a DM pueden surgir en las extensiones del SM. Por ejemplo, SUSY proporciona un
posible candidato para la DM, en especial la partícula supersimétrica más ligera del modelo.
En el contexto de modelos SUSY con un seesaw a baja escala energética, nos centramos en el
sneutrino, el compañero escalar del neutrino. Consideramos dos posibilidades: los modelos
con el grupo de gauge de MSSM y un seesaw lineal o inverso y un modelo con el grupo de
gauge SU(3)c×SU(2)L×U(1)B−L×U(1)R y un seesaw inverso. Analizamos las limitaciones
fenomenológicas en el espacio de parámetros de los diferentes modelos, es decir, imponiendo
la correcta abundancia cosmológica del sneutrino DM, así como los valores medidos de masas
y mezclas de neutrinos. También estudiamos los límites de procesos de violación del sabor
y de la busqueda de particulas SUSY en colliders. Por último, presentamos las perspectivas
para la detección de sneutrino DM. El sneutrino puede ser el candidato de materia oscura
en ambos casos, realizando todos los límites experimentales conocidos. Mientras el seesaw
inverso y lineal lleva a resultados diferentes para violación de sabor leptonico, en general,
producen una fenomenología de materia oscura similar.

El sneutrino DM presenta las propiedades de las funciones que son típicos de una clase de
DM candidatos denominados partículas masivas débilmente interactuantes (WIMPs). Estas
partículas presentan interacciones débiles y masas cerca de la escala débil.
En general, los candidatos WIMP pueden ser buscados mediante varias técnicas: detección
de la energía depositada en detectores en experimentos subterráneos o la busqueda de los
productos provenientes de sus aniquilaciones y desintegraciones contrastandolas con obser-
vaciones astrofísicas (detección indirecta). Con respecto a esta última posibilidad, los rayos
gamas son uno de los mensajeros más prometentes en la busqueda de aniquilaciones de DM.
De hecho, los experimentos de rayos gama, gracias a su mayor sensibilidad, empiezan a es-
tudiar las regiones en el espacio de parámetros WIMP que son favoritas en distintas teorías.
Por otra parte, los rayos gama casi no se desvian durante su propagación, por lo tanto,
llevan información espacial sobre la distribución de sus fuentes. Esta característica puede
ser aprovechada para desentrañar posibles señales exóticas de DM del fondo astrofísico.

En la segunda parte de esta tesis se emplean las mediciones de rayos gama realizadas por
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el telescopio Fermi-LAT, para restringir el espacio de parámetros WIMP. En particular,
establecemos límites en la sección e�caz de aniquilación desde el espectro de energía del
fondo isotropico de rayos gama (IGRB). Por otra parte, limitamos los escenarios en los que
la sección e�caz de aniquilación de DM es aumentada a través de un mecanismo dependi-
ente de la velocidad, el Sommerfeld enhancement. También estudiamos las �uctuaciones en
las pequeñas escalas angulares (anisotropías) del IGRB como una técnica complementaria
para buscar aniquilaciones de WIMPs. En particular, se estudia el espectro de potencia
angular de la emisión en rayos gama debido a WIMPs que aniquilan en el halo de nuestra
galaxia y analizamos el impacto de algunas incertidumbres astrofísicas de dichas predic-
ciones. Hablamos de dos tipos de incertidumbres relacionadas con el estudio del espectro
de potencia angular (APS) debido a la aniquilación galáctica de materia oscura: en primer
lugar, el espectro de potencia angular en l & 100 necesita el per�l extrapolado de materia
oscura a escalas por debajo de la resolución de la simulación numérica. En segundo lugar,
diferentes distribuciones espaciales de las sub-estructuras pueden conducir a diferentes APS.
Con este �n, consideramos simulaciones de N cuerpos de halones galácticos de tamaño de
la Vía Láctea. Encontramos que la extracción de los per�les de densidad de materia oscura
afecta claramente a los APS en multipolos l & 10. Por último, evaluamos la incertidumbre
debido a la presencia de sub-estructuras de 500 realizaciones de sus distribuciones. Mientras
para multipolos altos la incertidumbre en el APS total se encoge a aproximadamente pocos
%, por el l . 100 puede exceder un orden de magnitud.

Para concluir, en esta tesis doctoral tratamos aspectos diferentes de la fenomenología de
nueva física más allá del modelo estándar. Notablemente nos concentramos en dos prob-
lemas todavía no resueltos del modelo estándar, las oscilaciones de neutrinos y la materia
oscura. Además del estudio inevitable de la literatura acerca de las dos líneas de la investi-
gación presentadas en esta tesis, el trabajo se ha realizado tanto con instrumentos analíticos
como numéricos, como SARAH, SPheno, Toolbox, CalcHep, Micromegas, ROOT y Healpix.

Con este objetivo en mente explotamos la interacción entre el estudio de nuevos modelos
teóricos y el análisis de resultados experimentales recientes. En particular, vemos que mod-
elos SUSY SO(10) GUT muestran una fenomenología interesante que se puede estudiar con
la actividad de LHC con energía del centro de la masa más alta, o con un futuro colision-
ador lineal. Además, mostramos que los modelos SUSY capaces de acomodar las masas
de neutrinos a través de mecanismos de seesaw de baja escala energética también pueden
proveer a un candidato de materia oscura bueno, el sneutrino. Finalmente, investigamos el
descubrimiento indirecto de materia oscura como un método adicional de probar su natu-
raleza. La sensibilidad buena del telescopio Fermi-LAT ofrece un instrumento único para
identi�car señales de materia oscura en el cielo gama.

El progreso constante de técnicas experimentales, tanto con respecto a los aceleradores
y búsquedas de materia oscura directas e indirectas, permitirá de dilucidar más sobre los
escenarios que hemos estudiado en esta tesis y con suerte �nalmente llegar a una descripción
correcta de cómo se generan las masas de los neutrinos así como identi�car la naturaleza de
la física de partículas de materia oscura.
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INTRODUZIONE

Il Modello Standard (MS) della �sica delle particelle è la teoria che meglio descrive le forze
fondamentali forte, elettromagnetica e debole. Tuttavia, esso non viene accettato come
una completa "teoria del tutto". Infatti, nonostante abbia avuto un grosso successo nello
spiegare i risultati sperimentali degli ultimi 40 anni, il MS lascia alcune questioni ancora
irrisolte, per esempio non prevede l'esistenza della materia oscura (DM) nè l'oscillazione dei
neutrini.
Questi due problemi sono, di fatto, i motivi principali di questa tesi di dottorato. Infatti,
la prima delle due linee di investigazione che si sviluppano in questo manoscritto tratta di
possibili estensioni del MS che descrivano correttamente la �sica dei neutrini.

L'osservazione delle oscillazioni dei neutrini è stata una delle maggiori scoperte in �sica
delle particelle, implicando che i neutrini hanno massa. La precisione degli esperimenti
moderni ha permesso la misurazione accurata dei parametri di oscillazione permettendo
così di dimostrare che le anomalie osservate dagli esperimenti sono realmente dovute a tale
fenomeno. Tuttavia, nel MS, i neutrini sono descritti come particelle senza massa ed è perciò
necessario andare oltre questo ben fondato modello teorico per spiegare le loro masse. Ad
esempio, le masse dei neutrini possono essere generate attraverso il famoso meccanismo del
seesaw. Questo elegante metodo, che permette di spiegare la piccolezza di tali masse, richiede
l'introduzione di nuove particelle. Gli ingredienti necessari per realizzare questo meccan-
ismo possono apparire in maniera naturale in modelli di Grande Uni�cazione (GUT), che
sono stati storicamente introdotti per uni�care le forze forte, debole ed elettromagnetica.
Curiosamente, questa uni�cazione riesce particolarmente bene una volta introdotto un altro
importante concetto teorico, vale a dire l'idea della supersimmetria (SUSY). Questa esten-
sione ampiamente motivata del MS mette in relazione i gradi di libertà fermionici e bosonici,
predicendo l'esistenza di un partner supersimmetrico per ognuna delle particelle del MS.

Motivati dal fatto che le masse delle particelle SUSY contengono informazioni preziose
sulla nuova �sica associata a possibili scale intermedie, tra le scale elettro-debole (TeV) e
GUT, analizzeremo alcuni modelli SUSY GUT con seesaw a bassa scala energetica, capaci
di spiegare le oscillazioni e le masse dei neutrini. Studieremo gli spettri SUSY alla scala
TeV e analizzeremo la possibilità di distinguere tra diversi modelli attraverso le misurazioni
delle masse delle particelle SUSY presso collisionatori come l'LHC (Large Hadron Collider).
L'LHC è infatti il più potente esperimento attualmente coinvolto nelle ricerche di �sica oltre
il MS.

La seconda linea di ricerca di questa tesi è motivata dal cosiddetto problema della materia
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12 Introduzione

oscura. Infatti, molteplici osservazioni astro�siche e cosmologiche forniscono forti evidenze
dell'esistenza di una forma di materia non barionica e non luminosa, la DM, che rappresenta
quasi il 27% del totale di massa-energia dell'universo. Tuttavia, nonostante numerose mis-
urazioni abbiano determinato precisamente la quantitá di DM nel nostro universo, la sua
natura risulta ancora sconosciuta. Per quanto la DM non possa essere formata da nessuna
delle particelle del MS, buoni candidati di DM possono sorgere in estensioni del MS. Per
esempio, le teorie SUSY forniscono un possibile candidato per la DM, ossia la particella su-
persimmetrica piú leggera del modello. Nel contesto di modelli SUSY con un meccanismo di
seesaw a bassa scala energetica, ci concentreremo sullo sneutrino, il superpartner scalare del
neutrino. Discuteremo vincoli fenomenologici sullo spazio dei parametri dei diversi modelli,
nello speci�co imporremo la corretta abbondanza cosmologica dello sneutrino come DM e i
valori misurati di masse e mescolanze dei neutrini. Ulteriormente, considereremo limiti da
processi di violazione di sapore e ricerche SUSY presso collisionatori. In�ne, vi presenteremo
le prospettive per la rilevazione dello sneutrino come DM.

Lo sneutrino come DM presenta proprietà tipiche di una classe di candidati di DM so-
prannominati "particelle massive debolmente interagenti" (WIMPs). Queste particelle es-
ibiscono interazioni deboli e masse dell'ordine della scala debole. In generale, i candidati
WIMP possono essere ricercati con varie tecniche: tramite la rivelazione dell'energia deposi-
tata in esperimenti sotterranei (rivelazione diretta) o tramite la ricerca di prodotti delle loro
annichilazioni/decadimenti con osservazioni astro�siche (rivelazione indiretta). Per quanto
riguarda quest'ultima possibilità i raggi gamma sono uno dei messaggeri più promettenti
nella ricerca di annichilazione di DM. Infatti, gli attuali esperimenti di raggi gamma, grazie
alla loro sensibilità, hanno iniziato ad esplorare le regioni dello spazio dei parametri WIMP
favorite in diversi modelli teorici. Inoltre, i raggi gamma quasi non vengono deviati durante
la loro propagazione, pertanto trasportano informazioni spaziali circa la distribuzione delle
loro sorgenti. Questa caratteristica può essere sfruttata per districare possibili segnali esotici
di DM dal fondo astro�sico.

Nella seconda parte di questa tesi, utilizzeremo le misurazioni di raggi gamma realizzate dal
telescopio Fermi-LAT, al �ne di vincolare lo spazio dei parametri WIMP. In particolare, por-
remo limiti sulla sezione d'urto di annichilazione di WIMP esaminando lo spettro di energia
del fondo isotropo extragalattico di raggi gamma (IGRB). Inoltre, si vincoleranno gli sce-
nari in cui la sezione d'urto di annichilazione di DM è aumentata attraverso un meccanismo
dipendente dalla velocità, il cosiddetto "Sommerfeld enhancement". Considereremo poi le
�uttuazioni su piccole scale angolari (anisotropie) della IGRB come tecnica complementare
di ricerca di annichilazione di WIMPs. In particolare studieremo lo spettro di potenza an-
golare dell'emissione in raggi gamma causata da annichilazione di WIMPs nell'alone della
nostra galassia e analizzeremo l'impatto di alcune incertezze astro�siche su tali predizioni.

Il materiale di questa tesi è organizzato come segue: il primo capitolo è una breve recensione
sulle motivazioni osservative e teoriche per nuova �sica oltre il MS; il secondo capitolo
si occupa delle ricerche di DM, in particolare la rilevazione indiretta di DM attraverso i
raggi gamma. La parte originale di questa tesi incomincerá con il terzo capitolo, dedicato
allo studio di quattro modelli SUSY SO(10) GUT [1]. Il quarto capitolo tratta l'analisi
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fenomenologica di modelli SUSY con e senza simmetria destra-sinistra, con lo sneutrino
come candidato di DM [2]. Il quinto capitolo è interamente dedicato alla rilevazione indiretta
di DM attraverso i raggi gamma, vale a dire ai limiti sulla sezione d'urto di annichilazione
di WIMP ottenuti dal IGRB [3] e, in�ne, il capitolo sesto si concentra sullo studio delle
anisotropie nel cielo in raggi gamma dovute all'annichilazione di DM nell'alone della Via
Lattea, un lavoro che è ancora in fase di preparazione.
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CHAPTER

ONE

NEW PHYSICS BEYOND THE STANDARD MODEL

The last 40 years have been marked by many important discoveries in particle physics, which
lead to perhaps the most triumphant theory (by now) of elementary particle interactions,
the Standard Model (SM) [4�7]. Beginning with the discovery of weak neutral currents in the
Seventies and ending with that of the Higgs boson in 2012, many experimental results have
been achieved in these decades. Precision tests have been carried out at colliders such as
LEP in the Nineties or Tevatron also later. They tested the initial idea of Glashow, Salam,
and Weinberg of unifying the weak nuclear force with quantum electrodynamics resulting
in the electroweak theory and led to the successful SM.
However, it has been in the last decades when empirical evidence appeared that the SM
is incomplete. The main experimental inconsistency perhaps arises from neutrino physics:
neutrinos in the SM are assumed to be massless, but as we will discuss hereafter recent
oscillation experiments have shown that neutrinos have mass. Nevertheless, neutrino masses
are not the only question left open by the SM. Interestingly enough, most of the observational
"limitations" of the SM arise in astroparticle physics:

� the need for non-baryonic dark matter,

� neutrino masses and mixings (not only in astroparticle physics, though),

� dark energy,

� baryon asymmetry,

� in�ation.

Motivations for this thesis can be then found in this list: we will deal with theoretical
extensions of the SM which try to explain neutrino masses and mixings, and dark matter
physics.
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16 New physics beyond the Standard Model

1 Observational motivations

1.1 Neutrinos

Perhaps the strongest motivation to go beyond the Standard Model stems from neutrino
physics. The SM is constructed in a way that neutrinos are massless particles. This prop-
erty is related to the V-A character of weak interactions: it is a consequence of the SM as
a theory containing only left-handed neutrinos. Dirac neutrino masses are indeed avoided
by the absence of the right-handed neutrino partner in the particle spectrum, thus making
it impossible to add a renormalizible mass term. A Majorana mass, i.e. a mass term that
changes a particle to an antiparticle, for the left-handed neutrino is also forbidden. It would
violate the electroweak gauge symmetry, because it is not invariant under the weak isospin
symmetry; moreover, it does not conserve the lepton number L, in contrast with the ac-
cidental global symmetry B-L of the SM. However, with the discovery of �avor conversion
of solar, atmospheric, reactor, and accelerator neutrinos, it has been established that neu-
trinos do have non-zero mass and that they mix among themselves, thus making the SM
incomplete.

Historical highlights of neutrino physics.

Neutrino de�cits There are di�erent kinds of experiments that measure neutrinos and
their properties. Some experiments measure solar neutrinos, that are the neutrinos pro-
duced in the nuclear reactions inside the Sun. Historically, the most important were
Homestake [8�10], Kamiokande [11], Super-Kamiokande [12�15], SAGE [16, 17], GALLEX-
GNO [18�20], and Sudbury Neutrino Observatory - SNO [21�24]. The latter was the one
which actually solved the solar neutrino problem.
The �uxes experimentally detected can be compared with the theoretical expectations,
which however depend on the model for the solar structure and activity. It resulted that
all those experiments detected less neutrinos - ∼ (30 − 50)% less - than predicted by the
standard model of the Sun [25�29], a discrepancy which was usually referred to as "the solar
neutrino problem".
Besides the neutrinos coming from the Sun, there are also the so called atmospheric neutri-
nos, which are produced in particle showers when a cosmic ray hits the upper atmosphere.
The main production channel is through the decay of charged pions, going into µ+, µ−:

π± → µ± + νµ(ν̄µ)

followed by the muon decay:

µ± → e± + νe(ν̄e) + ν̄µ(νµ)

which gives a �ux consisting of muon-neutrinos (νµ) and electron-neutrinos (νe) in the ratio
of 2:1. These neutrinos travel down to the Earth surface and are eventually detected by
underground neutrino telescopes. Again, historically the main experiments for atmospheric
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neutrinos were: NUSEX [30, 31], Soudan 2 [32], Frejus [33, 34], IMB [35, 36], MACRO [37]
and Kamiokande [38, 39]. Super-Kamiokande [40�42] is the most recent one, currently tak-
ing data. MINOS [43] is an accelerator experiment also testing the atmospheric neutrino
scale. As for the solar ones, the measured �uxes are compared with theoretical expec-
tations [44�47]. The water Cherenkov detectors (like Kamiokande and IMB) measured
an anomalous de�cit in muon-neutrinos, while tracking calorimeters (Frejus, NUSEX) saw
no discrepancy. However Soudan-2, a tracking calorimeter, later reported results in line
with the water Cherenkov detectors, thus making the "atmospheric neutrino anomaly" reli-
able. Finally, Super-Kamiokande measured the oscillation between muon- and tau- neutrinos
νµ → ντ .

The anomalies detected in solar and atmospheric neutrino experiments have been explained
assuming neutrino oscillations. Over the years, the precision in neutrino physics experiments
has increased, and the oscillation solution to the solar and atmospheric neutrino de�cits has
become solid. Moreover, new reactor and accelerator experiments have been constructed to
give support for the interpretation in terms of �avor oscillation [48�55].

In disappearance experiments, oscillations are measured in the following way: suppose that
a source produces only neutrinos of a given �avor, say µ. If they take part in oscillations,
after travelling some distance they cross the detector which measures a smaller �ux of muon
neutrinos than what expected. Solar neutrino, KamLAND [49], Super-Kamiokande [42],
K2K [56] and MINOS [52] experiments have measured disappearance of respectively solar
νe, reactor ν̄e and atmospheric νµ and ν̄µ (the latter three experiments in the list). In
2012, Daya Bay [57] and RENO [58] experiments discovered reactor ν̄e disappearance. As
to appearance experiments, in 2011 T2K [55] reported the appearance of electron neutrinos
in a beam of muon neutrinos.
All neutrino oscillation data are compatible with a three-�avors neutrino scenario 1, in
agreement also with bounds from the invisible decay width of the Z0 boson. Nevertheless,
sterile neutrinos which can mix with light neutrinos may also exist.

Neutrino oscillations Neutrino oscillations were originally conceived by Bruno Pon-
tecorvo between the 50s and the 60s [61�63], and after the experimental proofs the litera-
ture on the topic has increased exponentially. Some references are [64�70]. The neutrinos
which are produced in association with charged leptons are the �avor neutrinos and they
are called electron-, muon- and tau-neutrino respectively, according to their �avor. These
neutrinos are detected by neutrino telescopes, which are sensitive to charged lepton �avors.
In the SM νe, νµ, ντ are described by the weak SU(2)L doublets and their interactions are
mediated by the bosons of the weak force ( W± and Z0). When neutrinos exchange a Z0

boson the process is described by a neutral current (NC):

JNCµ = ν̄lγµ(1− γ5)νl,

being l = e, µ, τ . When the neutrino interaction is instead mediated by one of the charged
weak bosons W±, it is described by a charged current (CC):

1Except for the results of two experiments, LSND [59] and the MiniBooNE [60] which however need
further experimental investigations
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JCCµ = l̄γµ(1− γ5)νl,

being l = e, µ, τ .
The �avor neutrinos να(α = e, µ, τ) do not coincide with neutrinos of de�nite mass νi(i =
1, 2, 3), but they are coherent combinations of the mass eigenstates. Flavor mixing means
that the weak charged current processes mix neutrino mass eigenstates. Indeed, the ma-
trix that relates the three eigenstates (of �avor and mass) is named after him : VPMNS is
a 3×3 unitary matrix, the Pontecorvo - Maki - Nakagawa - Sakata lepton mixing matrix [71].

For the case of three types of neutrinos the 3×3 VPMNS mixing matrix can be parameterized
as [72,73]

VPMNS = ω23ω13ω12 (1)

where ωij are e�ective 3× 3 unitary matrices characterized by an angle θij and a CP phase
φij, with a 2× 2 non-trivial subsector. For example

ω12 =

 cos θ12 eiφ12 sin θ12 0
−e−iφ12 sin θ12 cos θ12 0

0 0 1

 (2)

We can expand the product in equation (1), neglecting the CP violating phases:

VPMNS =

 c13c12 s12c13 s13
−s12c23 − s23s13c12 c23c12 − s23s13s12 s23c13
s23s12 − s13c23c12 −s23c12 − s13s12c23 c23c13

 (3)

where cij ≡ cos θij and sij ≡ sin θij.

The VPMNS mixing matrix connects the two basis, of �avor (Greek index) and mass (latin
index):

|να〉 = V ∗ αi
PMNS|νi〉 (4)

and it is the analog of the Cabibbo-Kobayashi-Maskawa (CKM) matrix that describes the
mixing in the quark sector. This process of oscillation is a probabilistic consequence of
quantum mechanics. Given a neutrino produced as a certain �avor type, after travelling a
certain distance, the neutrino will become a mixture of the three types. This is due to the
fact that the quantum mechanical evolution is mass diagonal, although the production is
�avor diagonal, and as seen before the two basis do not coincide. To see this in more detail,
we can consider the state |νi(t)〉 at an initial time t, and observe it again at a later time t′:

|νi(t′)〉 = eiEi(t
′−t)|νi(t)〉 (5)
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where the energy can be written in terms of the relativistic energy-momentum relation
E2
i = p2 +m2

i . We are then interested to compute the probability of a �avor eigenstate να
oscillating into another �avor eigenstate νβ:

P (να → νβ) = 〈νβ|να〉2 =

∣∣∣∣∣
3∑

k=1

V ∗ αk
PMNSV

βk
PMNS e

(
−im

2
kL

2E

)∣∣∣∣∣
2

(6)

=
3∑

j,k=1

V ∗ αk
PMNSV

βk
PMNSV

αj
PMNSV

∗ βj
PMNS e

(
−i

∆m2
kjL

2E

)

where L ' t′− t for ultrarelativistic neutrinos and ∆m2
kj ≡ m2

k−m2
j . This equation doesn't

take into account matter e�ects [74], the Mikheyev-Smirnov-Wolfenstein e�ect (MSW) - the
adiabatic conversion of solar neutrinos in the matter of the Sun [75, 76]. This latter e�ect
accounts for the resonant process that enhances the transition probability inside the matter
of the Sun, which must be taken into account when calculating solar neutrino �uxes.

Neutrino masses

Neutrino oscillation measurements only give the mass di�erences squared of the di�erent
�avours. Indeed, from Eq. (6) we can see that neutrino oscillations are not sensitive to the
absolute value of neutrino masses, but only to their squared mass di�erences ∆m2

ij. There-
fore, two kinds of hierarchies can be considered: a normal hierarchy (NH: m1 < m2 < m3)
or an inverted hierarchy (IH: m3 < m1 < m2), where mi are mass eigenvalues of the three
neutrinos. The determination of the neutrino mass ordering remains an open task.

Constraints and best �t values of the mixing angles and squared mass di�erences can be
inferred from the available experimental data. Tab. (1.1) contains the most recent values
according to [77], which includes the very recent measurements of θ13, reported by the
reactor experiments Daya Bay [57], Double Chooz [78] and RENO [58].
It is possible to infer the absolute scale of neutrino masses from tritium beta decay experi-
ments and from neutrinoless double beta decay experiments. Upper limits on the neutrino
masses can be obtained also from cosmology. Actually, the strongest upper limit on the
masses of neutrinos comes from cosmology: the Planck satellite measurements of the cosmic
microwave background (CMB) has reported an upper limit on the sum of the three light
neutrino masses, under the assumption of three species of degenerate neutrinos and ΛCDM
scenario [79]:∑

mν < 0.66 eV, (7)

at 95% C.L. This bound from the Planck temperature power spectrum is further reduced
when combined with a WMAP polarization data, high-resolution CMB experiments and

2This is a local minimum in the �rst octant of θ23 with ∆χ2 = 0.02 with respect to the global minimum
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parameter best �t 1σ range 2σ range 3σ range

∆m2
21 [10

−5eV2] 7.62 7.43�7.81 7.27�8.01 7.12�8.20

|∆m2
31| [10−3eV2]

2.55

2.43

2.46− 2.61
2.37− 2.50

2.38− 2.68
2.29− 2.58

2.31− 2.74
2.21− 2.64

sin2 θ12 0.320 0.303�0.336 0.29�0.35 0.27�0.37

sin2 θ23
0.613 (0.427) 2

0.600

0.400-0.461 & 0.573�0.635

0.569�0.626

0.38�0.66

0.39�0.65

0.36�0.68

0.37�0.67

sin2 θ13
0.0246

0.0250

0.0218�0.0275

0.0223�0.0276

0.019�0.030

0.020�0.030
0.017�0.033

δCP
0.80π
−0.03π

0− 2π 0− 2π 0− 2π

Table 1.1: Neutrino oscillation parameters summary from [77]. For ∆m2
31, sin

2 θ23, sin2 θ13,
and δCP (the Dirac CP violation phase) the upper (lower) row corresponds to normal (in-
verted) neutrino mass hierarchy.

baryon acoustic oscillation data:∑
mν < 0.23 eV, (8)

at 95% C.L. However, these constraints are highly model dependent and can be modi�ed in
non minimal cosmological scenarios such as models with a curvature. Other cosmological
constraints on the sum of light neutrino masses come from lensing data of galaxy clusters
and Ly-α forest [80].
As to laboratory experiments, there are two kinds of searches that can look for the abso-
lute scale of neutrino masses: neutrinoless double beta decay and beta decay experiments.
The neutrinoless double beta decay (0ν2β) is a rare nuclear process which violates lepton
number and it occurs only if neutrinos are Majorana particles. If light neutrinos mediate
this process, it is possible to infer an upper bound or a measurement of their e�ective mass.
The KamLAND-Zen [81] experiment in combination with EXO-200 [82] �nd a Majorana
neutrino mass limit of 〈mββ〉 =|

∑
i U

2
eimνi |< 0.12−0.25 eV at 90% C.L. [83]. The GERDA

collaboration [84] suggests an upper limit on the e�ective electron neutrino mass in the
range 0.2− 0.4 eV [85].
On the other hand, nuclear beta decay experiments are the best strategy for measuring di-
rectly the neutrino mass. The current limits from tritium beta decay (under the assumption
of degenerate neutrino masses) is

∑
mνi < 2.05− 2.3 eV at 95% C.L. from the Troitsk and

Mainz experiments, respectively. In the future, KATRIN will give more precise results [86].

Summarizing, although in the last decades many important results have been achieved, the
global picture of neutrino physics is still far from being complete, since some open questions
remain: - whether neutrinos are Majorana or Dirac particles (we will address this topic in
more details in Section 3.1); - the mechanism of generation of neutrino masses; - the type
of mass spectrum (hierarchical/non-hierarchical) and its ordering (normal/inverse); and the
CP-violating phase φ.
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1.2 Dark Matter

Nowadays, it is known that ordinary baryonic matter is not the dominant form of matter
in the universe [87]. The bulk of the matter content of the universe is in the form of an
unknown non-baryonic type of matter, called dark matter (DM).

Observational evidences for dark matter

Evidence for DM exists on many scales, from galactic up to cosmological scales. It is sus-
tained by galactic rotation curves, namely the velocity dispersions of spiral galaxy satellites
and the velocity dispersions of dwarf galaxies, by data from CMB [79,88], weak and strong
lensing [89�91], hot gas in clusters [92,93], large scale structures [94] and indirectly also the
Big Bang nucleosynthesis (BBN) [95].
Hereafter we will shortly review some of the most striking evidences for DM.

Evidences on the galactic scale From the rotation curve of a spiral galaxy we can infer
the mass M(r) enclosed within a radius r. If the whole mass of the galaxy was made up only
of the visible stars and gas, one would expect that the rotation velocity curve should decline
increasing the distance from the galactic center. Indeed, assuming a spherically symmetric
distribution of matter, the mass inside a radius r is given by M(r) ≡ 4π

∫
ρ(r)r2dr where

ρ(r), which is the mass density pro�le, should fall as ∝ 1/
√
r beyond the optical disc,

provided that the mass has stopped to increase beyond the optical radius and that in the
standard Newtonian description the circular velocity on a stable Keplerian orbit is:

v(r) =

√
GM(r)

r
. (9)

On the contrary, what one observes is that v(r) remains constant until much larger radii,
thus indicating that the mass included within the radius r should be more abundant than
the visible one. This result can be interpreted as the existence of a dark halo, withM(r) ∝ r.
The local DM density in the solar system is non-trivially estimated by observations such as
galactic rotation curves and measuring the kinematics of stars. At the location of the Sun,
r� = 8.33 kpc [96] it is found ρDMloc = (0.4± 0.1) GeV/cm3 [97�100] 3. For de�niteness, we
will consider ρDMloc = 0.4 GeV/cm3.

Evidences from galaxy clusters Galaxy clusters are the largest gravitationally bound
objects in the universe. The �rst observations on these large concentrations of galaxies, in
association with the application of the virial theorem v2 ∼ GM/R [103] led to the conclusion
that the matter contained in clusters is much more abundant than the visible one. Later,
with the discovery that these galaxies are embedded in hot X-ray emitting gas, other meth-
ods for providing evidence for the existence of DM in galaxy clusters have been used: X-ray

3The typical associated error bar of 0.1 GeV/cm3 may spread up to 0.2 − 0.8 GeV/cm3 [101] although
some computations have found a higher value and possibly a smaller associated error: ρDM

loc = (0.39 ±
0.03) GeV/cm3 [102].
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emission by hot gas in the intra cluster plasma, measurements of the velocity dispersion and
strong gravitational lensing.
The theory of General Relativity predicts that light is "lensed" by mass. Hence, a gravita-
tional lens is created when light coming from a distant bright source is bent by a massive
object present in the trajectory between the source and the observer. Galaxies clusters are
studied with this technique, and it can be concluded that DM is required to explain their
masses [104,105].

The bullet cluster [89] is claimed to be the most direct observational evidence for collisionless
DM: two clusters have experienced a collision which caused a separation of DM and baryonic
matter. The hot baryonic gas was shocked and decelerated, whereas the DM halos of the
two clusters passed through each other without slowing down. Hence, much of the mass
of the system resides outside of the central region of baryonic gas. This shows that DM
self-interacts only very weakly.

Evidences on the cosmological scale The currently most accurate determination of
the DM content in the universe comes from precise measurements of the Cosmic Microwave
Background (CMB) �uctuations made by Planck [106] and WMAP satellites [107], and by
the Atacama Cosmology Telescope (ACT) [108] and the South Pole Telescope [109]. Ac-
cording to these, the mean energy density in the universe is approximately equal to the
critical density ρc ∼ 10−29 g cm−3. Nevertheless, among the content of the universe, only
4.9% is made up of baryons. Of the unseen content, about the ∼ 26.8% is in the form
of DM [88], and the remaining ∼ 68.3% is dark energy which is the origin of the recent
accelerated expansion of the universe.
The CMB data provide indeed the most powerful measurements of the cosmological pa-
rameters [88,110�112]. The anisotropies in the CMB spectrum are the acoustic oscillations
that the photons underwent just before decoupling from baryons in the early universe. An-
gular �uctuations in the spectrum of this remnant radiation, give information about the
geometry of the universe and its energy content. These measurements are remarkably con-
sistent with the predictions of the standard cosmological model. This model is based upon
a spatially-�at, expanding universe whose dynamics are governed by General Relativity and
whose constituents are DM, dark energy (the cosmological constant Λ) and baryons. The
curvature of the universe for instance, is inferred by the angular scale of the �rst peak of the
temperature power spectrum: the universe is consistent with a �at geometry [79, 88]. The
height of the second peak determines the baryon density, whereas using the third peak it is
possible to get information about the DM density. The matter/DM/dark energy contents
of the Universe are usually described by the parameter Ωx = ρx/ρc. The current values of
the cosmological densities (of baryons, DM, matter and dark energy) are [79]:

Ωbh
2 = 0.02205± 0.00028, (10)

ΩDMh
2 = 0.1199± 0.0027,

Ωm = 0.315± 0.017,

ΩΛ = 0.685± 0.017,

where h = 0.67 is the scale factor for the Hubble expansion rate. The acoustic oscillations
in the early Universe left their imprint also in the visible matter through the generation of
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Baryon Acoustic Oscillations. The results are in agreement with those from CMB [113,114].

In addition to CMB observations, predictions from Big Bang nucleosynthesis (BBN) are in
good agreement 4 with the observed abundance of the chemical elements as far as ordinary
matter is only ∼ 4% of the content of the Universe.

A further kind of indirect observation comes from type Ia supernovae, which can be used
to infer evidence of dark energy (ΩΛ) in the Universe. They appear feebler than expected
and this can be explained by an accelerating universe. From ΩΛ and Ωtot the DM content
is indirectly constrained too [115].

Dark matter candidates

In the literature, there is a plethora of DM candidates [116]. Although the �rst candidates
that had been introduced were dark baryonic objects, nowadays it is well known that these
are cosmologically insigni�cant. Indeed historically the �rst class of DM candidates which
became popular were hidden heavy baryonic objects, stellar remnants or feeble stars such
as black holes, dwarfs and neutron stars, called MAssive Compact Halo Objects (MACHOs)
[117, 118]. They could also be formed of mirror matter [119]. The mass of these faint
objects is inferred through microlensing e�ects. Nevertheless, because of many constraints,
it has been shown that they are not numerous enough to explain DM [120�122]. Indeed, the
need for non-baryonic forms of DM is supported by the fact that baryonic models �nd it
di�cult to explain the growth of structures from small initial conditions as it is suggested by
cosmological observations. For instance, if the DM was entirely made of baryons the CMB
anisotropies would look radically di�erent. A further constraint on the baryon density of
the universe can be inferred from the abundance of light elements (BBN). Hence, DM must
be non-baryonic.
Candidates for non-baryonic DM can be found in particle physics, in the form of elementary
particles produced in the early universe. Possible particle candidates for non-baryonic DM
must satisfy several conditions:

� be electromagnetically neutral or interact very weakly with the electromagnetic radia-
tion [123�125]. If this was not the case, features of the cosmic microwave background
would be changed as well as the matter power spectrum, because of the interactions
between the DM and the photons before recombination.

� be stable on cosmological time scales, otherwise they would have decayed.

� have the right cosmological abundance.

� ful�ll the constraints on its self-interactions and the interactions with the SM particles.

4Actually, there is a mismatch with the stellar Li/H measurements. However, it is still unknown whether
this inconsistency comes from systematic errors in the observed abundances, and/or uncertainties in stellar
astrophysics or nuclear inputs, or it is due to new physics [73].
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Hot, warm and cold dark matter A major classi�cation of non-baryonic DM is based
on its velocity at the time of galaxy formation. DM candidates can be separated into three
main groups: cold, warm and hot DM (CDM, WDM and HDM). This classi�cation deals
with the free-streaming length of DM particles, i.e. how far the particles could move in
the early universe. This length is related to the structure formation scale. Cosmological
observations imply that DM should have had non-relativistic velocities at the time when
structures start to form in the early universe, meaning that cold DM [126] is the preferred
type [88, 127�129]. However, as we will discuss below, also the WDM scenario is a viable
option, predicting di�erences with respect to the CDM model on small scales.

� HDM is highly relativistic at the time of galaxy formation: it can escape and wash
out density perturbations on large scales in the early Universe. It is then strongly
constrained by structure formation analysis. Indeed, in this scenario, structures do
not form hierarchically (bottom-up), but they are created by breakup of the largest
superclusters forming �rst (top-down cosmological scenario) [130]. Deep-�eld obser-
vations have excluded this scenario.
Hot DM particles have a cosmological number density which is roughly the same as the
microwave background photons. This leads to an upper bound on the mass of HDM
particles of a few eV. The most widely studied candidate of HDM is the neutrino [131].
The upper bound on the light neutrino content of the Universe is currently [79]:

Ωνh
2 ∼

∑
νmν

93eV
≤ 0.00247 95 %C.L. (11)

� WDM has properties intermediate between those of HDM and CDM. If WDM par-
ticles are thermally produced (see next paragraph), they decouple later in the early
Universe than HDM and their number density is smaller. The WDM scenario gives
roughly the same predictions as the CDM scenario on large scales, but on small-scale
foretells less density perturbations [132�134]. This has a consequence in the expected
number of dwarf galaxies. A further di�erence is related to the density distribution
of DM inside the halos. WDM predicts a lower density in the central regions of large
galaxies. The halos that form near the cuto� scale in the power spectrum as it is in the
case of WDM, may be less concentrated and less cuspy than CDM halos. This may
actually lead to a better �t with observations. Assuming a pure WDM cosmology,
Lyman-α analysis provides a lower bound on the DM particle mass of ∼ 1 keV [128].
Indeed, the formation of small DM halos is inhibited at high redshift and also star
formation should be a�ected, thus leaving an imprint in the Lyman-α forest (the sum
of absorption lines arising from the Ly-α transition of the neutral hydrogen in the
spectra of distant galaxies and quasars).
The CDM scenario shows some inconsistencies with some observations, for example
the excess of the number of galactic satellites and their luminosities and the cuspiness
of the central cores of galactic halos. WDM has been proposed to alleviate some of
these apparent problems of CDM models, related to the matter power spectrum on
scales . few Mpc. However, from the latest Ly-α analysis [135], it seems that there is
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little room for a contribution of the free-streaming of WDM to the solution of these
problems, under the assumption of a thermal production of WDM. Examples of WDM
candidates are light gravitinos and light sterile neutrinos.

� CDM particles have streaming velocities which are negligible for most astrophysical
considerations. They are non relativistic at the time of decoupling from the primordial
plasma. According to the CDM paradigm [126], structures grow hierarchically, in a
bottom-up way: small objects collapse under their self-gravity and form �rst; larger
objects are created later by merging. The CDM scenario is the most favoured one,
as of today, because it is the one that best explains current cosmological observations
(CMB, rotational curves, clusters and so on). However, despite its great success
in explaining cosmic structure over many ranges of redshift, the CDM cosmological
model has encountered a few challenges from observations, namely concerning the
innermost regions of DM halos and the properties of the Milky Way's dwarf galaxy
satellites [136�139]. Numerical simulations show that the central density pro�les of
DM halos exhibit a cuspy behaviour, whereas the observed galaxy rotation curves (in
particular dwarf galaxies) give hints for constant density core. This is usually referred
to as the cusp/core problem [137]. The second problem is known as themissing satellite
problem: simulated DM halos possess a host of substructure formed by earlier collapses
on smaller scales, predicting many more subhalos than those expected for the observed
satellites of the Milky Way. A solution may lie in baryonic physics: the combination
of a high gas density threshold for star formation and e�cient supernova feedback, can
lead to a less concentrated DM halo successfully reproducing the observed stellar and
DM fractions of galaxies ( [140] and references therein). A di�erent solution might
instead come from particle physics. Making DM warm, because its free-streaming
velocity in the early universe is large, it can erase primordial �uctuations on sub-
galactic scales.

Production mechanism of dark matter Another important classi�cation of particle
DM hinges upon its production mechanism. Particles that were in thermal equilibrium in
the early universe are called thermal relics. These particles would have decoupled from
the primordial plasma at freeze-out, when the annihilation rate became smaller than the
expansion rate of the universe. They would then remain �oating around in the universe as
relics which can contribute to the average DM density, totally or just in part depending on
their actual number density and mass.
Particles which were produced by a non-thermal mechanism are called non-thermal relics.
For example, they could have been produced gravitationally at the end of in�ation or through
phase transitions. Axions may be non-thermally produced.

Among the possible non-baryonic candidates, the most widely studied are the Weakly In-
teracting Massive Particles (WIMPs), then there are axions, non-standard neutrinos such
as sterile neutrinos [141], WIMPzillas [142] and many others. It is worth to remind that
non-baryonic DM may naturally be multi-component. We will now shortly discuss WIMPs
and axions.
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Weakly Interacting Massive Particles WIMPs are the most studied class of CDM
candidates, because they arise naturally in theoretical extensions of the SM of particle
physics [143]. WIMP DM candidates are predicted by supersymmetry for example [144].
We will discuss this extension of the SM in Section 2.1.
This class of particles features interactions around the scale of weak interactions and masses
near the weak scale. It is common to refer to the properties of this class of models as to the
WIMP "miracle". The origin of this coincidence lies in their natural virtue of achieving the
correct relic abundance in the early universe. According to WIMP models, DM particles are
kept in thermal and chemical equilibrium in the early universe with all other SM particles,
via self-annihilation into particles of the SM and vice versa. As the universe expands and
cools down, the WIMP number density decreases until they cannot self-annihilate anymore
nor can they be created through the inverse process, because the average thermal energy of
the lighter particles becomes insu�cient to form a DM particle-antiparticle pair. Once the
rate of these reactions of self-annihilation and of production of DM pairs becomes smaller
than the Hubble expansion rate of the Universe, WIMPs freeze-out from equilibrium: they
drop out of equilibrium with the thermal bath, meaning that their comoving number density
remains �xed, unless decays are important. By solving the Boltzmann equations it can
be inferred that their relic density is proportional to the inverse of the annihilation cross
section [145]:

Ωχh
2 ∝ 3× 10−26cm3/sec

〈σv〉ann
, (12)

for a WIMP of mass mχ. Particles with a larger cross section would continue to annihilate
for longer and lead to a smaller number density when the interactions cease.
From a dimensional analysis, it turns out that to get the correct relic density (see Eq. (10)),
the annihilation cross section cannot be larger than the magnitude of cross sections for
weak processes. When WIMPs freeze out, at temperature TF ∼ mχ/20, they are already
non-relativistic behaving therefore as CDM.
WIMP candidates arise in many extension of the SM at the TeV scale. For instance, the
lowest-mass eigenstate of the supersymmetric partners of SM particles, called the light-
est supersymmetric particle (LSP), like the neutralino, is one of the most widely studied
WIMP candidates. We will discuss some of these SUSY WIMPs in Section 2.2. Another
widely studied non-supersymmetric WIMP candidate is the lightest Kaluza-Klein (KK)
particle, usually the KK photon, which arises in theories with universal extra dimensions
(UED) [146,147].

Axions Axions emerge from the Peccei-Quinn solution to the strong-CP problem in the
theory of strong interactions [148]. Indeed, in the Lagrangian of quantum chromodynamics
(QCD), there exists a term which allows signi�cant CP violation in QCD. When a small
explicit symmetry breaking occurs, either in the Lagrangian or due to anomalies, the boson
associated with the breaking acquires a mass and is called pseudo Nambu-Goldstone boson.
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Axions are the pseudo Nambu-Goldstone bosons associated with the spontaneous breaking
of a new global U(1) symmetry of Peccei-Quinn. Axions are predicted to be very light, but
they could nevertheless constitute CDM, if they were produced non-thermally in the early
Universe. See these references for more details on axions as DM candidates: [149�152].
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2 Theoretical motivations for new physics beyond the

Standard Model

Experimental observations that we have discussed in the previous Sections which are not
explicable within the SM are not the only reason to look for new physics beyond it. Indeed,
the SM su�ers also from some theoretical problems, regarding for instance the origin of the
�avor structure and the radiative corrections to the Higgs boson mass. These are some of
the main open theoretical questions:

� The apparent hierarchy of fermion family masses: there seems to be a complete
lack of universality in the origin of quark and lepton masses. The fermion spectrum
suggests some form of family symmetry, but why masses span over 13 orders of mag-
nitude in the interval from ∼ 10−2 eV for neutrinos to ∼ 200 GeV for the top quark,
is still not understood.

� Charge quantization, that is the equality of the magnitudes of the proton and
electron electric charges, leading to the electrical neutrality of ordinary matter, has
not been explained yet.

� The Higgs hierarchy problem

� The uni�cation of gauge couplings

� The number of free parameters: SM has around 20 free parameters, between masses,
mixing angles, couplings and so on.

� Gravity: the SM does not lead to a consistent theory of quantum gravity.

The idea of supersymmetry (SUSY) has been considered very appealing for several years
because it can give an answer to many of the open issues in theoretical particle physics.
Nevertheless, the discovery of the 125 GeV Higgs boson, and nothing else at LHC seems to
put SUSY into trouble, at least in its minimal realization, because to raise the Higgs mass
to the value measured by the ATLAS and CMS experiments, we need a quite large radiative
correction. A solution would be to make the mass of the supersymmetric partner of the
top quark heavy, thus meaning that the scale of SUSY breaking is much higher than what
was expected just a few years ago. This implies that we are back also with the problem of
�ne-tuning, now that the idea of low-energy supersymmetry seems to be no longer valid.
Anyhow, there are many non-minimal realizations of SUSY which are still valid.

2.1 Supersymmetry

SUSY was �rst proposed in the 1960s, in the perspective of looking for a symmetry to relate
fermions and bosons and developed seriously during the next two decades [153�155]. SUSY
was �rstly introduced as the largest possible symmetry group, by describing the uni�cation
of internal symmetries (the SU(3)c ⊗ SU(2)L ⊗ U(1)Y gauge symmetry of the SM) with
the spacetime symmetries of the Poincarè group (which consists of Lorentz transformations
plus translations, i.e. the full symmetry group of spacetime, which is related to gravity).



2 Theoretical motivations for new physics beyond the Standard Model 29

However, the no-go theorem of Coleman and Mandula (1967, [156]) showed that this uni�-
cation is impossible, because it would force the S-matrix to be trivial, unless supergroups
and superalgebra are used.
In the 1970s, Wess and Zumino wrote down the �rst 4-dimensional quantum �eld theory
which contained a supersymmetry [155] and Haag, Sohnius and Lopuszanski showed that
SUSY is actually the only symmetry which is compatible with the Poincarè group [157].

Among the proposed theoretical extensions of the SM, SUSY is one of the most prominent,
because it not only �xes most of the problems of the SM but it also has additional attracting
features:

� it cancels many of the divergences that occur in quantum �eld theory;

� it provides a "natural" solution to the gauge hierarchy problem 5;

� it allows the gauge couplings to unify at the GUT scale (within a percent of precision);

� local SUSY leads naturally to quantum gravity.

Hereafter I will summarize in brief the main appealing features of SUSY.

A - Hierarchy problem This is maybe considered by many people one of the main
motivations for the introduction of SUSY: a solution to the hierarchy problem, coming from
the absence of quadratic divergencies. The hierarchy problem results from the fact that
the mass of the Higgs boson is not protected by any symmetry in the SM. More generally,
it concerns the fact that the weak scale is so much lighter than the Planck scale, which is
usually assumed as the cuto� scale. The neutral part of the Higgs �eld, H, is a complex
scalar �eld with potential:

VH = m2
HH

2 + λH4. (13)

The vacuum expectation value (VEV) v which occurs at the minimum of this potential must

be non-vanishing in the SM. Ifm2
H < 0 and λ > 0 the vev is v =

√
−m2

H

2λ
which corresponds to

a continuum of minimum values in SU(2). It allows the spontaneous symmetry breaking of
the SM. The value of the VEV is known experimentally to be v ∼ 246 GeV. Being the Higgs
boson a scalar particle, the Higgs mass-squared parameter m2

H tends to be close to the scale
of the heaviest particle that it is coupled to, which may be up to the Planck scale [158].
Indeed, m2

H receives large loop corrections proportional to some cut-o� scale Λ2, with Λ
normally assumed to be at the Planck scale O(1019) GeV 6. However, experiments have
given indication that the Higgs mass is demanded to be of the order of the electroweak scale.

5At least historically this could be included among the attractive features of SUSY. Nevertheless, without
any signal of SUSY at LHC at low energy, the hierarchy "problem" (if it actually is considered a problem)
remains: a certain "little" amount of �ne-tuning seems to be anyway necessary.

6Actually, the large quadratic contributions due to the superheavy �elds can be entirely reabsorbed
through the renormalization of the bare mass and therefore there is no dependence on the cut-o� scale left
in the physical Higgs mass.
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Notably, from the recent results of the LHC collaborations ATLAS [159] and CMS [160]
its mass should be around 125 GeV. The cancellation of the di�erent loop contributions
demands in the SM an extreme �ne-tuning of parameters [161,162]. This problem is solved
in SUSY theories because each particle's contribution is canceled out by its superpartner,
so that the Higgs mass remains small. This exact cancellation is related to the di�erent
statistics obeyed by fermions and bosons.
An example of this cancellation is shown in Fig. 1.1. Let's consider, as an example, the top
quark and its superpartner, the stop.

Figure 1.1: Feynman diagrams leading to top/stop 1-loop corrections to the Higgs boson
mass.

They both contribute to the Higgs mass as shown in the �gure. The contribution coming
from the scalar particle, that is the stop, is:

(
∆m2

h

)
t̃
∼ λt̃

∫
d4p

(2π)4
1

p2 −m2
t̃

(14)

and it is a quadratically divergent integral proportional to m2
t̃
. The contribution coming

from the fermion, the top quark is instead:(
∆m2

h

)
t
∝ |λt|2

∫
d4p

(2π)4
1

p2 −m2
t

+ log. (15)

The log term stands for a logarithmic correction which is not dangerous for the renormal-
ization. This contribution is proportional to m2

t . In both cases, if mt or mt̃ are much larger
than the tree-level mass of the Higgs, then also the corresponding correction will be much
larger than the tree-level mass. However, if SUSY is unbroken

m2
t = m2

t̃ (16)

and

λt̃ = −|λt|2 (17)
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and the top and the stop contributions cancel exactly. This fact hints at the existence of an
additional symmetry between fermions and boson, as SUSY is.
We still have to introduce the SUSY breaking, though. Indeed, experiments such as LEP
and LHC have not found any evidence, by now, of SUSY particles with the same mass of the
SM partners. This means that SUSY, if it exists, must be broken. If SUSY is "softly broken"
(see later, Section 2.1), no new quadratic divergences are introduced, but only logarithmic
divergences depending on the cut-o� scale, like:∫

d4p

(2π)4
1

(p2 −m2
f̃i
)(p2 −m2

f̃j
)
∼
∫
d4p

p4
(18)

which do not spoil the correct cancellation of the quadratic divergences. A logarithmic
correction to the Higgs boson mass [163�167] remains, of the form

∆m2
h ∝

(
m2
f̃
−m2

f

)
ln

(
Λ2

m2
f̃

)
(19)

where Λ is the largest energy scale for which the standard model is valid, and f̃ is the
superpartner of the fermion f . If the soft parameters have values close to the electroweak
scale, this correction to the Higgs mass is under control and the Higgs boson mass itself
remains naturally at the TeV scale. From the logarithmic correction to the Higgs mass, we
can infer an upper bound on sfermion masses, requiring a maximum �ne-tuning which can
be constrained by naturalness arguments.

B - Gauge uni�cation The coupling constants for the electromagnetism, the weak force
and the strong force vary with the energy scale. This energy dependence is described by
the renormalization group equations (RGE) [168]. We will discuss this in more detail in
Chapter 3.
All these three forces are expected to unify at some very high energy scale which is called
the GUT scale. In the SM this uni�cation is not achieved, because the coupling nearly
comes together in a single point but without coinciding. However, the extension of the
particle content by supersymmetric partners in�uences the scale dependence of all gauge
couplings. In SUSY the couplings run together at a single point almost exactly, a few
orders of magnitude below the Planck scale, giving a further motivation for the existence
of SUSY [169�173], as shown in Fig. 1.2. As a consequence, gauge coupling uni�cation is
sensitive to the superpartner mass scale, although the dependence is just logarithmic.

C - Dark matter Many supersymmetric models provide a DM candidate, the most stud-
ied is the neutralino which is a good WIMP DM candidate when it is the lightest super-
symmetric particle (LSP). We will discuss SUSY DM in Section 2.2.

Before introducing the Minimal Supersymmetric Standard Model, we will present a short
summary of the mathematical formalism needed in order to introduce a supersymmetric
theory. For a nice review on SUSY formalism see for example [174,175].



32 New physics beyond the Standard Model

102 104 106 108 1010 1012 1014 1016
0

10

20

30

40

50

60

70

Μ HGeVL

Α
-

1 H
Μ
L

102 104 106 108 1010 1012 1014 1016 1018
0

10

20

30

40

50

60

70

Μ HGeVL

Α
-

1 H
Μ
L

Figure 1.2: Uni�cation of the gauge couplings (α3 in red, α2 in blue and α1 in black) versus
the energy scale µ, in the SM (left) and with SUSY (right). The soft SUSY-breaking scale
is at 1 TeV and the running of the gauge coupling is at the one-loop level.

SUSY algebra SUSY is given by a set of generators Qα which commute with the Hamil-
tonian. These operators are called supercharges. What makes this symmetry "super" is
that the supercharges are fermionic (i.e. anti-commuting spinor operators), and they mix
bosonic and fermionic states.

Qα|Boson〉 = |Fermion〉 , Qα|Fermion〉 = |Boson〉 . (20)

It follows that in a SUSY theory each particle must have a superpartner with which it is
exchanged under supersymmetry transformations and that di�ers by exactly one-half integer
spin.
The simplest choice of SUSY generators is a 2-component (Weyl) spinorQα and its conjugate
Q̄α̇. The SUSY generators, being fermionic, ful�ll the commutator and anti-commutator
relations

{Qα, Q̄α̇} = −2σµαα̇P
µ , {Qα, Qβ} = {Q̄α̇, Q̄β̇} = 0 , [Qα, P

µ] = [Q̄α̇, P
µ] = 0 , (21)

with α, β (of Q) and α̇, β̇ (of Q̄) = 1,2, P µ is the four dimensional operator of space-time
translation and σµ = (1, σi), with σi being the Pauli matrices.
In order to characterize the irreducible representations of the super-group, one has to �nd
the Casimir operators, that are those 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. The Casimir operator is de�ned as:

P 2 = PµP
µ (22)

and the SUSY generators obey the vanishing commutator:

[Qα, P
2] = 0 (23)

The irreducible representations of the SUSY algebra are called supermultiplets and include
particles with the same mass, but di�erent spins.
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Super�eld formalism The super�eld formalism [176�182] is a compact way to describe
supersymmetric theories and their properties, because in this framework the description
of SUSY operators in superspace is similar to Poincare operators in Minkowski space. To
easily build supersymmetric lagrangians, it is useful to introduce "fermionic coordinates".
This means to extend the four space-time coordinates xµ by four Grassmann coordinates
Θα and Θ̄α̇ which anti-commute and thus di�er from the coordinates of Minkowski space
which are instead "bosonic coordinates".
The Grassmann coordinates obey some rules, such as that the squared of a Grassmann
coordinate is always zero and integration and di�erentiation with respect to Grassmann
coordinates are identical operations.
This leads to the introduction of super�elds, which are functions of Θα and Θ̄α̇ and of the
spacetime coordinates xµ. The SUSY generators can be written explicitly as:

Qα =
∂

∂Θα

− iσµαα̇Θ̄
α̇∂µ , Q̄α̇ = − ∂

∂Θ̄α̇

+ iΘασµαα̇∂µ . (24)

We can further de�ne the covariant derivatives as

Dα = ∂α + iσµαα̇Θ̄
α̇∂µ, D̄α̇ = −∂α̇ − iΘβσµβα̇∂µ. (25)

These are valid for generic super�elds Φ, which can be re-written in terms of chiral repre-
sentations: Φ(xµ,Θα, Θ̄α̇) = ΦL(xµ + iΘασµαα̇Θ̄

α̇,Θα, Θ̄α̇) + ΦR(xµ − iΘασµαα̇Θ̄
α̇,Θα, Θ̄α̇).

In the "chiral" representation, ΦL does not depend on Θ̄α̇, whereas ΦR does not depend on
Θα.

Chiral super�elds Nevertheless, to describe spin-0 bosons and spin-1/2 fermions we have
to concentrate on special super�elds, which are irreducible representations of the SUSY
algebra. The chiral super�eld (SUSY generator) obey the following relation:

D̄α̇ΦL = 0, DαΦR = 0 (26)

where the �elds Φ ful�lling this relations are the chiral super�elds which describe the left-
or right-handed component of an SM fermion and the corresponding superpartners (the
sfermions).
The explicit form for ΦL is then:

ΦL = φ(y) +
√
2ΘΨ(y) + Θ2F (y) . (27)

The �elds φ and F are complex scalars, while Ψ is a Weyl spinor. F is an auxiliary �eld with
an unusual mass dimension +2 and doesn't propagate. The expression for ΦR is analogue.
Summarizing, chiral supermultiplets consist of the fermionic Weyl spinor �elds Ψ, their
complex scalar superpartners φ and complex auxiliary �elds F , which are required to close
the superalgebra o� shell in perturbation theory.
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Vector super�elds To describe the spin-1 gauge bosons, we have to introduce the other
irreducible representation of the SUSY algebra, which are vector super�elds, and satisfy

V (xµ,Θα, Θ̄α̇) = V †(xµ,Θα, Θ̄α̇) . (28)

This relation is invariant under supersymmetric translations. If we consider a left-chiral
super�eld χ(Θ) with mass dimensions 0, we can expand V as

V = iχ(Θ)− iχ†(Θ)−ΘσµΘ̄Aµ + iΘ2Θ̄λ̄− iΘ̄2Θλ+
1

2
Θ2Θ̄2D . (29)

D is again an auxiliary �eld, λ is the fermionic component of the vector super�eld and Aµ
is a gauge boson. Since V is massless, it can be shifted by a gauge transformation. The
gauge in which the �elds χ disappear is called Wess-Zumino gauge.
The gauge supermultiplet then consists of a massless spin 1 gauge boson Aaµ , of its super-
partner, a massless Weyl fermion λa and a real bosonic auxiliary �eld Da, where a is the
index running over the adjoint representation of the gauge group in consideration.

Superpotential The non-gauge interactions of a supersymmetric model are written using
the superpotential. It is an holomorphic function of the chiral super�elds Φj which includes
the Yukawa couplings in the SUSY theory. Super�elds Φj contain as components all the
bosonic, fermionic, and auxiliary �elds within the corresponding supermultiplet.
The most general form of the superpotential for a renormalizable model is

W =
1

2
µijΦiΦj +

1

3
Y ijkΦiΦjΦk . (30)

where we have omitted linear terms in Φi which are not allowed in the MSSM, where none
of the Φi is a gauge singlet.

Scalar potential It is useful to consider the scalar potential, since by Lorentz invariance
only scalar �elds can get a non-vanishing vacuum expectation value (vev). It is given by:

V (φ, φ†) = F †iFi +
1

2

∑
a

DaDa =
∑
i

(
∂W

∂φi

)(
∂W

∂φi

)†

+
1

2

∑
a

g2a(φ
†iT aji φj)

2 (31)

where T a are the generators of the gauged Lie algebra. The F-terms are de�ned as Fi =(
∂W
∂φi

)†
and they are �xed by Yukawa couplings and fermion mass terms. The D-terms are

�xed by the gauge interactions and are de�ned as Da = −
∑

a ga(φ
†iT aji φj).

Soft Lagrangian Since no supersymmetric particle has been discovered yet, notably any
sparticle with the same mass as the "ordinary" SM particles, SUSY must be broken. This
means that the theory should have a Lagrangian that is invariant under supersymmetry, but
a vacuum state that is not, thus hiding SUSY at low energies. Nevertheless, the way how
SUSY is broken is still unknown, and since it is not easy to break SUSY spontaneously, what
is usually done is to introduce some soft breaking terms, with positive mass dimension, into
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the Lagrangian to break SUSY by hand [183,184]. The name "soft" is related to the idea of
preserving the main property of SUSY, which is the cancellation of quadratic divergencies.
We list here the possible terms in the soft SUSY-breaking part of the Lagrangian:

−Lsoft =
(
1

2
Maλ

aλa +
1

2
Bijφiφj +

1

6
Aijkφiφjφk

)
+ h.c.+ (m2)ijφ

†
jφi. (32)

Ma are masses for the gaugino �elds λa, Bij and (m2)ij scalar squared-mass terms (implying
that the scalars such as squarks, become usually heavier than the fermions of the same
multiplet), Aijk "trilinear" cubic-scalar couplings, which are related to Yukawa couplings.
If φi was a gauge singlet, also a tadpole term T iφi would be allowed, but this is not the case
for the Minimal Supersymmetric Standard Model.
The terms in Lsoft clearly break SUSY, because they involve only scalar and gaugino �elds
and not their respective superpartners.

2.2 The Minimal Supersymmetric Standard Model

The Minimal Supersymmetric Standard Model (MSSM) was born in the 80s with the intent
of proposing a theory with softly broken supersymmetry that satis�es all phenomenological
constraints [175, 177, 185�188]. The main motivation for introducing weak-scale supersym-
metry is the absence of quadratic divergencies, as a technical solution to the hierarchy
problem [189].
The idea of considering the minimal extension to the SM under which it becomes supersym-
metric, leads to the MSSM as the smallest possible supersymmetric extensions of the SM
without gauge anomalies. The MSSM contains an entire set of new superpartners of the
SM particles. For minimality's sake, the MSSM has only one SUSY generator, but even this
doubles the number of particles of the SM 7. The scalar supersymmetric partners of the SM
particles, are named by adding the pre�x "s-" to the SM name, whereas the fermion super-
partners are called by adding the su�x "-ino" to the name of the SM particle. The particle
content of the MSSM is summarized in Tab. (1.2). The compact notation for the SUSY
particles is the standard SM symbol with a tilde added. SM matter fermions and gauge
bosons do reside in di�erent representations of the SM gauge group and in the MSSM must
be put in di�erent super�elds. In the MSSM there are �ve left-chiral super�elds: Q and
L, which contain respectively the quark/squark and lepton/slepton doublets of SU(2), U c

and Dc which contain the quark/squark singlets, and Ec which contains the lepton/slepton
singlets. The left-chiral super�elds transform under the fundamental representation, while
the right-chiral ones transform in the conjugated representation. The vector bosons and
gauginos transform under the adjoint representation. Moreover, apart from doubling the
particle content of the SM, a new Higgs doublet has to be introduced. There are several
arguments for the need for two Higgs doublets: - A model with a single Higgs doublet su-
per�eld has nonvanishing gauge anomalies associated with fermion triangle diagrams, due
to the introduction of the higgsino, with respect to the SM; - It is not allowed to introduce

7Actually the number of particles in the MSSM is more than doubled with respect to the SM due to the
presence of two Higgs doublets.
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Left-chiral Super�elds

Name Super�eld spin 0 spin 1
2

SU(3)C ⊗ SU(2)L ⊗ U(1)Y

squarks, quarks Q̂ (ũL d̃L) (uL dL) (3,2, 1
6
)

(3 families) Û c ũ∗R ucR (3̄,1,−2
3
)

D̂c d̃∗R dcR (3̄,1, 1
3
)

sleptons, leptons L̂ (ν̃ l̃L) (ν lL) (1,2,−1
2
)

(3 families) Êc l̃∗R lcR (1,1, 1)

Higgs, Higgsinos Ĥu (H+
u H0

u) (H̃+
u H̃0

u) (1,2, 1
2
)

Ĥd (H0
d H−

d ) (H̃0
d H̃

−
d ) (1,2,−1

2
)

Vector Super�elds

Name Super�eld spin 1
2

spin 1 SU(3)C ⊗ SU(2)L ⊗ U(1)Y
gluino, gluon ĝα g̃α gα (8,1, 0)

winos, W bosons Ŵi i=1,2,3 W̃i Wi (1,3, 0)

bino, B boson B̂ B̃0 B0 (1,1, 0)

Table 1.2: Left-chiral and vector super�elds of the MSSM and the quantum numbers with
respect to the SM SU(3)C ⊗ SU(2)L ⊗ U(1)Y gauge group. Super�elds are named with a
hat and the hermitian conjugated is assigned by a c.

the hermitian conjugate of a Higgs super�eld because the superpotential must not contain
products of left-chiral and right-chiral super�elds. Then, it turns out to be impossible to
introduce U(1)Y invariant terms that give masses to both up- and down-type quarks if there
is only one Higgs super�eld. Indeed, we have to break the SU(2) ⊗ U(1)Y invariance by
SU(2) doublet scalars with hypercharge | Y | = 1/2. We therefore have to introduce ded-
icated Higgs super�elds to break SU(2) ⊗ U(1)Y , Hd with hypercharge Y = -1/2, and Hu

has Y = + 1/2, in order to obtain gauge invariant Yukawa couplings for both quark sectors.

Lagrangian and Superpotential of the MSSM

The MSSM superpotential de�nes the interactions between the super�elds. The gauge
interactions are determined by the choice of gauge group, which is the same as in the SM:
SU(3)C ⊗ SU(2)L ⊗ U(1)Y . A minimal realistic form of the MSSM superpotential is

WMSSM = Y ab
e L̂ja Êb Ĥ

i
d εij + Y ab

d Q̂jα
a D̂αb Ĥ

i
d εij + Y ab

u Q̂iα
a Ûαb Ĥ

j
u εij + µ Ĥ i

u Ĥ
j
dεij , (33)

where, i, j are SU(2)L indices, α is the SU(3)C color index and εij is the totally antisym-
metric Levi-Civita tensor in two dimensions. a, b are �avor indices. Ye, Yd and Yu are three
Yukawa couplings which are complex 3× 3 matrices, while µ is a parameter with dimension
of a mass.
We can either demand that WMSSM respects lepton and baryon number, i.e. the "acciden-
tal" symmetries of the SM, or they could be broken explicitly in the MSSM.
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We can then write the SUSY Lagrangian, as the sum of gauge interactions, matter interac-
tions (WMSSM ) and kinetic terms, plus terms from the auxiliary �elds (F and D). Moreover,
terms arising from the choice of the gauge have to be added. See for example [190] for a
complete description of the MSSM Lagrangian.
In the gauge and Yukawa sectors there is the same number of free parameters as in the
SM, while regarding the Higgs sector the µ parameter is the supersymmetric version of the
Higgs boson mass in the SM. Nevertheless, when we introduce SUSY breaking, a very large
number of free parameters appear. The soft breaking lagrangian [191,192] consists of mass
terms for the scalars and for the gauginos as well as of scalar couplings of the same type as
in the superpotential, with positive mass dimension

− LMSSM
soft = (m2

Q)
ijQ̃a∗

i Q̃
a
j + (m2

uc)
ijũci ũ

c ∗
j + (m2

dc)
ij d̃ci d̃

c ∗
j + (m2

L)
ijL̃a∗i L̃

a
j

+(m2
ec)

ij ẽci ẽ
c ∗
j +m2

Hd
Ha∗
d H

a
d +m2

Hu
Ha∗
u H

a
u

+
[1
2
M1B̃

0B̃0 +
1

2
M2W̃

mW̃m +
1

2
M3g̃

ng̃n + h.c.
]

(34)

+εab
[
T iju Q̃

a
i ũ

c
jH

b
u + T ijd Q̃

b
i d̃
c
jH

a
d + T ije L̃

b
i ẽ
c
jH

a
d −BµH

a
dH

b
u

]
where a and b are SU(2)L doublet indices, i, j are family indices, m = 1, 2, 3 and n = 1, ...8.
T ijα are called trilinear parameters and sometimes they can be expanded as AijαY

ij
α with

α = u, d, e. M3,M2,M1 are the gluino, wino, and bino mass terms. The m2
i terms stand

for the squark and slepton mass terms, whereas m2
Hi

are the SUSY-breaking contributions
to the Higgs potential. The LMSSM

soft introduces many new parameters with respect to the
ordinary SM, about 100 between masses, phases and mixing angles that cannot be absorbed
by rede�nitions.

The mechanism of spontaneous supersymmetry breaking and how the explicit breaking soft
parameters are encoded in the soft part of the Lagrangian as the result of spontaneous
supersymmetry breaking in a more fundamental theory, is still largely unknown. Many
proposed theories introduced to explain SUSY breaking consist of at least two distinct
sectors: a hidden sector consisting of particles that are completely neutral with respect to
the SM, and a visible sector consisting of the particles of the MSSM. There may be no
renormalizable tree-level interactions between particles of the two sectors, depending on the
theory. Anyway, besides the origin of this hidden sector, one has to deal with the main
question of how the breaking is communicated to the visible sector.
All proposed SUSY breaking schemes have to introduce some high energy scale, where soft
terms are generated. This scale could be as high as the scale of Grand uni�cation (GUT),
or even the Planck scale in gravity mediated schemes [176,193], or as low as a 100 TeV, for
example in gauge mediated SUSY breaking (GMSB) [194].

Electroweak symmetry breaking in the MSSM

Let's introduce the Higgs sector of the MSSM, in order to describe the spontaneous breaking
of the SU(2)⊗ U(1)Y symmetry. The SUSY Higgs potential contains three kinds of terms:
1) mass terms, arising from the F - terms ; 2) quartic interactions, from SUSY D - terms and
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3) additional mass and mixing terms from LMSSM
SB . Thus, the form of the scalar potential

is:

VH = (|µ|2 +m2
Hu

)|H0
u|2 + (|µ|2 +m2

Hd
)|H0

d |2 − (BµH
0
uH

0
d + h.c.) +

(g21 + g22)

8
(|H0

u|2 − |H0
d |2)2 . (35)

where g1 and g2 are respectively the U(1)Y and SU(2)L couplings. We can further de�ne:
m2

1,2 = m2
Hd,Hu

+ µ2.

R-parity

In SUSY theories, lepton and baryon numbers are no longer conserved as in the SM by all
the possible couplings present in the superpotential. There may be terms such as LLec,
LH, QdcL or ucdcdc which break either lepton (L) or baryon (B) numbers. However, since
currently there is no experimental evidence8 (for example, no evidence of proton decay,
which would break both L and B) of non-conservation of these two quantum numbers, these
couplings need to be very small or there must exist some symmetry forbidding them.
R-parity is a Z2 symmetry which forbids these couplings and it is de�ned as:

Rp = (−1)3(B−L)−2s, (36)

where s stands for the particle spin. According to this de�nition all SM particles have
Rp = +1 whereas the SUSY partners have Rp = −1.
R-parity can be motivated as a remnant of a larger symmetry, which is broken at higher
energy scale: for example, left-right symmetric models (see Section 3.2) with a U(1)B−L
symmetry, forbid terms which violate B or L. R-parity can occur naturally in SO(10) GUTs.
This symmetry has some interesting phenomenological consequences. As to DM, while R-
parity is conserved, the lightest supersymmetric particle (LSP) cannot decay and hence
becomes a good DM candidate (if it ful�lls also other requirements such as no electric/color
charge). Regarding phenomenology at colliders instead, if R-parity is conserved, sparticles
are always produced in pairs and when they decay, they decay to an odd number of LSPs,
which can therefore be detected as missing energy.
Although the MSSM is assumed to be R-parity conserving, there are some classes of R-parity
violating models which are weakly constrained by experiments [195]. On the other hand,
these models have other interesting consequences, for instance the violation of L number
supplies masses for the neutrinos.

SUSY Dark Matter

In a theory with R-parity conservation, the lightest supersymmetric particle can be a good
DM candidate [87, 144]. The LSP is stable because of R-parity conservation, but in order
to be suitable as DM candidate, it has to be also neutral and non-colored. Although the

8Although massive neutrinos may indicate L-number violation, if they are Majorana particles.
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recent searches performed by the LHC challenge SUSY, they do not impose strong direct
constraints on the DM nature. We are left then with basically three candidates among the
superparticles: the sneutrino, the neutralino and the gravitino.

Neutralino DM The neutralinos are four Majorana fermionic mass�eigenstates de�ned
as linear superpositions of the two supersymmetric partners of neutral SM gauge bosons
(the gauginos B̃ and W̃3) and of the two neutral Higgsinos (H̃0

u and H̃0
d).

χ = N1B̃ +N2W̃3 +N3H̃0
u +N4H̃0

d . (37)

They are labelled χ̃0
1, χ̃

0
2, χ̃

0
3 and χ̃

0
4, in order of increasing mass. The lightest of these four

eigenstates may play the role of the LSP, and it can inherit the correct thermal relic density
in di�erent regions of the parameter space. It is common to refer to the lightest neutralino
as the neutralino. Neutralinos are Majorana fermions with weak interactions only, and they
exhibit all the properties of WIMP DM.
In the basis (B̃, W̃3, H̃

0
1 , H̃

0
2 ), the neutralino mass matrix can be written, in terms of the

physical masses, as

MN =


M1 0 −MZcosβsinθW MZsinβsinθW
0 M2 MZcosβcosθW −MZsinβcosθW

−MZcosβsinθW MZcosβcosθW 0 −µ
MZsinβsinθW −MZsinβcosθW −µ 0

 . (38)

M1 and M2 are the bino and wino mass parameters, µ is the higgsino mass parameter, θW
is the weak angle and tanβ is the ratio of the vevs of the Higgs bosons. The neutralino mass
matrix is diagonalized by a 4× 4 rotation matrix N such that

Mdiag
N = N−1†MNN

−1, (39)

to obtain the mass eigenstates. It is useful to de�ne two parameters, the gaugino fraction,
fG, and the higgsino fraction, fH , as

fG = N2
1 +N2

2 (40)

and

fH = N2
3 +N2

4 . (41)

Neutralinos may be produced at LHC in cascade decays of heavier colored supersymmetric
particles. The lack of a SUSY signal at the LHC with

√
s = 7, 8 TeV has raised the lower

limit on the squark and gluino masses to >∼ 1 TeV. This leads to the conclusion that neu-
tralino DM lighter than ten or so GeV are strongly constrained in generic MSSM scenarios
with gaugino mass uni�cation. Notably, a lower limit on the lightest neutralino mass of
about 50 GeV can be derived for MSSM models with gaugino uni�cation already from the
LEP chargino mass limit [196], whereas in models with both gaugino and sfermion mass
uni�cation (constrained MSSM), this limit increases to above 100 GeV from the constraints
set by the LHC data [73].
Limits from direct detection experiments (see Chap. 2) set quite stringent bounds on neu-
tralino DM, however it remains a viable DM candidate.
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Gravitino DM The gravitino G̃ is the supersymmetric partner of the graviton. This
fermion of spin 3/2 arises in theories which combine supersymmetry and general relativity,
like supergravity [197,198]. Once local SUSY is broken spontaneously, the gravitino acquires
a mass, which can vary over a large range, from keV to TeV because of its strong dependence
on the SUSY-breaking scheme. Nevertheless, the gravitino LSP model is subject to strict
cosmological constraints. For instance, the relic abundance of thermally produced gravitinos
is closely related to the reheating temperature after in�ation [199,200]. Moreover, there are
constraints from Big Bang nucleosynthesis [201], regarding the observed abundances of the
primordial light elements.

Sneutrino DM The neutralino as a DM candidate has been studied in literally hundreds
of publications, but also sneutrinos as candidates for the cold dark matter have actually
quite a long history [202�204]. However, ordinary left sneutrinos, i.e. the sneutrinos of the
MSSM, have been ruled out [205] as the dominant component of the DM in the galaxy
a long time ago due to their large direct detection cross section [206]. This leaves only
�mixed� sneutrinos, i.e. sneutrinos which are partly singlets under the SM group, as good
DM candidates. Motivated by neutrino oscillation data [77], we will study in Chapter 4
scalar neutrinos as DM candidates in models with a low-scale seesaw mechanism, either
MSSM-like models with an inverse [207] or the linear seesaw [208, 209] or models based on
an U(1)B−L × U(1)R extension of the MSSM group [210,211].

2.3 SUSY searches at LHC

Direct searches for sparticle production at collider experiments such as the Large Hadron
Collider (LHC) are the most important strategy for searching for SUSY. Nevertheless, recent
SUSY searches at the LHC indicate that superparticles, especially squarks and gluinos, are
not so light as previously expected. Direct searches are also supported by indirect searches
of SUSY from di�erent experiments such as the measurement of high-precision electroweak
observables, or from astroparticle data. Although LHC searches are usually sensitive to
heavier SUSY masses, they are in general model-dependent. Anyway, by now, all these kind
of searches have imposed strong constraints on the allowed SUSY parameters space.

In this Section, we will focus on direct searches for new physics beyond the SM, namely
we will shortly comment about the current status of SUSY searches at LHC. For the lat-
est results we will refer to those presented on the webpages of the ATLAS 9 and CMS 10

experiments. The LHC at CERN has started proton-proton collisions at a center-of-mass
energy of 7 TeV in 2010. It was then upgraded to 8 TeV in 2012. At the beginning of
2013 it went into a long shutdown for another upgrade to increase beam energy to 6.5 TeV
per beam. Re-starting of the collisions is planned for early 2015. A broad program of
SUSY particle searches has been underway at the LHC, since its opening: given that no
sparticle has been observed yet, they have been translated into constraints on SUSY models.

9https://twiki.cern.ch/twiki/bin/view/AtlasPublic
10https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults
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Current constraints on SUSY models

In the framework of the MSSM with R-parity conservation, SUSY particles are expected
to be produced in pairs. At the LHC the most numerous produced SUSY particles are
expected to be the SUSY partners of quarks, the squarks, and the partners of gluons, the
gluinos. Indeed, one of the advantages of an hadronic collider with respect to a leptonic one
(such as LEP) is that cross sections of QCD-mediated processes are larger, translating into
higher sensitivity for colored SUSY particles like squarks and gluinos. The price to pay is
the presence of large backgrounds of hadronic jets.
Colored sparticles at the LHC are mainly produced with squark-squark, squark-gluino and
gluino-gluino interactions. SUSY signatures at LHC include high transverse momentum jets,
which are produced in the decay chains of heavy colored sparticles (squarks and gluinos),
along with a signi�cant missing momentum originating from the LSP produced at the end
of the decay chain.
In order to interpret the results of experimental searches, very accurate theoretical predic-
tions for the cross sections are required. The observables that can be measured at LHC
depend on the renormalisation scale, according to perturbation theory. Therefore a correct
inclusion of higher order contributions is important for the prediction of the sparticles pro-
duction rate.

The most stringent SUSY mass limits at the LHC are obtained by searches for gluino-gluino
and squark-squark production. Assuming R-parity conservation, and depending on kine-
matics, squarks are expected to decay to a quark and a neutralino or chargino. Therefore,
typical SUSY search signatures consist of a signi�cant missing transverse momentum (when
there is a neutral LSP), and high transverse momentum (pT ) jets produced in the decay
chains starting from the heavy pair-produced squarks and gluinos, eventually accompanied
by one or more isolated �nal states like photons or leptons (electrons, muons, taus, lepton
pairs). These limits exhibit some model-dependence, for example on the neutralino mass.
Indeed, limits on gluino masses are strongly a�ected by the assumption of this value; heavier
neutralinos translate into less energetic jets and into less missing transverse momentum.
Best target regions for SUSY searches are those where the SM background is best evaluated.
For instance, high-pT cuts are good discriminators to search for SUSY signals and to reduce
the QCD background of the SM.
Fig. 1.3 summarize the current status of SUSY searches by ATLAS at LHC. It contains data
from the 7 TeV and 8 TeV data of 2011-2012. These limits, which are dominated by hadronic
searches, have to be interpreted as lower bounds on the mass limits for SUSY particles
within speci�c typical supersymmetric models. A similar analysis has been performed by
CMS collaboration and is shown in Fig. 1.4.
By now, no evidence has been found for natural SUSY models with gluino masses below
1 TeV. Although none of the analyses has reported any signi�cant excess above the SM
background, there is still much expectation for the next LHC run at higher energy.



42 New physics beyond the Standard Model

M
o

d
el

e
,
µ
,τ

,
γ

Je
ts

E
m
is
s

T

∫ L
d
t[
fb
−1
]

M
as

s
lim

it
R

ef
er

en
ce

InclusiveSearches
3
rd

gen.
g̃med.

3
rd

gen.squarks
directproduction

EW
direct

Long-lived
particles RPV Other

M
S

U
G

R
A

/C
M

S
S

M
0

2-
6

je
ts

Ye
s

20
.3

m
(q̃

)=
m

(g̃
)

AT
LA

S
-C

O
N

F
-2

01
3-

04
7

1.
7

Te
V

q̃
,g̃

M
S

U
G

R
A

/C
M

S
S

M
1
e
,µ

3-
6

je
ts

Ye
s

20
.3

an
y

m
(q̃

)
AT

LA
S

-C
O

N
F

-2
01

3-
06

2
1.

2
Te

V
g̃

M
S

U
G

R
A

/C
M

S
S

M
0

7-
10

je
ts

Ye
s

20
.3

an
y

m
(q̃

)
AT

LA
S

-C
O

N
F

-2
01

3-
05

4
1.

1
Te

V
g̃

q̃
q̃

,q̃
→
q
χ̃
0 1

0
2-

6
je

ts
Ye

s
20

.3
m

(χ̃
0 1
)=

0
G

eV
AT

LA
S

-C
O

N
F

-2
01

3-
04

7
74

0
G

eV
q̃

g̃
g̃

,g̃
→
q
q̄
χ̃
0 1

0
2-

6
je

ts
Ye

s
20

.3
m

(χ̃
0 1
)=

0
G

eV
AT

LA
S

-C
O

N
F

-2
01

3-
04

7
1.

3
Te

V
g̃

g̃
g̃

,g̃
→
q
q
χ̃
± 1
→
q
q
W
±
χ̃
0 1

1
e
,µ

3-
6

je
ts

Ye
s

20
.3

m
(χ̃

0 1
)<

20
0

G
eV

,m
(χ̃
±

)=
0.

5(
m

(χ̃
0 1
)+

m
(g̃

))
AT

LA
S

-C
O

N
F

-2
01

3-
06

2
1.

18
Te

V
g̃

g̃
g̃
→
q
q
q
q
ℓℓ
(ℓ
ℓ)
χ̃
0 1
χ̃
0 1

2
e
,µ

(S
S

)
3

je
ts

Ye
s

20
.7

m
(χ̃

0 1
)<

65
0

G
eV

AT
LA

S
-C

O
N

F
-2

01
3-

00
7

1.
1

Te
V

g̃

G
M

S
B

(ℓ̃
N

LS
P

)
2
e
,µ

2-
4

je
ts

Ye
s

4.
7

ta
nβ
<

15
12

08
.4

68
8

1.
24

Te
V

g̃

G
M

S
B

(ℓ̃
N

LS
P

)
1-

2
τ

0-
2

je
ts

Ye
s

20
.7

ta
nβ
>

18
AT

LA
S

-C
O

N
F

-2
01

3-
02

6
1.

4
Te

V
g̃

G
G

M
(b

in
o

N
LS

P
)

2
γ

0
Ye

s
4.

8
m

(χ̃
0 1
)>

50
G

eV
12

09
.0

75
3

1.
07

Te
V

g̃

G
G

M
(w

in
o

N
LS

P
)

1
e
,µ

+
γ

0
Ye

s
4.

8
m

(χ̃
0 1
)>

50
G

eV
AT

LA
S

-C
O

N
F

-2
01

2-
14

4
61

9
G

eV
g̃

G
G

M
(h

ig
gs

in
o-

bi
no

N
LS

P
)

γ
1
b

Ye
s

4.
8

m
(χ̃

0 1
)>

22
0

G
eV

12
11

.1
16

7
90

0
G

eV
g̃

G
G

M
(h

ig
gs

in
o

N
LS

P
)

2
e
,µ

(Z
)

0-
3

je
ts

Ye
s

5.
8

m
(H̃

)>
20

0
G

eV
AT

LA
S

-C
O

N
F

-2
01

2-
15

2
69

0
G

eV
g̃

G
ra

vi
tin

o
LS

P
0

m
on

o-
je

t
Ye

s
10

.5
m

(g̃
)>
1
0
−4

eV
AT

LA
S

-C
O

N
F

-2
01

2-
14

7
64

5
G

eV
F
1
/
2

sc
al

e

g̃
→
b
b̄
χ̃
0 1

0
3
b

Ye
s

20
.1

m
(χ̃

0 1
)<

60
0

G
eV

AT
LA

S
-C

O
N

F
-2

01
3-

06
1

1.
2

Te
V

g̃

g̃
→
tt̄
χ̃
0 1

0
7-

10
je

ts
Ye

s
20

.3
m

(χ̃
0 1
)
<

20
0

G
eV

AT
LA

S
-C

O
N

F
-2

01
3-

05
4

1.
14

Te
V

g̃

g̃
→
tt̄
χ̃
0 1

0-
1
e
,µ

3
b

Ye
s

20
.1

m
(χ̃

0 1
)<

40
0

G
eV

AT
LA

S
-C

O
N

F
-2

01
3-

06
1

1.
34

Te
V

g̃

g̃
→
b
t̄
χ̃
+ 1

0-
1
e
,µ

3
b

Ye
s

20
.1

m
(χ̃

0 1
)<

30
0

G
eV

AT
LA

S
-C

O
N

F
-2

01
3-

06
1

1.
3

Te
V

g̃

b̃
1
b̃
1
,b̃

1
→
b
χ̃
0 1

0
2
b

Ye
s

20
.1

m
(χ̃

0 1
)<

10
0

G
eV

AT
LA

S
-C

O
N

F
-2

01
3-

05
3

10
0-

63
0

G
eV

b̃
1

b̃
1
b̃
1
,b̃

1
→
tχ̃
± 1

2
e
,µ

(S
S

)
0-

3
b

Ye
s

20
.7

m
(χ̃
± 1

)=
2

m
(χ̃

0 1
)

AT
LA

S
-C

O
N

F
-2

01
3-

00
7

43
0

G
eV

b̃
1

t̃ 1
t̃ 1

(li
gh

t)
,t̃

1
→
b
χ̃
± 1

1-
2
e
,µ

1-
2
b

Ye
s

4.
7

m
(χ̃

0 1
)=

55
G

eV
12

08
.4

30
5,

12
09

.2
10

2
16

7
G

eV
t̃ 1

t̃ 1
t̃ 1

(li
gh

t)
,t̃

1
→
W

b
χ̃
0 1

2
e
,µ

0-
2

je
ts

Ye
s

20
.3

m
(χ̃

0 1
)

=
m

(t̃
1
)-

m
(W

)-
50

G
eV

,m
(t̃
1
)<
<

m
(χ̃
± 1

)
AT

LA
S

-C
O

N
F

-2
01

3-
04

8
22

0
G

eV
t̃ 1

t̃ 1
t̃ 1

(m
ed

iu
m

),
t̃ 1
→
tχ̃

0 1
2
e
,µ

2
je

ts
Ye

s
20

.3
m

(χ̃
0 1
)=

0
G

eV
AT

LA
S

-C
O

N
F

-2
01

3-
06

5
22

5-
52

5
G

eV
t̃ 1

t̃ 1
t̃ 1

(m
ed

iu
m

),
t̃ 1
→
b
χ̃
± 1

0
2
b

Ye
s

20
.1

m
(χ̃

0 1
)<

20
0

G
eV

,m
(χ̃
± 1

)-
m

(χ̃
0 1
)=

5
G

eV
AT

LA
S

-C
O

N
F

-2
01

3-
05

3
15

0-
58

0
G

eV
t̃ 1

t̃ 1
t̃ 1

(h
ea

vy
),
t̃ 1
→
tχ̃

0 1
1
e
,µ

1
b

Ye
s

20
.7

m
(χ̃

0 1
)=

0
G

eV
AT

LA
S

-C
O

N
F

-2
01

3-
03

7
20

0-
61

0
G

eV
t̃ 1

t̃ 1
t̃ 1

(h
ea

vy
),
t̃ 1
→
tχ̃

0 1
0

2
b

Ye
s

20
.5

m
(χ̃

0 1
)=

0
G

eV
AT

LA
S

-C
O

N
F

-2
01

3-
02

4
32

0-
66

0
G

eV
t̃ 1

t̃ 1
t̃ 1

,t̃
1
→
c
χ̃
0 1

0
m

on
o-

je
t/c

-t
ag

Ye
s

20
.3

m
(t̃
1
)-

m
(χ̃

0 1
)<

85
G

eV
AT

LA
S

-C
O

N
F

-2
01

3-
06

8
20

0
G

eV
t̃ 1

t̃ 1
t̃ 1

(n
at

ur
al

G
M

S
B

)
2
e
,µ

(Z
)

1
b

Ye
s

20
.7

m
(χ̃

0 1
)>

15
0

G
eV

AT
LA

S
-C

O
N

F
-2

01
3-

02
5

50
0

G
eV

t̃ 1

t̃ 2
t̃ 2

,t̃
2
→
t̃ 1

+
Z

3
e
,µ

(Z
)

1
b

Ye
s

20
.7

m
(t̃
1
)=

m
(χ̃

0 1
)+

18
0

G
eV

AT
LA

S
-C

O
N

F
-2

01
3-

02
5

52
0

G
eV

t̃ 2

ℓ̃ L
,R
ℓ̃ L

,R
,ℓ̃
→
ℓχ̃

0 1
2
e
,µ

0
Ye

s
20

.3
m

(χ̃
0 1
)=

0
G

eV
AT

LA
S

-C
O

N
F

-2
01

3-
04

9
85

-3
15

G
eV

ℓ̃

χ̃
+ 1
χ̃
− 1

,χ̃
+ 1
→
ℓ̃ν
(ℓ
ν̃
)

2
e
,µ

0
Ye

s
20

.3
m

(χ̃
0 1
)=

0
G

eV
,m

(ℓ̃
,ν̃

)=
0.

5(
m

(χ̃
± 1

)+
m

(χ̃
0 1
))

AT
LA

S
-C

O
N

F
-2

01
3-

04
9

12
5-

45
0

G
eV

χ̃
± 1

χ̃
+ 1
χ̃
− 1

,χ̃
+ 1
→
τ̃
ν
(τ
ν̃
)

2
τ

0
Ye

s
20

.7
m

(χ̃
0 1
)=

0
G

eV
,m

(τ̃
,ν̃

)=
0.

5(
m

(χ̃
± 1

)+
m

(χ̃
0 1
))

AT
LA

S
-C

O
N

F
-2

01
3-

02
8

18
0-

33
0

G
eV

χ̃
± 1

χ̃
± 1
χ̃
0 2
→
ℓ̃ L
ν
ℓ̃ L
ℓ(
ν̃
ν
),
ℓν̃
ℓ̃ L
ℓ(
ν̃
ν
)

3
e
,µ

0
Ye

s
20

.7
m

(χ̃
± 1

)=
m

(χ̃
0 2
),

m
(χ̃

0 1
)=

0,
m

(ℓ̃
,ν̃

)=
0.

5(
m

(χ̃
± 1

)+
m

(χ̃
0 1
))

AT
LA

S
-C

O
N

F
-2

01
3-

03
5

60
0

G
eV

χ̃
± 1
,χ̃

0 2

χ̃
± 1
χ̃
0 2
→
W
∗ χ̃

0 1
Z
∗ χ̃

0 1
3
e
,µ

0
Ye

s
20

.7
m

(χ̃
± 1

)=
m

(χ̃
0 2
),

m
(χ̃

0 1
)=

0,
sl

ep
to

ns
de

co
up

le
d

AT
LA

S
-C

O
N

F
-2

01
3-

03
5

31
5

G
eV

χ̃
± 1
,χ̃

0 2

D
ire

ct
χ̃
+ 1
χ̃
− 1

pr
od

.,
lo

ng
-li

ve
d
χ̃
± 1

D
is

ap
p.

tr
k

1
je

t
Ye

s
20

.3
m

(χ̃
± 1

)-
m

(χ̃
0 1
)=

16
0

M
eV

,τ
(χ̃
± 1
)=

0.
2

ns
AT

LA
S

-C
O

N
F

-2
01

3-
06

9
27

0
G

eV
χ̃
± 1

S
ta

bl
e,

st
op

pe
d
g̃

R
-h

ad
ro

n
0

1-
5

je
ts

Ye
s

22
.9

m
(χ̃

0 1
)=

10
0

G
eV

,1
0
µ

s<
τ
(g̃

)<
10

00
s

AT
LA

S
-C

O
N

F
-2

01
3-

05
7

85
7

G
eV

g̃

G
M

S
B

,s
ta

bl
e
τ̃
,χ̃

0 1
→
τ̃
(ẽ
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Figure 1.3: Mass reach of ATLAS searches for speci�c SUSY mod-
els (e.g. mSUGRA,GMSB). Status of �gure: July 2013. Figure from
https://twiki.cern.ch/twiki/bin/view/AtlasPublic.
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Figure 1.4: Mass reach of CMS searches for Supersymmetry. Best exclusion limits
for the masses of the sparticles in various simpli�ed model spectra, are shown, for
R parity conserving scenarios, for m(LSP) = 0 GeV (dark shades) and m(mother)
- m(LSP) = 200 GeV (light shades). Status of �gure: July 2013. Figure from
https://twiki.cern.ch/twiki/bin/view/CMSPublic.
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3 Theoretical models: Grand Uni�ed Theories (GUTs)

Despite the great success of the SM, its structure seems to be too complicated to be the
ultimate theory of elementary particle physics. In this picture, the weak, electromagnetic
and strong interactions are independent from each other, as can be seen by the group theory
description of the SM. Its gauge group is indeed the direct product of three groups:

GSM = SU(3)C × SU(2)L × U(1)Y .

There are three independent gauge couplings, related to these three gauge groups in the SM.
Due to higher-order corrections, each of these is actually a function of the energy scale. The
running of the gauge couplings with the energy scale is described by the renormalization
group equations (RGE) [212�214]. In many GUTs the three gauge couplings are predicted
to meet at some high energy uni�cation scale MG, above which the three interactions are
uni�ed. In most of GUTs MG ∼ 1016 GeV. Gauge coupling uni�cation works very well
within SUSY GUTs. The coupling constants of the SM, g1, g2 and g3 unify exactly at the
scale MG with two loop renormalization group running and considering threshold correc-
tions [215�218].

In Grand Uni�ed Theories [169,219], the SU(3)C×SU(2)L×U(1)Y gauge group is embedded
into a larger Lie group. The SM multiplets are accomodated into irreducible representations
of such a larger group. Grand uni�cation leads to important consequences, �rst of all gauge
coupling uni�cation, of course. But it also makes several predictions, like proton decay and
Yukawa uni�cation: a correlation among the various Yukawa couplings arising at the level
of the low energy e�ective theory. Supersymmetric grand uni�ed theories (SUSY GUTs) are
an extension of non-SUSY GUTs. They di�er at the level of the low scale e�ective theory,
because in the former the low energy theory is assumed to satisfy a supersymmetry.

The smallest simple group into which the SM can be embedded is SU(5). The �rst attempt
to embed the three groups of the SM into this uni�ed group was done in the Seventies by
Georgi and Glashow [220]. In this theory the irreducible representations accommodating
the matter �elds of each SM family �t into two representations, 10 = (Q, uc, ec) and 5̄ =
(dc, L). In this setting the quarks and leptons transform among each other under the gauge
symmetry, and the baryon and lepton numbers are violated in the interactions of the mat-
ter particles with the gauge bosons. The presence of quark, leptons and their antiparticles
in the same multiplet, leads to charge quantization. There are also new interactions that
connect quarks with antileptons and with antiquarks and lead to new phenomena such as
proton decay.
The experimental bounds on the proton lifetime [221] and accurate measurements of sin2θW
lead to the claim that the simplest non-SUSY SU(5) is ruled out, even with two-loop cor-
rections.

The supersymmetric version of SU(5) [189] is meant to provide the correct matching of
the running gauge couplings at the GUT scale and display all the other features of SUSY
theories. In that version, the SU(5) multiplets become chiral super�elds which contain also
the sparticles. The particle spectrum includes all the SM states, plus their supersymmetric



3 Theoretical models: Grand Uni�ed Theories (GUTs) 45

partners and at least one pair of Higgs doublets: one to give mass to up-type quarks, and the
other to down-type quarks and charged leptons. Minimal SUSY SU(5) is however excluded,
by bounds on the proton decay width [222].

Other popular GUT schemes deal with larger Lie groups like SO(10) and E6. We will
comment here on SO(10) SUSY GUTs, which will be the topic of part of the thesis.

3.1 SO(10) SUSY GUTs

Being SO(10) a larger symmetry group, it �ts the SM matter particles to a single represen-
tation, the spinor 16 = 10 + 5̄ + 1 (at the SU(5) level), thus leading to complete uni�cation
of both gauge couplings and SM multiplets [220, 223]. This multiplet allows for an extra
particle, which has the quantum numbers of a right-handed neutrino, and becomes very
attractive to accomodate "seesaw" models of neutrino masses (see Section 4.3). Moreover,
since the number of multiplets accommodating the SM fermions is reduced with respect to
the case of SU(5), the �avor problem of SM is addressed in a stronger way because of more
constrained sum-rules for the e�ective Yukawa couplings. Therefore, the renormalizable
minimal SUSY SO(10) model is worth of receiving a particular attention, being perhaps the
most predictive renormalizable GUT model [224,225].

The SM matter multiplets are �tted in the 16 rep of SO(10) in the following way:

16F = (1, 2,−1)⊕ (3, 2, 1/3)⊕ (1, 1, 0)⊕ (1, 1, 2)⊕ (3̄, 1,−4/3)⊕ (3̄, 1, 2/3) (42)

= LL ⊕QL ⊕ νcL ⊕ ecL ⊕ ucL ⊕ dcL.

This setting allows for the presence of right-handed neutrinos in a natural way, since they
are accomodated in the same representation as all the other matter �elds of the SM. More-
over, correlations among the e�ective Yukawa couplings that have the same origin at high
scale, are stronger than in the SU(5) case, thus reducing the number of free parameters.
SO(10) has other interesting characteristics, for instance the absence of anomalies: chiral
symmetry must be preserved, and SO(10) is the smallest group which is free from anomalies
in a single multiplet.

The SO(10) symmetry must be broken to the SU(3)C × SU(2)L × U(1)Y gauge group of
the MSSM. The �avour structure of the Yukawa couplings of the matter fermions with the
MSSM Higgs doublets are dictated by the structure of the gauge symmetry. Hence, the
dimensions of the Higgs representations are given by the properties of Lie groups [226,227]:

16⊗ 16 = 10⊕ 120⊕ 126. (43)

These are the three types of SO(10) Higgs multiplets that can give masses to the matter
fermions. In the minimal SUSY SO(10) model, two Higgs multiplets, namely the vector
10H and the antisymmetric tensor 120H , are used for the Yukawa couplings with matter
supermultiplet 16i [228�230]. Indeed, any combination of Higgs representations can be used
as e�ective operator.
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SO(10) Breaking chains

SO(10)

SU(4)C × SU(2)L × SU(2)R

SU(3)C × SU(2)L × U(1)Y
SU(3)C × SU(2)L × SU(2)R × U(1)B−L
SU(5)
SU(5)× U(1)X

Table 1.3: Most common SO(10) breaking chains down to the SM (MSSM) gauge symmetry
at low energies.

One of the great successes of the SM are its perturbative predictions, then it is interesting
to consider GUTs which are renormalizable. Regarding the spontaneous symmetry breaking
of the SO(10) group, scalar superpotentials exist that break the SO(10) symmetry to the
SU(3)C×SU(2)L×U(1)Y gauge group of the MSSM. To break SO(10) in a proper way, along
one of the possible breaking chains which are shown in Tab. (1.3), at each intermediate scale
there must be the Higgs multiplets which are responsable for the symmetry breaking to the
subsequent stage. Namely, they must have neutral components that are completely neutral
with respect to the lower symmetry group, since they will be those which will acquire vac-
uum expectation values. Furthermore the mass terms in the scalar part of the superpotential
which are related to the symmetry breaking, have to develop the correct negative signs. To
break SO(10) down to the low energy scale at least two (three in the SUSY GUT) Higgs
representations acquiring VEVs are required. The Higgs sector is however quite strongly
constrained by the requirements of renormalizability and supersymmetry, and minimality:
the peculiar choice of the Higgs sector leads to the strong predictivity of the model, thanks
to the small number of free parameters.

The Yukawa coupling terms in the SUSY SO(10) superpotential are given by

WY = Y ij
1016i10H16j + Y ij

12616i126H16j , (44)

where 16f is the SO(10) matter supermultiplet, 126H and 10H are the Higgs multiplets and
Y are complex symmetric Yukawa coupling matrices. The 10-representation is the simplest
one and the 126-dimensional representation is more essential than the 120H , which would
be anyhow a possible choice. The 126H plays a double role, contributing to the symmetry
breaking and in the mechanism generating the masses of the SM matter fermions. Once de-
composed into its components under the next step gauge symmetry, the component which
gets a vev capable of breaking the left-right symmetry, being a SU(2)L singlet, can also
generate a Majorana mass for the neutrino through the Yukawa coupling of the 126H with
the matter multiplet 16f .
However, the Higgs multiplet 126H alone is not su�cient to explain all the stages of the
symmetry breaking chain nor to generate the correct CKM mixing in the quark sector,
hence another Higgs multiplet is required. We have actually two other possibilities from
Eq. (43): the vectorial 10H and the antisymmetric tensor 120H representations. Moreover,
in the SUSY SO(10) model, also the conjugate representation 126H is necessary, in order
to cancel an additional D-term which can drive SUSY breaking at a higher scale ( > TeV).
Still an additional contribution, for example from the 120-dimensional representation, is
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necessary to break properly the SU(5) subgroup symmetry.
Therefore, regarding the Higgs sector, we need at least two distinct Higgs multiplets in a
SUSY SO(10) model to break the symmetry properly, throughout all the breaking chain
down to the SU(3)C × U(1)Q: a usual choice may be the 126H and the 210H representa-
tions, plus the 126H required to preserve the D-�atness of the supersymmetric vacuum (i.e.
by requiring 〈Da〉 = 0). In addition, to �t the �avor structure of the CKM matrix, a further
multiplet must be added, for example the 10H or the 120H .

Supersymmetric SO(10) GUTs then provide a viable and testable extension of the Standard
Model [228, 231�237]. Indeed, the few parameters of the mass matrices imply the strong
predictability of the minimal SO(10) model for low energy experiments [238]. Moreover,
another feature of the minimal SUSY SO(10) model is the automatic R-parity conservation
along all the symmetry breaking chains, down to low energy. It can also be embedded into
string theory models.

3.2 Pati-Salam and left-right symmetries.

The �rst uni�cation assumption in the literature was made by Pati and Salam (PS) [239]
who proposed that lepton number was the fourth color, thereby enlarging the color group
from SU(3) to SU(4). This partial uni�cation of quark-leptons entails that one family of
quarks and leptons can reside in two irreducible representations of a left-right symmetric
group SU(4)C × SU(2)L × SU(2)R :

(4,2,1) =

(
ur ub ug νe
dr db dg e

)
L

(45)

for the left-handed fermions of the �rst family, where r,b,g are the color charges of quarks
and leptons are seen as the fourth color. Equivalently, the right-handed fermions are acco-
modated in the representation (4̄,1,2).
The weak hypercharge is

Y/2 = T3R + 1/2(B − L) (46)

therefore in PS electric charge is quantized.
After the introduction of the PS model, it was realized that the group SO(10) actually
contain PS as a subgroup and it can unify quarks and leptons into one irreducible repre-
sentation, thus leading to a more complete symmetry. In e�ect, the 16F representation of
SO(10) can be decomposed into:

16F = (4,2,1)⊕ (4̄,1,2) (47)

at the PS stage and into

16F = 10⊕ 5̄⊕ 1 (48)

under SU(5).
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Left-right symmetric models The origin of left-right (LR) symmetric models hails from
the tentative explanation of the observed left-handedness of weak interactions by means of
symmetry breaking [240,241]. Indeed, the asymmetry between left and right is a re�ection
of the chiral structure of weak interactions, and it is still not understood.

We may think about restoring parity at high energies. The minimal model which imple-
ments this idea is based on the gauge group U(1)B−L×SU(2)L×SU(2)R, thus introducing
new gauge bosons, partners of the weak bosons of the SM [242,243]. Both left-handed and
right-handed fermions are assigned to SU(2)L and SU(2)R doublets, as if parity was an
unbroken symmetry of the theory. The LR symmetry is then broken spontaneously, either
at high energy scale ( which �ts well with GUTs and neutrino mass models) or at low energy
(∼ TeV), which turns to be more interesting because of possible experimental probes. The
LR breaking results in new gauge bosons, W±

R , ZR, more massive than the standard W±
L

and Z0. Sure enough, the new WR boson cannot be arbitrarily light, according to the chiral
nature of the SM.

LR models can be easily embedded in a SO(10) GUT theory, since the LR symmetry can be
part of the symmetry breaking chain as shown in Tab. (1.3). One possible breaking chain
of SO(10) GUT models is

SO(10) → SU(3)C × SU(2)L × SU(2)R × U(1)B−L (49)

→ SU(3)C × SU(2)L × U(1)R × U(1)B−L.

Among the many features of left-right symmetric models there is the capability to explain
the mass of light neutrinos through the seesaw mechanism (see Section 4.3), which can be
naturally embedded in these kind of models. Moreover, this setting shows another appealing
feature, being capable of stretching the LR symmetry breaking down to the TeV scale, thus
resulting of interest for searches at colliders. We will deal with this kind of models in more
detail in Chapter 3.
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4 Models for neutrino masses

In this Section we will comment brie�y on the theoretical models accounting for neutrino
masses. Detailed reviews on this subject can be found for instance in [244�248].

4.1 Dirac or Majorana?

ADirac mass term for the neutrino in the SM would mirror the mass term for the electron,
meaning that neutrino masses have the same origin as the other fermion masses. However
this implies a naturalness problem, being the upper bound for the neutrino mass so small
(∼ 1 eV) and the masses of the other particles much heavier. Ignoring for the moment this
problem, we can describe a Dirac neutrino by a 4-component Dirac spinor ν, which can be
written as

ν =

(
χ

σ2φ
∗

)
(50)

where χ and φ are 2-component Weyl spinors and σ2 is a Pauli matrix. According to their
chirality properties, left-handed and right-handed neutrinos are de�nded as:

νL = PL ν νR = PR ν (51)

where PL,R = 1
2
(1∓ γ5) are the chirality projectors. Therefore, in terms of Dirac spinors we

obtain:

νL =

(
χ
0

)
νR =

(
0

σ2φ
∗

)
. (52)

If we further apply charge conjugation to ν

νc = Cν̄T = −γ2γ0ν̄T =

(
φ

σ2χ
∗

)
(53)

we see that the Weyl spinors χ and φ get exchanged. The consequence is that for Dirac
neutrinos the antiparticle does not coincide with the neutrino: ν 6= νc.

The Lagrangian Dirac mass term for neutrinos would have the form:

−LmassD = mD
ν ν̄LνR + h.c. = mD

ν ν̄ν (54)

if three families of right-handed neutrinos νR, singlets under the SM gauge group, are added
to the SM particle spectrum, with their corresponding Yukawa couplings. The mass term
mD
ν = Yν〈H〉 would come from the Lagrangian term after electroweak symmetry breaking:

−LY = YνHLν
R + h.c, (55)
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Dirac Majorana

ν 6= ν̄ ν ≡ ν̄

4 states: νL νR ν̄L ν̄R 2 states: νL ν̄R

−L = mD (ν̄LνR + ν̄RνL) −L = 1
2
mL (ν̄Lν

c
R + ν̄cRνL) +

1
2
mR (ν̄cLνR + ν̄Rν

c
L)

Table 1.4: Dirac neutrinos versus Majorana neutrino properties.

where Yν is a 3 × 3 matrix. Being the vev of the Higgs 〈H〉 ∼ 100 GeV and the absolute
scale for neutrino masses below ∼ eV, the entries in Yν must be below 10−11. This value
of the Yukawa coupling for the right-handed neutrinos means that they couple very weakly
to the rest of matter, thus leading to negligible contributions to other phenomenological
processes. But, as we said at the beginning of the discussion, the right-handed neutrinos
are not included in the SM because, so far, weak-interaction experiments have not detected
them.

Since the neutrino has no electric charge, it is possible to write down another kind of mass
term, the so called Majorana mass term, which for right-handed neutrinos would have
the form:

MRν̄Rν
c
R. (56)

It is indeed possible to build Lorentz invariant theories with spinors that only have two
independent components, instead of four as for Dirac spinors. This is achieved by using
the mathematical formalism of 2-component Weyl spinors. It is possible to describe Dirac
fermions in terms of 2-component pieces, in order to understand the relationship between
Dirac and Majorana fermions.
A 4-component spinor Ψ can be split as Eq. (50), where χ and φ are two 2-component
spinors and it can be shown that one Dirac fermion is equivalent to two Majorana fermions
with the same mass but opposite CP.
Majorana neutrinos have been introduced by Majorana [249] many years ago. The Majo-
rana mass term annihilates a left-handed neutrino and creates a right-handed antineutrino,
which means that it changes a particle to an antiparticle. In doing so, this term violates
the lepton number L, changing it by two units. Indeed, Majorana fermions cannot have
conserved U(1) charges. It is nonetheless a valid mass term because it changes the handed-
ness in the right way to yield a nonzero mass, and it conserves electric charge because the
neutrino has no electric charge. Nevertheless, as already said, it cannot be included in the
SM because it violates the weak symmetry twice, changing the hypercharge by two units
and not being invariant under the weak isospin symmetry. Indeed, left-handed neutrinos
are part of a lepton doublet L, and the Higgs �eld also forms a weak doublet H, and the
SU(2)× U(1)Y gauge invariance forbids a Yukawa interaction of the kind HLL.

The properties of the two types of masses are summarized in Tab. (1.4). The nature of
neutrinos also has phenomenological implications. For example, neutrinoless double beta
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decay is possible only if neutrinos are Majorana type [250,251].

We will comment here on one of the most popular mechanism to give masses to neutrinos
beyond the SM: the Seesaw mechanism [72,252�256]. There are many possible realizations
of the seesaw mechanism. They all lead to the same pattern of neutrino masses but di�er
in many other respects. In the following we will discuss the three main realizations of the
seesaw mechanism.

4.2 Weinberg operator

Generic new physics which may explain neutrino masses but is too heavy for being directly
studied manifests at low energy as non renormalizable operators (NRO), suppressed by
heavy scales Λ. An e�ective operator is a NRO that summarizes the essential ingredients
of a model. Talking about Majorana neutrino masses, the essential operator violates the
lepton number by two units. Such an e�ective operator must integrate out all high energy
new physics, in full analogy with the non-renormalizable dimension-6 Fermi operator in the
theory of weak interactions (where the W boson is integrated out at low energy scales).
Let's assume then that there is new physics at a high scale Λ. It will manifest itself by some
non-renormalizable operator suppressed by powers of E/Λ at energies E � Λ. A dimension
�ve operator has been introduced by Weinberg in the 70s [257] of the form:

OW =
1

Λ
LiLjHH (57)

where Li and Lj are lepton doublets, and H is the SM Higgs doublet

H =

(
φ+

φ0

)
.
It is the only dimension-5 operator consistent with the gauge symmetry of the SM, and it
generates a Majorana mass term for neutrinos after EWSB, through the nonzero vacuum
expectation value (vev) of the Higgs:

Oνν
W =

1

Λ
νiνjφ

0φ0 (58)

thus leading to the dependence mν ∝ 〈v〉2
Λ
, which is quadratic in the Higgs vev, in contrary

to the rest of fermions whose masses result to be linear in v.
The underlying nature of the Weinberg dimension �ve operator is still unknown. We don't
know which realization of the seesaw mechanism is the one which gives birth to this low
scale operator, nor the associated energy scale.

4.3 Seesaw mechanism

We can have high (Λ ∼ 1014 − 1015 TeV) and low-scale (Λ ∼ TeV) realizations of neutrino
mass models, depending on the mass of the messengers associated with the Weinberg oper-
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(a) Seesaw type I (b) Seesaw type II (c) Seesaw type III

Figure 1.5: Seesaw types

ator [258].

At tree-level, three di�erent realizations of the Weinberg operator are possible:

� Type I: fermionic singlet [254,259,260]

� Type II: scalar triplet [72,252,253,255,261]

� Type III: fermionic triplet [256]

The one with the scalar singlet is not allowed, although doublets can be combined in singlets
and triplets ( 2⊗ 2 = 1⊕ 3), because of symmetry reasons.

The most general approach to describe neutrinos is a combination of Dirac and Majorana
mass terms.

Type I

A new fermion with no gauge interaction (a singlet) is added to the SM playing the role
of the intermediate particle, a right-handed neutrino νR for instance, with mass MνR . The
Higgs and lepton doublets combine to form gauge singlets too. If YνR is the coupling HLνR,
we can write the mass term in the Lagrangian as:

Lmassν = −1

2
(ν̄cL, ν̄R)M

(
νL
νcR

)
+ h.c. (59)

being

M =

(
0 mD

LR

mD
RL MM

νR

)
(60)

the mass matrix for the neutrino, where both Dirac mass terms mD and Majorana mass
terms mM are present. The mass for the light left-handed neutrino is given by:

mν =
m2
D

MνR

=
Y 2
νR
v2

2MνR

. (61)

The e�ective neutrino masses are much smaller than typical charged fermion masses.
In general, MνR can be of any order, but there are two interesting extreme cases:
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� Pure Majorana neutrinos. If MνR >> YνRv the diagonalization of the mass ma-
trix gives three almost pure left-handed neutrinos with light Majorana masses mν =
−mT

DM
−1
νR
mD.

� Pure Dirac neutrinos. IfMνR = 0 the mass matrix gives three Dirac neutrinos (pseudo-
Dirac if MνR << YνRv) with mass mν = YνRv. In this case the conservation of lepton
number is restored. Nevertheless, to get the correct value of neutrino masses requires
a Yukawa coupling of the order YνR ∼ 10−12 much smaller than the other Yukawa
couplings of the SM.

An alternative to the simplest type-I seesaw model, is obtained by extending the seesaw lep-
ton content, by adding three extra SU(2) singlets Si charged under U(1)L. After electroweak
symmetry breaking the mass matrix is:

M ν =

 0 mT
D MT

L

mD 0 MR

ML MT
R µS

 . (62)

in the basis ν, νR, S. When ML = 0 and µS 6= 0 it is called inverse seesaw, while when
ML 6= 0 and µS = 0 we talk about linear seesaw. We will discuss these two kinds of seesaw
mechanism in Chapter 4.

Type II

In this case a SU(2)L scalar triplet with hypercharge 1 is added to the SM, which we can
call ∆. For instance, one can add one "Higgs" triplet ∆, composed by three components
with charge 0,+1,+2.
The Lagrangian mass term becomes:

Lmass = −M2
∆|∆|2 − λ∆L∆L− µhH∆H + h.c. (63)

where we have omitted gauge and �avor indices for the sake of simplicity. Integrating out
the heavy triplet generates the Majorana mass operator, (LH)2 as in the previous case.
The presence of both the terms h∆L∆L and µhH∆H breaks the lepton number by two
units. When the Higgs �eld gets a vev v, as long as M∆ >> v the light neutrino masses are
generated:

mν =
λ∆µhv

2

2M2
∆

. (64)

The seesaw mechanism works also in this setting: the lightness of the left-handed neutrinos
observed at low energies is again explained by the heaviness of another �eld, the triplet ∆.
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Type III

Here, the H and L �elds combine to form a fermion triplet and thus the intermediary particle
must be a fermion triplet as well. The extra fermion Σ which is added to the SM is a SU(2)L
triplet with zero hypercharge. The Lagrangian mass terms contain again �avor matrices:

Lmass = −MΣ

2
ΣΣ− λΣΣLH + h.c. (65)

The formal structure of this kind of seesaw is very similar to the structure of seesaw type-I.
Indeed, everything works in the same way, and light neutrino masses are obtained:

mν =
λ2Σv

2

2MΣ

. (66)

In conclusion, in this Chapter we have reviewed many interesting motivations for new physics
beyond the SM and introduced some of the most promising theoretical extensions. We have
also discussed possibile ways to experimentally test these scenarios, and commented about
the present status of SUSY searches at the LHC. In the next Chapter, we will focus on
WIMP DM searches.



CHAPTER

TWO

WIMP DARK MATTER SEARCHES

In Section 1.2 of the previous chapter we have introduced brie�y some of the main DM
candidates. In this thesis we will consider DM in the form of WIMPs. Therefore, for the
sake of brevity, we will discuss here the search strategies for WIMP DM, and among them
we will focus on the indirect detection. Indeed, indirect detection through γ-rays will be
the topic of part II of this thesis.

WIMP DM particles are supposed to be bounded in the halo of our galaxy, which therefore
represents a good place to look for relic WIMPs. The DM particles possess a matter den-
sity and velocity distributions which depend on the dynamics of the galaxy formation and
evolution and which are subject to many uncertainties.
Experimental searches for DM relic particles depend on the particle physics properties of the
DM particles, namely on their interactions with the SM particles. There are two approaches
that take advantage of these interactions: (1) direct detection: the search for the interaction
of DM particles with nuclei in underground detectors and (2) indirect detection: the search
for the products of annihilations or decays of DM particles. Despite being very di�erent,
the two methods are complementary. Notably, a striking proof of the discovery of WIMP
DM would be positive evidence seen with the two techniques.
Given a speci�c WIMP DM model, these observational channels can be related, as illus-
trated in Fig. 2.1. In addition, the �gure relates these two techniques with the possible
direct production of new particles in laboratory: usually at large colliders such as the LHC,
or using specialized experiments (see Section 2.3 in Chapter 1). Nevertheless, the produc-
tion of a new particle alone at accelerators is not su�cient to interpret it in terms of DM:
only the interplay between the production at colliders and astrophysical observations could
indeed lead to this interpretation.

1 Dark matter direct detection

WIMPs trapped inside our Galaxy can scatter o� a nucleus in underground detectors, de-
positing about tens or hundreds of keV of kinetic energy, since their mean velocity relative
to the galactic center is expected to be similar to that of galactic objects like stars, i.e.

55
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Figure 2.1: Basic scheme of di�erent types of searches for DM, valid in absence of res-
onances and co-annihilations. The �gure depicts the interaction of WIMP DM with SM
particles. The cross sections for thermal production in the early Universe, for indirect de-
tection and for direct detection are related to each other. Moreover, the production of new
particles at colliders, which could be interpreted in terms of DM, is shown. Figure from
(http://www.mpi-hd.mpg.de/).

∼ 10−3c.
The direct detection rate of WIMPs depends on many parameters: on the particle physics
side, the mass of the WIMP mχ and its cross section on the target nuclei σχN , whereas on
the astrophysics side, the local halo density ρ0 and the velocity distribution of WIMPs in the
galaxy f(v). The di�erential rate is usually expressed in terms of counts/kg/day/keV [262]:

dR

dER
=

ρ0
mN mχ

∫ ∞

vmin

vf(v)
dσχN
dER

(v, ER) dv , (1)

where dσχN

dER
(v, ER) is the di�erential cross-section for the WIMP-nucleus elastic scattering

and vmin is the minimum WIMP velocity which can cause a recoil of energy ER. For WIMPs
which are gravitationally bound to the Milky Way the upper limit is actually the local escape
velocity, that is the maximum speed in the galactic rest frame.
The WIMP-nucleus cross section is obtained starting from an e�ective lagrangian which
describes the interactions of WIMPs with quarks and gluons:

LAV = χγµγ5χ Qγ
µγ5Q (2)

LV = χγµχ QγµQ

LS = χχQQ,

where χ stands for the WIMP �eld and Q is the quark �eld. The former involves axial vector
currents, while the other two involve scalar and vector (if the particle is not Majorana-type)
WIMP and quark currents. The WIMP-nucleon cross section is then obtained through the
use of the hadronic matrix elements, which although subject to large uncertainties, allow for
the description of the nucleon content in terms of quarks and gluons. The WIMP-nucleon
cross section can be separated in two contributions, one spin-independent and the other
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spin-dependent. These two components are added through the inclusion of nuclear wave
functions which �nally give the total WIMP-nucleus cross section.
The axial-vector contribution in Eq. (2) gives a spin-dependent coupling, whereas the other
two contribute to the spin-independent cross-section. The nucleus spin-dependent cross
section depends on the nuclear spin factor J; the spin-independent cross section scales as
∼ A2 (for contact interactions and if the DM particle has the same coupling to protons and
neutrons), the square of the mass of the nucleus.

Two experimental signatures are expected from WIMP signals in direct detection experi-
ments: an annual modulation of the recoil rate due to the Earth speed variation, leading
to a seasonal modulation and a daily forward/backward asymmetry of the nuclear recoil
direction, due to the daily rotation of the Earth, namely the Earth's motion with respect
to the Galactic rest frame [263].

Direct detection experiments can test a range of DM masses from a few GeV up to tens of
TeV. Indeed, at low WIMP masses, the detector sensitivity drops because of the detector
energy threshold. This leads to the need for low nuclear recoil energy threshold detectors.
At high masses direct detection experiments actually tend to run out of sensitivity (with
a linear decrease), due to the rate dependence on the inverse of the WIMP mass. Among
many other parameters, the WIMP recoil rate depends on two factors: the total mass of the
detector and the nuclear composition of the detector target. The best sensitivity is reached
for WIMP masses close to the mass of the recoiling nucleus. Direct detection experiments
usually make use of either Ge, Xe, Na, I, Si as target material.

In the last two decades the sensitivity of direct detection experiments has increased consid-
erably, expecially in the low-mass range say below 100 GeV of mass. Nevertheless, DM has
not been detected yet, although some intriguing signals have been reported, which might
be attributed to DM (see later). There are nowadays many competing experiments all over
the world: CDMS [264�267], CRESST [268], CoGeNT [269, 270], EDELWEISS [271], EU-
RECA [272], DAMA [273], ZEPLIN-III [274], XENON [275, 276, 276, 277], COUPP [278],
DRIFT [279], ArDM [280], WARP [281] and LUX [282].

The concept at the basis of direct detection experiments is to detect the recoil energy of nu-
clei hit by WIMPs which pass through the detector [206]. The scattering event will produce
recoil energy which can be measured (through scintillation, ionization and heat depending
on the target material and the detection technique) to extract information about WIMPs.
However, the DM expected signal is much smaller than the background of muons, thus mak-
ing this kind of experiments very challenging. The goal for these technologies is to shield
the radioactive background, they are indeed installed underground to block cosmic muons,
which would otherwise produce neutrons simulating the WIMP signals. Ideally these exper-
iments can distinguish between the signal nuclear recoil and the background electron recoil.
For a given deposited energy, the relative scintillation, ionization, or phonon signals (or a
combination of them) are often di�erent for electron and nuclear recoils and therefore allow
for a discrimination. For instance, cryogenic detectors such as CDMS and CRESST operate
at low temperatures (. mK) and they can distinguish nuclear from electronic recoils using
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di�erent signals. In this kind of experiments the phonon response is used to determine the
total recoil energy of an interaction, whereas a second detector response that is dependent
on the type of recoil, such as scintillation (CRESST) or ionization (CDMS), provides infor-
mation about the background.
Other experiments make use of noble liquid gas, such as XENON100, LUX, WARP, ArDM
and Zeplin-III. The general principle behind this technique is that most of the noble gases,
such as Xe, He and Ar scintillate from particle interaction. The scintillation light being
not absorbed by the medium provides therefore a signal. Moreover, the outer layers of
a large volume of liquid scintillator act as a self shielding, by absorbing external parti-
cles. This technology has also another variant which employs both a liquid and a gaseous
phases (XENON100, LUX, WARP, ArDM). When a particle interacts with the liquid gas,
it produces both a primary scintillation and electron-hole pairs; the electron then produce
secondary ionization in the gaseous phase that leads to a secondary scintillation. Therefore,
this technique utilizies both the scintillation and the ionization of the medium. Scintilla-
tion light signals are also produced in solid crystals proportionally to the amount of energy
imparted to a recoiling electron. For instance, DAMA is an experiment that makes use of
this technology.

We will now discuss some of the currently most important direct detection experiments,
which are either currently running or have run in the last decade, and give very stringent
constraints on WIMP cross sections. In particular, the most stringent constraints come from
XENON100 and CDMS-II. Moreover we will comment about some experiments that have
reported possible detection of signals, namely DAMA, CDMS-II, Cogent and CRESST.

CDMS The Cryogenic Dark Matter Search (CDMS) consists of a series of direct detection
experiments started in 2002, located underground in the Soudan Mine in Minnesota [264,
265, 267]. The current experiment, CDMS-II, with its 5-kg Ge-Si target mass has set very
sensitive limits on the interactions of WIMP DM with nuclei [265,266].
CDMS belongs to the class of cryogenic detectors: it measures the ionization and phonons
produced by every particle interaction in the germanium and silicon crystal substrates which
it is made of. It can distinguish between WIMPs (or neutrons, which are nonetheless part of
the background) and other charged particles because the ratio of ionization signal to phonon
signal di�ers for particle interactions with atomic electrons and atomic nuclei. WIMPs are
expected to produce these nuclear recoil. The two materials which compose the detector
(Germanium and Silicon) can help with distinguishing between interactions from neutrons
and those from WIMPs, since WIMPs are expected to have interaction rates depending on
the mass of the nuclei. The low atomic mass of Silicium generally makes it a less sensitive
target for spin-independent WIMP interactions: nevertheless, this material is advantageous
in searches for WIMPs of relatively low mass.
The CDMS-II experiment gives a strong limit on the WIMP-nucleon cross-section above
half the Z-boson mass, with the sensitive limit of 4×10−44cm2 for a WIMP mass of 60 GeV.
It has been proposed to improve the CDMS series of experiments, with a larger detector
called SuperCDMS [283, 284]. The sensitivity should increase by at least one order of
magnitude.
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XENON The XENON experiment [275�277,285] makes use of a recent detector technol-
ogy which contains liquid Xenon as the detector medium. It started in 2005 and it is placed
at the Gran Sasso underground laboratory in Italy.
The principle behind this kind of dual-phase noble liquid detector, is that particle interac-
tions inside noble gases such as Xenon produce scintillation and ionization. The scintillation
light is then not absorbed by the medium, but can be extracted from large volumes of de-
tector material. Moreover, if the volume of the liquid noble gas is very large, the inner part
turns out to be almost entirely background-free, because the outer layers of the medium
work as shields for the cosmic ray background. Apart from the scintillation light, the inter-
action of the WIMP with the noble gases creates electron-hole pairs. A strong electric �eld
is then applied, to guide the electrons towards the part of the detector where the gaseous
Xenon is held in equilibrium. There, the electrons produce ionization that leads to secondary
scintillation. The secondary scintillation radiation is used to discriminate between electron
(typical of gamma and beta radiation) and nuclear (typical of WIMPs and neutrons) recoils.
The �rst realization of the XENON experiment was called XENON10 and started in 2006
[275]. It did not �nd any WIMP signatures, but limits on WIMP-nucleon cross sections
were set around 10−43cm2 for a 30 GeV WIMP mass. In 2008 the detector was updated
to a larger version, XENON100 [276, 277]. Again, no DM signal was observed above the
expected background, but the upper bound on the cross section has improved by one order
of magnitude. Currently the project is getting improved to XENON1T [285], whose �ducial
volume will contain 1 ton of liquid Xenon.

The LUX [282] detector is another example: it is a dual-phase 350 kg liquid xenon detector
being commissioned in the Homestake mines, which aims to detect WIMPs with a spin
independent cross section per nucleon of ∼ 10−46cm2.

DAMA DAMA [286] is a direct detection experiment which uses radiopure scintilla-
tors (NaI, Xe) to search for WIMPs in the galactic halo. The �rst generation of de-
tectors, DAMA/NaI [287, 288] operated from 1996 to 2002, whereas the 2nd generation
DAMA/LIBRA has become operating in March 2003 [273,289,290].
DAMA/NaI was made up of almost 100 kg of low radioactive scintillating NaI(Tl) crys-
tals. It was conceived to investigate the model independent annual modulation signature
expected for DM. Indeed, due to its rotation around the Sun, the Earth should be exposed
to a higher �ux of DM particles in June 2 and to a smaller one in December. The experiment
has been reporting since 1997 a positive model independent evidence of a cosine-like annual
modulation signal which the collaboration claims to be compatible with the presence of DM
particles in the galactic halo [286,290�293].
The 2nd generation DAMA/LIBRA detector, has a larger target mass, ∼ 250 kg of highly
radiopure NaI(Tl). This experiment, which is currently taking data, has further con�rmed
a peculiar annual modulation signal in the 2-6 keV energy region with all the characteristics
typical of a DM-induced signal at 7.5 σ level. Including also the data from the �rst genera-
tion DAMA/NaI experiment the C.L. becomes 9.3 σ [286,290].

We show in Fig. 2.2 the current upper limits on the spin independent cross section from
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some direct detection experiments. Notably, we show the upper bounds from CDMS-II (Ge
low threshold result) [265], CDMS-II (Silicon detectors upper limits) [267, 294], Edelweiss
II [271], ZEPLIN-III [295], XENON100 [277] and the predictions for XENON 1T [285]
and SuperCDMS [283]. We further show in the plot the regions of signal detections of
CoGeNT [270] and DAMA/LIBRA [289]. Moreover, for the sake of illustration, we show in
the plot the theoretical favoured regions for cMSSM and mSUGRA models [296,297].

Figure 2.2: Plot showing results for direct detection experiments: summary of the latest
results and future expectations for the bounds on spin independent cross section. In red
(plain): CDMS-II (Ge low threshold result) [265]; red (dashed): CDMS-II (Silicon detectors
upper limits) [267, 294]; magenta area: CoGeNT Annual Modulation Search [270]; orange
regions: DAMA/LIBRA (with and without ion channeling) [289]; green (plain): Edelweiss
II [271]; black (plain): XENON100 [277]; light blue area: frequentist analysis of the probable
ranges for cMSSM and mSUGRA parameters [296,297]; red (dotted): SuperCDMS (15 and
100 kg), proposal [283]; yellow (plain): ZEPLIN-III [295]; black (dotted): XENON 1T,
predicted [285]. The cross section on the target nucleus has been renormalized to the
equivalent cross section on a single nucleon in order to compare results from di�erent direct
search experiments. (Figure done with http://dmtools.brown.edu/)

There have already appeared intriguing signals that might be interpreted in terms of DM. We
comment here brie�y about these interesting although non de�nitive hints of DM particles.
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1.1 Claims of possible detections of DM with direct detection ex-
periments.

Some experiments, i.e. DAMA/LIBRA, CRESST, CDMS-II and CoGeNT, claimed anoma-
lies in the data or even possible WIMP detection.
In the past decades many DM searches have been carried out focusing on WIMPs of mass
in the range 100 GeV < mχ < 1000 GeV. However some recent direct detection results have
been pointing towards lighter particles, of mass ∼ 10 GeV, from observations of an excess
of events over the expected background observed by CoGeNT, CRESST-II and CDMS-II,
and the annual modulation signal seen by DAMA. Nevertheless, null observations by other
leading experiments, such as XENON10, XENON100 and CDMS-Ge, set strong constraints
thus leading to some tension with the previous results [277,298�302].

The DAMA/LIBRA experiment [303], has reported a model independent positive evidence
for the presence of particle DM in the galactic halo through the detection of a yearly mod-
ulation in the measured event rate. They observed an annual modulation signal with the
maximum around June, as expected, in the 2 to 6 keV energy interval [286, 290]. The in-
terpretation of this signal in terms of WIMP DM has raised many questions, concerning
mainly the compatibility with other experiments. However, the DAMA collaboration claims
that direct comparisons between experiments using di�erent target materials is not straight-
forward, because it implies the consideration of scaling laws (to cross sections on nucleon
for the di�erent target nuclei). Moreover, other experiments like CDMS and XENON are
not conceived for measuring the modulation signal. A further uncertainty which enters in
the interpretation of these results is that one has to make assumptions in order to infer
these constraints, for instance about the WIMP velocity distribution. In order to clarify
the experimental situation, it would be necessary to follow a model independent approach.
The issue of understanding the nature of the DAMA annual modulation has been widely
studied in the literature [298, 299, 304]. Maybe the recent upgrade of the DAMA detector
might help shedding light on this controversial situation.

The CoGeNT collaboration also reported an excess of low-energy events and annual mod-
ulation which could be explained in terms of a very light WIMP [269, 270]. The spectrum
below 4 keV-electron equivalent exhibits an excess of events which is compatible with a light
WIMP of mass ∼ 10 GeV. However, the CoGeNT collaboration has reported that there may
be a possible instrumental inconsistency due to a higher estimate for the rate of non-rejected
surface events near their energy threshold [300,305].

The CRESST collaboration also claims an excess of events [268, 302], which is compatible
with WIMPs of 10 and 30 GeV masses.

While no candidate events were found in the small data set from the �rst run of CDMS-
II [294], a longer exposure of the CDMS-II Silicon detector [267] revealed three WIMP-
candidate events with an expected total background of 0.7 events. Silicon detectors are a
good choice to probe the light mass region of the parameter space because they have target
nuclei with low mass number, and low energy threshold. The highest likelihood of this result
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is found for a WIMP with mass ∼ 8 GeV and a cross-section ∼ 10−41cm2.

2 Dark matter indirect detection

Another DM detection technique consists in the search for the annihilation (decay) products
of DM particles, such as photons, antimatter and neutrinos [87] as anomalous components in
cosmic rays (CRs). The �ux of such a radiation is proportional to the annihilation (decay)
rate, which depends on the square of the DM density (or on the DM density in the case of
DM decays). WIMPs are expected to annihilate very e�ciently in regions of the surrounding
universe where the DM density is high, like the galactic centre, dwarf spheroidal galaxies,
and galaxy clusters, which therefore are good targets to look for indirect searches of DM.

Signatures of WIMP annihilation/decay are numerous, from neutrinos, to charged anti-
particles (positrons, antiprotons and antideuterium) and photons (gamma rays, X-rays,
synchrotron radiation). Any of the SM particles, quarks, leptons or gauge bosons can be
the products of DM annihilation or decay. In annihilation processes the �nal state usually
consists of a particle and its antiparticle. However, most of these particles decay rapidly,
leaving as �nal products only stable particles.
Final states which consist of e−, e+ and µ−, µ+ can produce a hard e± spectrum and muons
can also produce neutrinos. If WIMPs decay/annihilate into weak gauge bosons, gluons
and quarks. The latter states hadronize, thus resulting in hadrons as �nal products, such as
pions, protons and anti-protons, and eventually also deuterium and anti-deuterium nuclei.
Neutral pions decay into γ-rays, whereas charged pions produce electrons, positrons and
neutrinos. Taus can also decay hadronically to pions, thus leading to a γ-ray signal, or
produce a e± spectrum and neutrinos. Final states with neutrinos only produce a neutrino
spectrum, with a line feature if DM particles directly decay into neutrinos. If there is a
photon in the �nal state the signal is a hard γ-ray spectrum either with a edge, or a line.
Furthermore, any �nal state producing leptons can induce also secondary photon emissions
through the Inverse Compton scattering (ICS) or as synchrotron radiation.

Obtaining convincing evidence for DM from astrophysical observations of annihilation (de-
cay) products is quite a hard task, mainly because of the uncertainties that a�ect the
astrophysical background. Likely, only a cross-correlation of multi-messenger signals could
prove a DM detection, unless a smoking gun signal will come out (or will be con�rmed, as
for the claimed γ-ray line [306]). Concerning indirect detection, this for example could con-
sist of mono-energetic photons from WIMP annihilation in space or high-energy neutrinos
coming from the center of the Sun or Earth [87,204].

2.1 Neutrino �uxes

Neutrinos can be an important product of WIMP annihilation. They have the advantage
of propagating unabsorbed through the Galaxy and not being deviated by magnetic �elds.
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Moreover, they can cross dense objects with little interaction. They can be detected indi-
rectly, through huge Ĉerenkov detectors located underground via the showers of secondary
particles that they produce when interacting with the target material. The detector mea-
sures the Ĉerenkov light emitted by the charged particles (usually muons). The large muon
background can be reduced by selecting only tracks which originate from neutrinos that
come from the bottom, i.e. that have crossed the entire Earth. In this way experiments
may detect neutrinos coming from DM annihilations in the Galactic halo or Galactic Center,
or from satellite galaxies, although this kind of searches are usually less sensitive than other
indirect detection channels. The non-observation of high-energy neutrino �uxes from the
galactic center imposes constraints on the DM annihilation cross section.

Futhermore, neutrinos can originate from the center of the Sun or Earth. WIMPs may
indeed slow down and be captured inside celestial bodies like the Earth or the Sun, thus
enhancing their probability of annihilation [307]. WIMP annihilation processes include
χχ → tt̄, bb̄, cc̄, ZZ,W+W−, τ+τ−, which then decay into other particles among which are
neutrinos with a mean energy Eν ∼ mχ/2 ÷ mχ/3. Accumulation of the DM particles
trapped by the gravitational potential well of the Sun for example, increases their number
density, which can become large enough to produce detectable �uxes of neutrinos in neutrino
telescopes like Super-Kamiokande [308,309], ANTARES [310], IceCube [311,312], MACRO
[313], AMANDA [314]. Therefore, high-energy neutrinos (∼ 1GeV − 10 TeV) could be a
signature of DM accumulated in the center of the Sun, since solar neutrinos produced in
nuclear reactions have energies around MeV. The detection rate depends on many factors:
the WIMP mass, the annihilation rate, and the density inside the celestial object. The
di�erential neutrino �ux is:

dφν
dEν

=
Γ

4πd2
·
∑
i

dN ν
i

dEν
Bi , (3)

where d is the distance between the Sun and the Earth (or the Earth radius for neutrinos
coming from the Earth), dN

ν
i

dEν
is the di�erential number of neutrino events for each channel,

and Bi is the relative branching ratio and Γ is the annihilation rate which is related to
the capture rate inside the Sun, assuming that the two rates reach, or nearly reach, the
equilibrium inside the Sun. The capture rate is di�erent for spin-dependent and spin-
independent interactions.
Neutrinos are then observed by neutrino telescopes through their "muon tracks" produced
in charged current interactions inside of or nearby the detector. For a neutrino �ux dφν

dEν
the

rate of muon tracks in a detector is [87]:

Rν =

∫
Ethr

µ

dEν

∫ 1−Ethr
µ /Eν

0

dy A(Eµ)Pµ(Eν , y;E
thr
µ )

dφν
dEν

(4)

where Ethr
µ is the muon threshold energy of the experiment, A(Eµ) is the e�ective area of

the detector and Pµ(Eν , y;E
thr
µ ) is the probability that a neutrino of energy Eν interacts

with a nucleon producing a muon of energy E = (1 − y)Eν above the detector thresh-
old energy. This probability depends on the di�erential cross section for neutrino-nucleon
charged-current scattering and on the "muon range", i.e. on the distance travelled by muons
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before their energy drops below Ethr
µ .

These kind of searches, which look for DM captured in the Sun, are competitive with direct
detection experiments for probing spin-dependent WIMP-proton scattering [315, 316]. In-
deed, the non-observation of high-energy neutrino �uxes from the center of the Sun imposes
constraints on the scattering cross section of DM particles with nuclei1. For instance, Ice-
Cube [316] has set recent upper limits on the DM annihilation rate, which then have been
converted into limits on spin-dependent and spin-independent WIMP-proton cross-sections.
Details about how neutrino limits are converted into bounds on spin-dependent and spin-
independent cross sections, can be found in [317].

Other experiments like Super-Kamiokande [308,309] have set limits on WIMP DM, currently
giving better results for lower WIMP masses than IceCube.
In the near future, the Precision IceCube Next Generation Upgrade (PINGU) will be able
to cover the low-mass WIMP region and be competitive also in Galactic searches [318,319].
Moreover, low-threshold large water Cherenkov detectors, such as Hyper-Kamiokande [320],
will improve the search in the low mass WIMP region due to a better sensitivity.

2.2 Light charged anti-matter in cosmic rays

Light charged anti-matter particles are more di�cult to interpret as WIMP annihilation
products, because being charged, they do not point directly back to the source where they
originate, unlike neutrinos and gamma rays. Nonetheless, anti-matter particles can be an
excellent signature of WIMP annihilation to look for, because they are much less abundant
in the universe than the corresponding particles, and consequently the background is less
important.

WIMPs bounded in the galactic halo may annihilate (or decay) into SM particles, which
after decaying and through the processes of showering and hadronizing, give origin to �uxes
of charged CRs. These charged particles, once produced in a given point of the galactic
halo, propagate through the galactic magnetic �eld. The transport through the magnetic
turbulences is described as a di�usion process. During their propagation to the Earth,
these charged CRs may experience further energy losses due to synchrotron radiation, ICS,
bremsstrahlung, Coulomb losses and nuclear spallations, depending on the particle species.
While positrons are mostly a�ected by synchrotron radiation and ICS energy losses, for
antiprotons the nuclear spallation is dominant. Therefore, the number density per unit
energy dNf/dE of the particle species f obeys a di�usion-loss equation [321] which contains
terms accounting for the di�usion and the energy losses, as well as the source term accounting
for DM annihilations (or decays). The latter, in case of DM annihilations, reads:

Q(E) = η

(
ρ

mχ

)2

〈σannv〉 ·
∑
i

dN i
f

dE
Bi , (5)

1Once an assumption is done between the relative balance between capture and annihilation (e.g. and
typically, perfect equilibration between the two processes)
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where mχ is the mass of the DM particle, 〈σannv〉 is the WIMP annihilation cross section
times the relative velocity, averaged over the DM velocity distribution. The sum runs over
all primary channels i in which the CR species f is produced, Bi is the branching ratio into

the �nal state f . Being E the energy of the secondary particle,
dN i

f

dE
is the energy distribution

of the species f produced in a single annihilation. η = 1
2
for a self-conjugate particle like a

Majorana fermion or 1
4
otherwise. ρ is the DM density distribution in the galactic halo. We

will discuss about di�erent DM density pro�les in the introduction to Part II of this thesis.
In case of decaying DM the injected spectrum of CR leptons per volume and time becomes:

Q(E) = Γ

(
ρ

mχ

)
·
∑
i

dN i
f

dE
Bi , (6)

where Γ is the decay rate.

� Positrons An excess in the measured rate of the �ux of cosmic positrons over the
predicted rate could be due to the product of annihilations of DM. Hints of a rise in
the positron fraction e+

e++e−
at energies above ∼ 10 GeV were present in the data of a

spectrometer �own on a high-altitude balloon, the High Energy Antimatter Telescope
(HEAT) [322] and also in the space-based spectrometer AMS-01 [323]. This behaviour
was then con�rmed by the precision measurements made �rstly by the Payload for
Antimatter Matter Exploration and Light-nuclei Astrophysics (PAMELA) [324] and
then also by Fermi-LAT [325]. PAMELA's results generated great interest and spec-
ulations as to the origin of this positrons' excess.
To explain the data in terms of DM, many ad-hoc candidates have been proposed
[326�337]. If DM is the origin of this excess indeed, it must exhibit some charac-
teristics in order to �t the data and not to be in contrast with other observations.
Among these features, there is the need for very large boost factors (e.g., from Som-
merfeld enhancement), in order to have a very large annihilation cross section to match
the normalization of the positron ratio, ensuring that it still �ts other cosmological
constraints; moreover, either the DM is leptophilic, meaning it annihilates only into
leptons or if DM particles annihilate also to weak gauge bosons and Higgs, or their
mass must be heavier than TeV-scale. The latter requirement is due to anti-protons
constraints: no excess in the p̄/p fraction has been measured by PAMELA [338], in
the kinetic energy range between 60 MeV and 180 GeV. The result is in agreement
with secondary production and propagation models. The constraints from antiproton
data set very stringent limits both on annihilating and decaying DM [339�341].
Concerning the theoretical candidates which could �t the positrons excess, new model
building possibilities have been explored. Notably, regarding the possibility of get-
ting a large annihilation cross section today ( >∼ 10−23cm3s−1), to �t the CR excesses,
while keeping the smaller value of "natural" thermal cross section at the time of freeze-
out, several possibilities of boost factors have been introduced. The enhancement of
the production rate may indeed be achieved either via an astrophysical factor or via
particle physics mechanisms. The astrophysical solution bears on the chance of achiev-
ing the enhancement through some overdensities in the DM density distribution, as



66 WIMP dark matter searches

predicted by numerical simulations, although typical values are not large enough to
explain the required boost factor. Another mechanism of enhancement is via a reso-
nant state: if the resonance mass is just below twice the DM mass, the annihilation
cross section becomes sensitive to the velocity of DM particles. Since the DM par-
ticles are moving much slower nowadays than at the epoch of thermal decoupling,
the annihilation rate is enhanced because the resonant annihilation is more likely to
occur [342�344]. Finally, maybe the most studied mechanism is the Sommerfeld en-
hancement [333,334,345�349]. This non-perturbative e�ect is well known in quantum
mechanics since 1931, but it can occur also in DM annihilation when the DM par-
ticles annihilate with small relative velocity and exchanging a long-range interaction
mediated by a particle of mass mV . For the Sommerfeld enhancement to occur, there
exists a relation between the mass of the DM, the mass of the force-mediator and the
coupling constant: mDM

mV
>∼

1
α
. The enhancement then depends on the kind of force

and mediator (it has not necessarily to be a weak gauge boson, in which case the DM
particle should be heavier than 10 TeV, but it can also be a new kind of force with light
mediators). One of the features of the Sommerfeld enhancement is that it is inversely
dependent on the velocity of DM particles and consequently it tends to saturate at
large velocities. On the other hand, there are many signi�cant modeling uncertain-
ties in these DM scenarios, namely the propagation of charged particles through the
Galaxy, the mass of WIMPs, and their interaction rates. However, besides DM an-
nihilations, more standard astrophysical explanations of the positron fraction excess
are possible. Notably, a proposal introduces nearby pulsars acting as accelerators and
colliders that inject high energy positrons into the interstellar medium [350�354].
Very recently a much more precise measurement of the positron fraction at energies
between 0.5 and 350 GeV has been made by the Alpha Magnetic Spectrometer (AMS-
02) [355]. It con�rms the excess of high-energy positrons in Earth-bound CRs: the
positron fraction increases from 10 to 250 GeV. Positrons do not seem to show any
preferred incoming direction nor a time variation. These results are in agreement
with the DM-origin scenario. Nonetheless, the high precision of the AMS-02 experi-
ment is not yet su�cient to discriminate between DM and pulsar origin of the rising
positron fraction; more data are needed. Indeed, if the positrons have a DM origin,
its number is expected to drop suddenly at some energy. This cut-o� would be the
"smoking gun" of DM and would indicate the mass of WIMPs because the positrons
could not be created with more energy than the WIMPs' mass. Some recent works
including the AMS-02 results, though, suggest that models in which the DM annihi-
lates directly to leptons are no longer capable of producing the observed rise [354,356].

� Antiprotons Antiprotons may be produced by WIMP annihilation in the galactic
halo. Indeed, when WIMPs annihilate into quarks or gauge bosons, p̄ are produced
in the hadronization process 2. The background of antiprotons from galactic astro-
physical sources is expected to be less important than the signal. Nevertheless, the
estimate of the signal strength from antiprotons is a�ected by the uncertainty of the

2They can be produced even in leptophilic channels, taking into account electroweak corrections to the
tree level production processes, if the DM mass is multi-TeV.



2 Dark matter indirect detection 67

galactic propagation model, a process which involves both di�usion and energy losses,
and of the solar wind modulation. Many works have been done on the topic, see for
instance [340,357�360], and references therein. One among the most recent ones gives
constraints from the current data from Pamela as well as explores the perspectives for
AMS-02 [339].

� Antideuterons Antideuterons can also provide a useful indirect signature of DM
annihilation [361]. The coalescence process of an antineutron and antiproton into an
antideuteron is quite rare, however the secondary antideuteron background is even
rarer, so antideuterons may constitute a clean signature for DM especially at low
energies. A work about the status and the perspectives of this kind of searches has
recently been published: near-future prospects of detection with AMS-02 and the
General Antiparticle Spectrometer (GAPS) [362] are discussed in [363].

2.3 Gamma-rays from dark matter annihilations

In the last years, indirect γ-ray DM detection has evolved very rapidly, thanks to several
experiments such as the Fermi-LAT space detector, and will keep on improving with new
plans for a very large imaging air Cherenkov telescope array.

γ-rays can be produced by DM in di�erent ways:

� Prompt γ-rays: are the direct product of DM annihilations.

1. γ-ray lines: DM can directly annihilate in pairs into γγ, γH, γZ, or into a
photon and some new neutral state. This leads to monochromatic γ-rays with

energy Eγ = mDM

(
1− m2

Z,H

4m2
DM

)
or Eγ = mDM in the case of γγ. This signal

would give rise to a line as spectral feature, thus providing a striking evidence
for DM, since astrophysical sources are unlikely to mimic this kind of signals.
Unfortunatey, since the DM is neutral, this annihilation proceeds via loops of
charged particles, or through some other mediators and consequently this anni-
hilation channel is suppressed by O(α2

em). This makes the task of searching for
this spectral feature quite hard because it is usually not actually visible against
the continuous background, both of DM and astrophysical origin. However, this
is not the only process giving rise to prompt γ-rays.

2. γ-ray continuum: The hadronization and further decay of quarks as primary
annihilation products leads to a continuum of γ-rays , essentially originating from
the two-photon decays of neutral pions. The spectra for the di�erent annihilation
channels can be computed with event generators in a model independent way (see
for example [364]). Secondary γ-rays show a featureless spectrum with a rather
soft cuto� at the kinematical limit Eγ = mDM .

3. Radiative emission can be separeted into Virtual internal bremsstrahlung (VIB)
and Final state radiation (FSR). Indeed γ-rays can arise also via bremsstrahlung
from one of the internal particles in the annihilation diagram [365] (VIB), yielding
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a sharp feature in the spectrum, that peaks at an energy corresponding to the
DM mass. This emission is rather model-dependent. FSR photons are produced
whenever the �nal products of WIMP annihilation are charged. It is dominated
by collinear photons, thus most pronounced for light �nal state particles. This
gives rise to a continuum of γ-rays which shows a peak at energies smaller than
the mass of the DM and a sharp cut-o� at Eγ = mDM .

� Secondary γ-rays:

1. Inverse Compton Scattering : the high-energy electrons and positrons, created in
DM annihilations, can undergo ICS onto the low energy photons of the CMB, the
galactic star-light and the infrared background. Photons are then upscattered at
γ-ray energies. γ-rays from ICS also contribute to the continuum.

2. Bremsstrahlung : the emission originates from the interactions of the electrons
and positrons produced in DM annihilations with the electromagnetic �elds of
the atoms in the interstellar medium. The role of the bremsstrahlung in the
computation of the overall DM γ-ray emission is particularly relevant for lep-
tophilic DM candidates and for directions close to the Galactic plane, where the
gas density is larger [366].

Most relevant targets for gamma-ray indirect detection Best targets to look at
for γ-ray annihilation signals are DM dense objects and/or where the astrophysical back-
ground is low. However it is not easy to �nd such good targets which accomplish both the
requirements at the same time. For instance: the Galactic Center (GC) is a higly dense
target but unfortunately with a lot of background; therefore, it is usually preferred to look
at small regions around it. Substructures (subhalos) of the galactic DM halo are predicted
to exist by all CDM N-body simulations. If they exist, they are also dense targets. Dwarf
spheroidal or other classes of satellite galaxies of the Milky Way, which are supposed to be
DM dominated seem to be one of the preferred targets, because they have high DM density
and small background. Wide regions of the galactic halo, from which a di�use �ux of γ-
rays is expected, have a low density but they are a�ected by little background, especially if
rings some tens of degrees wide in galactic coordinates are chosen to do the analysis [367].
Finally, large scale structures such as galaxy clusters can do a good job too, because they
are quite dense objects and with little background, like dwarf galaxies. Another target to
look at is the entire universe: γ-rays coming from all halos and subhalos do contribute to
the so-called extragalactic γ-ray background which we will treat in detail in Part II.

� Galactic center Although the form of the density pro�le of DM in the central region
of the halo is still unknown, the GC is perhaps the brightest source of γ-rays from DM
annihilation (this is especially true assuming a cusped pro�le). The calculation of the
γ-ray �ux from DM annihilation in the GC implies the integration over a line of sight
which necessarily crosses the galactic disk, which harbours high-energetic astrophysical
processes which shade the DM contribution. The uncertainties related to the estimate
of these processes makes the GC a challenging target to look at. Moreover, the DM
distribution inside the galactic halo has many di�erent parameterizations, which have
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been obtained mainly by numerical simulations. They predict the same DM density
value in location of the Solar system, but they di�er most in the inner part of the
galactic halo. We will discuss some of the well established DM density pro�les in Part
II.
Current limits on DM annihilation cross section have been inferred from observations
of the GC [368�371] and these observations actually put the currently strongest limit
for heavy WIMPs (∼ 1 TeV): 〈σv〉 ∼ 10−25cm3s−1 [372].

� Dwarf galaxiesMany of the uncertainties related to the GC can be avoided by looking
at targets outside the galactic disk. Dwarf galaxies turn out to be an appealing target.
They are satellite galaxies of the Milky Way, which are expected to be DM dominated,
with poor astrophysical backgrounds (no active star formation nor hot gas) [373]. From
measuring the velocity dispersion of stars in these satellites, the gravitational potential
well is reconstructed and subsequently the DM density pro�le is inferred. This analysis
allows to put stringent limits on the DM annihilation cross section [374, 375], which
results to be bounded to values lower than the standard thermal cross section, for
WIMPs of masses lower than few GeV. For heavier WIMPs, say of hundreds of GeV,
the limits weaken.

� Galaxy clusters Galaxy clusters are the most massive virialized DM structures in the
universe and are also good targets for indirect DM searches [376,377]. They may host
a large population of DM substructures, as predicted by numerical simulations, which
further enhance the detectability of DM in clusters through a boost factor. However
little is known about the mass and spatial distributions of these subhalos, therefore
limits obtained from galaxy clusters, although they can be very stringent because of
the huge hierarchy of subhalos, are usually less robust than those obtained by dwarf
galaxies. The most recent constraints obtained from this population are in principle
stronger than those from dwarf galaxies, and they exclude the thermal cross section
for WIMPs with masses up to 100 GeV (bb̄ and τ+τ− channels) [378], but they are
a�ected by a large uncertainty in the modeling.

� Galactic and extragalactic di�use γ-ray emission The di�use γ-ray emission is
supposed to consist of the truly di�use galactic emission from the interstellar medium,
the extragalactic background and the contribution from unresolved point sources. The
former is the dominant component which has a wide distribution with most emission
coming from the galactic disk.
The galactic di�use non-thermal emission of γ-rays origins from the inelastic collisions
of CRs with the interstellar gas. These collisions give birth to neutral pions, which
then decay to γ-rays. Moreover, CR electrons and positrons produce γ-rays via pro-
cesses like the bremsstrahlung with the interstellar gas and the ICS o� the photons of
the CMB.
Therefore, the di�use galactic emission is closely connected to the production and
propagation of CRs. The modelling of CR di�usion in the galaxy deals with the
transport equation with a given source distribution and with boundary conditions for
all CR species. Solving the transport equation requires the handling of the di�usion
mechanism, the convection by the galactic wind, the treatment of energy losses, and
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eventually, also accelerations. For a detailed study of the galactic di�use γ-ray emis-
sion, we can refer to [379]. Uncertainties in the predictions of the hadronic contribution
to the galactic di�use emission have been addressed in [380].
The extragalactic di�use γ-ray background emission (IGRB or EGB) is the compo-
nent of the di�use γ-ray emission which is most di�cult to determine. It depends on
the model adopted for the galactic di�use background. Moreover, as we will discuss
in Chapter 5, it contains an astrophysical contribution which is still unknown, but
is believed to stem from unresolved point sources both galactic, such as pulsars and
milli-second pulsars and extragalactic like blazars and star-forming galaxies.

Experimental searches in the γ-ray sky. Cosmic γ-rays can be viewed mainly from
space, although above ∼ 0.1 TeV their interactions with the atmosphere produce showers
that can be detected by ground-based Ĉerenkov detectors through the light produced by
the relativistic particles.
Concerning ground-based telescopes, Whipple was the �rst IACT (Imaging Air Ĉerenkov
Telescope), then followed by four others which are arrays and can achieve larger e�ective ar-
eas, lower thresholds, and lower background: the High Energy Stereoscopic System (HESS),
the Major Atmospheric Gamma Imaging Ĉerenkov telescope (MAGIC), and the Very En-
ergetic Radiation Imaging Telescope Array System (VERITAS).
The HESS telescope [381] and VERITAS [382] are similar and complementary to each other,
being situaded in opposite hemispheres. They are both made up of an array of IACTs. HESS
is mainly sensitive to γ-rays in a range from tens of GeV to tens of TeV. The HESS collab-
oration has observed a strong γ-ray signal coming from the center of the galaxy, consistent
with a point source [383]. It has then published many results about observations towards
several di�erent targets: the galactic center [383,384], the region coincident with the galactic
plane of the Milky Way, called Galactic Ridge [385], the galactic center halo [372], dwarf
galaxies [386, 387], globular clusters [388]. No statistically signi�cant signal could be found
in the HESS search for photon line-like signatures from DM annihilations [389], but only
limits on the velocity-averaged DM annihilation cross section have been derived.
The VERITAS telescope also has observed the galactic center [390], some dwarf spheroidal
galaxies [391, 392] and a galaxy cluster [393]. In the southern hemisphere there is also
another telescope, the CANGAROO-III [394], whereas in the northen one the MAGIC tele-
scope [395] in Canary island of La Palma, is currently taking data.
The IACTs have small �elds of view, usually around 3-5 degrees. Therefore, they better
point to known sources instead of scanning large regions of the sky. Space-based telescopes
are better choices to look at more extended regions of the sky, although they have smaller
e�ective areas. The Energetic Gamma Ray Experiment Telescope (EGRET) [396] was built
in the Nineties to detect γ-rays in the low energy range (30 MeV to 30 GeV), in space.
EGRET detected an anomalous signal in the di�use galactic emission, notably an excess
in GeV photons [397, 398] which was however not con�rmed by later searches [399] and is
thought to be due to instrumental problems.
In 2008 the NASA's Fermi Gamma-ray Space Telescope was launched [400]. Fermi includes
the Large Area Telescope (LAT), a pair-conversion imaging γ-ray detector which detects
photons with energy in the range 30 MeV to 300 GeV. It has a large �eld of view of 2.4
sr, which enables to look at a large portion of sky at once. The Fermi-LAT collaboration
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has performed many interesting DM searches and published results about satellite galax-
ies [375, 401], the isotropic di�use background [399], the galactic di�use [402], clusters of
galaxies [403] and γ-ray lines [404�406]. We will treat Fermi-LAT searches for DM in the
isotropic di�use background in better detail in Chapter 5.

From analysis of public Fermi-LAT data, many "claims" for DM have been made recently.
Nevertheless, in all the cases the excesses or anomalies can be as well ascribed to astro-
physical or instrumental origins. All of them can just be considered as tentative "hints",
since most of the times these results are a�ected by uncertainties in the modeling of the as-
trophysical background or they are not con�rmed by independent observations of the same
signal in other regions or in other detection channels. For instance, an excess in the few
GeV γ-ray energy region has been observed and eventually be associated to DM annihi-
lation or to an astrophysical source (like Millisecond Pulsars), with origin in the Galactic
Center [370, 407�410]. Moreover, a new extended source of GeV photons near the Galactic
Center, above and below the galactic plane has been discovered [411]. It is labelled "Fermi
Bubbles" and has a correspondence in the radio seen in WMAP data [412]. It consists of
two de�ned regions, of several tens of degrees above and below the galactic plane, which
seems to have origin by some process in the Galactic Center. However, the DM origin is not
very favoured, while a CR origin is more probable [413].
A γ-ray excess from the Virgo cluster has also been measured [378]. Nonetheless, this result
was considered highly uncertain from the beginning, because it depends on the estimate of
the CR-induced photons, which, on the other hand, is not very accurate. A later analysis
showed that accounting for some astrophysical point sources, previously not considered, the
signal basically disappeared and it was instead possible to put quite strong constraints on
the cross section for DM annihilation, which resulted to be even more stringent than those
from dwarf galaxies [414].
In 2012 a quite strong claim was made, of an evidence of a (two) narrow line(s) in the
γ-ray spectrum. The spectral feature observed is indeed compatible with what is expected
for a narrow γ-ray line at 130 GeV (or corresponding to a DM mass of 150 GeV in the
case of virtual internal bremsstrahlung). It has �rst been observed in the Galactic Center
by using publicly available Fermi-LAT data by [306, 415]. The deduced annihilation rate
is model-dependent, namely it depends on the DM density pro�le: it has been estimated
∼ 10−27cm3s−1. Later on, the literature on the topic has increased exponentially and sim-
ilar claims have been made by other groups [416�419], with di�erent signi�cances. Even
an evidence of two lines in galaxy clusters [420], at 111 and 130 GeV, was made. How-
ever, alternative explanations have been proposed [421�423], including a pulsar origin of the
lines [424]. Furthermore, the Fermi-LAT collaboration did not �nd any globally signi�cant
lines in a bunch of regions selected to optimize sensitivity to di�erent theoretically-motivated
DM density distributions [406]. The e�ect has been intensely debated and it seems by now
to be due to statistical �uctuation, although only the recollection of further data by the
Fermi-LAT satellite will shed light on the "130 GeV line". If the DM origin should be con-
�rmed, it would be natural to expect and then to observe also a γ-ray continuum at lower
energies, due to the annihilation of DM particles into SM particles.

Summarizing, despite these "tentative" claims of DM evidence in the γ-ray sky, no signi�-
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cant anomalous signals have been concretely observed by now. Concerning the near-future
prospects of DM indirect detection through γ-rays, the next ten years will bring a plethora
of new data. Indeed, present experiments, thanks to their increased sensitivity and accuracy,
will allow to identify a signal or exclude many of the most common DM scenarios. Cur-
rently on-going experiments include Fermi-LAT, HESS-II, VERITAS and MAGIC. Planned
telescopes like the ground-based Ĉerenkov telescope array (CTA) [425] and the space-based
GAMMA-400 [426] will improve even more the DM searches, with their much better energy
and angular resolution.

3 Further dark matter searches

3.1 Cosmological indirect searches

DM annihilations have an impact on some phases of the history of the universe, namely the
Big Bang Nucleosynthesis (BBN) and the Cosmic Microwave Background (CMB), through
the injection of energy and particles in the medium. Therefore, it is possible to infer quite
strong constraint on DM annihilation cross section, very competitive with those from other
indirect detection messengers.
Concerning BBN, the injection of electromagnetic radiation or high-energy hadrons in the
medium by DM annihilations, can alter the formation of light nuclei [95, 427�429]. As a
consequence, some of them may be destroyed or overproduced, thus leading to a di�erent
number of light elements which would be in contrast with observations. However the bounds
set on the annihilation cross section by this kind of search, are not very stringent, being as
weak as ∼ 10−23cm3s−1 for a TeV-scale DM.
CMB does a better job, setting more stringent constraints. The e�ect of energy injection at
the recombination epoch would show up in the analysis of CMB anisotropies: the ionization
of the gas would produce an increased amount of free electrons, which survive to later times
and would a�ect the CMB anisotropies. The bounds depend on the annihilation channel,
being the annihilation into e+e− the most e�ective in producing a sizable e�ect on the
CMB. However, these constraints result to be very strong, even pushing the annihilation
cross section much below the "standard" thermal value for light WIMPs [430�435].

3.2 Dark matter searches at colliders

In this paragraph we will discuss the possible production of a new particle at colliders,
neutral and weakly interacting, which might be interpret as DM only if sustained also by
astrophysical observations. Indeed, from this kind of accelerator measurements, we can just
infer that the particles live long enough to escape the detector (a nanosecond). It is not
possible to prove whether they are long-living enough to be the DM, that is to say stable
also over cosmological timescales. Moreover it is not easy to infer information regarding
their relic density, neither to prove that these particles form the DM which we observe in
galactic halos, without an interplay with direct and indirect detection experiments.
A new particle which could be the DM may be discovered at colliders, notably at the LHC, as
missing energy in an event. Indeed, they will not be observed directly once created because
of their nature (they are comparable to neutrinos, being neutral and weakly interacting).
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They are expected to be produced in decay chains of heavier particles. In the case of SUSY
for example, they may come from the decay chain of some colored superparticles. However,
it is possible to infer their existence from the missing energy when trying to reconstruct the
decay chain. Another signature of new particles that could be candidates of DM can arise
as events with a large amount of missing energy and a single jet or a single photon. Photons
(or jets from a gluon) can indeed be radiated from quarks, giving monophoton (or monojet)
plus missing transverse energy. This kind of searches at LHC as well as at Tevatron, has
been translated into bounds on the production cross section of DM. In the framework of
an e�ective �eld theory description of the interaction between DM and quarks and gluons,
the bounds obtained at LHC have been shown to be competitive with those from direct
searches, especially at low masses and for spin-dependent cross sections [436�441].
However, as of today no signal of new physics beyond the SM has been discovered at the
LHC [436,438,442,443], which at present has been run at 8 TeV as the centre-of-mass energy.
There is hope that this will not remain to be the case also in the future, when the energy
should reach 14 TeV.
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CHAPTER

THREE

SOFT MASSES IN SUSY SO(10) GUTS WITH LOW

INTERMEDIATE SCALE

In this Chapter, based on [1], we will study the leading-log renormalization group equations
(RGEs) evolution of the soft SUSY breaking parameters for four SO(10) GUT models with
mSugra boundary conditions.
This work is motivated by the fact that the masses of SUSY particles like squarks and
sleptons encode valuable information about the dynamics of the SUSY breaking, typically
occurring at high energies. Moreover, further imprints in the soft SUSY spectra are left
by new physics associated with some possible intermediate scale between the electro-weak
(TeV) and the GUT scales. This may lead to interesting constraints about the new dynamics
at the intermediate scales.

SUSY particle masses at TeV scale have to be calculated from the fundamental parameters
of the models using RGEs. Although those fundamental parameters are a priori unknown,
at least in minimal schemes there exist certain sum rules for SUSY particle masses, which
allow to test the di�erent SUSY-breaking mechanisms, as has been shown for the example
of minimal Supergravity (mSugra) already some time ago [444]. Based on the detailed
studies of the capabilities of the LHC and ILC experiments to measure SUSY particle
masses [445�447], the accuracy with which di�erent SUSY-breaking schemes can be tested
has since then been calculated by a number of authors, for a few examples see [448�452].
However, most of these studies concentrated on models in which the particle spectrum
between the electro-weak and the SUSY-breaking scale was exactly that of the Minimal Su-
persymmetric extension of the Standard Model (MSSM). Evolution under RGEs is, however,
sensitive to the particle content of the theory. Thus, in principle, any super�eld beyond the
MSSM (with mass below the SUSY-breaking scale) will leave its imprint on the soft param-
eters. The speci�c shape of the squark, slepton and gaugino mass spectra, if measured with
su�cient precision, can therefore provide invaluable information not only about the dynam-
ics underpinning their origin, but also about physics at intermediate scales. In this Chapter,
we study soft SUSY-breaking masses within certain classes of SUSY SO(10) theories with
di�erent intermediate symmetries below the GUT scale MG. Our main motivation to study
these models comes from the observed neutrino masses [21,49,453] and the possibility that
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supersymmetry might be discovered soon at the LHC.
In the MSSM, if SUSY particles have TeV-scale masses1, the gauge couplings unify (nearly)
perfectly at around MG ∼ 2 × 1016 GeV. Adding new particles beyond the MSSM spec-
trum can easily spoil this attractive feature and, thus, the requirement of gauge coupling
uni�cation (GCU) imposes a severe constraint on SUSY model building. However, neutrino
oscillation experiments [21, 49, 453, 456] have shown that at least two neutrino masses are
non-zero [457,458] and at least one neutrino must have a mass mAtm ≥ 0.05 eV. If neutrinos
are Majorana particles, this value indicates that the scale of lepton number violation (LNV),
ΛLNV, can not be larger (but could potentially be much smaller, see below) than roughly
ΛLNV ∼ 1015 GeV. This value is signi�cantly below MG.
In the minimal SUSY SU(5) model neutrinos are massless, just as in the MSSM and for
the same reasons. However, it is fairly straightforward to extend minimal SU(5) to include
a seesaw mechanism which allows to explain the observed smallness of the neutrino masses.
It is well known that, at the renormalizable level, there are exactly three ways [258] to
do so: (i) Add (at least two) gauge singlet super�elds, i.e. �right-handed neutrinos�, this
is now usually called type-I seesaw [259, 459, 460]; (ii) add a scalar triplet with Y = 2
(type-II seesaw) [72,253]; or (iii) add (two or more) fermionic triplets with Y = 0 (type-III
seesaw) [256]. For the latter two cases, the successful uni�cation of the MSSM can only be
maintained if these heavy �elds enter in complete SU(5) multiplets. Thus, within SUSY
models, GCU requires the type-II seesaw to be realized by adding a pair of Higgs 15-plets,
while a type-III seesaw can be generated with (at least two) copies of 24-plets in the matter
sector [258].
If we require Yukawas to be perturbative anywhere between the seesaw scale (i.e., ΛLNV)
and the GUT scale MG, all three types of seesaw require ΛLNV to be below 1015 GeV. If we
ask in addition that all gauge couplings remain perturbative, lower limits on SUSY type-II
seesaw of the order of ΛLNV & 107 GeV at 1-loop (or ΛLNV & 109 GeV at 2-loop) [461] result.
For type-III seesaw, perturbativity puts lower bounds on the seesaw scale of the order of
ΛLNV & 1013 GeV for three copies of 24 of SU(5) and around ΛLNV & 109 GeV for two2

copies of 24. Since type-I seesaw adds only Standard Model (SM) singlets, there is no lower
limit on its scale from perturbativity.
Models based on SO(10) [223] are di�erent from SU(5) in that they automatically contain
the necessary ingredients to generate non-zero neutrino masses: (i) The spinorial 16 of
SO(10) contains a complete SM family plus a gauge singlet, i.e. a right-handed neutrino. In
addition, (ii) U(1)B−L is a subgroup of SO(10). If the U(1)B−L is broken by SU(2)R triplets
with B − L = 2, a seesaw mechanism of either type-I and/or type-II results automatically
[460]. Alternatively, breaking U(1)B−L by SU(2)R doublets can give di�erent realizations
of the so-called inverse [207] and linear [208] seesaw schemes. The SO(10) gauge symmetry
can be broken to the SM gauge group in a variety of ways [463]. Since our main motivation
is neutrino masses, all breaking chains of interest to us contain a left-right symmetry (LR)
at some stage. SUSY LR models which use triplets to break SU(2)R, whether using only

1Strictly speaking, within SUSY uni�cation requires only gauginos to be light [454, 455], but not neces-
sarily sfermions. We will not entertain this possibility.

2With only one copy of 24, the seesaw scale could be lowered as far as the electro-weak scale. However,
with only one 24, neutrino data can not be explained unless non-renormalizable operators are added to the
model [462].
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B − L = 2 triplets [464, 465] or both B − L = 2 and B − L = 0 triplets [466, 467],
all require that the scale of SU(2)R breaking (vR) is close to the GUT scale, typically
vR ≥ 1015 GeV from GCU. However, also in non-minimal versions of triplet-based models,
one can not lower vR arbitrarily, since one encounters either problems with proton decay or
with perturbativity [468]. Allowing for either (a) sizeable GUT scale threshold corrections,
(b) non-renormalizable operators or (c) adding some carefully chosen particles the authors
of [469] �nd a lower limit on vR of the order of vR ∼ 109 GeV.
However, the situation is di�erent in models with doublets. It was shown in [470] that if
one breaks SU(2)R × U(1)B−L by means of an B − L = 0 triplet to U(1)R × U(1)B−L and,
subsequently, the U(1)R×U(1)B−L symmetry gets broken down to U(1)Y by the Y -neutral
components of SU(2)R doublets, it is possible to construct models in which the scale of
U(1)R × U(1)B−L breaking, vBL, can be as low as TeV. In [469] it was demonstrated that
even the full SU(2)R can be brought down to the electro-weak scale, if only doublets are
used in the symmetry breaking and if some additional particles are also light. An especially
simple variant for a low vR scale was discussed in [471]. Here, GCU is maintained for a TeV
scale SU(2)R with only two requirements: (a) The numbers of light left and right doublets
have to be di�erent and (b) a (pair of) light coloured SU(2)L singlets needs to be added to
the spectrum.
Obviously, all models with additional gauge groups lead to a potentially very rich phe-
nomenology at the LHC. Current limits on new Z ′ (and WR) gauge bosons are very roughly
of the order of mZ′ & (5 − 6) ∗ g TeV (mWR

& 1 TeV) 3 [473, 474], with exact numbers
depending on the couplings, so there is ample room for discovery. One expects that for√
s = 14 TeV at the LHC limits for Z ′ bosons will improve to at least 3 TeV [475]. A WR

should be discovered at the LHC up to masses of the order of 4−4.6 TeV [476,477], depend-
ing on luminosity. However, even if the new gauge bosons predicted in the models [469�471]
are out of reach for the LHC, sparticle mass spectra will contain indirect hints for these new
scales due to changes in the RGEs, as discussed above. This observation is in fact the main
motivation for the calculations presented in this chapter.
Within the mSugra framework, one can de�ne certain combinations of soft parameters,
which are independent of the high scale input parameters at leading order. We will call
such combinations �RGE invariants�. In [478] it was pointed out that these invariants
show a characteristic deviation from their mSugra expectations, if either a type-II or a
type-III seesaw mediators are added to the MSSM spectrum. Here, we will study these
invariants in di�erent SO(10) based models. We will construct variants of the models
proposed in [470, 471] and will also consider a completely new model, in which vR can
be brought down to the electro-weak scale with the help of an intermediate Pati-Salam
scale [239]. We will show how the RGE invariants calculated within these models depart
from their mSugra values, how they di�er from model to model and, importantly, also di�er
from the expectations for the minimal type-II and type-III seesaws. The invariants are
therefore good indicators to distinguish between di�erent GUT-based SUSY models.
Two comments might be in order at this point. First, our calculations rely on the assump-
tion of strict mSugra boundary conditions. In principle, invariants can be calculated also
in more complicated SUSY-breaking schemes, if the SUSY-breaking scale is larger than the

3These values were valid at the time of publication of this work. Current limits are: 2.86 TeV for a
SM-like Z' and mWR

& 1.8 TeV [472].
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mass scale of the new states. However, with a total of only four invariants (per generation)
only SUSY-breaking schemes with very few additional parameters will lead to non-trivial
consistency tests. Furthermore, while the invariants are certainly useful model discrimi-
nators, it has been shown that quantitatively important 2-loop corrections exist for both,
the type-II [479] and the type-III seesaw [461]. A quantitative determination of the new
intermediate scales will therefore most likely rely on a detailed numerical χ2-analysis of
measured SUSY spectra [480], using invariants only as guidance for which models might be
interesting for further scrutiny.
The rest of the chapter is organized as follows. In the next Section, we shall specify four
basic SO(10) models of interest paying particular attention to their potential compatibility
with the SM �avour structure. In Section III, we brie�y comment on the evolution of
the soft masses in mSugra models and, for completeness, recall the de�nitions of the RGE
invariants, following essentially the discussion in [479]. The results of a simple analysis of
their sensitivity to the intermediate scales in the four scenarios considered here are given in
Section IV. Finally we close with a short discussion and outlook. Some technical details of
the RGEs in models with more than a single abelian gauge factors are deferred to Section
5.

1 Speci�c SUSY SO(10) GUT models

Let us begin with a detailed speci�cation of the four basic SUSY SO(10) GUTs which shall
be studied in Section 1.1. Though all of them, by construction, accommodate the low-
energy measured values of the gauge couplings, they will in general yield vastly di�erent
MSSM soft spectra whose shapes would strongly depend on the character of the intermediate
symmetries and the scales of their spontaneous breakdown.

1.1 General remarks

In all cases, we demand that the models should be realistic in several basic aspects and
potentially interesting for our scope, namely:

� Requirement 1: SUSY SO(10) uni�cation with a sliding intermediate scale by which we
mean that the position of a certain intermediate scale can be moved over a large energy
range whilst the full compatibility with the electroweak constraints is maintained. This
is a basic practical stipulation in order to be able to study the scale-dependence of the
soft leading-log RGE invariants in such GUTs over a large range.

� Requirement 2: Renormalizable SUSY SO(10) → MSSM gauge symmetry breaking -
this is namely to have in principle calculable thresholds.

� Requirement 3: Potentially realistic fermionic spectra - we demand that the e�ective
Yukawa structure is rich enough to be able, at least in principle, to accommodate the
low-energy matter-fermionic spectra and mixing. The sliding nature of the SU(2)R ×
U(1)B−L scale, however, typically calls for a non-canonical seesaw, such as inverse [207]
or linear [208] seesaw. We will discuss these two types of seesaw mechanism in detail
in Chapter 4.
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� Requirement 4: MSSM Higgs doublet structure suitable for the implementation of the
standard radiative symmetry breaking and also as a means to get unrelated Yukawa
couplings for quarks and charged leptons.

As to the Requirement 1 above, we shall be namely interested in SUSY SO(10) models with
a sliding SU(2)R breaking scale which would be assumed to range from as low as several
TeV up to essentially the GUT scale. From the gauge uni�cation perspective, there are two
basic strategies to devise such Models. In practice:

� One can attempt to compensate for the departure of the b-coe�cients in the RGEs from
their �canonical� MSSM values (due to the presence of W±

R and the SU(2)R-breaking
Higgs multiplets in the desert) by other multiplets brought down to the SU(2)R-
breaking scale, which would in�ict further shifts to the b-coe�cients (namely g3) in
order to compensate for the genuine low-scale SU(2)R e�ects. The main advantage of
this approach is that SU(2)R ×U(1)B−L becomes the only intermediate scale at play,
so the SO(10) gauge symmetry is broken down to the SU(3)c × SU(2)L × U(1)Y of
the MSSM in just two steps. The slight complication here is the fact that the gauge-
coupling uni�cation in such a case is not exact, which brings an extra theoretical
uncertainty into the game. 4

� Alternatively, rather than compensating for the departure of the b-coe�cients from
their MSSM values due to theW±

R (and the associated Higgs multiplets) in the desert,
one can take advantage of this and invoke an extra intermediate scale such as for
instance SU(4)C × SU(2)L × SU(2)R of Pati and Salam and let it conspire with the
SU(2)R × U(1)B−L so that the gauge uni�cation is maintained. Though this can be
somewhat more elaborate in practice, the clear advantage of such a scenario is that
one can always devise an exact gauge coupling uni�cation by a proper adjustment of
the Pati-Salam scale.

In both cases, because we have quite a lot of beyond-MSSM dynamics in the desert, we
expect signi�cant e�ects of the relevant intermediate scale(s) on the shape of the MSSM
squark and slepton spectra.
The �rst strategy above, especially in combination with the other requirements, is rather
restrictive. Indeed, it imposes strict conditions on the b-coe�cients in speci�c models which
should essentially match those of the MSSM up to a uniform shift. Nevertheless, a variety of
potentially realistic models can still be devised and, in particular, the behaviour of the RGE
invariants in this class of theories can be strongly model-speci�c. We shall demonstrate this
on a couple of scenarios of this kind derived from [471], c.f., Model I and Model II in section
1.2.
The sensitivity to the intermediate-scales dynamics should be even more pronounced in the
latter class of scenarios with more than a single such scale at play. This is namely due to
the fact that the extra �elds in the desert associated to a higher intermediate symmetry
(e.g., Pati-Salam) tend to a�ect the soft spectra stronger than in the former case with an
intermediate SU(3)c × SU(2)L × SU(2)R × U(1)R only. This feature is going to be clearly
visible in the speci�c model of this kind, c.f., Model III in section 1.2.

4This feature is already present at the MSSM level.
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Field Multiplicity 3c2L2R1B−L SO(10) origin
Q 3 (3, 2, 1,+1

3
) 16

Qc 3 (3̄, 1, 2,−1
3
) 16

L 3 (1, 2, 1,−1) 16
Lc 3 (1, 1, 2,+1) 16
S 3 (1, 1, 1, 0) 1

δd, δ̄d 1 (3, 1, 1,−2
3
), (3̄, 1, 1,+2

3
) 10

Φ 1 (1, 2, 2, 0) 10, 120
χ, χ 1 (1, 2, 1,±1) 16, 16
χc, χc 3 (1, 1, 2,∓1) 16, 16

Table 3.1: The relevant part of the �eld content of Model I with a sliding SU(2)R-breaking
scale discussed in Section 1.2. In the third column the relevant �elds are characterized by
their SU(3)c×SU(2)L×SU(2)R×U(1)B−L quantum numbers while their SO(10) origin is
speci�ed in the fourth column.

However, a strong dependence of the invariants on the sliding scale should not be viewed as
a generic feature of the SUSY SO(10) GUTs. Indeed, there are simple scenarios in which
the sliding intermediate scale does leave almost no imprints in the soft spectrum. We shall
demonstrate this in a speci�c model with a sliding intermediate U(1)B−L scale (and a �xed
SU(2)R scale at around 1014 GeV ensuring a proper gauge uni�cation) of the kind given
in [470], c.f., Model IV in the section 1.2. Here, the GUT-scale pattern of the RGE invariants
is (almost) not changed by the running, leaving no good handle on the intermediate scale
in the SUSY spectrum.

1.2 SUSY SO(10) models with a sliding SU(2)R scale

Models I and II: single sliding intermediate scale

First, we shall introduce two variants of the model advocated in [471] which supply the
original setting with a few extra ingredients in order to make it potentially realistic, c.f.,
Sect. 1.1.

Model I: The �eld content relevant to the running in this model is speci�ed in Tab. (3.1).
The original SO(10) gauge symmetry is broken down to the MSSM in two steps via an
intermediate SU(3)c × SU(2)L × SU(2)R × U(1)B−L symmetry stage. The �rst step, i.e.,
the SO(10) → SU(3)c×SU(2)L×SU(2)R×U(1)B−L breaking, is triggered by an interplay
between the VEVs of 45 and 210 of SO(10). Subsequently, the SU(2)R × U(1)B−L gauge
symmetry is broken down to the U(1)Y of hypercharge by the VEVs of the χc ⊕ χc pair
which can emerge for instance from its cubic interaction with a full singlet ρ5. Note that, at
the one-loop level, such a neutral ρ �eld can be put essentially anywhere betweenMGUT and

5It is perhaps worth mentioning that, for a very low scale of the SU(2)R×U(1)B−L breaking, the relevant
VEV can be devised even without an extra singlet because, then, the interplay between a �RH µ-term� for
χc⊕χc and the relevant soft mass should be su�cient, in complete analogy with the SU(2)L-doublet sector
in the MSSM.
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MSUSY without any impact on the gauge uni�cation. The bi-coe�cients at the SU(3)c ×
SU(2)L × SU(2)R × U(1)B−L level read b3 = −2, bL = 2, bR = 4 and bcB−L = 13 where
the last number corresponds to the canonically normalized B−L charge, which is obtained
from the �physical� one (based on Bp

Q = +1
3
and Lp

L = +1) by means of the formula

(B−L)c =
√

3
8
(B−L)p. Note that these coe�cients happen to be entirely identical to the

setting advocated in [471] and, thus, the leading-log evolution of the soft SUSY-breaking
parameters in that model is covered by our analysis of Model I, see Section 3.1. The scale of
the SU(2)R×U(1)B−L breaking is not determined because it drops from the formula for the
uni�cation scale (owing namely to the hypercharge-matching condition α−1

Y = 3
5
α−1
R + 2

5
α−1
B−L)

and a�ects only the value of the GUT-scale gauge coupling αG which, however, is subject
to much weaker constraints. More precisely, consider the RGE master equation:

α−1
i (ta) = α−1

i (tb) +
ba−b
i

2π
(tb − ta), (1)

where i = Y, R, B-L, 3, tX stands for ln(vX) being vX the energy scale, ba−bi are the b-
coe�cients in the regime [ta, tb] and ta < tb. The values of the coupling constants at the
mZ scale are known [473]. Let us use a matrix notation to specify the gauge couplings
CX . At the GUT scale for instance, C0 = diag(α−1

GUT, α
−1
GUT, α

−1
GUT, α

−1
GUT). De�ne also γR =

diag(bR
B−L, b

R
L , b

R
3 , b

R
R) in the �rst regime [vR, vGUT] and γMSSM = diag(bMSSM

L , bMSSM
3 , bMSSM

Y )
in the second regime [vSUSY, vR]. Finally, the vR matching condition is contained in

p =

 1 0 0 0
0 1 0 0

0 0
√
3/5

√
2/5

 . (2)

Then, in the three regimes [mZ, vSUSY], [vSUSY, vR], [vR, vGUT], the one-loop gauge coupling
running is described by:

CR = C0 + γR(tGUT − tR)/(2π); (3)

CMSSM = p.CR.p
T + γMSSM (tR − tSUSY)/(2π);

αi(tSUSY) = αi(mZ)− bSM
i (tSUSY −mZ)/(2π).

Equate α−1
2 (tGUT ) = α−1

R (tGUT ) expressed in terms of the known values at the Z scale to get
the value of the GUT scale:

tGUT = 1/(3bRR − 5bRL + 2bRB−L) ((10π)(αB−L(mZ)− αL(mZ)]) (4)

+ tR (2bR
B−L − 5bR

L + 3bR
R + 5bMSSM

L − 5bMSSM
B−L )

+ 5tSUSY (bSM
L − bSM

Y − bMSSM
L + bMSSM

Y )

+ 5tZ (bSM
Y − bSM

L )).

It can be easily checked that the coe�cient in front of tR is zero.
This, on one hand, makes the gauge coupling uni�cation in Model I qualitatively similar
to the MSSM case, see Fig. 3.1. On the other hand, it is well known that in the MSSM
the one-loop gauge uni�cation is incompatible with the latest determinations of αs unless
the soft SUSY-breaking scale is pushed well below 1 TeV. This few percent mismatch is
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Figure 3.1: Gauge coupling uni�cation in Model I in two limits corresponding to di�erent
positions of the sliding SU(2)R × U(1)B−L breaking scale VR. In solid lines, we depict
the RGE behaviour of the gauge couplings for VR in the vicinity of the electroweak scale
VR ∼ 104GeV while the dashed lines correspond to VR ∼ 1014GeV. The position of the
intersection region shifts slightly up with rising VR but the corresponding scale remains
intact.

expected to be accounted for by GUT-scale threshold corrections whose detailed analysis is,
however, beyond the scope of this work. Thus, in what follows, we shall simply parameterize
our ignorance of the shape of the GUT spectrum by considering uni�cation regions from
where the SU(3)c×SU(2)L×SU(2)R×U(1)B−L gauge couplings can emanate rather than
unique uni�cation points, c.f., Fig. 3.6 and discussion in Section 3.1. Though this approach
is oversimpli�ed in several aspects, it allows to estimate the magnitude of the theoretical
error associated to the lack of exact gauge-coupling uni�cation in this model.

Concerning the e�ective �avour structure of the model, there are two aspects worth some
discussion here, namely, the structure of the e�ective MSSM Higgs doublet pair Φ and the
possibility to accommodate the SM quark and lepton masses and mixing (requirements 3 and
4 formulated at the beginning of this Section). First, the e�ective L-R bidoublet (1, 2, 2, 0)
corresponds to a massless combination of the (1, 2, 2) and (15, 2, 2) Pati-Salam components of
10 and 120 of SO(10), respectively, which can mix at the GUT-level due to the PS-breaking
VEV in an SO(10)-breaking multiplet such as 45 and/or 210. Usually, the role of the extra
Higgs such as 120 and/or 126 in the Yukawa sector is namely to provide Clebsch-Gordan
coe�cients that would break the degeneracy of the e�ective Yukawa couplings among up
and down quarks and charged leptons. However, an extra 120 alone is still not enough as
it does not yield enough freedom to accommodate the SM data [481]. Actually, the issue
becomes even worse if the MSSM-level mass matrices for the two hypercharge components
of Φ are virtually identical, as one can expect for a single bidoublet at play in the low-scale
SU(2)R-breaking regime. Both issues are potentially resolved due to the extra vector-like
down-type quark pair δd ⊕ δ̄d and an additional SU(2)L-doublet Higgs pair χ ⊕ χ (which,
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Field Multiplicity 3c2L2R1B−L SO(10) origin
Q 3 (3, 2, 1,+1

3
) 16

Qc 3 (3̄, 1, 2,−1
3
) 16

L 3 (1, 2, 1,−1) 16
Lc 3 (1, 1, 2,+1) 16
S 3 (1, 1, 1, 0) 1

δu, δ̄u 1 (3, 1, 1,+4
3
), (3̄, 1, 1,−4

3
) 45

Φ 1 (1, 2, 2, 0) 10, 120
χ, χ 1 (1, 2, 1,±1) 16, 16
χc, χc 2 (1, 1, 2,∓1) 16, 16

Table 3.2: The same as in Tab. (3.1) for Model II de�ned in Section 1.2. The main variation
with respect to Model I is the B − L charge of the vector-like colour triplet pair owing to
its di�erent SO(10) origin. The extra δu and δu �elds can mix with the up-type quarks at
the MSSM level which leads to a potentially realistic e�ective �avour structure. In order to
maintain the MSSM-like uni�cation pattern, the number of the SU(2)R doublets has been
reduced, thus making the setting slightly more compact than in Model I.

simultaneously, ensure the right b-coe�cients for the running), c.f., Tab. (3.1). In this case,
the down-type quark mass matrix is extended6 to 4 × 4 which, together with the extra
freedom in the MSSM doublet sector, should be enough to avoid the Grimus-Kuhbock-
Lavoura (GKL) no-go theorem [481]. Let us also mention that the VEV of χL gives rise
to the LS entry in the neutrino mass matrix generating the linear seesaw mechanism and,
unlike in [470], it is not naturally suppressed in this case because χ ⊕ χ resides well below
the GUT scale. Thus, one has to assume a small LSχ Yukawa coupling.

Model II: The relevant bi-coe�cients at the SU(3)c× SU(2)L×SU(2)R×U(1)B−L level
read b3 = −2, bL = 2, bR = 3 and bcanB−L = 29/2. Indeed, these numbers di�er from Model I
only in the SU(2)R × U(1)B−L sector and the variations in the relevant b-coe�cients obey
∆bR + 2

3
∆bB−L = 0 so the b-coe�cient associated to the �e�ective� MSSM hypercharge

is the same as in Model I. Therefore, apart from the di�erence in the speci�c slopes of
the SU(2)R × U(1)B−L curves the qualitative picture of the gauge coupling uni�cation in
Model II, c.f. Fig. 3.2, is very similar to that observed in Model I. Nevertheless, as we shall
see in Section 3.1, even such a slight change in the gauge-coupling behaviour at the SU(3)c×
SU(2)L×SU(2)R×U(1)B−L level is enough to generate a signi�cant di�erence between the
Model-I and Model-II soft invariants, especially if the SU(3)c×SU(2)L×SU(2)R×U(1)B−L
running is long. However, if the SU(2)R × U(1)B−L gauge symmetry happens to be broken
close to the GUT scale, the two models will be indistinguishable from the soft-sector point
of view.
Concerning the �avour structure of Model II, it is indeed very similar to that of Model I,
with the main di�erence that here the GKL no-go [481] is overcome by a 4× 4 extension of
the up-type quark mass matrix. Moreover, since it is the VEV of χ rather than that of χ
that enters the extended up-type quark mass matrix, 〈χ〉 can be made much smaller than

6For an explicit SO(10) realisation of this mechanism see e.g. [482] and references therein.
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Figure 3.2: Gauge coupling uni�cation in Model II in two limits corresponding to di�erent
positions of the sliding SU(2)R × U(1)B−L breaking scale VR. In solid lines, we depict
the RGE behaviour of the gauge couplings for VR in the vicinity of the electroweak scale
VR ∼ 104GeV while the dashed lines correspond to VR ∼ 1014GeV. The position of the
intersection region shifts slightly up with rising VR but the corresponding scale remains
intact.

〈χ〉 which also relieves the need for the small LSχ Yukawa in the neutrino sector. Given
also the reduced number of the SU(2)R doublets, Model II constitutes a somewhat more
compact alternative to Model I.

Model III: sliding SU(2)R and Pati-Salam scales

The third model of our interest belongs to the second category of the simple classi�cation
given in Section 1.1. In particular, the sliding nature of the SU(2)R × U(1)B−L scale is
achieved via an interplay with another intermediate scale, namely, the Pati-Salam SU(4)C×
SU(2)L×SU(2)R, rather than a delicate adjustment à la Model I or Model II owing to very
speci�c �eld contents. Thus, the initial SO(10) gauge symmetry is broken down to the
MSSM in three steps. The �eld content relevant to the two intermediate-symmetry stages
is given in Tab. (3.3). In more detail, the initial SO(10) → SU(4)C × SU(2)L × SU(2)R
breaking is triggered by the GUT-scale VEV of 54 of SO(10). The subsequent SU(4)C ×
SU(2)L×SU(2)R → SU(3)c× SU(2)L× SU(2)R×U(1)B−L breaking is due to the VEV of
the Ψ emerging again from its interplay with an extra singlet. Finally, the SU(2)R×U(1)B−L
symmetry is broken down to the MSSM by means of the VEVs of χc⊕χc which are connected
by the B − L-neutral SU(2)R-triplet Ω. At the Pati-Salam stage, the bi-coe�cients read
b4 = 3, bL = 6, bR = 14 while at the SU(3)c × SU(2)L × SU(2)R × U(1)B−L level they are
b3 = −2, bL = 3, bR = 11 and bcanB−L = 10.
In this model, both the position of the GUT scale as well as the value of αG depend on
both intermediate scales. However, unlike in Models I and II, here the gauge uni�cation
can always be made exact, c.f., Fig. 3.3, even at the one-loop level, and, thus, there is no
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Field Mult. 3c2L2R1B−L Pati-Salam SO(10)
Q 3 (3, 2, 1,+1

3
) (4, 2, 1) 16

Qc 3 (3̄, 1, 2,−1
3
) (4̄, 1, 2) 16

L 3 (1, 2, 1,−1) (4, 2, 1) 16
Lc 3 (1, 1, 2,+1) (4̄, 1, 2) 16
Σc 3 (1, 1, 3, 0) (1, 1, 3) 45
δd, δ̄d 1 (3, 1, 1,∓2

3
) (6, 1, 1) 10

Φ 2 (1, 2, 2, 0) (1, 2, 2) 10
Ω 1 (1, 1, 3, 0) (1, 1, 3) 45
χ, χ 1 (1, 2, 1,±1) (4̄, 2, 1),(4, 2, 1) 16, 16
χc, χc 1 (1, 1, 2,∓1) (4, 1, 2),(4̄, 1, 2) 16, 16
Ψ 1 absent (15, 1, 1) 45

Table 3.3: The e�ective �eld contents of Model III in the two intermediate symmetry stages.
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Figure 3.3: Running in the Model III variant of the low-LR scale SUSY SO(10). Here
the SO(10) gauge symmetry is broken �rst into a Pati-Salam intermediate stage stretching
from the uni�cation point down to the relevant energy scale VPS (in the middle) and,
subsequently, to the L-R symmetry stage. The value of VPS is correlated to the position
of the L-R breaking scale VR which can again slide from as low as few TeV up to roughly
1014GeV, c.f., Fig. 3.9.

extra theoretical uncertainty other than the error in the electroweak-scale αs to be taken
into account.
The �avour structure of this model relies on the presence of three extra copies of SU(2)R
triplet Σc which in the neutrino sector play a role similar to that of S in Models I and II. In
particular, they expand the 6× 6 neutrino mass matrix to 9× 9 where, e.g., the LcΣc sector
comes from the contraction with the VEV of χc, but without any entry generated at the
LΣc �linear seesaw� position. Thus, there is no need for an extra �ne-tuning in the seesaw
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formula in Model III. Moreover, the charged components of Σc can mix with the charged
leptons and, hence, provide the welcome departure from the down-type quarks even if the
MSSM doublets span over 10's of SO(10) only. Indeed, the relevant 6 × 6 charged-lepton
mass matrix looks schematically like

M` ∝
(
Y v10d 0
〈χc〉 µΣc + 〈Ω〉

)
, (5)

where the row and column bases are {L,Σc−} and {Lc,Σc+}, respectively, and µΣc is the
associated singlet mass parameter. Note also that the VEV of Ω is antisymmetric in the
generation space and, thus, does not contribute to the neutrino Majorana mass matrix.
Finally, the two MSSM Higgs doublets are di�erent because the underlying bi-doublets are
contracted through Ω and, therefore, the e�ective up-type quark Yukawa coupling di�ers
from the down-type one even without the need to resort to the mixing with the vector-like
δd ⊕ δ̄d pair.

1.3 SUSY SO(10) models with a sliding U(1)R scale

All the models discussed so far featured an intermediate SU(2)R×U(1)B−L symmetry which,
at a certain scale, was broken directly down to the U(1)Y of the MSSM hypercharge. The
full SU(2)R, however, is not the minimal option to realize a gauge symmetry acting in the
RH sector of the matter spectrum in a way compatible with the MSSM quantum numbers.
Indeed, the hypercharge sum-rule Y = T 3

R + (B − L)/2 trivially holds even if one sticks to
the U(1)R subgroup of the original SU(2)R generated by T 3

R alone.
On the other hand, within SO(10) broken down to an intermediate SU(3)c × SU(2)L ×
U(1)R × U(1)B−L stage, only Z ′ and the associated U(1)R × U(1)B−L → U(1)Y -breaking
Higgs �elds remain light (at least in minimally �ne-tuned scenarios) and, thus, the intermediate-
scale dynamics is generally much simpler than in the models based on the full SU(2)R ×
U(1)B−L. In view of that, one can expect that also the intermediate-scale dependence of
the soft RGE invariants will be much milder than in the former case. Moreover, with more
than a single abelian gauge factor at play, there is a new class of e�ects associated with the
so called kinetic mixing between the associated gauge �elds. Both these aspects make this
class of models worth further scrutiny.

General remarks

Remarkably, the simplicity of the minimally �ne-tuned U(1)R×U(1)B−L → U(1)Y scenarios
automatically implies the scale of this spontaneous symmetry breakdown is a sliding one.
Indeed, minimal �ne-tuning implies that the spectrum of the Model in the unbroken phase
consists of that of the MSSM plus Z ′ plus an MSSM-neutral Higgs responsible for the
relevant symmetry breaking. Since the gauge �eld associated to the hypercharge (BY ) does
not feel any e�ect of either Z ′ nor the hypercharge-neutral Higgs7 the �e�ective� hypercharge
gauge coupling (corresponding to a relevant combination of gY and gR) in this picture runs
as if it were in the MSSM, at least at the one-loop level. Thus, the speci�c position of the

7To put this statement on a �rm ground the e�ects of the kinetic mixing must be considered, see,
e.g., [483].
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Field Mult. 3c2L1R1B−L 3c2L2R1B−L SO(10)
Q 3 (3, 2, 0,+1

3
) (3, 2, 1,+1

3
) 16

Qc 3 (3̄, 1,±1
2
,−1

3
) (3̄, 1, 2,−1

3
) 16

L 3 (1, 2, 0,−1) (1, 2, 1,−1) 16
Lc 3 (1, 1,±1

2
,+1) (1, 1, 2,+1) 16

S 3 (1, 1, 0, 0) (1, 1, 1, 0) 1
Φ 2 (1, 2,±1

2
, 0) (1, 2, 2, 0) 10

Ω 1 absent (1, 1, 3, 0) 45
χ, χ 1 absent (1, 2, 1,±1) 16, 16
χc, χc 1 (1, 1,±1

2
,∓1) (1, 1, 2,∓1) 16, 16

Table 3.4: The e�ective �eld contents of Model IV relevant to the two intermediate symmetry
stages.

U(1)R × U(1)B−L → U(1)Y breaking scale is, in this case, irrelevant for the one-loop gauge
running.
This, however, is not the case for the leading-log soft RGE invariants of our interest. In
particular, unlike BY , both the U(1)R × U(1)B−L gauge bosons enter the renormalized
propagators of squarks and sleptons, shown in Fig. 3.4, and one can expect a residual

Φ ΦA

GGT
Φ

Φ ΦA

GGT
Φ

Figure 3.4: Renormalized propagators of squarks and sleptons.

dependence of the invariants on the U(1)R × U(1)B−L-breaking scale. In Fig. 3.4 the U(1)
gaugino �eld and the quark (lepton) �eld enter the �rst loop, while the U(1) gauge boson
and the squark (slepton) �eld enter the second one. Nevertheless, as we shall demonstrate
in a particular realization of this simple scheme, such e�ects should be much milder than
those in the scenarios with the full gauged SU(2)R symmetry.

Model IV: U(1)R × U(1)B−L → U(1)Y breaking

Here we consider a variant of the basic SUSY SO(10) model advocated in [470] in which
an extended intermediate U(1)R×U(1)B−L stage follows a short SU(2)R×U(1)B−L phase.
The �eld content relevant to the RG running in the �rst two parts of the symmetry-breaking
chain is given in Tab. (3.4).
In more detail, after the initial SO(10) → SU(3)c × SU(2)L × SU(2)R × U(1)B−L breaking
triggered by essentially the same mechanism as in Models I and II, the subsequent SU(2)R×
U(1)B−L → U(1)R×U(1)B−L requires a VEV of the Ω �eld which, at the level of an e�ective
theory, can again emerge from its interplay with a LR singlet. The last symmetry-breaking
step is then achieved in a similar manner by the VEVs of the MSSM-neutral components of
the χc ⊕ χc �elds.
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Figure 3.5: Running in Model IV with a low B − L scale. Note the e�ects of the U(1)
mixing in the running & matching; the lowest curve corresponds to the o�-diagonals of the
(GGT/4π)−1 matrix.

The relevant bi-coe�cients at the SU(3)c×SU(2)L×SU(2)R×U(1)B−L level read b3 = −3,
bL = 2, bR = 5 and bcanB−L = 15/2. In the SU(3)c×SU(2)L×U(1)R×U(1)B−L stage, however,
the e�ects of the U(1) mixing must be taken into account and, thus, the b-coe�cients in the
U(1)R × U(1)B−L sector constitute a matrix of anomalous dimensions γ. One has b3 = −3,
bL = 1 and

γphys =

(
15/2 −1
−1 18

)
, (6)

which should be brought into the canonical basis by means of a normalization matrix
N = diag(1,

√
3/8), γcan = NγphysN . The details of the one-loop RGE evolution of gauge

couplings and soft masses in theories with more than a single abelian gauge factor are sum-
marized in Section 5. The qualitative features of the gauge-coupling running in this setting
can be seen in Fig. 3.5.
Concerning the �avour structure of the model, the situation is essentially identical to that
described in the original work [470]. The only exception is a second LR bi-doublet retained
until the U(1)R×U(1)B−L breaking scale which might be necessary in order to get a poten-
tially realistic pattern of the e�ective Yukawa couplings. Nevertheless, the salient features
of the Model in the soft sector should not depend much on the detailed realization of the
e�ective Yukawa pattern.

2 Leading-log RGE invariants

In this Section we focus on the calculation of the invariants using mSugra boundary condi-
tions. mSugra is de�ned at the GUT-scale,MG, by a common gaugino massM1/2, a common
scalar mass m0 and the trilinear coupling A0, which gets multiplied by the corresponding
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Yukawa couplings to obtain the trilinear couplings in the soft SUSY breaking Lagrangian 8.
In addition, at the electro-weak scale, tan β = vu/vd is �xed. Here, as usual, vd and vu are
the vacuum expectation values (vevs) of the neutral components of Hd and Hu, respectively.
Finally, the sign of the µ parameter has to be chosen.
Renormalization group equations for general supersymmetric models are known up to 2-loop
order [485]. The only case not covered in the otherwise general equations given in [485] are
supersymmetric models with more than one U(1) group. With more than a single abelian
gauge factor, there appears a new class of e�ects associated with the so called kinetic mixing
between the associated gauge �elds. RGEs for this case have been derived very recently
in [483].
Barring for the moment the e�ects of U(1) mixing present in Model IV, at the 1-loop level,
one can devise a simple set of analytic equations for the soft terms. Gaugino masses scale
as gauge couplings do and so the requirement of GCU �xes the gaugino masses at the low
scale

Mi(mSUSY ) =
αi(mSUSY )

α(MG)
M1/2. (7)

Eq. (7) implies that the relationship of the Mi to M1/2 is changed in Models I to III, since
α(MG) is shifted.
Neglecting the Yukawa couplings for the soft mass parameters of the �rst two generations
of sfermions one can write

m2
f̃

= m2
0 +

M1/2

α(MG)2

∑
Rj

N∑
i=1

f̃Ri αi(vRj
)2 . (8)

Here, the sum over �Rj� runs over the di�erent regimes in the models under consideration,
while the sum over i runs over all gauge groups in a given regime. αi(vRj

) is to be understood
as the gauge coupling of group i evaluated at the upper end of regime Rj. In the MSSM one
would have only to consider one regime, namely from the SUSY scale to the GUT scale. In
Models I and II we have two di�erent regimes, while in Models III and IV there are a total
of three regimes to consider.
The di�erent f̃Ri can be written in a compact form as:

f̃Ri =
cf,Ri
bi

[
1−

(
αi(vx)

αi(vy)

)2
]
, (9)

where vx and vy indicate the value of the relevant α at the lower and higher boundaries of
the regime under consideration, respectively. The cf,Ri coe�cients given in Tab. (3.5) are
proportional to the values of the quadratic Casimir of representation Rf hosting the matter
�eld f with respect to the group G in the regime R

cf,Ri = 2CG(Rf ) . (10)

8It is sometimes argued that this setup should better be called CMSSM, since there are even simpler
models of supergravity type breaking in which A0 is not a free parameter, as for example in Polonyi
type supergravity [174, 484]. Since we will be concerned with only the �rst two sfermion generations this
distinction is irrelevant for us.
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They are readily evaluated from the basic formula

CG(R)d(R) = T2(R)d(G) , (11)

where d(G) is the dimension of the group G, T2(R) the Dynkin index of the representation
R and d(R) is its dimension. Note that the coe�cients cf,Ri are di�erent for the di�erent
fermions, which leads to a di�erent coe�cient in front of M1/2 in Eq. (8). The bi in Eq. (9)
are the one-loop b-coe�cients for the di�erent models de�ned in the previous Section. For
completeness, the well-known one-loop beta-coe�cients for the MSSM are (in the traditional
SU(5) normalization): b = (b1, b2, b3)

MSSM = (33
5
, 1,−3).

Eq. (8) is valid neglecting U(1)-mixing e�ects. The extra e�ects due to the kinetic U(1)
mixing relevant in Model IV are summarized in the Section 5; for a more detailed discussion
including higher-loop e�ects, see [483].

f̃ Ẽ L̃ D̃ Ũ Q̃
MSSM
cf,MSSM
1

6
5

3
10

2
15

8
15

1
30

cf,MSSM
2 0 3

2
0 0 3

2

cf,MSSM
3 0 0 8

3
8
3

8
3

U(1)R × U(1)B−L

cf,BLBL
3
4

3
4

1
12

1
12

1
12

cf,BLL 0 3
2

0 0 3
2

cf,BLR
1
2

0 1
2

1
2

0
cf,BL3 0 0 8

3
8
3

8
3

LR
cf,LRBL

3
4

3
4

1
12

1
12

1
12

cf,LRL 0 3
2

0 0 3
2

cf,LRR
3
2

0 3
2

3
2

0
cf,LR3 0 0 8

3
8
3

8
3

Pati-Salam
cf,PSL 0 3

2
0 0 3

2

cf,PSR
3
2

0 3
2

3
2

0
cf,PS4

15
4

15
4

15
4

15
4

15
4

Table 3.5: Coe�cients cf̃i for Eq. (8) for di�erent symmetry stages. The MSSM and the
LR parts are relevant to all four models under consideration; the U(1)R×U(1)B−L and the
Pati-Salam parts are used solely for Model IV and Model III, respectively.

Individual SUSY masses depend strongly on the initial values for m0 and M1/2. However,
one can form four di�erent combinations, which we choose to be

LE ≡ (m2
L̃
−m2

Ẽ
)/M2

1 , (12)

QE ≡ (m2
Q̃
−m2

Ẽ
)/M2

1 ,

DL ≡ (m2
D̃
−m2

L̃
)/M2

1 ,

QU ≡ (m2
Q̃
−m2

Ũ
)/M2

1 .
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It is easy to see that, at the leading-log level, m0 and M1/2 drop out of the equations for the
invariants. Note, that one could have equally well normalized to any of the other two gaugino
masses. The choice of M1 is only motivated by the expectation that it will be the gaugino
parameter measured with the smallest error, at least in standard (mSUGRA,GMSB) SUSY
models.

3 Sliding scale imprints in the leading-log RGE Invari-

ants

3.1 Models I and II with a sliding SU(2)R scale

The method: As we have already mentioned in Section 1, in Models I and II the sliding
nature of the SU(2)R scale makes it impossible to get an exact uni�cation, in full analogy
with the MSSM. Since, however, this is just about a 2% e�ect, we shall not attempt to
improve on this by either looking for a suitable set of threshold corrections or by going
beyond the one-loop approximation9. Rather than that, we shall just parameterize our
ignorance of the �true values� of the uni�cation scale position and the uni�ed gauge coupling
in terms of a pair of small �o�set� parameters scanning over the area of the relevant �non-
uni�cation triangle� shown in Fig. 3.6. In what follows, we shall use the error on αS(MZ)
given in [486], ∆(αS(MZ)) = 0.002, which does not take into account the latest QCD lattice
calculations results.

The results: In FIGs. 3.7 and 3.8 we display the vR-dependence of the RGE invariants in
Models I and II due to the running e�ects subsumed by Eq. (8). The bands correspond to
the error in the gauge-coupling uni�cation inherent to these settings which, at the leading-
log level, can be taken into account by scanning over the area of the relevant non-uni�cation
triangle, c.f., Fig. 3.6. The upper (yellow) band refers to the combination QE, the (blue)
band which at low vR partially overlaps with QE represents DL, whereas the third (brown)
band is QU and, �nally, the lowest (green) band refers to the LE combination. Note that,
for practical reasons, the invariants QE and DL have been scaled down by a factor of ten.
The same colour-code is adopted in the other �gures in this Section.
Several comments are in order here: In general, the invariants exhibit a logarithmic de-
pendence on vR. For vR close to the MSSM scale (on the left), the QU and LE invariants
overlap. This is attributed to the enhanced gauge symmetry throughout the whole mSUSY-
MG range which makesm2

Q̃
andm2

Ũ
as well asm2

L̃
andm2

Ẽ
behave the same, see the LR-stage

cf̃i -coe�cients in Tab. (3.5). In the vR → MG limit, the mSugra values of the invariants
(modulo the MSSM non-uni�cation) are reproduced. Concerning QE and DL, the �rst thing
to notice is that these invariants tend to increase with vR departing from MG, thus leading
to a pattern characteristic to this class of models. Moreover, they are more sensitive to the
initial condition because the colour-e�ects in their evolution do not cancel, thus leading to
larger bands.

9Indeed, this would be inconsistent as we are concerned only with the leading-log approximation for the
softs.
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Figure 3.6: The MSSM-like non-uni�cation triangle in Models I and II with vR = 1014 GeV
for two di�erent values of the unknown soft-SUSY breaking scale (mSUSY = 1 TeV for the
upper one andmSUSY = 500 GeV for the lower). The upper sides of the triangles corresponds
to α−1

L while the lower-left sides depict the �e�ective� α−1
Y de�ned as 3

5
α−1
R + 2

5
α−1
B−L. The

light blue area surrounding the α−1
S line represents the 1σ uncertainty in αs(MZ) as given

in [486]. Both triangles move down for lower values of vR, see Figs. 3.1 and 3.2.

Naturally, the main di�erence between Fig. 3.8 and Fig. 3.7 is expected in the low-vR regime
where the e�ects due to the slight di�erence in the Model-I and Model-II spectra are most
pronounced and the QU and LE invariants run faster due to a larger ratio of the coupling
constants in the relevant Eq. (9).

3.2 Model III with sliding SU(2)R and PS scales

The method: In Model III, the LR and PS intermediate scales can be always adjusted
so that one gets an exact one-loop uni�cation for vR stretching up to about 1014 GeV, c.f.,
Fig. 3.9. This is technically achieved by relating the value of the PS scale to the value of
the LR scale as

tPS =
1

2
tLR − 1

12

(
14tSUSY + 20tZ (13)

+ π(18αS(tZ)
−1 − 33αL(tZ)

−1 + 15αY (tZ)
−1)
)

Here, the tx stand for ln(mX) as usual. Thus, the main uncertainty at this level comes from
the experimental error in αS(MZ). In what follows, we shall vary vR and vPS along the
constant αS(MZ)-error trajectories, namely, within ±1σ, corresponding to the boundaries
between the yellow and white areas within the parameter area depicted in Fig. 3.9.

The results: In this case, the intermediate-scale dependence of the leading-log RGE in-
variants is yet more pronounced than in Models I and II, c.f., Fig. 3.10. As before, the
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Figure 3.7: The vR-dependence of the leading-log invariants in Model I, c.f., Section 1.2.
The bands represent the error due to the non-exact gauge-coupling uni�cation depicted in
Fig. 3.6. For practical reasons, the numerical values of the invariants QE and DL have been
scaled down by a factor of ten.
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Figure 3.8: The same as in Fig. 3.7 but for Model II of Section 1.2. The QU and LE
behaviour di�ers from that in Fig. 3.7 mainly in the low-vR regime.

numerical values of the invariants QE and DL have been conveniently scaled down by a fac-
tor of ten. For each of the four invariants, the solid curve Fig. 3.10 corresponds to αS(MZ)
�xed at its central value and the dashed and dotted lines refer to the −1σ and +1σ trajec-
tories, respectively. On the high-vR tail, the di�erent curves stop at di�erent energies due
to the need to respect the natural vR < vPS hierarchy re�ected by the �diagonal� cut to the
parametric space in Fig. 3.9.
For all four invariants under consideration, we observe a stronger vR-dependence than in
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Figure 3.9: The correlation of the intermediate symmetry-breaking scales in Model III
(allowed region coloured). The contours correspond to the quality of the �t of αS(MZ) for
each choice of the Pati-Salam breaking scale vPS and the LR breaking scale vR, within 1σ
(white area within the coloured band), 2σ (yellow) and 3σ (orange) of the range quoted
in [486].

Models I and II. This is namely due to the extended Pati-Salam running which contributes
with larger cf̃i -coe�cients than the LR stage, c.f., Tab. (3.5). Moreover, unlike in Figs. 3.7
and 3.8, three out of four invariants grow with lowering vR while the fourth one even becomes
negative for vR close to the MSSM scale, thus, again, leading to a very characteristic pattern.

3.3 Model IV with a sliding U(1)R × U(1)B−L scale

The method: Finally, in Model IV, c.f. Section 1.3, the uni�cation is exact for any value
of the sliding scale vBL below a (constant) vR in the ballpark of roughly 3× 1015 GeV, c.f.,
Fig. 3.11. Thus, as before, the main uncertainty at this level comes from the experimental
error in αS(MZ) which translates into small shifts in vR. In what follows, we shall again
vary vBL along the constant αS(MZ)-error trajectories, namely, within ±1σ, corresponding
to the boundaries between the yellow and white areas within the parametric region depicted
in Fig. 3.11.

The results: In the two panels of Fig. 3.12, the four invariants of our interest are depicted
as functions of vBL. As in the case of Model III, for each of them the solid line corresponds
to the central-value trajectory in the parametric space of Fig. 3.11, whereas the dashed and
dotted curves refer to the −1σ and +1σ-trajectories, respectively.
Due to the very special nature of the sliding scale in this setting, all four invariants exhibit
only a very mild vBL dependence, with the strongest e�ect of the order of few per cent
observed in the LE case. This is because the vBL scale enters into the soft masses only
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Figure 3.10: Intermediate-scale dependence of the RGE invariants Model III, see Section 1.2.
For each of the four invariants, the solid curve corresponds to αS(MZ) �xed at its central
value and the dashed and dotted lines refer to the −1σ and +1σ trajectories, respectively;
c.f. Fig. 3.9.
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Figure 3.11: The parameter space of Model IV of Section 1.3. The contours correspond
to the di�erent quality of the αS(MZ) �t for di�erent choice of the L-R breaking scale vR,
namely, to 1σ (white), 2σ (yellow) and 3σ (orange) values for the range quoted in [486].

through the slight changes in the abelian gauge couplings, which, however, are overwhelmed
by the colour e�ects in all the other invariants. This, however, will make it rather di�cult
to distinguish this model from the MSSM, namely because such a discrimination is e�cient
only if more than a single invariant di�ers signi�cantly from the mSugra value so that the
intermediate scale can be independently constrained from more than a single quantity.
Finally, let us comment in brief on the case where the U(1)R×U(1)B−L → U(1)Y breakdown
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Figure 3.12: The vBL-scale dependence of the RGE invariants in Model IV. For practical
purposes the �gure has been split into two panels. For each of the four invariants, the solid
curves correspond to αS(MZ) �xed at its central value while the dashed and dotted lines
refer to the −1σ and +1σ trajectories corresponding to roughly vR ∼ 2 × 1015 GeV and
vR ∼ 4× 1015 GeV, respectively; c.f. Fig. 3.11.

is not triggered by SU(2)R doublets like above but by, e.g., SU(2)R triplets. We expect that
for such models the e�ects on the invariants would be similar to those expected in Model IV,
and certainly smaller than those observed in Models I-III.

3.4 Squark and slepton spectra.

In Fig. 3.13 we plot the shapes of the MSSM squark and slepton spectra obtained in mSugra
and in Models I, II and III calculated for the SPS3 benchmark point, i.e. for m0 = 90 GeV
and M1/2 = 400 GeV. This �gure is to be understood only as an illustrative example of the
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di�erent spectra generated in our di�erent models. For each of the cases, the horizontal
lines (bottom to top) correspond to mẽc (light blue), ml̃ (blue), mũc (orange), md̃c (light
orange) and mq̃ (purple). In order to pronounce the di�erences, the vR scale has been in all
cases chosen very low, namely, vR ∼ 103 GeV, and consequently vPS in Model III is �xed to
vPS ∼ 107 GeV by gauge uni�cation. The masses of the d̃c and of the ũc almost coincide in
all the Models. Models I and II di�er from the mSugra case namely by the smaller splittings
observable in the squark as well as in the slepton masses, which is more pronounced for the
latter model. However, the spectrum of Model III is strongly compressed due to an extended
Pati-Salam stage which makes it rather outstanding.
We decided not to overpopulate the �gure by displaying the gaugino masses which, indeed,
are obtained by a simple rescaling (7); the SUSY-to-GUT-scale ratios of the relevant α's
can be inferred from the evolution of the gauge couplings, c.f. FIGs 3.1, FIGs 3.2, FIGs 3.3
and FIGs 3.5.
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Figure 3.13: The MSSM squark and slepton spectra mSugra and Models I, II and III
calculated for the SPS3 benchmark point, i.e. for m0 = 90 GeV and M1/2 = 400 GeV. In all
cases, vR = 103 GeV and vPS ∼ 107 GeV in Model III . From botton to top the horizontal
lines correspond to: mẽc (light blue), ml̃ (blue), mũc (orange), md̃c (light orange) and mq̃

(purple). We do not show the results for model IV in this �gure, since they are very similar
to the mSugra case.

4 Discussion and outlook

We have studied the leading-log RGE evolution of the MSSM soft SUSY breaking param-
eters for four di�erent GUT models with mSugra boundary conditions. Although all the
settings are based on the uni�ed SO(10) gauge group, they di�er at the level of intermediate
scale symmetry groups and/or particle content below the GUT scale. Two of the models
discussed (Models I and II of Sects. 1.2 and 1.2), which di�er only in their beyond-MSSM
�eld contents, feature an intermediate left-right symmetry which, at the level of precision
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used in this calculation, can be broken to SU(3)c × SU(2)L × U(1)Y of the MSSM almost
anywhere betweenMG and the soft SUSY-breaking scale. In Model III (c.f., Section 1.2) the
sliding nature of the SU(2)R-breaking scale relies on an additional intermediate Pati-Salam
symmetry. Finally, in Model IV (see Section 1.3), the left-right symmetry is broken at a
relatively high scale, but there is instead a sliding scale corresponding to the breaking of its
U(1)R × U(1)B−L remnant. All models we consider are able to accommodate the neutrino
data by either inverse or linear seesaw.
The extra gauge groups and/or beyond MSSM �elds change the evolution of the soft pa-
rameters with respect to the basic mSugra expectation. The invariant mass combinations
we considered are especially suited to uncover the e�ects of beyond-mSugra physics on the
SUSY spectra. Remarkably, while invariants contain only a logarithmic dependence on the
new physics scales, their behavior is qualitatively di�erent in di�erent models.
In our Models I and II, the invariants LE and QU (c.f., Section 2) are always lower than
the mSugra limit, while DL and QE are always larger. The former is a direct consequence
of the LR symmetry, while the latter re�ects mainly the shift in α(MG) the models exhibit
with respect to the MSSM expectation. Moreover, in spite of only a mild di�erence in the
particle content, the invariants di�er quantitatively between Model I and Model II.
In contrast to that, in the Pati-Salam based Model III, LE and QU are always larger than
in mSugra, with a rather strong dependence on the vR scale, namely due to the higher
dimensionality of the relevant multiplets at the Pati-Salam stage. At the same time, in
Model III, DL is always below the mSugra limit, while QE hardly varies at all as a function
of vR. Finally, Model IV is an example of how a new scale can be e�ectively �hidden� from
the RGE invariants in special constructions: Despite containing a new scale potentially as
low as O(1) TeV, all invariants are always very close to the mSugra limit in this model.
Technically, this is achieved by maintaining the beta coe�cients for the SU(2)L and SU(3)c
factors as in the MSSM all the way up to a scale close toMG, while the sliding feature of the
U(1)R × U(1)B−L breaking scale �shields� all invariants from the e�ects of the new group,
with the exception of LE, which, however, changes only very weakly.
It is especially interesting to compare our results with those obtained for minimal seesaw
models within mSugra. Invariants for seesaw have been studied previously in [461,478,479].
Type-I seesaw adds only singlets to the MSSM and thus, just like our Model IV, can not
be distinguished from the pure mSugra case by means of the invariants only. Type-II and
type-III seesaw, on the other hand, change the b-coe�cients with respect to the MSSM,
but do not extend the gauge group. As a result, for minimal seesaws all four invariants are
larger than their mSugra limit if the seesaw scale is below the GUT scale, as indicated by
neutrino data. Thus, the invariants should allow to distinguish our SO(10)-based Models I
to III from type-II and type-III seesaw.
The RGE invariants are, therefore, good model discriminators, at least in principle. How-
ever, any attempt to quantitatively determine the scale of a new physics within a particular
scenario must inevitably address the accuracy of their calculation. Di�erent types of errors
need to be considered here. First, there are the errors from uncertainties in the values of the
input parameters. The largest error currently stems from the completely unknown mSUSY ,
see Fig. 3.6 and Eq. (7). Once SUSY masses, indeed, have been measured, this will become
irrelevant and the largest error will, most likely, be ∆(αS).
Next, the RGE invariants considered here are calculated to the leading-log precision only.
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However, in some cases, important higher order e�ects such as genuine 2-loop corrections
and 1-loop thresholds can emerge; for the seesaw, this was studied recently in [461, 479].
Both, 2-loop running and 1-loop SUSY thresholds can, of course, be taken into account,
but the calculation of the invariants at this level can not be done analytically. Instead, it
requires numerical tools such as, e.g., SPheno [487,488] and SARAH [489�491].
Probably more important than the above theoretical considerations, eventually, will be the
fact that the invariants are not directly measurable quantities. Conversion of the invariants
into the measured sparticle masses (or extraction of relevant soft parameters from sparticle
measurements) requires additional experimental input. In case of the �rst two generations
of sfermions this requires at least a reliable measurement of tan β for the determination of
the D-terms. In addition, at variance with the situation in the minimal seeesaw models, the
breaking of the extra gauge symmetries can potentially produce new D-terms not present in
the SU(3)C×SU(2)L×U(1)Y case. Usually it is assumed that any beyond-SM gauge group
is broken in a �D-�at� manner in order to avoid problems with tachyonic sfermions. However,
since we wish to extract information from sfermion masses themselves, it will certainly be
prudent to do a combined �t on the new parameters instead of simply assuming D-�atness.
The prospects of measuring sparticle masses at the LHC and, possibly, at the future ILC
have been studied by many authors, for a detailed review see, for example [446]. In general,
one expects that slepton and gaugino masses, if within the kinematical reach of the ILC, can
be measured at the per mille level or even better. Coloured sparticles, however, might be too
heavy to be produced at the ILC. At the LHC, the precision with which sparticle masses can
be measured depends strongly not only on the absolute scale of the SUSY masses, but also
decisively on the mass ordering of the sparticles. If long decay chains such as q̃ → χ0

2q with
χ0
2 → l̃l → l±l∓χ0

1 were available, many SUSY masses could be measured with accuracies
down to (few) percent. From the detailed studies of [446], the authors of [480] concluded
that the precision of ILC+LHC combined would make it possible to see indications for a
seesaw of either type II or type III for nearly all relevant seesaw scales. In an LHC-only
analysis, the seesaw scale must be below 1014 GeV even in favourable circumstances [480]
or might not leave a trace in the LHC data at all.
Comparing roughly the changes in spectra induced in the seesaw models studied in [480]
with the changes expected in our SO(10) models, we expect that a detailed, numerical
calculation should be able to probe most, if not all the interesting parameter space of our
models, if SUSY is found at the LHC and precise mass measurements are done with the
help of an ILC.
Nevertheless, direct searches for low energy SUSY have given null results up to now. This
work has been published before the LHC had completed its

√
s = 8 TeV run, in which both

the ATLAS and CMS collaborations collected approximately 20 fb−1 of data. Recent analy-
ses by the two experiments at 8 TeV have excluded mg̃ . 1000 GeV in the mSUGRA model
(see the discussion about LHC searches in Chapter 1 Section 2.3). However, there remains
interesting prospects for the detection of SUSY particles and therefore the measurement of
the SUSY spectra with the next LHC run at higher center-of-mass energy [492�494].
Finally, we would like to mention that the models we have studied in this chapter have
potentially also a rich phenomenology beyond the MSSM apart from the invariants. There
are the new gauge bosons, additional Higgses, additional gauginos/higgsinos, large lepton
�avour violation and many other e�ects worth studying.
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5 One-loop running with U(1) mixing

In this Section we give some technical details of the one-loop evolution of gauge couplings
and soft-SUSY-breaking terms in Model IV of Sect. 1.3 in which extra kinetic mixing e�ects,
generally present in theories with multiple U(1) gauge factors, emerge. This, in the approach
advocated in, e.g., [483], amounts to extending the notion of the individual gauge couplings
and gaugino masses associated to di�erent U(1) gauge factors to matrix forms, which,
subsequently, complicates the relevant generalized evolution equations.

Gauge couplings

To deal with the e�ects of the kinetic mixing in cases with more than a single abelian gauge
factor like in Model IV of Sect. 1.3 it is convenient to work with a matrix of gauge couplings
rather than with each of them individually, which would require an extra RGE for the kinetic
mixing parameters, c.f., [483]. In the U(1)R × U(1)B−L case this amounts to de�ning

G =

(
gRR gRX
gXR gXX

)
. (14)

where X is a shorthand notation for the canonically normalized B − L. The evolution
equation can be then written as

d

dt
A−1 = −γ , (15)

where A−1 ≡ 4π(GGT )−1 and t = 1
2π

log(µ/µ0). Here we have de�ned the relevant matrix
of anomalous dimensions by

γ ≡
∑
f

QfQ
T
f , (16)

where the summation is taken over all the chiral super�elds f in the model and Qf denotes
a column vector of U(1)R and U(1)B−L charges of each f .
The matching condition between such high-energy gauge couplings (corresponding to U(1)R⊗
U(1)B−L in the case of our interest) and the e�ective-theory one (i.e., U(1)Y of the MSSM)
at scale t0 then reads

α−1
Y (t0) = pTY A

−1(t0)pY , (17)

where pTY = (
√

3
5
,
√

2
5
) are the coe�cients of the hypercharge Y in the space of the R- and

B − L-charges, namely, Y =
√

3
5
T 3
R +

√
2
5
X. Thus, one has

g−2
Y = (gRRgXX − gRXgXR)

−2

[
3

5

(
g2XX + g2XR

)
(18)

+
2

5

(
g2RR + g2RX

)
− 2

5

√
6 (gRRgXR + gRXgXX)

]
.
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Soft SUSY-breaking terms

Neglecting for simplicity the Yukawa couplings and also the �Trace-terms� (denoted by S
in [485]), which in mSugra yield only sub-leading correction to the leading-log approximation
used in this work, one can write the generalized evolution equation including the e�ects of
the U(1) mixing [483] as

d

dt
m̃2
f = − 1

π
QT
fGMM †GTQf , (19)

where G is the matrix of gauge couplings,M is the gaugino mass matrix and t = 1
2π

log µ/µ0.
This is to be solved together with the gauge coupling (15) and gaugino evolution equations.
The latter reads at one loop

d

dt
M =

1

8π

(
MGTγG+GTγGM

)
. (20)

The simplicity of the system (15), (19) and (20) and, in particular, the �avour-diagonal
mSugra initial condition, admits to write the general solution in a closed and compact form

A−1(t) = A−1(t0)− γ(t− t0) , (21)

(G−1TMG−1)(t) =
1

4π
α−1
G M1/2 , (22)

and, in particular,

m̃2
f (t)− m̃2

f (t0) = 2M2
1/2α

−2
G × (23)

QT
fA

−1
0

[
γ−1 − A−1A0γ

−1A0A
−1
]
A−1

0 Qf ,

where A0 ≡ A(t0) and A ≡ A(t).
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CHAPTER

FOUR

SNEUTRINO DARK MATTER IN LOW-SCALE SCENARIOS

1 Introduction

The neutralino as a DM candidate has been studied in literally hundreds of publications, but
also sneutrinos as candidates for the CDM have actually quite a long history [202�204]. How-
ever, ordinary left sneutrinos, i.e. the sneutrinos of the MSSM, have been ruled out [205]
as the dominant component of the DM in the galaxy a long time ago due to their large
direct detection cross section [206]. This leaves only �mixed� sneutrinos, i.e. sneutrinos
which are partly singlets under the SM group, as good DM candidates. Motivated by neu-
trino oscillation data [77], in this Chapter we study sneutrinos as DM candidates in models
with a low-scale seesaw mechanism, either MSSM-like models with an inverse [207] or the
linear seesaw [208, 209] or models based on an U(1)B−L × U(1)R extension of the MSSM
group [210,211].
Singlet sneutrinos as DM have been studied in the literature before. Neutrino masses require
that pure "Dirac"1 sneutrino must have tiny Yukawa couplings. Unless the trilinear parame-
ters are huge, Dirac (right) sneutrinos are therefore never in thermal equilibrium in the early
universe [495, 496]. 2 However, they could still be non-thermal DM produced in the decay
of the NLSP (�next-to-lightest supersymmetric particle�) [498]. Also, trilinear terms are
usually thought to be proportional to the associated Yukawa couplings, Tν ∝ YνA ∼ O(1)
eV. Treating Tν as a free parameter of the order of O(100) GeV, Dirac sneutrinos can be
made good thermal DM candidates, as has been discussed in [499�501]. Very light mixed
sneutrinos of this type have been studied in [502]. The LHC phenomenology of mixed Dirac
sneutrino DM was studied in [503]. Alternatively to a large A-term, Dirac sneutrinos could
also be made thermal DM in models with an extended gauge group [504, 505]. A model
with sneutrino DM where the observed neutrino masses and mixings can arise entirely as a
consequence of supersymmetry breaking e�ects in the sneutrino sector is considered in [506].
In [507] the right-handed sneutrino as DM candidate is studied in the supersymmetric FD-
term model of hybrid in�ation.

1That conserve L number
2Unless Dirac neutrino masses are due to a tiny vev of a non-standard Higgs �eld [497]. In this case,

Dirac sneutrinos could be the DM and even explain the much discussed claim for a tentative 130 GeV γ line
in the FERMI data [306,415].
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In the classical seesaw picture [72, 254, 259, 459] lepton number is broken at a very large
energy scale, possibly close to the uni�cation scale. In such a setup also the right sneutrinos
are very heavy and decouple; the sneutrinos remaining in the light spectrum are then very
MSSM-like. One could, of course, simply put the scale of the seesaw low, say around
the TeV scale. Yukawa couplings of the order of O(10−6) could �t neutrino data and the
right sneutrinos are thermalized. In such an electro-weak scale seesaw right sneutrinos are
overabundant unless (i) (again) a large trilinear parameter is assumed [508]; (ii) a new
U(1) group is introduced [509]; or (iii) sneutrinos have a large coupling to the NMSSM
(�next-to-minimal Supersymmetric Standard Model�) singlet [510,511].
However, the situation is di�erent in extended seesaw schemes like the inverse [207] or the
linear seesaw [208, 209]. Here, additional singlets need to be introduced, but the neutrino
Dirac Yukawa couplings can take essentially any value and it is the smallness of the inverse or
linear seesaw terms which �explains� the smallness of the observed neutrino masses. In these
setups the sneutrinos are highly mixed states. Inverse seesaw sneutrino DM has been studied
previously in [512�514]. Our work di�ers in several aspects from these earlier papers. [512]
calculated all masses at tree-level and did not carry out a detailed �t to neutrino data,
while we use full 2-loop RGEs for the parameters, one-loop corrected mass matrices and
pay special attention to constraints from neutrino masses. Also the paper [513] has some
overlap with our work, but concentrates more on collider phenomenology of the inverse
seesaw with sneutrino DM.
There are also some recent paper studying extended gauge groups. [515] studies inverse
seesaw in an SU(2)R extension of the MSSM. Also two papers based on sneutrinos in
UB−L(1) × UY (1) have been published recently. In [516] an inverse seesaw is implemented
in UB−L(1)×UY (1). In [517] sneutrino DM within the UB−L(1)×UY (1) group was studied
assuming a standard seesaw. However, none of the above papers has studied linear seesaw
variants. Finally, we mention that part of the results discussed in this Chapter have been
presented also at conferences [518].
All our numerical calculations have been done using SPheno [487,488], for which the neces-
sary subroutines were generated using the package SARAH [489�491]. We have written the
SARAH input �les for the inverse and the linear seesaw, while for the U(1)B−L×U(1)R model
we used the SARAH input �les from [211]. The calculation of the relic density of the LSP
is then done with MicrOmegas [519] version 2.4.5 based on the CalcHep [520] output of
SARAH. To perform the scans we used a Mathematica package (SSP) [521].
The rest of this Chapter is organized as follows. In the next Section we �rst recall the
main features of the supersymmetric inverse and linear seesaws, before discussing brie�y
the minimal U(1)B−L × U(1)R extension of the standard model. In Section 3 we discuss
phenomenological constraints on the parameter space of the di�erent setups. In Section 4
we then calculate the relic density and direct detection cross section. We conclude in Section
5.

2 Setup: Low scale seesaws and extended gauge groups

In this Section we brie�y discuss the di�erent setups, which we will use in the numerical
sections of the Chapter. We �rst discuss supersymmetric inverse and linear seesaw, before
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recalling the main features of the minimal U(1)B−L × U(1)R extension of the MSSM. The
latter can be realized with either inverse or linear seesaw, but has some interesting additional
features which are not covered by either the inverse or linear seesaw extensions of the MSSM.

2.1 Inverse and linear seesaw

In both, the inverse and the linear seesaws the particle content of the MSSM is extended
by two types of singlet super�elds, ν̂c and Ŝ. The former is assigned a L = +1, while the
latter has formally L = −1. The total superpotential can be written as

W = WMSSM +Wνc +WISS +WLSS (1)

Here, WMSSM is the usual MSSM superpotential

WMSSM = Yu û q̂ Ĥu − Yd d̂ q̂ Ĥd − Ye ê
c l̂ Ĥd + µ Ĥu Ĥd . (2)

Lepton number conserving terms for the new singlet �elds ν̂c (�right-handed neutrino�) and
Ŝ can be written as

Wνc = Yν ν̂
c l̂ Ĥu +MR ν̂

c Ŝ . (3)

The �rst term generates Dirac neutrino masses, once the Hu acquires a vacuum expectation
value, while the second term is a mass term for the new singlet �elds. In the inverse seesaw
lepton number is violated by the term

WISS =
1

2
µS Ŝ Ŝ , (4)

while in the linear seesaw case one writes lepton number violation as:

WLSS = YSL Ŝ l̂ Ĥu . (5)

In both cases, it is usually assumed that the lepton number violating terms are small [207�
209], see also the discussion in Section 3. The neutrino mass matrix and the resulting
constraints on the model parameters are discussed in Section 3.1.
In supersymmetric models with lepton number violation, also the scalar neutrinos must
have a lepton number violating mass term [522]. This term, m̃2

M , is given by the di�erence
between the eigenvalues of the real and imaginary components of the scalar neutrinos. It
is therefore convenient to separate the sneutrino mass matrix into CP-even and CP-odd
blocks [523]: 3

M2 =

(
M2

+ 0
0 M2

−

)
. (6)

Mass matrices for the scalar neutrinos are di�erent in the inverse and linear seesaws. At
the tree-level, in the inverse seesaw the M2

± are given by: 4

M2
±,ISS =

 m2
L +D2 + (mT

DmD) ATLR mT
DMR

ALR m2
νc + (MRM

T
R ) + (mDm

T
D) ±MRµS +BMR

MT
RmD ±µSMT

R +BT
MR

m2
S + µ2

S +MT
RMR ±BµS

 (7)

3Separation into CP-even and CP-odd blocks requires CP-conservation, i.e. all parameters in the mass
matrices below have to be real.

4We correct some misprints in [512,524]
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in the CP eigenstates basis: ΦT = (ν̃+, ν̃
c
+, S+, ν̃−, ν̃

c
−, S−). Here, D2 = 1

2
m2
Z cos 2β are the

MSSM D-terms, mD = 1√
2
vuYν , ALR = TYνvu − µmDcotgβ, BMR

is the soft bilinear term,
TYν is the soft trilinear and m2

L, m
2
νc and m2

S are the scalar soft masses for the doublet
and the singlets respectively. Only µS and the corresponding bilinear soft term BµS violate
lepton number and only these two come with di�erent signs in the CP-even and CP-odd
mass matrices.
The symmetric sneutrino mass matrix in Eq. (7) can be diagonalized by a 9×9 matrix as
follows

U ISS
ν̃ M2

ν̃ U
T ISS
ν̃ = diag(m2

ν̃1
, . . . ,m2

ν̃9
) , (8)

with m2
ν̃1
< · · · < m2

ν̃9
. We can also introduce the parameter fν̃mix, which measures the

leftness of the sneutrino :

fν̃mix =
√

Σ3
i=1U

2
ν̃ 1i. (9)

For the linear seesaw one �nds

M2
±,LSS (10)

=

 m2
L +D2 + (mT

DmD) + (MT
LML) AT

LR ±MT
LMT

R mT
DMR ±AT

LS

ALR ±MRML m2
νc + (MRM

T
R ) + (mDmT

D) ±mDMT
L +BMR

MT
RmD ±ALS ±MLm

T
D +BT

MR
m2

S +MLM
T
L +MT

RMR


with all de�nitions as in Eq. (7) and ML = 1√

2
vuYSL and ALS = TYSL

vu − µMLcotgβ.
The diagonalizing 9×9 matrix is

ULSS
ν̃ M2

ν̃ U
T LSS
ν̃ = diag(m2

ν̃1
, . . . ,m2

ν̃9
) , (11)

in complete analogy with Eq. (8).
In these simple setups all other mass matrices are as in the MSSM and, therefore, not
discussed here.

2.2 Minimal SU(3)c × SU(2)L × U(1)B−L × U(1)R extension of the
MSSM

In order to explain why neutrinos are so much lighter than all other matter particles, we
have considered in the previous Section two variants of the seesaw which can, in principle,
be implemented at virtually any mass scale. Such seesaw schemes are actually most easily
realized in a particular class of extensions of the MSSM with an extended gauge group
[1,470,471] based on the SO(10) breaking chains

SO(10) → SU(3)c × SU(2)L × SU(2)R × U(1)B−L → SU(3)c × SU(2)L × U(1)Y (12)

SO(10) → SU(3)c × SU(2)L × SU(2)R × U(1)B−L (13)

→ SU(3)c × SU(2)L × U(1)R × U(1)B−L → SU(3)c × SU(2)L × U(1)Y

A MSSM-like gauge uni�cation is in this case perfectly viable, and compatible with a
U(1)R × U(1)B−L stage stretching down to TeV. We will follow Eq. (13), since this variant
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Super�eld SU(3)c × SU(2)L × U(1)R × U(1)B−L Generations
Q̂ (3,2, 0,+1

6
) 3

d̂c (3,1,+1
2
,−1

6
) 3

ûc (3,1,−1
2
,−1

6
) 3

L̂ (1,2, 0,−1
2
) 3

êc (1,1,+1
2
,+1

2
) 3

ν̂c (1,1,−1
2
,+1

2
) 3

Ŝ (1,1, 0, 0) 3
Ĥu (1,2,+1

2
, 0) 1

Ĥd (1,2,−1
2
, 0) 1

χ̂R (1,1,+1
2
,−1

2
) 1

ˆ̄χR (1,1,−1
2
,+1

2
) 1

Table 4.1: The Matter and Higgs sector �eld content of the U(1)R × U(1)B−L model. Gen-
eration indices have been suppressed. The Ŝ super�elds are included to generate neutrino
masses via the inverse seesaw mechanism. Under matter parity, the matter �elds are odd
while the Higgses are even.

can be realized with the minimal number of additional super�elds with respect to the MSSM
particle content. This model [1, 470], which we will call the minimal U(1)B−L × U(1)R
extension (mBLR, for short) has been studied in two recent papers [210, 211]. We will
follow the notation of [211] quite closely.

The particle content of the mBLR model is given in table (4.1). In this setup, the presence
of ν̂c is required for anomaly cancellation. Breaking the SU(2)L×U(1)B−L×U(1)R to U(1)Q
requires additional Higgs �elds. The vev of the �elds χR and χ̄R break U(1)B−L × U(1)R,
while the vevs of Hu and Hd break SU(2)L and U(1)Y . Note that since Hu and Hd are
charged also under U(1)R, in the mBLR new D-terms are generated in the mass matrix for
the scalars. These additional contributions with respect to the MSSM allow to have a larger
mass for the lightest MSSM-like CP-even mass eigenstates and makes it possible to have a
mh0 ' 125 GeV without constraints on the supersymmetric particle spectrum [210,211].

Assuming matter parity [211], apart from the MSSM superpotential the model also has the
terms

WS = Yν ν̂cL̂Ĥu + Ysν̂cχ̂RŜ − µR ˆ̄χRχ̂R + µSŜŜ. (14)

The 2nd term generates MR = 1√
2
YsvχR

while the last term generates the inverse seesaw
discussed above. The model can, in principle, also be written with a linear seesaw included
[470]. Note, that the model assigns lepton number necessarily in a di�erent way then
discussed in the last subsection, since here B − L is gauged. Thus, B − L is broken by the
vevs of χR and χ̄R. However, neutrino masses are generated in exactly the same way as in
the simpler inverse seesaw model, discussed in the previous subsection.
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It is useful to reparametrize the vevs in a notation similar to the MSSM, i.e.:

v2R = v2χR
+ v2χ̄R

, v2 = v2d + v2u (15)

tan βR =
vχR

vχ̄R

, tan β =
vu
vd
.

The mass of the new Z ′-boson is approximately (at tree level) given by [211]

m2
Z′ =

g4Rv
2

4(g2BL + g2R)
+

1

4
(g2BL + g2R)v

2
R . (16)

Thus, vR must be larger than approximately vR >∼ 5 TeV, see also next Section.
Mass matrices for all sfermions for this model can be found in [211]. For us the sneutrino
mass matrix is most important. In the mBLR model it is given by the expression for the
inverse seesaw, with exception of MR = 1√

2
YsvχR

and new D-term contributions:

D2
LL = 1

8

(
(g2BL + g2BLR − gBLgRBL)v

2
R cos(2βR) + (g2L + g2R + gBLgRBL)v

2 cos 2β
)

D2
RR = 1

8

(
(g2BL + g2R + g2BLR + g2RBL − 2gBLgRBL − 2gRgBLR)v

2
R cos(2βR)

+(g2R + g2RBL − gBLgRBL − gRgBLR)v
2 cos 2β

)
(17)

Here, D2
LL replaces D2 of the simpler models, while D2

RR are the new D-terms in the (ν̃c, ν̃c)
part of the mass matrix. Due to the lower limit for the Z ′ mass, see Eq. (16), and since
the new D-terms in Eq. (17) can have either sign, the free parameter tan βR is constrained
to be close to tan βR ' 1, otherwise one of the sneutrinos (or one of the charged sleptons)
becomes tachyonic.

3 Phenomenological constraints

In this Section we discuss phenomenological constraints on the parameter space of the
di�erent models. Below, we concentrate on neutrino masses and lepton �avour violation.
Other constraints on the model space come from SUSY searches at colliders, from Z0 physics
(LEP) and from the Higgs results of the LHC collaborations ATLAS [525] and CMS [526].
�Heavy� singlet neutrinos with mass below the Z0 boson are excluded by LEP experiments
[527�529], which set limits on |U ν

ij|2 of the order of 10−3 to 10−5 for the neutrino mass range
from 3 GeV up to 80 GeV. L3 has searched also for heavy iso-singlet neutrinos decaying
via N → lW and set limits which range from |Uν

ij|2 <∼ 2 × 10−3 for masses of 80 GeV to
|U ν

ij|2 <∼ 10−1 for masses of 200 GeV [530]. Most importantly, the invisible width of the
Z0 boson [73] puts an upper limit on the 3 × 3 sub-block U ν

ij, i, j ≤ 3, of the neutrino

mixing matrix:
∣∣∣1−∑3

ij=1,i≤j

∣∣∑3
k=1 U

ν
ikU

ν,∗
jk

∣∣2∣∣∣ < 0.009 at the 3-σ level even when the new

mostly singlet neutrinos are heavier than the Z0 boson [211]. Finally, the Z0 width rules
out pure left sneutrinos lighter than approximately half of the Z0 mass, but sneutrinos with
suppressed coupling to the Z0 below roughly 0.02− 0.1 with respect to the MSSM coupling
and masses below mν̃ <∼ 40 GeV are allowed.
In inverse seesaw models the Higgs can decay to heavy plus light neutrino, if the heavy
neutrino has a mass below the Higgs mass [211, 531]. This limits the Yukawa couplings
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to roughly below |Yν | <∼ 0.02 for MR <∼ 120 GeV from measured data on the channel h →
WW ∗ → llνν [531]. For larger MR current Higgs searches provide essentially no constraint
yet, unless the lightest sneutrino is lighter than mh0/2. In this case, the upper limit on the
branching ratio of the Higgs into invisible �nal states [532] provides roughly an upper limit
on |Yν | of the order of |Yν | <∼ 0.2(0.05), for A0 = 0(2) TeV, M1/2 = 1 TeV and tanβ = 10.
The same experimental constraint leads to an upper bound also on the parameter fν̃mix (see
Eq. (9)): fν̃mix <∼ 0.03(0.06).
For the model with the extended gauge group searches for a new Z ′ boson at the LHC
provide important constraints. Both, CMS [533] and ATLAS [534] have searched for, but not
observed any hints for, Z ′'s within the context of di�erent models. For the U(1)B−L×U(1)R
model the limits are of the order of (roughly) mZ′ >∼ (1.7− 1.8) TeV 5.
SUSY searches at ATLAS [535] and CMS [536] provide lower limits on squark and gluino
masses. For example, in mSUGRA/CMSSM models with tan β = 10, A0 = 0 and µ > 0,
squarks and gluinos of equal mass are excluded for masses below 1500 GeV [535]. This limit
essentially rules out any value of M1/2 below approximately (600− 700) GeV for m0 <∼ 1000
GeV andM1/2 below (350−400) GeV in the limit of largem0 for pure CMSSM. Of course, the
observation of a new resonance with a mass around 125− 126 GeV [525,526], if interpreted
as the lightest Higgs boson, provides important constraints on SUSY parameters as well.
However, these constraints are di�erent for the di�erent models we study in this Chapter.
We will discuss them therefore when we discuss numerical scans in Section 4.

3.1 Neutrino masses

Inverse seesaw

In the inverse seesaw the neutrino mass matrix can be written at tree-level as

M ν =

 0 mT
D 0

mD 0 MR

0 MT
R µS

 . (18)

The smallness of the observed neutrino masses is then usually explained as the hierarchy
µS � mD < MR.
Following the notation of [537], we can count the number of physical parameters of the
model as Nphys = NY − NG + NG′ . Here, NY is the number of parameters in the Yukawa
matrices (or mass matrices), NG the number of generators of the original symmetry group
G which is broken into G′ by the presence of the Yukawas (or mass terms). In table 4.2 the
counting for the inverse seesaw is summarized.
After absorbing all unphysical parameters by �eld rotations, we �nd a total of 30 real
parameters, 21 moduli (12 masses and 9 mixing angles) plus 9 phases. It is common practice
to choose a basis in which the charged lepton mass matrix (Yukawa: Ye) is diagonal, which
�xes 3 parameters. The remaining parameters could be �xed by going to a basis where
MR is real and diagonal. In this case Yν and µS are completely general, arbitrary matrices,

5These values were valid at the time of publication of this work. Current limits are: mZ′ >∼ 2.86 TeV for
a SM-like Z' and mWR

& 1.8 TeV [472].
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Parameters Moduli Phases

NY Ye, Yν ,MR Dirac type 3× n2 3× n2

NY µS Majorana type n(n+1)
2

n(n+1)
2

NG U(n)L
⊗

U(n)νc
⊗

U(n)ec
⊗

U(n)S 4× n(n−1)
2

4× n(n+1)
2

NG′ no LF conservation
Nphys 21 9

Table 4.2: Parameter counting for MSSM with an inverse seesaw for three generations.

containing the remaining 24 free parameters. For �tting the neutrino data, however, it is
more useful to �rst rewrite the neutrino Yukawa couplings using a generalization of the
Casas-Ibarra parametrization [538].
Consider �rst the e�ective mass matrix of the light neutrinos for the inverse seesaw. It is
given by

meff
ν = mT

DM
T
R

−1
µSM

−1
R mD. (19)

We can rewrite mD as [539]

mD =MT
RV

T
µ (
√
µ̂S)

−1RDiag(
√
mνi)Uν . (20)

Here Uν is the mixing matrix determined by the oscillation experiments, in the basis where
the charged lepton mass matrix is diagonal, mνi are the three light neutrino masses, R is
an arbitrary real orthogonal 3× 3 matrix and µ̂S are the eigenvalues of the matrix µS with
Vµ the matrix which diagonalizes µS.
Eqs (19) and (20) allow to �t neutrino data in a straightforward way, if the tree-level con-
tribution dominates, see below. Since one can always choose a basis where MR is diagonal,
the �avour violation necessary to �t oscillation data resides in mD and in µS. Particularly
simple solutions are found, assuming either µS or mD are diagonal too. For diagonal µS,
for example, one �nds

mD = Diag(

√
mνi

µSi

MRi
)Uν . (21)

Oscillation experiments have determined the mass squared di�erences and mixing angles of
the active neutrinos with high precision, see for example [77]. Recently also the last of the
mixing angles in the left-handed neutrino sector has been measured in two reactor neutrino
experiments, DAYA-BAY [57] and RENO [58]. With all these data, the situation can be
summarized as follows: The atmospheric neutrino mass squared di�erence and angles are
∆(m2

Atm) = (2.31 − 2.74) × 10−3 eV2 (normal hierarchy) and sin2 θAtm = 0.36 − 0.68, the
solar parameters are ∆(m2

�) = (7.12 − 8.20) × 10−5 eV2 and sin2 θ� = 0.27 − 0.37 and
�nally sin2 θ13 = 0.017 − 0.033, all at 3 σ c.l. [77]. Apart from the data on the reactor
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Figure 4.1: Neutrino masses versus BµS (left) and versus mM̃ (right) for one particular but
arbitrary parameter point (see text), for three di�erent values of µS.

angle, neutrino angles are still well-�tted by the tribimaximal mixing ansatz [540], which
has sin2 θAtm = 1/2 and sin2 θ� = 1/3.
The large atmospheric and solar angles require large o�-diagonals in at least one of the
two matrices Yν or µS. For the case of strict normal hierarchy (mν1 ≡ 0) and diagonal µS,
oscillation data can be well �tted to leading order in the small parameter sin θ13 by

Yν = |Yν |

 0 0 0
a a(1− sin θ13√

2
) −a(1 + sin θ13√

2
)√

2 sin θ13 1 1

 , (22)

with

a =
(
∆m2

�/∆m
2
Atm

) 1
4 ∼ 0.4 , (23)

where |Yν | can be easily calculated from µS and MR.
The above discussion is valid at tree-level. In the inverse seesaw neutrino masses also receive
important corrections at the 1-loop level, once BµS becomes sizeable [524]. An example is
shown in Fig. 4.1. Here, we have chosen as an example m0 = 100, M1/2 = 1000, A0 = 0
(all in GeV) tan β = 10, sgn(µ) > 0 and MR = 250 GeV. For this plot we assume µS and
BMR

= 3×104 GeV2 to be diagonal and degenerate. Yν is then �tted by Eq. (20). A smaller
value of µS implies then a larger value for the entries in Yν .
In the left of Fig. 4.1 we show mν2 and mν3 as function of BµS , while the plot on the
right shows the same neutrino masses as a function of m2

M̃
, the mass squared di�erence

between the CP-even and CP-odd sneutrinos. This splitting is proportional to BµS , while
loop neutrino masses are proportional to Y 2

ν BµS . To restrict the neutrino mass to be smaller
than the atmospheric scale than results in an upper limit on Y 2

ν BµS . For |µS| ∼ 5 × 10−7

GeV, corresponding to the largest entries in Yν to be of order O(10−2), the splitting can be
as large as O(10−1) GeV. Note, however, that with typical mSugra-like boundary conditions
one expects naively that BµS ' µSm0 ∼ 10−4 − 10−7 GeV2. In this case splitting between
the sneutrinos becomes negligible.
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Linear seesaw

For the linear seesaw the neutrino mass matrix is given by

M ν =

 0 mT
D MT

L

mD 0 MR

ML MT
R 0

 , (24)

with the e�ective neutrino mass matrix for the light neutrinos given as

mν = mT
DM

T
R

−1
ML +MT

LM
−1
R mD. (25)

For the linear seesaw one �nds for the CI parametrization [539]

mD = −MR(M
T
L )

−1UT
ν

√
mνiA

√
mνiUν (26)

where A has the following general form: 1
2

a b
−a 1

2
c

−b −c 1
2

 , (27)

with a, b, c real, but arbitrary numbers. The parameter counting for the linear seesaw is
given in table (4.3). We have in total 36 real parameters, 24 moduli (12 masses and 12
mixing angles) plus 12 phases. Fits to neutrino data can be easily done using Eqs. (25) and
(26).
For example, for strict normal hierarchy, degenerate MR and diagonal and degenerate YSL
one �nds to leading order in θ13

Yν = |Yν |{ − mAtm

2

 0 sin θ13√
2

sin θ13√
2

sin θ13√
2

1
2

1
2

sin θ13√
2

1
2

1
2

 (28)

+
m�

3
×
( −1 −1 1

−1 −1 1
1 1 −1

+
√
2 sin θ13 ×

 0 1
2

1
2

1
2

1 0
1
2

0 −1

)},
where again, the prefactor |Yν | can be calculated from |YSL| and MR. Note that the �avour
structure of Eq. (28) di�ers signi�cantly from Eq. (22) for the same choice of angles, see
the discussion about lepton �avour violation in the next subsection.
In case of the linear seesaw, loop contributions to the neutrino masses from the splitting in
the sneutrino sector is always negligible for neutrino masses in the sub-eV range, assuming
the trilinears to be proportional to Tx ∝ YxA0. This can be understood as follows: The
di�erence in the eigenvalues of the CP-even and CP-odd sector is entirely due to the di�erent
signs in the o�-diagonals in Eq. (10). As can be easily shown, the maximum di�erence in
the eigenvalues is reached for YSL ' Yν . However, Eq. (25) shows that the product YSLYν is
required to be small, due to the observed smallness of neutrino masses. Thus, the splitting
in the sneutrino sector in case of linear seesaw is maximally of the order of mνmSUSY , i.e.
O(10−9) GeV2.
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Parameters Moduli Phases

NY Ye, Yν , YSL,MR Dirac type 4× n2 4× n2

NG U(n)L
⊗

U(n)νc
⊗

U(n)ec
⊗

U(n)S −4× n(n−1)
2

−4× n(n+1)
2

NG′ no LF conservation
Nphys 24 12

Table 4.3: Parameter counting for the linear seesaw model for three generations.
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Figure 4.2: Br(µ → eγ) calculated in the inverse (left) and linear (right) seesaw. Here, all
�avour has been put into the Yukawa Yν , while neutrino angles have been �tted to their
best �t point values [77]. A random scan over m0 and MR in the interval [100,1000] GeV
and BMR

= [103, 106] GeV2 has been performed for these points. Note that the axes are the
same for inverse and linear seesaw for an easier comparison. Linear seesaw leads to smaller
LFV than inverse seesaw for equal choice of neutrino angles.

3.2 Lepton �avour violation

In any supersymmetric model, limits on lepton �avour violating decays such as µ → eγ
provide an important constraint on the parameter space [541]. In models with a low scale
seesaw especially important constraints come from li → 3lj [542] and from µ− e conversion
in nuclei [543].
The �t to neutrino data requires non-trivial �avour violating entries in at least one of the
Yukawa or mass matrices: Yν or YSL for linear and Yν or µS for inverse seesaw. If we assume
that the LFV resides in Yν , limits on the Yukawa result as shown in Fig. 4.2. In this �gure
we have chosen µS (left) or YSL (right) diagonal and neutrino angles have been �tted to their
best �t point values [77] using Yν . A random scan over m0 andMR in the interval [100,1000]
GeV and BMR

= [103, 106] GeV2 has been performed for these points, �xing tan β = 10 and
M1/2 = 2.5 TeV. Upper limits of the order of (few) 10−2 (10−1) result for inverse (linear)
seesaw, despite the heavy SUSY spectrum (due to the large value of M1/2). Much stronger
limits result for lighter spectra. Note that li → 3lj [542] and µ− e conversion in nuclei [543]
can lead to even stronger limits. We will not repeat this exercise here.
Note also, as discussed in the next Section, that the constraints from relic density of sneu-
trinos lead to an approximate lower bound on the absolute size of the Yukawa coupling
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|Yν |.

4 Sneutrino Dark Matter

In this Section we discuss the relic abundance (RA) and the direct detection cross section
(DD) of sneutrinos in the di�erent models. We will �rst discuss the simpler case of the
inverse/linear seesaw and then turn to the mBLR model.
In order to reduce the number of free parameters in our numerical scans, we calculate all
spectra with CMSSM-like boundary conditions, i.e. we choose (m0,M1/2, A0, tan β, sgn(µ)),
from which all soft parameters at the electro-weak scale are calculated using full 2-loop
RGEs. Unless noted otherwise, we always assume that the trilinear soft parameters are
related to the superpotential parameters in a �mSugra�-like way: Tα ∝ YαA0 at mGUT .
In addition to the MSSM parameters, we have the neutrino Yukawa couplings Yν and several
model speci�c parameters. These areMR and BMR

and, in case of the inverse (linear) seesaw
µS and BµS (YSL). While, in principle, all of these are matrices we use Eq. (20) and (26)
to �t neutrino data and usually assume all matrices are diagonal except one.
For the mBLR model we have the free parameters Ys, vR, tan βR, µR and mAR

. Recall,
MR = YsvR/

√
2 and mAR

is the CP-odd scalar Higgs mass in the χR sector. Due to the
constraints from LFV discussed above, we usually put all LFV into either µS (inverse seesaw)
or YSL (linear seesaw). This way we only have to check for the constraints from Z0 and
Higgs physics and lower limits on squarks and gluinos discussed in Section 3.

4.1 Inverse/Linear seesaw

Sneutrinos can be made the LSP, practically independent from the actual choice of the
CMSSM parameters. This can be easily understood from Eqs. (7) and (9) and is demon-
strated by two simple examples in Fig. 4.3.
In Fig. 4.3 we show two examples of tree-level sneutrino masses calculated as function of
BMR

for two particular but arbitrary choices of parameters: m0 = 100,M1/2 = 1000, A0 = 0
and µ = 800 all in GeV and |Yν | = 0.1 and tan β = 10. In addition, MR = 200 GeV (left)
and MR = 500 GeV (right). This calculation was made in a one generation toy model and
serves only for illustration. The general behaviour is easily understood. First, recall that
within CMSSM roughly mχ0

1
∼ mB̃ ∼ 0.4M1/2. Entries on the diagonals of the sneutrino

mass matrix are of the order m2
LL ' m2

0 +0.5M2
1/2, m

2
νcνc ' m2

0 +M2
R and m2

SS ' m2
0 +M2

R.

If
√
m2

0 +M2
R
<∼ 0.4M1/2 (one of the pair of) right sneutrinos is the LSP, see left plot. On

the other hand, for larger values of m0 and or MR, right sneutrinos still can be the LSP
if BMR

>∼
√
m2

0 +M2
R, since in this case a large o�-diagonal in the sneutrino mass matrix

leads to a large splitting between the two lightest eigenstates, with the lighter one becoming
very light, see right plot. Since BMR

is naively expected to be of order m2
SUSY , sizeable

splitting between the right sneutrinos is expected and in a random scan over parameters
such sneutrinos emerge as LSP quite often. Note, that a light eigenvalue in the sneutrino
sector can also be made by a large o�-diagonal in the sneutrino mass matrix in the LR and
LS entries of the mass matrix.
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Figure 4.3: Two examples of tree-level sneutrino masses calculated as function of BMR
for

two particular but arbitrary choices of parameters: m0 = 100, M1/2 = 1000, A0 = 0 and
µ = 800 all in GeV and |Yν | = 0.1 and tan β = 10. In addition MR = 200 GeV (left) and
MR = 500 GeV (right). For comparison also the lightest neutralino mass is shown.

In the early universe sneutrinos can annihilate into SM particles through various types of
interactions. The most important Feynman diagrams are shown in Figs 4.4 and 4.5. Fig. 4.4
shows the quartic interaction between two sneutrinos and two Higgses and s-channel Higgs
exchange. The former is very e�cient for mν̃LSP

≥ mh0 , while the latter is important near
mν̃LSP

' mh0/2. Fig. 4.5 shows the quartic interaction with W- and Z-bosons and t-channel
neutralino exchange. The importance of the latter depends on the SUSY spectrum.

Figure 4.4: Examples of Feynman diagrams contributing to the ν̃LSP ν̃LSP annihilation: To
the left quartic interaction; to the right s-channel Higgs exchange.

Figure 4.5: Examples of Feynman diagrams contributing to the ν̃LSP ν̃LSP annihilation: To
the left quartic interaction with gauge bosons; to the right t-channel neutralino exchange.
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The relative importance of di�erent diagrams is strongly dependent on the kinematical
regime. A typical example of �nal state branching ratios versus the lightest sneutrino mass
is shown in �g (4.6). In this scan we have �xed m0 = 120, M1/2 = 600, A0 = 0 all in GeV
and |Yν | = 0.4 and tan β = 10. In addition µS = [10−11, 10−9] GeV.
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Figure 4.6: Examples of �nal state branching ratios for the annihilation cross section of
sneutrinos to SM �nal states versus the lightest sneutrino mass (in GeV). For the param-
eter choices of this scan, see text. Calculation uses the inverse seesaw model. Di�erent
kinematical regimes are visible, see discussion.

From left to right we see that the most important channels are ν̃LSP ν̃LSP −→ ττ (ma-
genta with triangles), ν̃LSP ν̃LSP −→ bb (brown), ν̃LSP ν̃LSP −→ ννc (orange), ν̃LSP ν̃LSP −→
W+W− (red ), ν̃LSP ν̃LSP −→ Z0Z0 (purple), ν̃LSP ν̃LSP −→ HH (blue), ν̃LSP ν̃LSP −→ tt
(green); �nally, to the right of the �gure, the contributions coming from the coannihilations
are shown: ẽẽ −→ ττ (magenta with triangles), and ẽẽ −→ γγ (in yellow).
For low sneutrino masses the determination of the relic abundance is dominated by Higgs
exchange, see Fig. 4.4 right. Since the Higgs couplings are proportional to SM fermion
masses, bb is most important in the low mass regime, followed by ττ . For sneutrino masses
above approximately mν̃LSP

∼ 45 GeV the �nal state νν becomes dominant in this example.
This is because with these parameter choices the lightest of the �singlet� neutrinos has a
mass of about 45 GeV and the Higgs couples always to νLνc, i.e. one light and one heavy
neutrino.
Single Z0 exchange is less important than Higgs exchange, since scalar-scalar-vector cou-
plings are momentum suppressed. For mν̃LSP

>∼ 80 GeV, however, two gauge boson �nal
states become dominant, the channelW+W− being more important than Z0Z0. For masses
above mν̃LSP

>∼ 120 GeV also two Higgs �nal states are sizable. All these �nal states are due
to quartic interactions, see Fig. 4.4 left and Fig. 4.5. Due to the large top Yukawa coupling,
the two top �nal state, once kinematically possible, becomes very important. And, �nally,
formν̃LSP

approaching the NLSP mass, in this example the lightest scalar tau, coannihilation
into taus becomes dominant.
Next, we have performed a general scan over the parameter space of the model choosing
randomly (m0,M1/2, A0, tan β, sgn(µ)) in the interval m0 = [100, 3000], M1/2 = [200, 3000],
A0 = 0, tan β = 10 and sgn(µ) > 0 and |Yν | = 0.3, MR = [0, 1000]. BMR

is calculated
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Figure 4.7: General scan for the inverse seesaw model. The plot shows Ωh2 versus the mass
of the lightest sneutrino (in GeV) for points in which the sneutrino is the LSP.

accordingly to enhance the percentage of sneutrino LSP points. We post-select data points
with sneutrino LSPs and cut on all points not ful�lling the lower bounds on squark and
gluinos masses from the LHC [535]. Results are shown in Fig. 4.7 for the case of the inverse
seesaw. Shown is the calculated RA (Ωh2) versus the mass of the lightest sneutrino for points
in which the sneutrino is the LSP. The band, which is the allowed range from WMAP [544],
shows that one can easily get points with the correct relic abundance over a wide range of
parameters. The �gure is for the inverse seesaw, linear seesaw is qualitatively very similar.

The plot shows several distinct features. First, for masses of sneutrinos around mν̃LSP
' 60

GeV a strong reduction of the RA occurs, due to the s-channel Higgs exchange. As can be
seen, this diagram is very e�ective in reducing the RA whenever mν̃LSP

is within a few GeV
of the mass of the Higgs, but less important elsewhere. In the region above mν̃LSP

= 80
GeV, quartic interactions with the gauge bosons are e�ective and above mν̃LSP

= 175 GeV
two-top �nal states become dominant. For very large mν̃LSP

one sees an overall trend that
the RA rises with rising sneutrino mass, apart from a few scattered points. Low RA, i.e.
Ωh2 ' 0.1, in this high mass regime can practically only be made via co-annihilation or
s-channel heavy Higgs exchange. Note that the fact that there are only a few points with
mν̃LSP

below 50 GeV is just an artifact of the scanning procedure. However, the general
trend is that for very light sneutrinos the calculated RA is larger than Ωh2 ∼ 0.1. These
light sneutrinos would require |Yν | & 0.2, which is incompatible with the constraints coming
from the invisible Higgs decay into sneutrinos, as commented in Section 3.

We will come back to a more detailed discussion of light sneutrinos in the next Section.

In Fig. 4.7 we have �xed the neutrino Yukawa couplings to a constant value. However,
sneutrinos which are purely singlets do not couple to gauge bosons and thus their relic
abundance is usually too large. For mixed sneutrinos the RA depends strongly on the
choice of |Yν |. An example is shown in Fig. 4.8. The �gure shows on the left (right) results
for the inverse (linear) seesaw. In both cases we have �tted neutrino data, using Eqs. (20)
and (26), and scanned over the parameters: m0 and MR in the interval [100,1000] GeV and
BMR

= [103, 106] GeV2. Here,M1/2 was �xed toM1/2 = 2.5 TeV and tan β = 10 and A0 = 0.



120 Sneutrino Dark Matter in Low-scale Scenarios

10-6 10-5 10-4 10-3 10-2 10-1 100

10-2

100

102

104

106

108

Ω
h

2

|Yν|

10-6 10-5 10-4 10-3 10-2 10-1 100

10-2

100

102

104

106

108

Ω
h

2

|Yν|

Figure 4.8: Scan for the inverse (left) and linear (right) seesaw model. The plot shows
Ωh2 versus |Yν | in a scan over the remaining parameters, see text. The color coding of the
points shows the mass di�erence between the lightest sneutrino mass and the NLSP (next-
to-LSP) mass, in this scan practically always the lightest of the charged sleptons. Red:
mNLSP−mLSP < 100 GeV, violet: 100 < mNLSP−mLSP < 500 GeV, blue: mNLSP−mLSP >
500 GeV. For a discussion see text.

The choice of such a large M1/2 guarantees that all points have a lightest Higgs mass in the
vicinity of 125 GeV. It also makes all SUSY particles, except the sneutrino, relatively heavy.
The points in Fig. 4.8 are color coded by the mass di�erence between the lightest sneutrino
mass and the NLSP (next-to-LSP) mass, in this scan practically always the lightest of the
charged sleptons. Red: mNLSP − mLSP < 100 GeV, violet: 100 < mNLSP − mLSP < 500
GeV, blue: mNLSP −mLSP > 500 GeV. For large |Yν | the RA goes down as Ωh2 ∝ |Yν |−4,
for small values of Yν the points show practically no dependence on |Yν |. This is because
the determination of the RA is then dominated by coannihilation processes with the lightest
stau. These can be very e�cient, if ∆m2 = ml̃

2−mν̃LSP
2 ' few GeV, less so for larger mass

di�erences. Thus, to reduce the relic density of the sneutrino to acceptably small values,
one needs either a special kinematic con�guration, such as co-annihilation or s-channel
resonance, or |Yν | has to be larger than roughly |Yν | >∼ 0.1.

Direct Detection

Direct detection of the sneutrinos consists in detecting the recoil energy coming from the
elastic scattering of sneutrinos with nuclei inside a detector. The interaction, which occurs
in the non relativistic limit, since the velocity of DM particles in the Galactic halo is small,
comes from basically two diagrams contributing at tree level: the t-channel exchange of
a neutral Higgs or of the Z boson (see �g(4.9)). Which of the two diagrams is the more
important one depends on the actual value of |Yν |.
The Z�boson exchange cross section is [508]:

σZν̃LSP N =
G2
F

2π

m2
ν̃LSP

m2
N

(mν̃LSP
+mN )2

f4ν̃mix

[
AN + 2(2 sin2 θW − 1)ZN

]2
(29)

where mN is the nucleus mass, AN and ZN are the mass number and proton number of
the nucleus, fν̃mix is the factor which takes into account the mixing between the sneutrino
states, see Eq. (9), and GF is the Fermi constant.
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Figure 4.9: Diagrams contributing to the direct detection cross section: elastic scattering of
ν̃LSP over quarks.

The Higgs�bosons exchange scattering cross section is [508]:

σHiggsν̃LSP N =
m2
p

4π(mν̃LSP
+mN )2

[fpZN + fn (AN − ZN )]2 (30)

where N denotes the nucleus, and the quantities AN and ZN are the mass number and
proton number of the nucleus, fp and fn are hadronic matrix elements which parametrize
the quark composition of the proton and the neutron, and which represent the e�ective
coupling of the ν̃LSP to the nucleus, but are subject to considerable uncertainties [508,545].
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Figure 4.10: Direct detection cross section (in [cm2]) for sneutrino LSPs (masses in GeV),
for the inverse seesaw model. The points are those from Fig. 4.7 compatible with the upper
bound on the relic abundance. Also the current limits from XENON-100 [546] (red line),
CDMS [265] (green line), DAMA (with and without channeling, orange regions) [289], and
Cogent [269] (purple region) are shown for comparison.
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In �gure (4.10) we depict the direct detection cross section versus the LSP sneutrino mass
(blue points). The points are the same as shown in Fig. 4.7, but after a cut on the relic
abundance. In the same plot, the current limits from XENON-100 [546] (red line), CDMS
[265] (green line), DAMA (with and without channeling, orange regions) [289], and Cogent
[269] (purple region) are shown. The major bound nowadays comes from the XENON-100
experiment [546], whose best sensitivity is around 10−44cm2 for a DM candidate of 50 GeV.
The sneutrinos show a SI cross section σSI . 10−42cm2, and for masses mν̃LSP

& 100 GeV
they are compatible with current limits by XENON-100. However, XENON-1T, whose
sensibility should improve up to 10−46cm2, will test those cross sections.
We have not been able to �nd low sneutrino masses of the order of O(5 − 10) GeV, which
have the correct relic density and ful�ll at the same time the constraints from the direct
detection experiment XENON-100 [546]. However, this calculation has been done with
BµS ∝ m0µS and lepton number violation in the sneutrino mass matrix leads to the mass
splitting between the real and the imaginary part of the lightest sneutrino, and the scattering
via Z boson exchange occurs inelastically, through a transition from the real to the imaginary
or viceversa. Points shown in Fig. 4.10 have all very small splitting in the sneutrino sector,
but if the mass splitting is greater than some keV, scattering is strongly suppressed at direct
detection experiments. Indeed, the maximum kinetic energy that the sneutrino LSP can
transfer to the detector depends on the velocity it moves relative to the nucleus v (' 10−3

in the galactic halo),the nucleus mass M and the angle θ of scattering:

E =
A2v2

M
(1− cos(θ)) (31)

where A =
mν̃LSP

M

mν̃LSP
+M

, which would give, in the case of a Xenon detector for instance, and

mν̃LSP
= 100 GeV, E = 25 keV (if cos(θ) = 0). For heavier sneutrinos with a mass of

the order of TeV, for a splitting larger than some hundred keV the direct detection cross
section goes to zero. Such �large� splitting is currently not excluded in the inverse seesaw,
compare to Fig. 4.1. Thus, in principle inverse seesaw can evade the constraints from direct
detection, when the Z-boson exchange diagram is the dominant contribution to the direct
detection cross section, while linear seesaw can not, see the discussion in Section 3.1.

4.2 mBLR model

In this subsection we discuss the DM phenomenology of the supersymmetric U(1)R ×
U(1)B−L extension of the standard model. The main di�erence to the simpler models
discussed previously are the presence of the extra gauge boson Z ′ and the possibility to
have an additional light, mostly singlet Higgs boson, which lead to some important changes
in the phenomenology.
First, recall that the U(1)R × U(1)B−L gauge symmetry of this model is spontaneously
broken to the hypercharge group U(1)Y by the vevs vχR

and vχ̄R
of the scalar components

of the χ̂R and ˆ̄χR super�elds whereas the SU(2)L ⊗ U(1)Y → U(1)Q breaking is driven by
the vevs vd and vu of the neutral scalar components of the SU(2)L Higgs doublets Hd and
Hu up to gauge kinetic mixing e�ects. The tadpole equations for the di�erent vevs can
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Figure 4.11: Scan for the CmBLR version of the extended gauge model. Parameters are
varied as follows: m0 = [0, 6000] GeV, M1/2 = [3000, 8000] GeV, tanβR = [1.0,1.3]. The
other parameters are set to the values tanβ=10, A0 = −4500 GeV, YS = diag(0.3); vR has
been chosen di�erent in the two plots, vR = 6 TeV and vR = 10 TeV, respectively. Masses
of the ν̃LSP are in GeV.

be solved analytically for either (i) (µ,Bµ, µR, BµR) or (ii) (µ,Bµ, m2
χR
,m2

χ̄R
) or (iii) (m2

Hd
,

m2
Hu
, m2

χR
, m2

χ̄R
) [211].

We address the minimal version option (i) as CmBLR (constrained mBLR), since it allows
to de�ne boundary conditions for all scalar soft masses atmGUT , reducing the number of free
parameters by four, although leading to some constraints on the parameter space, such as a
lower bound on tanβR (tanβR > 1) [211]. The second option (ii) is instead more �exible, and
we have made use of it in some of our scans, too. We will refer to this option as χRmBLR
version (non-universal χR masses mBLR). We have not used the last option, which we only
mentioned for the sake of completeness.
The result of Ωh2 for two general scans is shown in Fig. 4.11. Parameters have been scanned
as described in the �gure caption. Note that there are two �xed but di�erent choices of vR
in the left and right plots, leading to two di�erent values of the Z ′ mass. In both plots in
Fig. 4.11 the main feature clearly visible is the Z ′ pole. Indeed, the annihilation of the ν̃LSP
LSPs into SM particles via the Z ′ becomes e�cient when the mass of the ν̃LSP is close to
half the mass of the Z ′. The mass of the Z ′ can be calculated analytically [211] and mainly
depends on the value of vR, see Eq. (16). The ATLAS searches for a Z ′ set a lower limit on
its mass which is 1.8 TeV, and this translates into a lower limit on vR & 5 TeV, see the plot
on the left. The plot on the right shows that choosing a higher value of vR we can get very
heavy ν̃LSP DM with the correct RA, up to masses of several TeV.
The main annihilation channels for sneutrino DM for the points of Fig. 4.11 are shown
in Fig. 4.12. Far from the Z ′-pole resonance these are ν̃LSP ν̃LSP −→ ττ (magenta ),
ν̃LSP ν̃LSP −→ bb (brown), ν̃LSP ν̃LSP −→ ννc (orange), ν̃LSP ν̃LSP −→ W+W− (red),
ν̃LSP ν̃LSP −→ Z0Z0/ZRZR (purple ), ν̃LSP ν̃LSP −→ HH (blue), ν̃LSP ν̃LSP −→ tt (green).
The quartic coupling with two Higgses ( h0, h0BLR and A0, depending on whether they are
kinematically allowed, depending on the ν̃LSP mass) is one of the most e�cients, as before.
For lower masses the annihilation via the MSSM Higgs is the most e�cient, as can be no-
ticed by the small relic density for lower masses, especially in the �rst plot, where on the
left end side we are approaching the region where the quartic Higgs coupling is important
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Figure 4.12: Final state branching ratios for the annihilation cross section of sneutrinos to
SM �nal states versus the lightest sneutrino mass (in GeV). For the parameter choices of
these scans see Fig. 4.11. For a discussion of the di�erent kinematical regimes which are
visible, see text.
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Figure 4.13: Direct detection cross section (in cm2) for sneutrino LSPs in the BLR model.
Masses are in GeV. Black points refer to the scan described in Fig. 4.11 left with vR = 6
TeV. Blue points stand for the scan of Fig. 4.11 right with vR = 10 TeV. All points shown
ful�ll the RA constraints. Higher vR leads in general to lower DD cross section.

(for mν̃LSP
' 120 GeV).

Recall that in this model the Higgs sector is more complicated due to the extended gauge
structure. The U(1)B−L ×U(1)R breaking results in one additional light Higgs, h0BLR [210].
The mixing between the MSSM Higgs h0 and the h0BLR enhances the mass of the mostly
MSSM Higgs, leading to a MSSM-like Higgs in agreement with the most recent ATLAS
and CMS preferred regions, without much constraints on the SUSY spectrum. However,
this enhancement of the MSSM Higgs mass occurs usually in the model if the h0BLR has a
mass of the order of the MSSM-like state or less, i.e. the presence of a light singlet Higgs
is preferred unless the SUSY spectrum is rather heavy (in which case the CMSSM limit is
reached).
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We have also checked for constraints coming from direct detection in the limit of negligible
sneutrino splitting. Examples for direct detection cross section are shown in Fig. 4.13. As
before, see Fig. 4.10, di�erent experimental constraints are also shown. All points shown
ful�ll the constraints from relic abundance. We have calculated two scans, one with vR = 6
TeV (black) and one with vR = 10 TeV (blue). As can be seen, practically all of the points
with vR = 6 TeV in this scan are excluded by the limit from XENON-100, while most of
the vR = 10 TeV are allowed. Thus XENON-100 puts currently a lower bound on vR (and
thus the Z ′ mass) of the order of vR ' 10 TeV for sneutrino LSPs as DM.
The origin of this surprisingly strong constraints lies in the Z0 − Z ′ mixing. The mixing
angle between these two states is roughly of the order θZ0Z′ ∼ (gLv

2)/(gRv
2
R). Thus the

right sneutrinos, which couple mostly to the Z ′, couple via this mixing also to the Z0. The
Z0 has an experimentally �xed mass. Thus, the only possibility to suppress the DD cross
section 6 is to increase vR.

101 102
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100

Ω
h
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Figure 4.14: Scan into the low sneutrino mass region using the mBLR model. For the
parameter choices see text. The �gure demonstrates that the mBLR mode can give the
correct RA for low mass sneutrinos in those parts of the parameter space where a light,
singlet Higgs is present.

Finally, Fig. 4.14 shows a dedicated scan for low mass sneutrinos in the mBLR model. The
di�erent curves are slight variations of the parameters near the study point BLRSP1. The
original parameters of BLRSP1 were: m0 = 470,M1/2 = 700, tan β = 20, A0 = 0, vR = 4700,
tan βR = 1.05, µR = −1650 and MAR

= 4800 GeV. To obtain very light sneutrinos, m0 has
been lowered to m0 = 440 GeV, while the di�erent curves are for M1/2 = 650, 660, 675 and
700 GeV and the scanning runs mAR

from 3000 − 4000 GeV. The resulting scan produces
sneutrinos with masses in the interval [5, 100] GeV, while the lightest Higgs mass, in this case
a mostly singlet Higgs, has a mass eigenvalues of mh1 ' 1−50 GeV. The �gure shows a pole
around mν̃LSP

' 62 GeV, due to a mass for the MSSM-like Higgs of around 124− 125 GeV
in all cases. There appear additional dips in the RA for smaller sneutrino masses, whenever

6Apart from a large sneutrino splitting.
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mν̃LSP
' mh1/2. This demonstrates that in the extended gauge model it is possible to have

the correct RA even for very low sneutrino masses.
However, note that, while the model can in principle give DD cross section large enough to
explain the DAMA [289], and Cogent [269] hints, such points will always be inconsistent
with the constraints from XENON-100 [546], also for the case of inelastic dark matter [547].

5 Conclusions

We have studied low scale seesaw models with a sneutrino LSP. We considered two possi-
bilities: Models with the MSSM gauge group and either a linear or inverse seesaw and a
model with the gauge group SU(3)c × SU(2)L × U(1)B−L × U(1)R and an inverse seesaw.
Sneutrinos can be the DM in both cases, ful�lling all known experimental bounds.
However, while inverse and linear seesaw lead to di�erent results for LFV, in general, they
give similar DM results. There are some di�erences in detail, though: In the inverse seesaw
it is possible to avoid all direct detection constraints using a large enough splitting in the
sneutrino sector, which leads to �inelastic� dark matter. This is not possible in the linear
seesaw, due to constraints from neutrino physics.
In the extended gauge model there is more freedom than in the simpler MSSM-group based
models. Especially very light (O(1) GeV) or very heavy (O(several) TeV) sneutrinos can
give the correct relic density, due to the existence of a mostly singlet Higgs in the former
case and due to the Z ′ in the latter. Very light sneutrinos could explain the hints from
DAMA [289] or Cogent [269], but are inconsistent then with XENON-100 [546, 547]. It is
interesting to note that in the limit of small sneutrino mass splitting the DD limit from
XENON-100 [546] leads to a lower limit on vR of the order of O(10) TeV for sneutrino LSPs
as the dominant component of the galactic DM.
To distinguish di�erent models of sneutrino DM from DM phenomenology alone will not
be possible. However, the inverse/linear sneutrino setups which we have considered rely on
the presence of more generations of right-handed (sterile) neutrinos with presumably large
Yukawa couplings, i.e. sizeable mixing with the ordinary light neutrinos. Such states can
be searched for in the LHC and limits have been published recently by both, the CMS [548]
and ATLAS [549] collaborations. LHC phenomemology of the model with extended gauge
group has recently been discussed in [211].
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Among all possible messengers for DM indirect searches, γ-rays play an important role.
Indeed, they can propagate essentially unperturbed through the galaxy thus directly point-
ing to their sources and therefore carrying spatial information. We already discussed this
in Chapter 2.
Indirect γ-ray DM detection is evolving very rapidly, thanks to some high precision experi-
ments, such as Fermi-LAT. This powerful role of γ-rays in indirect searches for DM provides
our motivation for part of the research done in this thesis and notably to this Chapter.

The expected DM-induced γ-ray �ux from a direction ψ in the sky, is given by the product
of two factors:

dφγ
dEγ

(Eγ, ψ) = J(ψ)× ΦPP (Eγ), (32)

where J(ψ) is the astrophysical factor and φ(E) is the particle physics factor (PP).

Before entering the details of the work, we have to start with some technical introduction
concerning how γ-ray �uxes are calculated and the uncertainties related to this computation.

The astrophysical term The astrophysical factor describes the integration performed
along the line of sight (l.o.s.). For annihilating DM, the factor reads:

J(ψ) =

∫
∆ψ

dΩ

∆ψ

∫
l.o.s

ρ2(r)d`, (33)

where ρ is the density of DM particles, and the integration is in the direction ψ along
the line `. Moreover, the �ux has been averaged over the opening angle ∆ψ of the
detector. In case of DM decays, the integration is over density instead of density
squared.

The particle physics term The PP factor only depends on the properties of the DM
particle. It can usually be pulled outside the integral of Eq. (33) for WIMPs with
typically very small velocities, such that it does not depend on the velocity distribution.
However, this is not valid in case of velocity-dependent cross section, like in the case
of Sommerfeld enhancement.

1. Annihilating dark matter
In this case the PP term can be expressed as

dΦPP
γ

dEγ
(Eγ) ≡ η

1

4π

〈σv〉ann
m2
χ

·
∑
i

dN i
γ

dEγ
Bi , (34)

where mχ is the mass of the DM particle, 〈σv〉ann is the annihilation cross section
times the relative velocity, averaged over the DM velocity distribution, Bi is
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the branching ratio into the �nal state i and
dN i

γ(Eγ)

dEγ
is the photon spectrum

per annihilation (which is dependent on the annihilation channels). The sum is
done over all annihilation channels. The usual value for 〈σv〉ann is the "thermal
cross section" 〈σv〉 ∼ 3 · 10−26cm3s−1, which is the annihilation rate expected for
thermally produced WIMPs in absence of resonances and co-annihilations. η = 1

2

for a self-conjugate particle like a Majorana fermion or 1
4
otherwise.

2. Decaying dark matter
For γ-rays produced from the decay of DM, the �ux is formally the same as
Eq. (32), but the particle physics term changes in the following way:

dΦPP
γ

dEγ
(Eγ) ≡

1

4π

1

mχτ
·
∑
i

dN i
γ

dEγ
Bi , (35)

where the decay lifetime τ enters, instead of the annihilation cross section.

The photon spectrum depends on the annihilation channels. We focus on a generic
WIMP candidate, instead of restricting ourselves to a speci�c particle physics model,
which is depicted through the values of the mass of the DM particle, mχ, the anni-
hilation cross section 〈σannv〉 or the decay lifetime τ and the γ-ray photon spectrum
(yield). The latter receives three contributions: i) γ-rays produced by DM particles
annihilating directly into two photons, Z0H or Z0γ, giving rise to monochromatic lines,
ii) γ-rays from decay of neutral pions produced by hadronization of �nal states of DM
annihilation, which produce a γ-ray continuum, iii) γ-rays from radiative emissions,
if charged particles are produced, which also contribute to the continuum. Internal
bremsstrahlung may also contribute inducing harder spectra and the possibility of
bumps near the energy cut-o� set by the DM mass.

The required ingredients to calculate the expected γ-ray �ux from DM annihilation or decay
through Eq. (32) are always model dependent.

Concerning the astrophysical factor, the modelling of the DM density distribution is the
main task. We will now shortly review the main halo pro�les.

Dark matter halo density pro�les

The CDM paradigm predicts the formation of DM structures called halos and substructrures
called subhalos or clumps. From numerical simulations, we know how these structures
evolve 7. Computer simulations indeed, allow to follow the non-linear evolution of DM
perturbations, starting from realistic and well constrained cosmological initial conditions.
The �nal structures are the DM halos that are expected to embed galaxies and galaxy
clusters.

7Although with some caveats: most of DM simulations do not include baryons, which lead to a di�erent
phenomenology. See Chapter 6.
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Numerical simulations Numerical simulations have experienced a solid algorithmic and
hardware development that led to the improvement of the mass and spatial resolution by
orders of magnitude. Indeed, today it is possible to simulate individual galaxies, in a full
cosmological context with up to billions of particles and a spatial resolution of ∼ 1 kpc.
Current simulations like Via Lactea-II [550], GHALO [551] and Aquarius [552] are among
the best resolved ones. Allowing for some di�erences caused by the use of di�erent cosmo-
logical parameters, the main results of Via Lactea-II and Aquarius are very similar. This
means that current cosmological N-body simulations may be considered as good approxi-
mations to CDM halos on a large mass and spatial range. Furthermore, N-body simulations
demonstrate how hierarchical merging gives rise to substructures, both gravitationally bound
(subhalos) and unbound (streams). Concerning how much of the DM is in the form of sub-
structures, it is useful to consider the cumulative mass function of subhalos, which can be
approximated by a power-law of the form M−α with α = 1.9− 2.0. The steep slope means
that a signi�cant fraction of the mass is inside small subhalos, which are still unresolved in
current numerical simulations.
Nevertheless, a realistic description of the DM distribution requires also the treatment of
the baryons and their dynamical interactions with the DM. Baryonic matter dominates
the gravitational potential in the central region of the galactic halo, thus it could have a
great impact on the DM distribution with respect to the pure DM simulations. Hence,
the DM density pro�les can steepen through the adiabatic contraction due to the introduc-
tion of dissipating baryons in the simulations [553�556]. On the contrary, if feedback from
star formation and supernovae dominates over cooling and infall processes, the presence of
baryons could produce the opposite e�ect of leading to cored pro�les rather than cusped
ones [557�559]. The magnitude of this e�ect depends on the baryonic fraction that slowly
dissipates via radiative cooling. However, it is not yet very clear how strongly the presence
of baryons changes the inner distribution of DM in galaxies.

General DM density pro�le A useful general parametrization of DM halos, which can
describe a large number of commonly used pro�les is

ραβγχ (r) = ρ�

[
r

r�

]−γ [
1 + (r�/rs)

α

1 + (r/rs)α

]β−γ
α

, (36)

where r is the distance from the halo center, r� ' 8.33 kpc is the position of the Sun and
ρ� ' 0.4 GeV cm−3 the local DM density [97�100,102].

The most used DM pro�les are described hereafter.

NFW In the literature, halo density pro�les seemed initially to be well-�t by a single
functional form. Pure-DM simulations showed that most of CDM halos can be described
by a universal pro�le, the NFW pro�le [560]:

ρ(r)NFW =
ρs

(r/rs)(1 + r/rs)2
. (37)



132

It can be obtained from Eq. (36) with (α, β, γ) = (1, 3, 1). The scale radius rs is related to
the peak circular velocity scale and it is used to de�ne the halo concentration cvir = rvir/rs,
where rvir is the "virial" radius. The logarithmic slope of the pro�le at rs is dlnρ/dlnr = −2.
This scale seems to mark the division between two regions in the distribution of the halo,
the central part of the pro�le which goes as ρ(r) ∝ r−1 and an outer region with a steeper
pro�le going as ρ(r) ∝ r−3.
Nevertheless, as larger simulations started to resolve smaller scales, it has been observed
that good �ts are obtained by letting the inner slope γ of the NFW function (Eq. (37))
become a free parameter, instead of forcing γ = 1.

Moore Some halos follow the NFW pro�le quite well, but others are better approximated
with a steeper pro�le as suggested by [561]:

ρ(r)Moore =
ρs

(r/rs)1.16(1 + r/rs)1.84
. (38)

Einasto Another option is to use the Einasto pro�le [562�564]

ρ(r)Ein = ρse
− 2

α
[(r/rs)α−1] , (39)

where α is the additional free parameter. It describes the shape of the density pro�le. Larger
values of α result in steeper inner pro�les and shallower outer pro�les. The quantity − 2

α
is

such that ρs is the density at the e�ective radius rs, which encloses the volume containing
half of the total mass.

Isothermal Cored pro�les, such as the truncated isothermal pro�le [565, 566] might be
more motivated by the observations of galactic rotation curves:

ρ(r)iso =
ρs(

1 + (r/rs)
2) , (40)

where rs is the core radius and ρs the central density. The cored isothermal pro�le follows
from Eq. (36) when setting (α, β, γ) = (2, 2, 0). A feature of this kind of pro�le is that the
radial velocity dispersion is constant, on the contrary to NFW pro�les which show a strong
dependence of the radial velocity dispersion upon the radius.

Burkert Another cored pro�le is the Burkert pro�le [567] which appears to best-�t the
observed rotation curves of dwarf galaxies, which are known to be dominated by DM. It is
an empirical law that resembles a pseudo-isothermal halo:

ρ(r)bur =
ρs

(1 + r/rs)
(
1 + (r/rs)

2) . (41)
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Moore and Stadel A new two parameter �tting function of the density pro�le has been
proposed [551] to �t a series of simulations of a Galactic mass DM halo at di�erent mass
resolutions:

ρ(r)MS = ρ0e
−λ[ln(1+r/Rλ)]

2

. (42)

This function has a linearly varying logarithmic density gradient. It has a constant loga-
rithmic slope down to a scale Rλ, below which it approaches the central maximum density
ρ0 as r → 0.
All the proposed pro�les di�er most in the inner part of the galactic halo, while they are quite
similar above a few kiloparsecs, and notably in the location of the Solar system. Apart from
very extreme scenarios, which can be excluded by microlensing and stellar rotation curve
observations, the di�erence in the expected DM annihilation �ux from the innermost region
of the galactic halo, between the most cored pro�les and the most cusped ones, can be as
large as �ve orders of magnitude.
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CHAPTER

FIVE

DARK MATTER CONSTRAINTS FROM THE FERMI-LAT

EXTRAGALACTIC γ-RAY BACKGROUND

1 Introduction

The indirect search for DM through its annihilation products in rare charged CRs and in
multi-wavelength channels requires very accurate measurements and an unambiguous esti-
mation of all the possible backgrounds to the DM signal. In the last years, dedicated exper-
iments have provided unprecedented results by extending the energy ranges of the measured
cosmic species as well as the precision of the data [568�574]. Further data are expected by
the Fermi-LAT and Pamela on-going missions, and by the AMS-02 experiment on board the
International Space Station. From the theoretical side, many e�orts have been addressed
to a better and increasingly detailed modelling of the astrophysical processes which shape,
at di�erent levels, the observed �uxes. Data from cosmic antiprotons [572, 573] have been
shown to be compatible with the standard production from CRs impinging on the interstel-
lar gas [341]. The anomalous increasing positron fraction measured by Pamela [568, 569]
and con�rmed by Fermi-LAT [575] may be explained by emission from near pulsars over-
imposed to a standard CR population [576,577]. Alternatively, a DM component with very
high cross section or sources concentration has been invoked [333,578�580]. Unprecedented
γ-ray measurements by Fermi-LAT have boosted interpretation of di�used and point sources
emission in terms of exotic components from DM annihilation in the halo of the Milky Way,
in extragalactic near objects or in cosmological structures [574,581�583]. The very signature
would be the monochromatic line, which nevertheless provides tiny signal on a remarkable
background [584].
The high latitude γ-ray emission measured by Fermi-LAT [574], given its reduced contam-
ination by galactic sources, can be a powerful tool to set limits on the contribution of DM
to the measured �ux. The data are indeed the result of a non trivial subtraction procedure
and show a high isotropic feature.
The aim of the present research is to set conservative upper limits on the galactic weakly
interacting massive particle (WIMP) DM annihilation cross section into γ-rays. Several
upper limits have been obtained through di�erent and complementary indirect research
means [341,372,401,431,583,585�589]. However, it is usually not straightforward to compare

135



136Dark matter constraints from the Fermi-LAT extragalactic γ-ray background

these results, given the model dependence, the di�erent assumptions on the astrophysical
backgrounds, and the theoretical uncertainties. We will confront the γ-rays coming both
from the DM halo and high-redshift protohalos with the background observed by Fermi-
LAT at high latitudes. The conservative approach is achieved - in addition to prudent
assumptions on the particle physics model and DM distribution in the Galaxy - through the
comparison of the putative DM signal with a high latitude di�use emission spectrum (i.e.
IGRB) obtained with minimal subtractions of known unresolved sources.
This chapter proceeds as follows. In Section 2 we discuss the possible contributions to the
high latitude γ-ray emission from unresolved point sources and truly di�use processes. We
subtract the non-negligible �uxes to the Fermi-LAT data and draw two possible scenarios
for the high latitude emission. In Section 3 we derive conservative upper limits to the DM
annihilation cross section by identifying the residual γ-ray �ux with γ-rays from DM anni-
hilation in the galactic halo and in primordial DM small halos at high redshift. In the latter
case, we study models in which the DM annihilation cross section has an explicit depen-
dence on the inverse of the velocity. We discuss also a possible Sommerfeld enhancement of
the annihilation cross section and derive limits on its amplitude. In Section 4 we draw our
conclusions.

2 The extragalactic γ-ray background

A di�use γ-ray emission has been measured by the Fermi-LAT detector at high latitudes
(|b| > 10o) [574]. The spectrum has been obtained after the subtraction from the data of the
sources resolved by the telescope, the (indeed model dependent) di�use galactic emission,
the CR background in the detector and the solar γ-ray emission. The resulting �ux decreases
with a power law of the photon energy with spectral index 2.41 ± 0.05. It shows a highly
isotropic sky distribution and is generically classi�ed as isotropic di�use γ-ray background
(IGRB) or extragalactic γ-ray background (EGB).
The 1451 sources listed in the First Fermi-LAT catalog (1FGL) [590] represent the best-
resolved survey of the sky in the 100 MeV to 100 GeV energy range. For each low��ux
source there may be a large number of unresolved point sources which have not been de-
tected because of selection e�ects, or too low emission. Most of the unassociated high
latitude sources are blazars, a class of Active Galactic Nuclei (AGNs), and their pile to
the IGRB with the largest �ux [591]. Galactic resolved pulsars and Milli-Second Pulsars
(MSPs) represent the second largest population in the Fermi-LAT catalog [590,592] and they
are expected to contribute signi�cantly to the putative IGRB. A non-negligible γ-ray �ux
seems to be guaranteed by unresolved normal star-forming galaxies [593]. Ultra-high energy
CRs (UHECRs) may induce secondary electromagnetic cascades, originating neutrinos and
γ-rays at Fermi-LAT energies [594]. Contributions from unresolved blazars and MSPs are
believed to contribute at least few percent to the Fermi-LAT IGRB, while predictions for
star-forming galaxies and UHECRs are highly model dependent.
Other astrophysical sources may emit in the high latitude γ-ray sky: i) radio-quiet AGN
[595,596], and Fanaro� and Riley radio galaxies of type I and II [597�599] whose contribution
is strongly model dependent and likely bound to few percent of the IGRB; ii) γ-ray bursts
(GRBs), estimated less than 1% of the di�use extragalactic γ-ray background [600]; iii)
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star-burst and luminous infrared galaxies. The relevant �ux may cover a signi�cant fraction
of the IGRB (≤ 20%) [601], but the model dependence is such to prevent �rm statements on
the relevance of this extragalactic source; iv) nearby clusters of galaxies, which could yield
about 1% − 10% of the EGRET IGRB [602�604]; v) gravitational induced shock waves,
produced during cluster mergers and large-scale structure formation, whose �uxes are quite
model dependent and may reach few percent [605, 606]. All these γ-ray sources have been
shown to contribute to less than 1% of the Fermi-LAT IGRB or to be too highly model
dependent. In the latter case, a very high uncertainty band would be associated with the γ-
ray source, whose lower limit likely gives a negligible contribution to the Fermi-LAT IGRB.
They will therefore be neglected in the rest of this chapter.
In the following, we describe a few classes of γ-ray emitters whose unresolved �ux is �rmly es-
timated in a non-negligible Fermi-LAT IGRB percentage. In a conservative scenario (Model
I), we will subtract AGN and MSPs to the Fermi-LAT IGRB as derived in Ref. [574]. A
more relaxed model (Model II) will be drawn by the further subtraction of a minimal �ux
from star-forming galaxies and CRs at the highest energies.

2.1 BL Lacs and FSRQs

An AGN is a compact region at the center of a galaxy, probably originated by galactic mat-
ter accretion onto a super-massive black hole. The released large amount of gravitational
energy �ows away through powerful jets of relativistic particles which in turn produce X and
γ radiation. Blazars are those AGNs for which the jets are close to our l.o.s. The blazar clas-
si�cation includes BL Lacs (BL Lacertae), which present a complete or nearly complete lack
of emission lines, and FSRQs (�at-spectrum radio quasars). Blazars constitute the class of
γ-ray emitters with the largest number of identi�ed members. Therefore, unresolved blazars
are expected to have a sizable contribution to the IGRB, [607]. The largest uncertainties
in determining the blazars contribution are their unknown spectral energy distribution and
luminosity function [596, 608]. In addition to phenomenological predictions, an analysis of
the observed source count distribution through Monte Carlo simulations has been performed
in Ref. [591]. The reliability of the algorithm relies on a good agreement with the real data,
from the comparison of reconstructed γ-ray �uxes and spectral properties of the sources.
The energy spectrum is well described by a power-law for both FSRQs (softer) and BL Lacs
one (harder), being the intersection between the two �uxes at about 400 MeV. Following our
conservative approach - which is meant to consider the minimum unavoidable contribution
to the IGRB from unresolved astrophysical sources - we will adopt blazar contributions from
the curves delimiting the lower uncertainty bands displayed in Fig. 20 of Ref. [591]. The
ensuing �ux is displayed in our Fig. 5.1 as dotted (dot-dashed) line for BL Lacs (FSRQs)
contribution.

2.2 Pulsars and MSPs

As a result of their short periods, typical MSPs may be brighter in the γ-rays and much older
than ordinary pulsars [609]. The ages of MSPs generally exceed the oscillation time across
the galactic disk by a large factor so that MSPs are expected to be more prevalent at high
latitudes. On the contrary young, energetic ordinary pulsars are more concentrated close to
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the Galactic plane, where they were born. In the �rst year of Fermi-LAT observations [590],
63 pulsars have been identi�ed. Among them: (i) 16 pulsars at |b| > 10o, of which 11 are
MSPs; (ii) 5 MSPs at |b| > 40o and (iii) 1 MSP at |b| > 60o. We estimate a minimal but
not negligible contribution of the unresolved MSPs population to the γ-ray �ux at high
latitudes. We adopt an empirical prescription outlined in Ref. [610], which is based on the
spectra of the eight MSPs detected by Fermi in the �rst 9 months [611] of operation. The
di�erential energy spectra of the Fermi-detected MSPs are well described by a truncated
power law:

dN

dE
= KE−Γe−E/Ecut . (1)

Γ and Ecut are assumed to be 〈Γ〉 = 1.5 and 〈Ecut〉 = 1.9 GeV, while K has been obtained
for |b| ≥ 40o.
In order to evaluate Eq. (1) for di�erent observational regions - namely changing the
normalization K - we follow the prescriptions given in Ref. [609]. Assuming a disk-like
latitude pro�le, the ratio of the average intensities at di�erent latitudes is given by:

IMSP (|b| ≥ b1)

IMSP (|b| ≥ b2)
=

ln[(sin|b1|)−1]

ln[(sin|b2|)−1]
, (2)

where IMSP (|b| ≥ bi), i = 1, 2, is the average MSP intensity over a solid angle Ω = 4π(1 −
sin|bi|) de�ned by the integration from the minimal latitude bi up to 90o, written as:

IMSP ≡ Stot
Ω

=
Smin
Ω

·
(
δ − 1

δ − 2

)
·
(
Smin
Sth

)1−δ

·N(S > Sth). (3)

Smin refers to the assumed Euclidean logN-logS �ux distribution of the galactic MSP pop-
ulation, which is parameterized by a power-law with spectral index δ = 2.5 for S ≥ Smin.
According to [609], we set Smin = 10−10 ph s−1 cm−2. N(> Sth) is the number of resolved
sources above a given �ux threshold Sth. We update the estimation for IMSP in Ref. [609]
with the more recent observations for |b| ≥ 10o reported in Ref. [611], where 8 MSPs have
been found above Sth = 2 · 10−8 ph s−1 cm−2 (lowest detected MSP �ux). We �nd:

IMSP (|b| ≥ 10o, E > 100 MeV) = 6.54 · 10−7cm−2s−1sr−1. (4)

K is then derived from:

IMSP =

∫ Emax

Emin

dN

dE
dE , (5)

where dN
dE

refers to Eq. (1). Cross-checking the average MSP intensities obtained with the
prescription outlined above, and the results in Ref. [610] for |b| ≥ 40o, we �nd a relative
di�erence of about 30%, due to the theoretical uncertainties on the assumed logN-logS and
the latitude pro�le. We consider such a discrepancy as an empirical theoretical uncertainty
on the determination of K, and �x the unresolved MSPs contribution subtracting a 30%
uncertainty from the estimated average intensity. The MSP contribution is shown in Fig.
5.1 as a double dot-dashed line.
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2.3 Star-forming Galaxies

Unresolved normal star-forming galaxies are expected to give a guaranteed contribution to
the high latitude isotropic di�use γ-ray background. Fermi-LAT has identi�ed the source
of the di�use emission from our Galaxy due to the collisions of CRs with interstellar gas,
leading to γ-rays from π0 decay in �ight. This observation provides a ground to estimate
the γ-ray luminosity of star-forming galaxies, by scaling the CR �ux with the massive
star formation rate and �xing the amount of the gas in the external galaxy. Theoretical
predictions are greatly a�ected by uncertainties in the determination of the star formation
rate of the galaxies and their gas content [593,608,612]. Given the uncertainty surrounding
key elements of the determination of this contribution, in our strictly conservative approach
we do not take into account this component. In a more relaxed perspective, we consider
the lowest predicted contribution from star-forming galaxies [593]. It is derived assuming
an increase in the number of star forming galaxies with the redshift. The adopted emission
corresponds to the long dashed curve in Fig. 5.2.

2.4 UHECRs

UHECRs accelerated in astrophysical objects produce secondary electromagnetic cascades
during their propagation in the cosmic microwave and infrared backgrounds. Ref. [594] shows
that if the primary CRs are dominated by protons, such cascades can contribute between
1% and 50% of the GeV-TeV di�use photon �ux measured by the EGRET experiment.
In Ref. [613], the EGB spectrum from UHECRs (normalized to the HiRes data) has been
obtained through a Monte Carlo simulation of the cascade development and compared with
the measurement of the IGRB by Fermi-LAT. In our more relaxed, nevertheless conservative
scenario, we will subtract the ankle model contribution to the Fermi-LAT IGRB [613], which
we show in Fig. 5.2. This γ-ray component has the peculiar behaviour to slightly increase
with increasing energy, and at 100 GeV may account 8% of the Fermi-LAT measured IGRB.

3 Models for the IGRB

As a result of the previous analysis, we now proceed by subtracting from the Fermi-LAT
IGRB [574] additional contributions from unresolved sources at latitudes |b| > 10o. The
contributions to the IGRB that we will remove from the Fermi-LAT spectrum are minimal.
In fact, as extensively explained in the previous sections, the predictions that we will take
into account for the relevant unresolved sources are the lowest ones according to the litera-
ture. In addition, for MSPs we have lowered existing calculations by updating them to the
Fermi-LAT observations.
In what we label Model I, we subtract from the Fermi-LAT IGRB [574] the unresolved
contributions for both BL Lacs and FSRQs as outlined in Section 2.1, and the unresolved
MSPs �ux obtained according to the prescription Section 2.2. The results are shown in Fig.
5.1, where the Fermi-LAT IGRB data [574] are shown along with our power�law �t. The
contributions from BL Lacs, FSRQs and MSPs are identi�ed by dotted, dot-dashed and
double dotted-dashed curves, respectively. The �uxes from the blazar populations follow
power�laws, with softer (harder) spectrum for the FSRQs (BL Lacs). The crossing point
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Figure 5.1: γ-ray spectrum for |b| > 10o latitudes. Fermi-LAT data points are displayed
along with their power�law �t (solid black curve) [574]. The dotted (blue), dot-dashed
(green) and double dot-dashed (purple) curves correspond to BL Lacs, FSRQs and MSPs
contribution, respectively. The dashed (red) curve is the sum of the previous three �uxes.
The solid (lower, green) curve is derived by subtracting the three contributions to the Fermi-
LAT result (Model I).

for the two curves is around 300 MeV: above this energy BL Lacs �ux dominates over the
FSRQs one. The γ-rays from unresolved MSPs show a peculiar spectrum peaked at about
1 GeV and dominate over the blazar spectra from 300 MeV up to 3-4 GeV. The sum of the
three contributions re�ects the MSPs �ux shape with a mild bump. At about 100 MeV the
three sources explain 10% of the Fermi-LAT IGRB and 30% above 1 GeV. The residual �ux
Model I, obtained by subtracting the sum of the three contributions (dashed curve) to the
Fermi-LAT best �t �ux is identi�ed by the lower solid curve. It is not a net power law due
to the dip in the GeV region introduced by the MSPs �ux.
Fig. 5.2 refers to the scenario where the additional contributions from star-forming galax-
ies (long dashed line) and UHECRs (solid points) as outlined in Section 2.3 and Section
2.4 add to explaining the Fermi-LAT IGRB. These two further contributions add with the
previous ones (blazars and MSPs of Model I) and the total sum is displayed by the dashed
red line. The solid (green) curve derives from the subtraction of all these contributions
from the Fermi-LAT IGRB (solid black line �tting the data points) and is labelled Model II
hereafter. Notably, the contribution from star-forming galaxies turns out to be relevant for
E ≤ 1 GeV, whereas the γ-rays from UHECRs give non-negligible �uxes only at the high-
end of the energy spectrum. We notice that at 100 MeV Model II explains about 70% of
the Fermi-LAT IGRB, while above 1-2 GeV they count about 50% of the total. To consider
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Figure 5.2: γ-ray spectrum for |b| > 10o latitudes. Fermi-LAT data points are displayed
along with their power�law �t (solid black curve) [574]. Black dots and long dashed-curve
(orange) correspond to the UHECRs and star-forming galaxies γ-ray �uxes, respectively.
The dot-dashed (blue) curve corresponds to the sum of BL Lacs, FSRQs and MSPs contri-
bution (see Fig. 5.1), the short-dashed (red) to the sum of the previous components with
the star-forming galaxies and UHECRs ones. The solid (lower, green) curve is derived by
subtracting all the contributions to the Fermi-LAT result (Model II).

additional astrophysical components to the IGRB further decreases the residual �ux (lower
solid line) with respect to the Fermi-LAT IGRB (upper solid line) and shrinks the room left
to potential exotic sources, like DM annihilations.

4 Upper bounds on DM annihilation cross section

In this Section we derive conservative upper limits on the WIMP annihilation cross section.
We make the hypothesis that the residual �uxes we have derived in Section 3 are entirely
provided by the γ-rays produced by thermalized WIMP DM in the halo of the Milky Way.

4.1 γ-rays from DM annihilation

The �ux of γ-rays Φγ(Eγ, ψ) originated from WIMP pair annihilation in the galactic halo
[614�616] and coming from the angular direction ψ is given by Eq. (32)
The photon spectrum in the continuum originates from the production of fermions, gauge
bosons, Higgs bosons, and gluons from the annihilation of WIMP pairs. The spectra
dNγ/dEγ from DM �nal states into bb̄, µ+µ− and τ+τ− have been taken from Refs. [364,617].
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Halo pro�le Isothermal NFW [560] Einasto [619]
a = 3.5 kpc a = 25 kpc α = 0.142

rc = 0.01 kpc r−2 = 26.4 kpc
ρ−2 = 0.05 GeV cm−3

|b| > 10o 2.389 2.400 2.833
10o < |b| < 20o 4.020 4.166 5.752
|b| > 60o 1.226 1.283 1.232

Table 5.1: Values for I∆Ω in units of GeV2cm−6kpc. For all these pro�les ρl = 0.4 GeV cm−3

, RSun = 8.2 kpc.

The extrapolation down to mχ=10 GeV seems guaranteed within 10% of uncertainty for all
the annihilation channels [618] (a more careful derivation being beyond the scope of this
work).
The quantity I(ψ) is the integral performed along the l.o.s. of the squared DM density
distribution:

I(ψ) =

∫
l.o.s.

ρ2(r(λ, ψ))dλ . (6)

with ψ being the angle between the l.o.s. and the direction pointing toward the galactic
center (GC) and de�ned in function of the galactic coordinates so that cosψ = cos b cos l.
When comparing with experimental data, Eq. (6) must be averaged over the telescope
observing solid angle, ∆Ω:

I∆Ω =
1

∆Ω

∫
∆Ω

I(ψ(b, l))dΩ . (7)

The integral of the squared DM density over the line-of-sight depends on the choice on ρ(r).
When including the galactic center in the integration (Eq. (6)), di�erent DM distributions
may lead to very di�erent results for I(ψ). However, since our analysis is applied to high
latitude regions, the various descriptions for ρ(r) point to very similar values for I(ψ). We
neglect any clumpiness e�ects and assume a smooth distribution of DM in the galactic halo.
The results for I∆Ω for di�erent DM density distributions and observational regions are
reported in Table 5.1. All the DM pro�les provide very similar results for latitudes well
above the galactic plane. Hereafter, the results will be provided for the cored isothermal
density pro�le.

4.2 Results on annihilation cross section

In this Section we derive upper bounds at 90% C.L. on the WIMP annihilation cross section
from the γ-ray Fermi-LAT IGRB and the IGRB residual �uxes identi�ed as Model I and II
in Section 3.
For the Fermi-LAT IGRB [574], the upper bounds at 90% C.L. on 〈σv〉 are obtained by
requiring that the DM signal calculated according to Eq. (32) does not exceed the measured
�ux plus 1.6σ (one-sided upper limit on the 〈σv〉 parameter). The corresponding constraints
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Figure 5.3: Upper bounds on 〈σv〉 from γ-ray in the high latitude galactic halo, as a func-
tion of the DM mass. From top to bottom, solid lines refer to 90% C.L. limits from the
comparison with Fermi-LAT IGRB (black lines), Model I (red lines), Model II (blue lines)
(see text for details). Dotted, solid and dashed lines correspond to DM annihilation into
µ+µ−, bb̄, τ+τ−, respectively.

are plotted as black lines in Fig. 5.3. From the same data we have then subtracted the
unresolved blazars and MSPs minimal contribution, as described at length in Section 3, and
derived the upper bounds on 〈σv〉 corresponding to Model I (red lines). Similarly, upper
bounds for the Model II IGRB are obtained from the further subtraction of the minimal �ux
from star forming galaxies and UHECRs (blue lines). In Fig. 5.3 we display the conservative
upper bounds on the thermal annihilation DM cross section at 90% C.L., derived within
the previous assumptions. Dotted, solid and dashed lines correspond DM annihilation into
µ+µ−, bb̄, τ+τ−, respectively. Given the scaling of the DM �ux ∝ m−2

χ , constraints on 〈σv〉
increase with the mass and span about two orders of magnitude in the considered mass
interval. It is evident from Fig. 5.3 that the subtraction of the minimal amount of γ-rays
from unresolved sources lowers the limits on 〈σv〉 by at least 50%. The Fermi-LAT data for
the IGRB are available also for latitudes 10o < |b| < 20o and |b| > 60o [574]. The �ux in
Eq. (32) changes for the mere normalization factors given in Table 5.1. However, given the
intensity of the measured �uxes our upper limits do not change if derived for the other high
latitude regions.

Given the theoretical uncertainties a�ecting the DM content and the astrophysical back-
grounds, the results in Fig. 5.3 are of the same order of magnitude or lower than the bounds
on 〈σv〉 from cosmological DM [583], from the galactic center [372], or from inverse Comp-
ton processes evaluated from γ-rays in di�erent portions of the sky [585]. Very recently
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(during the review process of the present Chapter) the Fermi-LAT collaboration performed
a combined analysis on ten Milky Way satellite galaxies [589], corroborated by the analysis
in Ref. [374]. The absence of DM signals from these objects leads to upper limits on 〈σv〉
which are close to 10−26 for masses about 10 GeV and 10−24 for mχ=1 TeV. These bounds
are close to the ones established in the present work for the high mass side, and stronger for
the low mass range. The two results, given unavoidable modelling in the extraction of the
upper bounds, strengthen each other in disfavouring a DM candidate with an annihilation
cross section much higher than the electroweak reference value 3 · 10−26 cm3/s for very low
WIMP masses. We make notice that the IGRB spectra we have obtained in Model I and
II could be further reduced, whether by the subtraction of additional components or by
increasing the predictions for each contribution, set at the minimum in the present work.
A smaller γ-ray �ux at high latitudes could therefore be as powerful as the measurements
from the dwarf spheroidal galaxies.
We emphasize that our limits are almost model independent: little dependence on the DM
distribution, being at high latitudes, and mild di�erences due to �nal states.
Our limits are conservative: it is very unlikely that a higher 〈σv〉 be compatible with Fermi-
LAT IGRB. Similarly, our upper limits could be lowered only with assumptions on non-
homogeneous DM distributions or, of course, comparing to a smaller IGRB residual.

4.3 Bounds on the Sommerfeld enhancement for 〈σv〉
Recent measuraments of the excess of CR positrons [568] have stimulated the interpretation
of data in terms of annihilating DM with fairly large annihilation cross sections of the order
of 10−23 − 10−22 cm3/s. These numbers are at least three orders of magnitude larger than
the value indicated by observations of the DM abundance due to thermal production. One
way to boost the annihilation cross section is through the Sommerfeld e�ect [333,345�349],
generically due to an attractive force acting between two particles, i.e. a Yukawa or a gauge
interaction. In the case of DM particles, the main e�ect of such an attractive force would
be to enhance 〈σv〉 by a factor proportional to 1/β = c/v, where v is the velocity of the DM
particle (1/v enhancement). The net result on the annihilation cross section writes as 〈σv〉 =
S 〈σv〉0, where S sizes the Sommerfeld enhancement of the annihilation amplitude. We have
evaluated the Sommerfeld enhancement S using the approximation of the Yukawa potential
by the Hulthen potential, for which an analytic solution is possible [620, 621] (and checked
that the solution coincides with the numerical one). The Sommerfeld enhancement factor
behaves as 1/v and for very small velocities it saturates to constant values. Given α the
coupling constant and mφ the mass of the new force carrier, if the quantity mφ/mχ · α
is close to the values that make the Yukawa potential have zero-energy bound states, the
enhancement is much larger; indeed, the enhanced cross section shows resonances at mχ =
4mφn

2

α
(n = 1, 2, 3...), which grow as 1/v2, up to the point where they get cut o� by �nite

width e�ects.
In Fig. 5.4 we show the Sommerfeld enhanced cross sections for α = 1

4π
, β = 10−8 and a

force carrier of mass mφ = 1 GeV (upper curve) and mφ = 90 GeV (lower curve). We over-
impose the upper bounds obtained in the previous Section from the residual IGRB Model
I and Model II and already displayed in Fig. 5.3. Our results show that a Sommerfeld
enhancement due to a force carrier of mφ < 1 GeV (α = 1

4π
) is strongly excluded by Model
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I and II for the Fermi-LAT IGRB data. For a massive force carrier (90 GeV) only the
resonant peaks above the TeV mass are excluded. The result holds for β = 10−8 up to
β = 10−3. Comparable constraints have been obtained in [430, 431] through the analysis of
perturbations to the CMB angular power spectrum
Therefore, high latitude γ-ray observations interpreted as due to DM annihilation in the
Milky Way halo bound the Sommerfeld enhancement of the annihilation cross section to
a factor of 3-10-50-200 for mχ=10-100-1000-5000 GeV, respectively. In case a Yukawa-like
potential describes this non-relativistic quantum e�ect, a force carrier heavier than 1 GeV
is de�nitely required.
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Figure 5.4: Sommerfeld enhancement of the annihilation cross section as a function of the
DM mass, for α = 1

4π
. Solid curves are for β = 10−8, dotted ones for β = 10−3. The upper

(lower) resonant curve is obtained for a force carrier of mass mφ = 1 GeV (90 GeV). The
upper (lower) dotted, solid and dashed curves correspond to the upper bounds for IGRB
Model I (Model II) derived from WIMPs annihilating in the high latitude galactic halo in
µ+µ−, bb̄, τ+τ−, respectively (see Fig. 5.3.)

4.4 Bounds from the high-redshift protohalos

A possible way to boost the annihilation rate is to modify the particle theory and make
the ansatz that the annihilation cross section depends on the inverse of the velocity [622].
A boosted production of γ-rays in models with 〈σv〉∝ 1/v has been proposed for the �rst
bound objects formed in the early phases of the universe [623, 624]. After the matter-
radiation equality is reached, DM perturbations start growing via gravitational instability
and form the �rst bound protohalos at a redshift of about 140. The birth of these protohalos
depends on the properties of the DM particles, since they are responsible of the primordial
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inhomogeneities. The complete decoupling of DM particles from the thermal bath happens
later with respect to the freeze-out temperature Tf , at a temperature of kinetic decoupling
Tkd, because scattering events with SM particles keep the WIMPs close to thermal equilib-
rium. For T ≤ Tkd, free-streaming and acoustic oscillations compete to damp the power
spectrum of matter density �uctuations, which sets in turn the mass Mc of primordial DM
structures [625�628]. For very small values of Mc, the details of the QCD phase transition
could further slightly damp the actual cuto� mass [629]. In general, however, both the ther-
mal and kinetic decouplings from the cosmic plasma are heavily linked to the WIMP nature
and interactions with SM particles. The velocity dispersion of the �rst protohalos that col-
lapse at redshift zC is estimated to be very small (β ∼ 10−8) [624]. Therefore, models for
〈σv〉 depending on the inverse of v predict a boosted �ux of DM annihilation products. The
photons arising from WIMP annihilations in very early halos can freely propagate with their
energy red-shifting and reach the Earth in the range ∼ keV - TeV, while photons emitted
out of this transparency window are absorbed by the intergalactic medium.
The 1/v enhancement of the annihilation cross section may be simply parameterized by
writing [624]:

〈σv〉 = 〈σv〉0
c

v
cm3/s. (8)

The energy density in photons today from WIMP annihilation in the primordial halos can
be theoretically predicted by:

ργ = 5.28 · 106
(
Mc

M⊕

)−1/3

〈σv〉0B2.6

( mχ

TeV

)−1

GeVcm−3, (9)

where the cosmological boost factor B, normalized to 2.6 (B2.6 = B/2.6) takes into account
that the DM is distributed according to a Navarro-Frenk-White (NFW) density pro�le with
the lowest concentration parameter [624] and Mc is in units of terrestrial masses (M⊕).
Eq. (9) can be compared with the experimental photon density inferred for the Fermi-
LAT IGRB [574] and for our two IGRB models derived in Section 3, which is obtained
by integrating the photon �ux on the Fermi-LAT energy range (100 MeV - 100 GeV). We
obtain:

ργ ' 6.62 · 10−16

(
Eγ
GeV

)−0.41

GeV cm−3 (Fermi− LAT) (10)

ργ ' 5.65 · 10−16

(
Eγ
GeV

)−0.41

GeV cm−3 (Model I) (11)

ργ ' 4.5 · 10−16

(
Eγ
GeV

)−0.46

GeV cm−3(Model II,Eγ > 8 GeV) (12)

We constrain 〈σv〉0 by comparison of Eq. (9) with the experimental γ-ray density. The
results are displayed in Fig. 5.5 as a function of the WIMP mass. The three central lines
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bound the 〈σv〉0 (Eq. (8)) parameter from Fermi-LAT photon density given in Eq. (10), Eq.
(11) and Eq. (12) respectively, from top to bottom, when Mc = M⊕. The upper (dashed)
and the lower (dotted) bounds are derived for Model II when Mc = 102M⊕ (upper) and
10−2M⊕ (lower). The bounds on 〈σv〉0 are strong: for WIMP masses below 100 GeV it
is forced to be < 10−33 cm3/s. Upper bounds grow to < 10−32 cm3/s for mχ ' 1 TeV
and sets to < 10−31 cm3/s at 10 TeV. We make notice that they are more stringent than
limits obtained from primordial light elements abundance and CMB anisotropies [630] and
signi�cantly improve the bounds of Ref. [624].
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Figure 5.5: Bounds on 〈σv〉0 from Eq. (8), as a function of the DM mass. The central three
bounds are obtained for Mc =M⊕, and from Eqs. (10) (black line), (11) (red line) and (12)
(blue line) respectively, from top to bottom. The upper (lower) purple lines are derived
from Eq. (12) for Model II IGRB and Mc = 102M⊕(10

−2M⊕).

The 1/v behaviour of the 〈σv〉 may be identi�ed with the Sommerfeld e�ect for velocities
β � (mφ/mχ)

1/2 [346]. For lower velocities, as are the ones typical for protohalos, the
series of resonances appears (see Section 4.3) and the Sommerfeld enhancement S behaves
as 1/v2 close to the peaks. In this case, the upper bounds on the annihilation cross section
may be obtained by rescaling 〈σv〉=〈σv〉0S with a factor 1/β · mφ/mχ. From Eqs. (9) -
(12) it is straightforward to notice that the bounds on a Sommerfeld enhanced 〈σv〉 derived
from a overproduction of γ-rays in protohalos, are much stronger than the ones imposed by
annihilation in the high-latitude galactic halo.

5 Conclusions

The γ-ray IGRB measured by Fermi-LAT [574] likely includes contributions from galactic
and extragalactic unresolved sources. We have explored possible non-negligible di�use con-



148Dark matter constraints from the Fermi-LAT extragalactic γ-ray background

tributions from unresolved blazars, MSPs, star-forming galaxies and UHECRs. Lead by
a conservative attitude, we have considered the minimal contribution for all sources, and
neglected those objects whose high latitude �ux is not excluded to be less than 1% of Fermi-
LAT IGRB. Two residual IGRB �uxes have been derived by subtraction of the additional
�uxes from the Fermi-LAT IGRB: Model I is obtained after the subtraction of unresolved
BL Lacs, FSRQs and galactic MSPs, while Model II is the residual �ux after the further
subtraction of star-forming galaxies and UHECRs.
From our new residual IGRB �uxes, we have set upper limits on the DM annihilation cross
section into γ-rays. A conservative upper bound on 〈σv〉 is derived by assuming that the
Model I and II IGRB are entirely due to WIMPs pair-annihilating in the halo of our Galaxy.
Values for 〈σv〉 >∼ 10−25 cm3/s are strongly excluded for mχ ' 10 GeV, while for mχ ' 100
GeV (1 TeV) the annihilation rate is bounded to 3 · 10−25 cm3/s (10−24 cm3/s). This results
holds for DM annihilating into bb̄. Stronger limits below mχ= 1 TeV are derived for annihi-
lation into the leptonic τ annihilating channel, while for the µ channel the limits are close
to the bb̄ below mχ= 100 GeV, and weaker above this mass. Annihilation into leptons is
therefore excluded at a level which strongly disfavours the interpretation of cosmic positron
fraction data in terms of leptophilic DM with small cosmological boost factors. The latter
boost factors are in turns strongly limited by antiproton data [341].
The bounds on 〈σv〉 have been interpreted in terms of Sommerfeld enhancement of the
annihilation cross section. A Sommerfeld enhancement due to a force carrier of mφ < 1
GeV (α = 1

4π
) is strongly excluded by Model I and II for the Fermi-LAT IGRB data. For a

massive force carrier (90 GeV) only the resonant peaks above the TeV mass are excluded.
High latitude γ-ray observations interpreted as due to DM annihilation in the Milky Way
halo bound the Sommerfeld enhancement of the annihilation cross section to a factor of 3-
10-50-200 for mχ=10-100-1000-5000 GeV, respectively, and in case an annihilation into light
quarks occurs. For mχ <∼ 6-700 GeV these limits are reduced by a factor of few for the pure
τ+τ− annihilation channel. In case a Yukawa-like potential describes this non-relativistic
quantum e�ect, a force carrier heavier than 1 GeV is de�nitely required.
Finally, we have explored the possibility that the residual γ-ray IGRB is entirely due to
cosmological annihilation of DM in protohalos at high redshift. Within the hypothesis that
〈σv〉 is inversely proportional to the WIMP velocity, very severe limits are derived for the
velocity-independent part of the annihilation cross section, depending on the protohalo mass.

Recently, an updated calculation of the resulting upper bounds on the DM annihilation
cross section from the contribution of annihilating galactic DM to the IGRB has been
presented [631]. In that paper the authors take into account both prompt and inverse-
Compton emission for DM-induced γ-rays and they include the astrophysical contribution
from unresolved misaligned AGNs (MAGN).



CHAPTER

SIX

UNCERTAINTIES ON GAMMA-RAY ANISOTROPY FROM

DM IN THE MILKY WAY

The energy spectrum of the isotropic γ-ray background has already been introduced and
studied extensively in Chapter 5. We saw that current estimates of the astrophysical unre-
solved contribution to this emission suggest that there is still open room for exotic physics
such as DM.
The energy spectrum of γ-rays due to annihilations of DM particles in the smooth galactic
DM halo, in the galactic DM substructures (clumps, subhalos) and in extragalactic halos has
been computed by several groups using analytical and numerical techniques. Constraints
on DM models have been derived from the observed IGRB spectrum [3,631].

Gamma-rays have the interesting property of almost not being de�ected nor absorbed while
propagating through the galaxy, therefore they carry spatial information about the dis-
tribution of sources. For this reason anisotropies imprinted in the IGRB can be used to
discriminate populations of sources with di�erent spatial distributions, in particular DM
from standard astrophysical sources (see for instance [632�634]).
The good angular resolution of the Fermi-LAT instrument allows to study the angular power
spectrum (APS) of the IGRB. The Fermi-LAT collaboration already reported the detection
of some angular power above the noise level in the multipole range l ∼ 155 ÷ 504 with a
signi�cance ranging from 7.2σ between 2 and 5 GeV to 2.7σ between 10 and 50 GeV [635].
Currently, the angular power spectrum on large angular scales, l . 155, is not used because
of a potential contamination by the galactic foreground emission (such as pion decay).
Predictions for the APS produced by various populations of unresolved sources, both of
astrophysical [632�634] and of DM origin [636�648], have been made by several groups. A
very exhaustive discussion of the energy spectrum and of the APS due to galactic and ex-
tragalactic DM sources has been provided [649]. In that work the authors used the results
of the detailed cosmological structure formation N -body simulation Millennium-II [650] and
of the Aquarius [552] simulation to compute both the energy spectrum and the APS in two
benchmark particle DM scenarios. In contrast with previous works, these observables were
computed in [649] by directly using the results of the numerical N -body simulations.

149
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As discussed in [649], the extragalactic (EG) contribution to the energy spectra and anisotropies
is a�ected by large uncertainties. The contribution from DM halos and subhalos that are
not resolved by N -body simulations leads to a 2-order of magnitude uncertainty on the
predicted level of the extragalactic energy spectrum. Depending on the particular assump-
tions made in the extrapolation of the unresolved (sub)halo distributions, the EG spectrum
might be the dominant or the subdominant component of the total energy spectrum. In
the same way, the intensity APS can receive a signi�cant or a negligible contribution from
extragalactic (sub)structures.

On the other hand, uncertainties in the galactic contribution were not thoroughly assessed
in [649]. Besides the ones discussed in [649], at least two other sources of uncertainties
must be taken into account. First of all, computing the power spectrum at l & 100 requires
to extrapolate the DM pro�le to very small scales at least for the main halo, much below
the resolution of current numerical simulations. Furthermore, di�erent spatial distributions
of substructures can lead to di�erent APS. For instance, substructures with large masses
(M & 108 M�) are expected to be only a few; hence the statistical �uctuations associated
to their distribution can be large.

In this Chapter we will discuss these two sources of uncertainty in the APS of the γ-ray emis-
sion from DM annihilation in our galaxy. We will realize two separate analysis: 1) we will
address the uncertainty related to the extrapolation of the DM pro�le using a pure DM
simulated galaxy [140]. 2) Concerning the uncertainty pertaining to the spatial distribution
of galactic substructures, we will realize a MonteCarlo simulation based on analytical �ts
to the distribution of substructures simulated by Aquarius [552,651].

The Chapter is organized as follows: in Section 1 we will introduce the N-body simula-
tion [140] and we will comment about di�erent �ts to the DM density distribution in the
simulated galaxy. In Section 2 we will discuss the realization of the MonteCarlo simulation
which we will use to study the uncertainties related to the spatial distribution of subhalos.
In Section 3.1 we will show the impact of these uncertainties on the APS. Finally, in Section
4 we will comment about the results and future perspectives.

1 Uncertainty related to the extrapolation of the DM

density pro�le

1.1 Gamma-rays from dark matter annihilation

As we discussed in the introduction to Part II, the γ-ray �ux dΦγ/dEγ from DM annihilating
particles, de�ned as the number of photons collected by a detector per unit of time, area,
energy and solid angle) is written as the product of two terms: a particle physics (PP) term
and an astrophysical contribution (J).
The PP term encodes all the information about the particle physics nature of DM. A general
WIMP candidate is for this purpose completely de�ned by its mass, mχ, its annihilation
cross section times the relative velocity 〈σv〉ann and its γ-ray photon yield. In our study we
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just consider γ-ray continuum and we further neglect the contribution coming from inverse
Compton scattering if electrons and positrons are produced in DM annihilation or decay
processes. Indeed, these contributions are usually subdominant and, as for γ-ray lines, also
model-dependent.
In the following, concerning the particle physics factor, we assume annihilation into bb̄, a
DM mass of 200 GeV and 〈σv〉 ∼ 3 · 10−26cm3s−1.

The second term of Eq. (32), J(ψ, θ,∆Ω), depends on how the DM is distributed in space,
i.e. on the DM density distribution. This term is of direct relevance to our computations.

In our theoretical calculations, however, we will consider a very small observational solid
angle, such that we will compute the following quantity

J(Ψ, θ) =
1

∆Ω
J(Ψ, θ,∆Ω) '

∫
l.o.s

ρ2(s,Ψ, θ) ds . (1)

As we will evaluate only the γ-ray �ux and power spectrum for our own Galaxy, we will
neglect absorption in the following.

1.2 DM distribution from a N-body numerical simulation

The spatial distribution of DM describes both the main smooth halo and the possible sub-
halo population, and it rules the spectrum of anisotropies searched for in the γ-ray sky.

In the following we will refer to the DM halo and subhalos of the simulated N-body galaxy
g15784 part of the Making Galaxies in a Cosmological Context (MaGICC) programme [140].
This galaxy has a mass of 1.48×1012M� and 27 subhalos with masses of the order of
108 − 109M�.

Concerning the DM density pro�le, we �t the DM distribution of the main halo in [140]
with three di�erent pro�les, namely NFW [560], Einasto [562] and Moore & Stadel (MS):

ρ(R) =
ρs

(R/Rs)(1 +R/Rs)2
(NFW) (2)

ρ(R) = ρ0 exp

(
− 2

α

[(
R

Rs

)α
− 1

])
(Einasto) (3)

ρ(R) = ρ0 exp

(
−λ
[
ln

(
1 +

R

Rλ

)]2)
(MS) . (4)

The resulting distributions are shown in Fig. 6.1. We remark that all these pro�les provide
statistically equivalent �ts to the DM distribution obtained from the numerical simulation.
They clearly overlap at scales probed in the simulation, that are used to perform the �t,
but they display very di�erent behaviours at smaller scales. In particular, the NFW pro�le
is more peaked, while the MS one has a large core. At small scales, the di�erence between
the DM distribution �tted with a peaked or a cored pro�le becomes very sizeable.
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Figure 6.1: DM spatial pro�les for the main halo in a typical N -body simulation. The same
halo has been �tted using a MS (solid violet curve), an Einasto pro�le (dashed blue curve)
and a NFW pro�le (dotted-dashed black curve). The red points correspond to simulated
data points, according to the simulation g15784 of [140].

For what concerns the galactic substructures, we use the same three pro�les to �t their DM
distributions.

2 Uncertainty due to the clumps distribution

The second kind of analysis that we perform is the study of the uncertainty related to the
clumps distribution.
In order to evaluate the statistical �uctuations of the APS associated to the spatial and
mass distributions of galactic clumps we used the results from the Aquarius simulation [552]
to sample the distribution of individual subhalos with mass 105 M� < M < 1010 M�. This
will allow to evaluate statistical �uctuations of the APS associated to their presence. We
have checked that the spatial �uctuations due to smaller unresolved clumps are negligible.

2.1 Modeling the galactic DM distribution with the Aquarius sim-
ulation

In this section we describe the modelling of the components of the galactic halo, i.e. the
smooth component and the subhalo population. Indeed, a correct description of the clumps
distribution is required in order to highlight the chance of detecting DM subhalos through
the gamma-ray induced signal. High resolution N-body simulations indicate that a large
fraction of the MW halo mass is embedded in substructures. The CDM scenario predicts
the formation of these virialized structures, with masses as small as Mmin ∼ 10−6M�, de-
pending on the particle physics nature of the DM candidate [625, 653]. Mmin can indeed
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Figure 6.2: All-sky maps of the gamma-ray intensity (in units of log GeV−1 cm−2s−1sr−1)
from DM annihilation in the simulated galaxy g15784 from [140]. The �rst column shows
the smooth halo contibution, and the second one the substructures contribution. In the
�rst row the halos (both the smooth and the clumps) are �tted with the MS pro�le; in the
second row with the Einasto pro�le and in the last one with NFW. Maps are generated by
using the HEALPix software [652]. See section 2.2.

vary between 10−3 and 10−12 M� depending on the particle physics model. The parti-
cle nature of the DM determines the small-scale cuto� in the matter power spectrum of
density �uctuations from which the minimum mass Mmin is inferred. For instance, in a
SUSY scenario with the neutralino as DM candidate, typical values ofMmin are in the range
10−11M�h

−1, 10−3M�h
−1 [654].

Nevertheless, the mass resolution of current numerical simulations is around 105M�. We
have checked that smaller unresolved clumps with masses between 10−6 and 105 M� give a
negligible contribution to the APS.
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We model the galactic substructure population as in [651], which is inspired by high res-
olution pure DM simulations of MW-sized galaxy halos. However, since the resolution
of this kind of numerical experiments does not cover all the expected mass range for the
substructures at z=0, the authors [651] have extrapolated the description down to smaller
halos. We use a MonteCarlo algorithm to create several realizations of this galactic clumps
distribution.
We always use R for the galactocentric radial coordinate, while we use r for the clump-
centric radial coordinate. We always assume spherical symmetry. We reserve the subscript
sm for the smooth component, while sh will be used for quantities related to substructures;
cl will refer to the DM distribution inside each substructure. We call MMW the mass of the
Milky Way. We de�ne the total DM density pro�le ρtot(R) = ρsm(R) + ρsh(R). Notice that
this sum is the quantity that usually is considered to have a �NFW or Einasto shape�. The
two addenda need not to have the same shape as their sum. In fact, the density pro�le of
the smooth component is obtained by di�erence

ρsm(R) = ρtot(R)− ρsh(R) . (5)

On the contrary, the DM density pro�le within a substructure, ρsub(r), is assumed to be the
same as the one of the total halo (but with di�erent characteristics).
We de�ne the subhalo mass density pro�le (subhalo density per unit subhalo mass) as

dρsh(Msh, R)

dMsh

= ρsh(R)F(µ,Msh) , (6)

with F(µ,Msh) = F0(Msh/M�)
−µ the normalized mass function. The normalization is such

that, quoting from [651], its integral is unity in the surveyed mass range. The fraction of
the total mass found in substructures is called ftot.

Concentration Let us de�ne r200 the radius (measured from the center of the clump)
which encloses an average DM density equal to 200 times the critical density of the Universe
ρcr = 3H2/(8πG), and let us call rs the scale radius of the DM distribution inside the
substructure. Then we de�ne the concentration parameter c200 ≡ r200/rs. The concentration
depends in general on the clump mass and on the position in the halo. According to
numerical simulations it can be parameterized as

c200(Msub, R) =

(
R

Rvir

)−αR

×

[
C1

(
Msub

M�

)−α1

+ C2

(
Msub

M�

)−α2
]

(7)

Regarding the DM density pro�le,

ρtot(R) = ρs exp

{
− 2

α

[(
R

rs

)α
− 1

]}
(8)

ρsh(R) = ρa exp

{
− 2

αa

[(
R

ra

)αa

− 1

]}
(9)

ρcl(r) = ρs,cl exp

{
− 2

α

[(
r

rs,cl

)α
− 1

]}
, (10)
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where the only parameter to be computed is ρa, which is set by ftot, which in turn is set by
imposing that the mass fraction in substructures matches the one found in the resolved sub
halo mass range of the simulation. All the other parameters come from the original �ts of
simulation results performed by the Aquarius team. ρs,cl is normalized over the volume of
the subhalo to give its virialized mass.

Tidal e�ects The above discussion includes also an extrapolation of the substructures
pro�les in the galactic center region which is poorly explored by simulations due to poor
resolution. Indeed, the actual distribution might be di�erent from the extrapolated one,
due to the presence of tidal e�ects that tend to disrupt substructures close to the galactic
center. To account for this e�ect, the so called Roche criterion is often used: a substructure
is destroyed when its scale radius rs is larger than the tidal radius rtid

rtid(R) =

(
Msh

3MMW

)1/3

R (11)

The MonteCarlo algorithm gives the position and the mass of a substructure according to
Eq. (6), within the Milky Way virial radius and until the total substructure mass is reached.
Then, if the substructure survives tidal disruption, its concentration is computed and its
scale radius is inferred. Finally, all the other relevant clumps parameters (its 3D position,
its virial radius ...) are derived and stored in a ROOT 1 [655] TTree �le. The numerical values
of the parameters used in the procedure are shown in Tab. 6.1.

2.2 Sky-Maps Generation

The γ-ray intensity maps from DM annihilation in our own galaxy are generated by using
the HEALPix 2 software [652]. The projection into a 2-dimensional map is done assuming
resolution 9, i.e. N_side=512, corresponding to an angular area of approximately 4× 10−6

sr for each pixel. We use HEALPix to compute the APS of the simulated maps.
The DM distribution, ρ, can be thought of as composed by two contributions, the main
galactic halo and the substructures. Hence, the J factor reads

J =

∫
l. o. s.

(
ρsm(s) +

∑
i

ρcl,i(s)

)2

ds

=

∫
l. o. s.

(
ρsm(s)

2 +
∑
i

ρcl,i(s)
2 + 2 ρsm(s) ·

∑
i

ρcl,i(s) +
∑
i

∑
j 6=i

ρcl,i(s) · ρcl,j(s)

)
ds

= Jsm + Jcl + Jcl,sm + Jcl,cl

1http://root.cern.ch
2http://healpix.sourceforge.net
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Table 6.1: Numerical values of the parameters of the DM distribution modelled according
to Aquarius simulation [552,651].

Ωm 0.25
ΩΛ 0.75
σ8 0.9
ns 1

H0 (km/s/Mpc) 73

Minimum resolved mass (M�) 104.5

ρs (106M� kpc−3) 2.8
Rvir (kpc) 433
MMW (M�) 2.5× 1012

rs (kpc) 20
α 0.17

F0 (M
−1
� ) 3.6× 10−6

Nsub 1.1× 1015

M tot
sub(< Rvir) (M�) 4.2× 1011

ftot(< Rvir) 0.17
f 0.132

M1 (MMW) 1.8× 10−8

M2 (MMW) 10−2

ρa (M� kpc−3) 2840.3
αa 0.678

Ra ≡ rb (kpc) 199
µ 1.9

αR 0.237
C1 232.15
C2 -181.74
α1 0.0146
α2 0.008
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(12)

where

Jsm =

∫
l. o. s.

ρsm(s)
2 ds (13)

Jcl =

∫
l. o. s.

∑
i

ρcl,i(s)
2 ds (14)

Jcl,sm = 2

∫
l. o. s.

∑
i

ρsm(s) · ρcl,i(s) ds (15)

Jcl,cl =

∫
l. o. s.

∑
i

∑
j 6=i

ρcl,i(s) · ρcl,j(s) ds (16)

The upper limit of the integration is:

smax =
√
R2

vir +R2
� − 2R�Rvir cos(b) cos(l) (17)

where Rvir is the virial radius of the galaxy and (b, l) the galactic coordinates of the l. o. s. .
While the terms Jsm and Jcl need to be evaluated with full accuracy, the interference terms
are subdominant but very time-consuming (in terms of computational time), therefore we
compute them according to a simpli�ed procedure. For Jcl,sm the integral is evaluated by
taking into account the emission from the clump up to a radial distance from its center
equal to N times the virial radius, with N = 4. We have tested the impact of varying N on
both the intensity maps and the power spectrum, up to N = 10. The power spectra di�er
by less than few percent at low multipoles and are equivalent from l = 5 on.
Similarly, the interference term Jcl,cl is evaluated by considering non-zero the product ρcl,iρcl,j
only if the following two conditions are met:

� the relative distance between the two clumps is less than ten times the sum of the two
virial radii.

� the distance from the l. o. s. to the center of each clump is equal to 4 times its virial
radius.

We checked that varying the two conditions impacts less than few percent on the power
spectrum.

Unresolved substructures

The sub halo mass density pro�le has been derived from a �t to the current simulations
results and it is strictly valid only down to the mass resolution limit of the simulations. Yet,
substructures with smaller mass could be present and we need to evaluate their contribu-
tion. In order to extrapolate the distribution of substructures in a mass range below the
simulation resolution, we assume that both mass and space probability distributions are the
same as for the resolved substructures, and we compute the contribution of substructures
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Figure 6.3: Map of the gamma-ray dimensionless intensity (divided by the mean intensity
squared) from DM annihilation of the term of interference between the smooth halo and the
resolved subhalos modelled as explained in section 2.1. The map is in a logarithmic scale and
we subtracted the all-sky average intensity of the smooth-clumps interference component.

from 10−6 M� up to 105 M� as follows.

The mass and spatial probability distribution functions are written as

dPM
dM

= F(µ,Msh) (18)

dPR
dV

=
ρsh(R)

ftotMMW

. (19)

From the spatial and mass probability distribution functions we compute the average con-
tribution from the unresolved clump distribution:

〈Junres
cl 〉 = Ntot

∫
l. o. s.

dPR

dV
dl

∫ Mmax

Mmin

L(M)
dPM

dM
dM (20)

where L(M) is the luminosity of a single clump:

L(M) =

∫
Vcl

ρcl(r)
2dV = 4π

∫ Rvir,cl

0

ρcl(r)
2 r2 dr . (21)

and Mmin = 10−6 and Mmax = 105.

As we have already commented before, unresolved clumps give a negligible contribution to
the total APS.
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3 Angular power spectrum of the DM-induced γ-ray emis-

sion

We consider the angular power spectrum (APS) C` of an intensity map I(Ψ) where Ψ is the
direction in the sky. The intensity angular power spectrum is given by the coe�cients

C` =
1

2`+ 1

∑
|m|>`

〈|a`m|2〉

 (22)

with the a`m determined by expanding the map in spherical harmonics, after subtracting
the average value of the intensity over the region of the sky considered:

I(Ψ) =
dΦ

dE
(Ψ)− 〈dΦ

dE
(Ψ)〉 =

∞∑
`=0

m=∑̀
m=−`

a`mY
∗
`m(Ψ). (23)

The intensity APS indicates the dimensionful size of intensity �uctuations and can be com-
pared with predictions for astrophysical sources whose collective intensity is known or as-
sumed ( [634]). Moreover, the intensity APS is an additive quantity: the intensity APS of a
sum of maps is equivalent to the sum of the intensity APS of each map, provided that the
maps are uncorrelated (i.e. that the product aia∗j = 0).
However, it is possible to de�ne also another quantity, the so-called �uctuation angular
power spectrum, by dividing the intensity angular power spectrum C` of a map by the mean
sky intensity squared 〈dΦ/dE〉2. The �uctuation angular power spectrum characterizes the
angular distribution of the emission independent of the intensity normalization and it is
dimensionless. To obtain the �uctuation APS of a sum of maps, it is necessary to multiply
each coe�cient by the relative emission of each map with respect to the total, squared:

Cfluct
` =

∑
i

f 2
i C

fluct
`,i , (24)

where fi =
〈dΦi/dE〉
〈dΦ/dE〉 .

We also remind that it is usual convention to plot the APS multiplied by `(`+ 1)/2π.

3.1 Results

We have calculated the intensity APS for the all-sky γ-ray intensity maps from DM annihi-
lation in our own galaxy, for both the smooth halo and the substructures of the simulated
galaxy g15784 from the MAGICC project using the HEALPix 3 software [652]. In all cases,
annihilation into bb̄ is assumed, a DM mass of 200 GeV and 〈σv〉 ∼ 3 · 10−26cm3s−1. The
γ-ray �ux has been obtained at 4 GeV.

Computing the APS to increasing large multipoles requires exploring the DM distribution
at smaller and smaller scales, possibly much smaller than the resolution of current numerical

3http://healpix.sourceforge.net
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Figure 6.4: Fluctuation APS for the smooth halo of g15784 �tted with an Einasto pro�le.
The black curve refers to the full range case, while the colored curves depict the APS
obtained setting the DM density equal to zero when R < 0.3 kpc (red) or R <1 kpc (blue).

experiments. In order to quantify the uncertainties associated to the extrapolation of the
di�erent DM pro�les, we show in Fig. 6.4 the APS computed for the smooth halo �tted
with an Einasto pro�le, where we set ρ = 0 if R < 0.3 kpc (near-future expected spatial
resolution of numerical simulations) or R <1 kpc (current spatial resolution of numerical
simulations). The extrapolation clearly a�ects the APS at multipoles l & 10 (corresponding
to an angle of about 18o).
We showed in Fig. 6.1 a comparison of three di�erent DM pro�les used to �t the results
of numerical experiments for the main halo. These pro�les are very similar on large scales,
because they �t the same distribution, but their behavior at small scales is very di�erent:
the MS pro�le displays a core, while the Einasto and NFW ones are more peaked. This
di�erence is transferred to the APS, as we show in Fig. 6.4. The scope of this plot is to
show how much the change of the density in the central region of the main halo a�ects the
behaviour of the �uctuation APS already at small multipoles (i.e. large angles, where the
di�erences should be milder).

In Fig. 6.5 we show the intensity APS computed for: i) the main halo described by the dif-
ferent, while equivalent parameterizations of Eqs. 3, 4 and 2; ii) the sub-structures resolved
by the simulation. The gamma-ray intensity in a given direction is obtained by piling up
the contributions from all subhalos encountered along the line of sight, up to a distance of
500 kpc.
We have further accounted for the contribution from unresolved subhalos using the proce-
dure described in section 2.2 and checked that it is negligible.
The di�erent behavior of the main halo pro�les at small scales a�ects the APS up to seven
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Figure 6.5: Intensity APS of the set of all-sky gamma-ray maps at 4 GeV from DM anni-
hilation (see 2.2 for details about the maps generation). In all cases, annihilation into bb̄ is
assumed, a DM mass of 200 GeV and 〈σv〉 ∼ 3 · 10−26cm3s−1. Solid (dashed) lines indicate
the smooth (clumps) contribution. Green lines stand for halos whose density distribution
is �tted with a NFW pro�le; red lines refer to the Einasto pro�le whereas blue lines to the
MS pro�le. The intensity APS gives a measure of the relative anisotropies of the smooth
halo and subhalos components.

orders of magnitude at large multipoles (l ∼ 500). Remarkably, at l & 100 the power
spectra di�er by several orders of magnitude. This makes reliable observations of the shape
of the power spectrum at large multipoles a very useful tool to have a glimpse of the DM
distribution on scales smaller than the resolution of numerical simulations. In particular,
the peaked NFW pro�le yields more power at small scales, while the APS of the cored MS
pro�le dies out already above ` ' 50. Concerning the subhalo contribution, there is no
di�erence between the APS for halos �tted with an Einasto or a NFW pro�le, whereas the
APS is much milder in the case of the cored MS pro�le. When considering both the smooth
and subhalos contributions, the APS signal is dominated by the smooth halo component
in the case of NFW and Einasto pro�les, but this is not true any more if the DM density
pro�le inside halos is described by the cored pro�le of MS. In the latter case indeed, the
APS for the subhalos becomes dominant at l ∼ 200.
Therefore, this kind of analysis might help in the debate about the real shape of the DM
distribution in the centers of the galaxies, and in particular of the Milky Way. Indeed, such
a strong dependence of the power spectrum on the behavior of the DM pro�le at small scales
could yield a signi�cant contribution for the resolution of the peak vs cored debate. Future
observations of the shape of the power spectrum that can be attributed to DM, will allow us
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to explore the distribution of galactic DM at scales smaller than the resolution of N -body
simulations.

Furthermore, we evaluate the uncertainty due to the presence of substructures by performing
several realizations of their distributions, used the MonteCarlo method described in Section
2. We performed 500 realizations in the mass band 105 < M/M� < 1010.
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Figure 6.6: Intensity APS for the smooth halo component (dashed blue line) and substruc-
tures (black line and bands). The smooth contribution has been obtained according to
table 6.1 for the Aquarius simulation. The bands depict the uncertainty due to the presence
of substructures. The average is shown as a black line while the gray bands refer to the
68%, 95% and 99% uncertainty bands as resulting from 500 realizations in the mass band
105 < M/M� < 1010 as explained in 2.2. The light blue band shows the �uctuation of the
full set of realizations.

The �uctuation of the full set of realizations (depicted as a light blue band in Fig. 6.6) spans
over several orders of magnitude, due to few very unlikely realizations that can depart much
from the mean value. We further show in Fig. 6.6 the average and the 68%, 95% and 99%
uncertainty bands as resulting from our MonteCarlo, computed by �tting for each ` the
distribution of the C` with a log-normal function. We show in Fig. 6.7 the C` distribution
for ` = 100, together with its best �t function. The low value of the χ2 that we �nd in all
our �ts, makes us con�dent that our distributions have statistically converged, at least to
percent precision. While for high multipoles the uncertainty on the total APS is reduced
to a few %, for l . 100 it can exceed one order of magnitude. Most massive subhalos, with
masses >∼ 108M�, show the largest statistical �uctuations, due to their exiguous number.

In the present analysis we have not included any contribution from DM in extragalactic
structures (see Appendix 6.A.1). In fact, as discussed in [649], the contribution from ex-
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Figure 6.7: C` distribution for ` = 100 �tted with a log-normal function.

tragalactic DM halos and subhalos that are not resolved by N -body simulations leads to a
at least 2-order of magnitude uncertainty on the predicted level of the extragalactic energy
spectrum, which may result as the dominant or the subdominant component of the total
energy spectrum. Similarly, depending on how extragalactic (sub)structures are modelled,
they can give a signi�cant or a negligible contribution to the intensity APS.

4 Conclusions

We constructed the all-sky γ-ray maps from DM annihilation in the halo and subhalos of
our galaxy. We modeled the DM distribution according to current N-body numerical simu-
lations: galaxy g15784 part of the Making Galaxies in a Cosmological Context (MaGICC)
programme and the analitical �ts of the Aquarius simulation provided by [651]. We have
not included any contribution from DM in extragalactic structures because they are a�ected
by too many uncertainties.
We have then calculated the APS of the γ-ray �ux from DM annihilation in the halo of
our Galaxy. Indeed, the analysis of the uncertainties related to the anisotropies of the DM-
induced emission done in sec. 3.1, was the main aim of this work. We computed the APS
using the Healpix software, up to ` = 512.

Since the computation of the APS to increasing larger multipoles requires exploring the DM
distribution at small scales, possibly much smaller than the resolution of current numerical
experiments, we �rst explored the APS computed for the smooth halo of the simulated
galaxy g15784 �tted with an Einasto pro�le, in three di�erent cases, where we set to zero
the DM density pro�le in the central regions of the halo. We found that the extrapolation
of the DM density pro�le clearly a�ects the APS at multipoles l & 10.
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We then compared the APS for both the smooth halo and subhalos of the same simulated
galaxy, obtained by using three di�erent �tting formulae: NFW, Einasto and MS pro�le.
We showed in Fig. 6.5 the results. The di�erent behavior of the main halo pro�les at small
scales a�ects the APS up to seven orders of magnitude at large multipoles (l ∼ 500). Such
a dependence of the angular power spectrum on the behavior of the DM pro�le at small
scales could yield a signi�cant hint about the shape of the DM density distribution in the
central regions of the main halo of the galaxy, a region which can not be probed by current
numerical simulations.

Finally, we evaluated the uncertainty due to the presence of substructures by performing
several realizations of their distributions according to the analytical �ts shown in section
2.2. We performed 500 realizations in the mass band 105 < M/M� < 1010. In order to
establish whether this amount of realizations was su�cient, we showed in Fig. 6.7 the dis-
tribution of values of the APS for the speci�c multipole l = 100 and we �tted it with a
log-normal function, thus con�rming the convergence of our procedure. We showed then in
Fig. 6.6 the mean value of the APS as well as the 68%, 95% and 99% uncertainty bands cal-
culated from our MonteCarlo realizations. While for high multipoles the uncertainty on the
total APS shrinks to approximately few %, for l . 100 it can exceed one order of magnitude.

The analysis of the impact of these uncertainties on the computation of the APS plays an
important role in understanding how much the assumptions that are usually made in the
literature can a�ect the prediction of anisotropies in the γ-ray sky due to DM annihilation
in the halo of our galaxy.

A comparison with the Fermi-LAT data or with the future data from CTA [425] is a prospect
of update of the present work. A rigorous comparison requires a detailed study of the astro-
physical sources though, and the application of a mask to the central regions of the galaxy.
In the anisotropy analysis of the Fermi-LAT data indeed, the low galactic latitude region of
b < 30 deg is masked in order to get rid of the galactic disk background.

Finally, the simulations considered in this work as well as in the related literature up to now
are pure dissipationless DM simulations, run in a CDM setup. However, it is widely believed
that the presence of baryons should a�ect the structure formation process. Indeed, cooling
baryons play a role in the evolution of subhalos, by increasing the density of the central halo
region in two ways: because of the extra mass associated with the in�ow and because of the
adiabatic contraction of the total mass distribution. This is valid for both the main halo and
its subhalos, therefore it should be expected that subhalos formed within hydrodynamical
simulations will experience a di�erent tidal force. Omission of baryonic physics biases the
DM-only simulations by overpredicting dwarf central densities. This e�ect, in turn, may
overestimate the APS of the galactic gamma-ray emission. We are currently computing the
APS for some galaxies simulated in a hydrodynamical setting.

In conclusion, the study of the energy spectrum and of the anisotropies are complementary
methods to investigate the IGRB nature and consequently to test an eventual contribution
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from DM. This two lines of investigation, along with a better characterization and removal
of the galactic foreground, should be pursued.

6.A Appendix

6.A.1 Comments about the extra-galactic contribution

The extragalactic component of the APS is expected to be almost isotropic. Indeed, γ-
rays emitted by DM annihilations in extragalactic halos and subhalos are in principle
capable to reach us in the form of an isotropic contribution to the total γ-ray intensity and
should therefore be included in the analysis of anisotropies. The main di�erence with respect
to the galactic case is that on cosmologically large distances γ-rays can be absorbed by the
interstellar medium while travelling to us. Common processes relevant to the absorption of
energetic photons (MeVs - TeVs) in cosmological length scales are pair production on either
baryonic matter or photon background (mainly composed by the CMB, the intergalactic
stellar light and secondary IR radiation) and photon-photon scattering.

We shortly discuss the extragalactic contribution to the γ-ray �ux. See Refs. [656,657] for
a formal whole description.

We assume a standard homogeneous and isotropic cosmology, described by the metric:

ds2 = c2dt2 −R2(t)
[
dr2 + S2

k(r)dΩ
2
]
, (25)

where dΩ2 = dθ2 + sin2 θdφ2 is the angular acceptance of a given detector. Moreover, we
assume a �at geometry for the Universe, i.e. k = 0. The function Sk(r) depends on the
value of k, namely on the overall curvature of the Universe:

Sk(r) =


r, k=0;

arcsin r, k=+1;

arsinhr, k=-1.

(26)

At redshift z, dΩ and the radial increment dr determine the proper volume:

dV =
[R0Sk(r)]

2R0

(1 + z)3
drdΩ . (27)

The number of photons emitted in this volume in the time interval dt and energy range
(E, E+dE is obtained by summing over all the sources in that volume. The corresponding
number of photons dNγ collected by a detector on earth with e�ective area dA during the
time dt0 and in the (redshifted) energy range (E0, E0 + dE0), is equal to:

dNγ = e−τ(z,E0)

[
(1 + z)3

∫
dM

dn

dM
(M, z)

dNγ

dE
(E,M, z)

]
dV dA

4π[R0Sk(r)]2
dE0 dt0 , (28)

where dn/dM is the halo mass function, i.e. the comoving number density of bound objects
that have mass M at redshift z.
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The estimate of the di�use extragalactic γ-ray �ux due to the annihilation of DM particles
that we observe at z = 0, is then obtained by summing over all contributions in the form in
Eq. (28):

dφEG,γ
dE0

≡ dNγ

dAdΩ dt0 dE0

=
c

4π

∫
dz
e−τEBL(z,E0)

H0 h(z)

∫
dM

dn

dM
(M, z)

dNγ

dE
(E0 (1 + z),M, z) . (29)

where the integration along the line of sight has been replaced by one over redshift, H0 is
the Hubble parameter, c is the speed of light and h depends on the cosmological model,

h(z) =
√
ΩM(1 + z)3 + ΩΛ. (30)

dNγ

dE
is the di�erential energy spectrum for the number of γ-rays emitted, per unit of time,

in a generic halo of mass M located at redshift z. The exponential factor refers to the
photon absorption from pair production due to the interactions of the photons with the
extragalactic background light (EBL) along the l.o.s. through the the optical depth τEBL.

The role of substructures can be encoded in the cosmological boost factor B(z), de�ned as
B(z) = 1 + 〈δ(z)2〉, where δ = ρ/ρ̄ − 1 is the overdensity. To evaluate the boost factor,
it is necessary to make some assumptions about the DM halos distribution, for example
it is possible to assume that the matter distribution in the Universe is a superposition of
DM halos. Depending on the values of the parameters entering the modelling of the halos
distribution, the boost factor can change up to three orders of magnitude, especially at low
redshift. Overall, its typical values range between 1 (at large redshift) and 106 (at redshift
z=0).
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This thesis has been constructed along two lines of research: the phenomenology of SUSY
GUT models, and the search for DM in the γ-ray sky. Besides the unavoidable study of
the literature concerning the topics presented in the previous Chapters, the work has been
carried out both with analytical and numerical tools, such as SARAH, SPheno, Toolbox,
CalcHep, Micromegas, ROOT and Healpix. In this chapter we will summarize the main
results achieved.

In the �rst part of the thesis we discussed the phenomenology of four basic SUSY SO(10)
GUT models. We studied the leading-log RGE evolution of the MSSM soft SUSY breaking
parameters for four di�erent GUT models with mSugra boundary conditions. Although all
the settings were based on the uni�ed SO(10) gauge group, they di�er at the level of in-
termediate scale symmetry groups and/or particle content below the GUT scale. The extra
gauge groups and/or beyond MSSM �elds change the evolution of the soft parameters with
respect to the basic mSugra expectation. The invariant mass combinations we considered
are especially suited to uncover the e�ects of beyond-mSugra physics on the SUSY spectra.
Remarkably, while invariants contain only a logarithmic dependence on the new physics
scales, their behavior is qualitatively di�erent in di�erent models. Therefore, we argued that
the RGE invariants may be good model discriminators.

We then studied low scale seesaw models with a sneutrino LSP. We considered two possi-
bilities: models with the MSSM gauge group and either a linear or inverse seesaw and a
model with the gauge group SU(3)c × SU(2)L × U(1)B−L × U(1)R and an inverse seesaw.
Sneutrinos can be the DM in both cases, ful�lling all known experimental bounds. While
inverse and linear seesaw lead to di�erent results for LFV, in general, they give similar DM
phenomenology.

Then we investigated the properties of DM in a generic context, keeping only the assumption
that DM is in the form of WIMPs. In particular, we studied the prospects for DM indirect
searches with γ-rays, notably exploiting the latest results of the Fermi-LAT satellite.
We considered the measurements of the isotropic γ-ray background made by the Fermi-LAT
satellite and we explored possible non-negligible di�use contributions from standard astro-
physical sources. Assuming that all the residual IGRB is due to DM annihilation in the
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halo of our galaxy, we set conservative upper limits on the DM annihilation cross section.
Moreover, the bounds on 〈σv〉 have been interpreted in terms of Sommerfeld enhancement
of the annihilation cross section, inferring a lower limit on the mass of the force mediator,
depending on the coupling and the velocity of DM particles.

Further information about the origin of the IGRB can be inferred by analizing the �uc-
tuations on small angular scales. We have discussed two kinds of uncertainties related to
the study of the APS from galactic DM annihilation: �rst, computing the power spectrum
at l & 100 requires to extrapolate the DM pro�le to scales below the resolution of current
numerical simulations. Second, di�erent spatial distributions of substructures can lead to
di�erent APS.
For this purpose, we have considered N-body simulations of MW-sized DM galactic halos.
We found that the extrapolation of the DM density pro�le clearly a�ects the APS at multi-
poles l & 10. Finally, we evaluated the uncertainty due to the presence of substructures by
performing 500 realizations of their distributions. While for high multipoles the uncertainty
on the total APS shrinks to approximately few %, for l . 100 it can exceed one order of
magnitude.

In conclusion, in this doctoral thesis we have dealt with di�erent aspects of the phenomenol-
ogy of new physics beyond the SM. Notably we focused on two still unresolved problems of
the SM, neutrino oscillations and DM. With this aim in mind we have exploited the inter-
play between the study of new theoretical models and the analysis of recent experimental
results. In particular, we have seen that SUSY SO(10) GUT models show an interesting
phenomenology which can be studied with the higher center-of-mass energy run at LHC
or with a future linear collider. Moreover, we showed that SUSY models capable of acco-
modating neutrino masses through low-energy scale seesaws can also provide a good DM
candidate, the sneutrino. Finally, we investigated indirect detection of DM as an additional
method to test its nature. The good sensitivity of the Fermi-LAT telescope o�ers a unique
tool to identify DM signals in the γ-ray sky.

The steady progress of experimental techniques, both regarding accelerators and direct/indirect
DM searches will allow to shed further light on the scenarios that we have studied in this
thesis, and hopefully to �nally get to a correct description of how neutrino masses are
generated as well as to identify the particle physics nature of DM.
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