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We also perform an analysis of a long-lived stop squark signature at the LHC in the MSSM with Gauge Mediated Supersymmetry Breaking.

CHAPTER 1

Résumé détaillé

Introduction

Le modèle standard de la physique des particules est le cadre théorique qui décrit les particules élémentaires et leurs interactions (à l'exception de l'interaction gravitationnelle). Il est essentiellement basé sur la théorie quantique des champs (QFT) et sur des principes de symétrie liés aux symétries d'espace-temps (relativité restreinte) et aux symétries internes (invariance de jauge). Les théories de jauges nous permettent d'exprimer ces symétries internes en termes du groupe de jauge SU p3q C ˆSU p2q L ˆU p1q Y où SU p3q C correspond à l'interaction forte et SU p2q L ˆU p1q Y à l'interaction électrofaible, l'unification des interactions faibles et électromagnétiques. La découverte du boson de Higgs par les collaborations CMS [START_REF]Observation of a new boson at a mass of 125 gev with the cms experiment at the lhc[END_REF] et ATLAS [START_REF]Observation of a new particle in the search for the Standard Model Higgs boson with the ATLAS detector at the LHC[END_REF] en 2012 au CERN (Genève) est souvent considérée comme la dernière preuve expérimentale du modèle standard. Avec le mécanisme de Brout-Englert-Higgs, le boson de Higgs brise spontanément le secteur électrofaible en acquérant une valeur dans le vide (v.e.v ) xhy non nulle:

SU p2q L ˆU p1q Y Ñ h ‰0
U p1q e.m.

et génère des termes de masses pour les fermions et les bosons de jauges.

Encore aujourd'hui, ce modèle reste l'un des cadres théoriques les plus précis en physique. Malheureusement, plusieurs indices montrent que le modèle standard ne peut pas être la théorie fondamentale pour comprendre la physique à haute énergie. Par exemple, des divergences quadratiques apparaissent lors de l'évaluation des corrections radiatives du boson de Higgs, ce qui conduit au problème de hiérarchie entre la masse du boson de Higgs de 125 GeV et la masse de Planck m p " 10 19 GeV. Il faut alors appliquer un réglage fin sur les paramètres, ce qui conduit à un problème de naturalité. De plus, les mesures astrophysiques et cosmologiques actuelles ont révélé que les particules du modèle standard ne couvrent que quelques pour cent de la totalité de l'univers, l'autre partie provenant de la matière noire et de l'énergie noire. Les interactions gravitationnelles ne sont, par ailleurs, pas prises en compte. La communauté des physiciens essaye alors d'intégrer le modèle standard dans un modèle plus fondamental de sorte que le modèle standard soit une théorie effective. Il existe plusieurs approches. L'une d'entre elles émerge des principes de symétrie.

La supersymétrie [START_REF] Martin | A Supersymmetry Primer[END_REF][4] et la supergravité [START_REF] Ducrocq | A pedagogical discussion of n = 1 four-dimensional supergravity in superspace[END_REF][6] [START_REF] Rausch De Traubenberg | A Supergravity Primer: From Geometrical Principles to the Final Lagrangian[END_REF] sont des extensions naturelles du modèle standard, étendant de manière non triviale l'algèbre de Poincaré. Dans ces théories, une nouvelle symétrie entre les fermions et les bosons est considérée, ce qui conduit à un spectre en particules plus riche et permet de résoudre certains problèmes du modèle standard. Cependant, la supersymétrie impose l'égalité entre les masses des particules dans le même supermultiplet ce qui est en contradiction avec les mesures expérimentales. Ce problème peut être résolu via des mécanismes brisant explicitement cette symétrie fermion-boson et générant des termes de brisure douce (c'est-à-dire des termes conduisant à des divergences logarithmiques) dans le Lagrangien. Plusieurs mécanismes existent déjà, introduisant des interactions entre les champs classiques et les champs d'un nouveau secteur (appelé secteur caché) à haute énergie. L'un de ces mécanismes est introduit dans le contexte de la supergravité. La brisure de la supergravité dans le secteur caché est transmise au secteur visible par l'intermédiaire d'effets gravitationnels, ce qui conduit à la brisure de la supersymétrie à basse énergie. Ce mécanisme a été étudié dans les années 80 par Soni & Weldon [START_REF] Sanjeev | Analysis of the supersymmetry breaking induced by N = 1 supergravity theories[END_REF] qui ont classé les formes possibles de deux fonctions fondamentales en supergravité : le superpotentiel et le potentiel de Kähler. Ces solutions sont à la source de toutes les études actuelles de la supersymétrie avec brisure de supersymétrie par médiation gravitationnelle.

Dans un article récent [START_REF] Moultaka | Low Energy Supergravity Revisited (I)[END_REF], la classification obtenue par Soni & Weldon s'est avérée incomplète. De nouvelles solutions, introduisant un nouveau type de superchamp (appelé hybride) ayant des caractéristiques à la fois du secteur caché et du secteur visible, ont été trouvées. Une autre spécificité de ces solutions est que les nouvelles interactions génèrent dans le Lagrangien de nouveaux termes de brisure dure (c'est-à-dire des termes conduisant à des divergences quadratiques) supprimés par une échelle d'énergie intermédiaire inférieure à la masse de Planck. Ces nouveaux termes contribuent à l'arbre ainsi qu'au niveau des boucles avec le secteur visible et semblent pouvoir expliquer la non-détection des particules supersymétriques dans les expériences des collisionneurs. Par ailleurs, ils semblent aussi permettre la réduction du réglage fin de la masse du boson de Higgs. La structure du superpotentiel impose au moins deux nouveaux superchamps hybrides afin de coupler le nouveau secteur et le secteur visible, contenant les particules du modèle standard. Cela correspond alors à une extension à deux singlets du MSSM avec quelques spécificités.

Dans le premier chapitre de ce manuscrit, la notion de symétrie en physique des particules est introduite. À partir du théorème de Haag-Łopuszański-Sohnius, la supersymétrie est définie et le Lagrangien de la supergravité N " 1 en dimension quatre est construit selon des principes géométriques. Le lien entre la supergravité et la supersymétrie à basse énergie est mis en évidence et les solutions de Soni & Weldon [START_REF] Sanjeev | Analysis of the supersymmetry breaking induced by N = 1 supergravity theories[END_REF] pour le mécanisme de brisure de supersymétrie par médiation gravitationnelle sont données. Quelques modèles supersymétriques sont introduits comme le MSSM (pour Minimal Supersymmetric Standard Model ) et le N2MSSM, nouvelle extension à deux singlets du MSSM. Un résumé de ce chapitre est présenté Section 1.2 et Section 1.3.

Le chapitre 2 est consacré à l'analyse des nouvelles solutions (appelées NSW pour Non-Soni-Weldon) conduisant à la brisure de supersymétrie par interactions gravitationnelles. Après avoir donné quelques généralités concernant ces solutions, nous montrons, en utilisant le potentiel de Coleman Weinberg, que les nouveaux termes de brisure de la supersymétrie génèrent de nouvelles divergences quadratiques et de nouvelles contributions aux matrices de masse. Un modèle non canonique spécifique, déduit des solutions NSW (le S2MSSM) est introduit. Dans ce modèle, deux superchamps S p (p " 1, 2) du secteur hybride sont couplés au secteur visible dans le superpotentiel. Le potentiel complet à basse énergie est calculé. Enfin, une étude de l'ordre de grandeur des corrections radiatives sur la masse du boson de Higgs est effectuée dans un modèle simplifié. Nous identifions les régions de l'espace des paramètres qui permettent de reproduire une masse de boson de Higgs proche de 125 GeV. Ce chapitre est résumé dans les Sections 1.4 et 1.5.

Une analyse préliminaire du N2MSSM est effectuée au chapitre 3. Ce modèle est introduit pour plusieurs raisons. Premièrement, il présente certaines similitudes avec le S2MSSM dans le contexte des solutions classiques de Soni-Weldon car il contient deux superchamps singlets. Une comparaison entre ces deux modèles peut être intéressante pour mettre en évidence les différences phénoménologiques entre les solutions Soni-Weldon et Non-Soni-Weldon. De plus, l'ajout d'un second singlet pourrait résoudre certaines difficultés du MSSM et du NMSSM, comme le réglage fin (fine-tuning) des paramètres pour reconstruire une masse cohérente de boson de Higgs ainsi que pour obtenir une échelle électrofaible valide. Dans ce manuscrit, nous analyserons principalement les différences entre le N2MSSM et le NMSSM. Un générateur de spectre pour le N2MSSM (avec les programmes SARAH et SPheno) est mis en place et un algorithme de Monte-Carlo à chaîne de Markov (ou MCMC pour Markov-Chain Monte-Carlo) est implémenté pour un balayage efficace de l'espace des paramètres. Plusieurs contraintes sur la masse du boson de Higgs et sur le gluino sont imposées. La différence de fine-tuning de l'échelle électrofaible entre le N2MSSM et le NMSSM est également étudiée. La section 1.6 résume cette analyse.

Dans le dernier chapitre (découplé de l'étude des nouvelles solutions NSW et du N2MSSM), nous analysons la pertinence d'éventuelles signatures de quarks top déplacés au LHC. Notre étude comporte deux analyses phénoménologiques basées sur deux modèles supersymétriques simples. Le premier est une désintégration d'un squark stop en un quark top et un neutralino LSP (pour Lightest Supersymmetric Particle) t Ñ tχ 0 1 dans le MSSM avec mécanisme de brisure de supersymétrie induite par gravitation. Le second est un squark stop se désintégrant en un quark top et un gravitino LSP t Ñ tψ µ dans le MSSM suivant un mécanisme de brisure de supersymétrie par médiation de jauge (ou GMSB pour Gauge Mediated Supersymmetry Breaking) où le gravitino est naturellement la LSP. Plusieurs outils sont utilisés tels que MadGraph_aMC@NLO pour la génération d'événements, Pythia pour la simulation de l'hadronisation ou Madanal-ysis5 pour l'analyse des données. Via cette analyse, différents benchmarks sont définis afin d'étudier les distributions des observables utilisées au sein des expériences CMS et ATLAS. Le résumé de cette étude se trouve Section 1.7.

Reconstruction du lagrangien de la supergravité

N " 1 en 4D

La supergravité est une théorie locale de la supersymétrie. De part sa construction, elle correspond naturellement à une théorie de la gravitation où l'espace associé à la supersymétrie (appelé le superespace) peut être courbe. La supergravité peut être construite en adoptant une approche équivalente à la relativité générale en se basant sur le principe d'équivalence et en définissant de nouveaux champs : le graviton e µ μ (champ de spin 2) et le gravitino ψ μ (champ de spin 3{2).

Dans ce manuscrit, le Lagrangien de la supergravité N " 1 en quatre dimensions a été construit en suivant le formalisme du superespace et via l'introduction de deux objets fondamentaux liés à la géométrie du superespace courbe : le supervierbein E M M et la superconnection de spin Ω M M N . Le supervierbein permet de relier les objets du superespace courbe au superespace plat tangent alors que la superconnection de spin permet de définir les dérivées covariantes. Le calcul complet du Lagrangien et un processus long et complexe. Chaque étape est explicitée afin de reconstruire l'action de la supergravité N " 1 en dimension quatre : où trois fonctions fondamentales sont introduites : le potentiel de Kähler KpΦ, Φ : q définissant les termes cinétiques des superchamps chiraux, le superpotentiel W pΦq contenant les couplages de Yukawas et la fonction cinétique de jauge h ab correspondant aux termes cinétiques des superchamp vectoriels (bosons de jauges et jauginos).

S SUGRA " 3 
En supposant une forme canonique au potentiel de Kähler et à la fonction cinétique de jauge KpΦ, Φ : q " Φ i Φ :

i , h ab " δ ab , ainsi qu'un superpotentiel cubique

W pΦq " α i Φ i `1 2 β ij Φ i Φ j `1 6 λ ijk Φ i Φ j Φ k ,
il est alors possible de montrer que la limite basse énergie du Lagrangien de la supergravité correspond naturellement au Lagrangien de la supersymétrie :

lim mpÑ8 ´LSUGRA ´LPure SU GRA ¯" L kin.
SU SY `Lint.

SU SY

(1.1) où L kin. SU SY contient les termes cinétiques et L int. SU SY les termes d'interactions.

Brisure de supersymétrie, MSSM et N2MSSM

La supersymétrie impose que les particules au sein d'un même multiplet possèdent la même masse. Or, les mesures expérimentales rejettent la présence de particules supersymétriques à ces échelles d'énergies. Ainsi, afin de rendre compte de ces observations, la supersymétrie doit être brisée. Il existe plusieurs mécanismes de brisure de la supersymétrie. Le travail présenté dans ce manuscrit porte principalement sur les mécanismes de brisure induite par la gravitation.

Les solutions classiques de la supergravité (classifiées par Soni et Weldon en 1983 [START_REF] Sanjeev | Analysis of the supersymmetry breaking induced by N = 1 supergravity theories[END_REF]) induisent par ce mécanisme des termes de brisure douce dans le Lagrangien Eq. 1.1 ayant de bonnes propriétés de renormalisation (corrections uniquement logarithmiques). Ces termes s'obtiennent via l'introduction d'un secteur de champ caché et le calcul du potentiel scalaire qui est fonction du potentiel de Kähler KpΦ, Φ : , z, z : q (Φ et z étant, respectivement, des champs du secteur visible et caché) et du superpotentiel W pΦq. Le potentiel scalaire est :

V " e KpΦ,Φ : ,z,z :

q{m 2 p ˆDI W D I˚W ˚K I I˚´3 m 2 p |W | 2 ˙(1.2)
où m p est la masse de Planck, D I sont des dérivées covariantes et K I I˚e st la métrique de Kähler.

De part ces mécanismes, on peut alors construire des modèles de supersymétrie phénoménologiquement viable. Le plus simple d'entre eux est le MSSM (pour Minimal Supersymmetric Standard Model ), basé sur le groupe de jauge SU p3q C ˆSU p2q L ˆU p1q Y contenant uniquement les particules du modèle standard (à l'exception de la présence de deux doublets de Higgs) ainsi que leurs partenaires supersymétriques. Le superpotentiel du MSSM peut être écrit comme

W M SSM " ´L ¨Ĥ D Y E Ê ´Q ¨Ĥ D Y D D `Q ¨Ĥ U Y U Û `µ ĤU ¨Ĥ D `WN `WRPV ,
où Y I sont des matrices 3 ˆ3 contenant les couplages de Yukawa, W N correspondant au couplage de Yukawa et la masse de Dirac des neutrinos :

W N " L ¨Ĥ D Y N N `mN N N et le produit SU p2q "¨" tel que ĤU ¨Ĥ D " ĤÙ ĤD ´Ĥ 0 U Ĥ0 D . Le dernier terme, W RP V , W RP V " λ ijk Li ¨L j Êk `λ1 ijk Li ¨Q j Dk `κi Li ¨Ĥ U `λ2 ijk Û i Dj Dk
contient des termes violant une symétrie discrète appelé la R-parité [START_REF] Barbier | R-parity-violating supersymmetry[END_REF].

Le spectre du MSSM contient deux Higgs scalaires h i (i " 1, 2), un pseudoscalaire A 0 et un chargé h ˘. Dans le secteur des sfermions (partenaires supersymétriques des fermions du modèle standard), deux états sont associés à chaque fermions, soit deux stops ti , deux sbottoms bi et deux staus τi (i " 1, 2) (on suppose uniquement la troisième famille de fermion). De plus, quatre nouveaux états appelés neutralinos χ0 i (i " 1, ..., 4) sont générés via le mélange entre les higgsinos (superpartenaires des bosons de Higgs) et les jauginos neutres (partenaires supersymétriques des bosons de jauges). Le higgsino chargé et les états de winos (partenaire supersymétrique du boson W) génèrent, quant à eux, deux charginos χȋ (i " 1, 2) (voir [START_REF] Fuks | Supersymétrie, Exercices avec solutions[END_REF] [START_REF] Martin | A Supersymmetry Primer[END_REF] pour une description plus complète du MSSM).

Le MSSM à cependant des problèmes conceptuels qui peuvent être supprimés par l'ajout de nouveaux superchamps singlet de jauge. L'ajout d'un seul superchamp singlet défini le modèle appelé NMSSM. Nous avons défini une extension à deux superchamps singlet de jauge appelé le N2MSSM.

Le N2MSSM est défini comme le MSSM contenant deux singlets de jauge supplémentaires Ŝp " p1 " , 1 " , 0q pp " 1, 2q. En ne considérant ni les couplages violant la R-parité ni les neutrinos, le superpotentiel peut alors être écrit comme:

W N 2M SSM " µ ĤU ¨Ĥ D `λi Ŝi ĤU ¨Ĥ D `1 3 κ ijk Ŝi Ŝj Ŝk `1 2 µ 1 ij Ŝi Ŝj `ξF,i Ŝi `Q ¨Ĥ U Y U Û ´Q ¨Ĥ D Y D D ´L ¨Ĥ D Y E Ê .
On suppose ici que tous les paramètres sont réels afin d'éviter une brisure de la symétrie CP. De plus, uniquement la troisième famille de fermions est prise en compte (voir Eq. 3.94). Le NMSSM peut être obtenu comme une limite du N2MSSM en supprimant tous les couplages du second singlet Ŝ2 .

Le superpotentiel présenté ci-dessus peut être simplifié en supposant une invariance sous Z 3 , c'est-à-dire invariant sous la transformation Φ Ñ e 2πi 3 Φ. Cette symétrie apparaît lorsque tous les paramètres dimensionnés dans W N 2M SSM (µ1 ij " ξ F,i " 0) sont nul 1 . Cette hypothèse génère cependant des observables cosmologiques appelés mur de domaine (ou domain wall problem) [START_REF] Gelmini | Cosmology of biased discrete symmetry breaking[END_REF]. Les v.e.vs. non-nulles des champs scalaires brisent cette symétrie discrète et génèrent des régions de l'univers ayant la même énergie du vide mais possédant des phases différentes venant de la transformation Φ Ñ e 2πi 3 Φ. La surface de séparation entre ces régions (les murs de domaines) doit alors pouvoir être détectée par les mesures expérimentales. Des solutions à ce problème ont déjà été proposées [START_REF] Abel | Destabilising divergences in the nmssm[END_REF] [START_REF] Panagiotakopoulos | Stabilized nmssm without domain walls[END_REF].

L'ajout des singlets de jauge étend aussi le spectre en particule du MSSM. Les parties scalaires des superchamps Ŝp vont se mélanger avec le secteur des Higgs scalaires et pseudoscalaires pour donner 4 états scalaires et 3 états pseudoscalaires. Les parties fermioniques vont quant à eux contribuer au secteur des neutralinos et générer 6 états (contrairement à 4 dans le MSSM). Les autres secteurs restent inchangés.

Solutions Non-Soni-Weldon et S2MSSM

Il a récemment été mis en évidence que la classification des solutions par Soni & Weldon est incomplète [START_REF] Moultaka | Low Energy Supergravity Revisited (I)[END_REF]. Il existe une nouvelle zoologie de solutions, introduisant un nouveau type de superchamp chiral (appelé hybride et noté par la suite S) ayant des propriétés à la fois du secteur visible et du secteur caché. On peut alors montrer (après brisure de supersymétrie dans le secteur caché) que le potentiel (1.2) lié à ces solutions peut s'écrire sous la forme :

V " V SU SY `Vsoft `Vhard `m2 p Λ avec V sof t des termes de brisure douce (termes présents dans les modèles classiques brisant la supersymétrie), Λ la constante cosmologique et V hard la partie du potentiel contenant de nouveaux termes de brisure dite dure ayant des propriétés de renormalisation différentes des termes doux et paramétriquement supprimés. La particularité de ces termes est qu'ils pourraient permettre des particules supersymétriques très massives permettant d'expliquer leurs non-détections au sein des expériences de physique des particules.

Ces calculs nous ont permis de faire ressortir deux modèles jamais étudiés auparavant et intéressants pour notre étude. Le premier est le N2MSSM, basé sur les solutions de Soni et Weldon et déjà introduit dans la section précédente. Le second est un modèle ayant une structure inédite provenant des nouvelles solutions baptisé le S2MSSM étant équivalent au N2MSSM en nombre de particules. L'étude de ces deux modèles permettra de mettre en évidence l'apport phénoménologique des termes de brisure dure par rapport aux termes dit doux. Le superpotentiel et le potentiel de Kähler du S2MSSM correspondent à :

W pz, S, r
Φq " m pℓ pW 1,0 pzq `Sp W 1,p pzqq `W0 pz, r Φ, U 12 q `Sp W 0,p pzq , Kpz, z : , S, S : , Φ, Φ: q " m 2 p z i z : i `S: p S p `Φ : a˚Λ a˚a pz, z : q Φa " m 2 p Kpz, z : q `Kpz, z : , S, S : , Φ, Φ: q, où :

U 12 " µ 2 S 1 ´µ1 S 2 p" U q et : W 0 pz, Φ, Sq " λpzqU ĤU ¨Ĥ D `κpzqU 3 `yu pzq Q ¨Ĥ U Û ´yd pzq Q ¨Ĥ D D
´ye pzq L ¨Ĥ D Ê (avec t Φa u " t ĤU , ĤD , Q, Û , D, L, Êu, le contenu en champ du MSSM). Notons que les deux champs hybrides S 1 et S 2 se couplent aux champs de matières Φa via la combinaison linéaire U 12 " U . Le potentiel de Kähler est supposé non-canonique dans le secteur de matière t Φa u afin de générer des termes de brisures de la supersymétrie non-universels. Afin de simplifier le calcul, nous supposons que le secteur caché n'est composé que d'un seul champ z.

1.5 Fine-tuning de la masse du Higgs au sein du S2MSSM

L'apport des nouvelles solutions de supergravité semble permettre de résoudre un problème du modèle standard appelé le problème de naturalité. Ce problème correspond au fait qu'une masse de boson de Higgs de 125 GeV n'est théoriquement pas naturelle. En effet, les nouvelles solutions apportent de nouvelles corrections à boucles provenant des nouveaux champs S et amenant potentiellement à une valeur de masse de Higgs plus proche naturellement des 125 GeV. Ainsi, Le calcul du potentiel, de ses dérivées et de la matrice de masse du secteur scalaire ont étés effectués dans le cadre d'un modèle générique à n nouveaux champs tS 1 , . . . , S n u en supposant des valeurs des champs dans le vide (v.e.vs) non-nulles ( S p ‰ 0) interagissant avec un seul champ du secteur caché z.

L'analyse s'est par la suite restreinte sur un modèle sans interactions entre le secteur observable et les nouveaux champs S p en supposant des v.e.vs nulles ( S p " 0). Nous avons alors déterminé l'ordre de grandeur de la correction sur la masse du boson de Higgs m p1Lq h dans le cadre d'un modèle avec un seul nouveau champ avec : En supposant une échelle GUT dans le secteur visible, nous avons mis en évidence des zones de l'espace des paramètres amenant des corrections radiatives relativement importantes et permettant une masse du boson de Higgs à 125 GeV à l'ordre d'une boucle. Bien que fine-tunées (voir Figure 1.1), ces configurations semblent pouvoir être obtenues de manière naturelle au sein de modèles plus complexes contenant plusieurs champs dans le secteur caché.

m p1Lq h " d m 2 h pT
La difficulté de ces calculs provient des nombreuses contraintes sur la nullité de la constante cosmologique ( V " 0) ainsi que le minimum du potentiel ( BV BX i " 0 avec X i les champs du modèle). L'étude du cas général à n nouveaux champs est naturellement plus complexe. Les premiers résultats montrent que la structure de la matrice de masse du secteur tz, S p u pp " 1, . . . , nq correspond à :

M 2 " ¨aI n´1 0 0 0 a `b|I| 2 c|I| 0 c|I| d ' (1.3)
avec a, b, c, d et I des paramètres du modèle. Cette structure montre n´1 états dégénérés ayant une masse proche de a " m 3{2 , tandis que le dernier singlet se couple au champ du secteur caché de manière équivalente au cas à un seul nouveau champ. Une analyse numérique complète dans cette configuration mettra en évidence l'ordre de grandeur de la correction radiative. en fonction de log 10 `|m 3{2 {p1 GeVq| ˘(avec m 3{2 la masse du gravitino) et log 10 `|ξ 3{2 | ˘(ξ 3{2 étant un certain paramètre du modèle relié à la masse de gravitino m 3{2 ) pour une configuration de paramètres. La masse du boson de Higgs à l'arbre avec les contributions des termes doux est supposée à m pT.L.q h " 115 GeV. Les seules configurations amenant à une correction importante sont obtenues pour de très hautes valeurs de ξ 3{2 ce qui amène un problème de naturalité.

Après avoir effectué cette analyse dans le cas du modèle simplifié, le but sera de prendre en compte les v.e.vs non-nulles des champs ainsi que les termes d'interactions entre les nouveaux champs S p et les bosons de Higgs. Le calcul des équations du groupe de renormalisation (RGEs) permettra aussi de mettre en place un générateur de spectre complet pour les nouvelles solutions Non-Soni-Weldon. 2

Vers la phénoménologie du N2MSSM

Il existe plusieurs raisons d'étudier le N2MSSM :

• ce modèle étant l'équivalent du S2MSSM pour les solutions classiques de Soni & Weldon, cela permettrait d'analyser les différences phénoménologiques entre les nouvelles solutions NSW et les solutions classiques,

• l'ajout d'un deuxième singlet au NMSSM pourrait faciliter la reconstruction d'une masse de boson de Higgs ainsi que d'une densité relique de matière noire en accord avec les mesures expérimentales,

• cela permet de définir de nouvelles signatures expérimentales non étudiées au sein du LHC avec des processus contenant potentiellement des scalaires très légers.

Pour effectuer l'étude du N2MSSM, plusieurs outils existants ont été utilisés. Le calcul des matrices de masses, des équations du groupe de renormalisation (RGE) à deux boucles (essentielle pour l'analyse phénoménologique), des équations de minimisations du potentiel ainsi que des corrections radiatives à une boucle sur les masses des particules (deux boucles pour les bosons de Higgs scalaires) sont obtenus via le package SARAH [START_REF] Staub | Sarah 4: A tool for (not only susy) model builders[END_REF] de Mathematica. Le générateur de spectre SPheno [START_REF] Porod | Spheno, a program for calculating supersymmetric spectra, susy particle decays and susy particle production at e+e-colliders[END_REF] est utilisé pour calculer le spectre du modèle ainsi que certaines observables comme le fine-tuning ∆ F T sur la masse du boson Z m Z (donnant une indication sur la naturalité de la masse du boson Z et donc de l'échelle électrofaible):

∆ F T " max pAbs r∆ i sq avec ∆ i " Blnm 2 Z Blnq i
(q i étant les paramètres du modèle) ou le moment magnétique anomal du muon a µ " 1 2 pg µ ´2q.

Les zones de l'espace des paramètres écartées par les mesures expérimentales étant nonnégligeable et la dimension de cet espace importante, il a été choisi d'utiliser un algorithme permettant de scanner efficacement l'espace des paramètres, l'algorithme utilisé étant un algorithme MCMC pour Markov-Chain Monte-Carlo. Cet algorithme impose la définition et la réduction d'une fonction de pénalité représentant la validité expérimentale du point de l'espace des paramètres étudié (un point amenant à un spectre de masse cohérent aura une pénalité plus faible qu'un point ayant un spectre divergent), permettant alors de scanner rapidement des zones de l'espace des paramètres valides du point de vue expérimental. La dernière étape du scan consiste à réduire le fine-tuning ∆ F T jusqu'à obtenir la convergence de la fonction de pénalité (une variation de la fonction de pénalité inférieure à 1% entre deux itérations signifie que le minimum de la fonction de pénalité est atteint).

La Figure 1.2 représente un résultat de scan sur les paramètres m 0 et m 1{2 (paramètres de masses brisant la supersymétrie) en mettant en place l'algorithme MCMC sur tous les autres paramètres (soit 14 paramètres au total). Les contraintes lors de ce scan sont :

• un secteur de squarks avec une masse supérieure à 1 TeV,

• une masse de gluino m g ą 1.6 TeV,

• une masse de boson de Higgs correspondant à celui du Modèle Standard de m h " 125 ˘7 GeV.

Le but de ce graphique est de comparer le fine-tuning du NMSSM (modèle équivalent au N2MSSM mais avec un champ singlet en moins) et du N2MSSM. De part la structure de ces deux modèles, le résultat attendu est un fine-tuning plus important pour le NMSSM que pour le N2MSSM. Dû à la nature stochastique de la chaîne de Markov, il est important de faire suivre les résultats des scans par une analyse statistique de ces derniers. Pour cela, une incertitude sur

∆ N M SSM F T ´∆N2MSSM F T
est calculée pour chaque cellule du scan. On peut alors calculer la variable

X σ " p∆ N M SSM F T ´∆N2MSSM F q σ N ´N 2
(avec σ N ´N 2 l'incertitude associé à la différence de fine-tuning entre les deux modèles) qui donne une estimation de la p-value liée à l'hypothèse :

Les valeurs de fine-tuning pour le NMSSM et le N2MSSM ne sont pas statistiquement significatif. On peut constater sur la figure 1.2 que les écarts sont pour le moment trop importants (peu de cellules avec X σ ą 5 correspondant à un écart à 5σ) et donc que la différence de fine-tuning n'est pour le moment pas statistiquement significatif. Une analyse plus précise (actuellement en cours) doit alors être effectuée en améliorant la précision sur la convergence de la fonction de pénalité.

Les résultats de ce scan nous a cependant montré que la masse du boson de Higgs m H " 125 ˘7 GeV est plus facilement reconstruite dans le cas du modèle N2MSSM que dans le NMSSM. Cela est naturellement dû aux nouvelles contributions venant du deuxième champ singlet. Enfin, l'incertitude utilisée sur la masse du boson de Higgs reconstruite a été imposée, comme expliqué précédemment, à ∆m H " ˘7 GeV. Cette valeur est plus importante que l'incertitude théorique couramment admise qui est de ∆m H " ˘3 GeV. Cet écart s'explique par le temps de calcul beaucoup plus important pour reconstruire une masse de boson de Higgs avec un écart autorisé de 3 GeV. Un écart sur la masse du boson de Higgs de ∆m H " ˘3 GeV ainsi que d'autres observables (a µ , Ω DM , ...) pourraient être utilisées (via l'utilisation d'une grille de calcul) pour une étude plus approfondie.

Particules à long temps de vie en Supersymétrie

Les particules à long temps de vie existent déjà au sein du modèle standard. Elles sont dues à des symétries légèrement brisées ou à des médiateurs lourds. Il est aussi possible de produire ce type de particules dans des modèles supersymétriques.

En collaboration avec plusieurs expérimentateurs de l'équipe CMS de l'IPHC, nous avons travaillé sur un projet commun d'étude de quark top déplacé provenant de particules supersymétriques à long temps de vie se désintégrant dans le volume du trajectographe. Le but de cette étude est d'effectuer diverses analyses sur plusieurs modèles supersymétriques en parallèle. Une étude de production de squark stop se désintégrant en quark top et gravitino ( t Ñ tψ µ ) a ainsi été effectuée dans le cadre du modèle Supersymétrique MSSM avec un mécanisme de brisure appelé GMSB pour Gauge Mediated Supersymmetric Breaking. Via ce mécanisme, la masse du gravitino est donné par

m 3{2 9 M 2 SU SY
m p avec m p la masse de Planck et M SU SY l'échelle de brisure de supersymétrie, plus petite que la masse de Planck. Le gravitino est alors naturellement la LSP (Lightest Supersymmetric Particle) dans ces modèles. Il a été supposé que le squark stop correspondait à la seconde particule supersymétrie la plus légère (ou NLSP).

Dans un premier temps, l'évolution de la section efficace de production de pairs de squark stop au LHC ( ? s " 14 TeV) a été générée grâce au programme Mad-Graph_aMC@NLO afin de déterminer les valeurs possibles de masse de stop. En imposant un nombre suffisamment important d'évènements pour une luminosité intégrée de L « 300 fb ´1, il a été décidé d'étudier la désintégration du stop avec m t P r1 TeV, 1.4 TeVs. La largeur de désintégration du processus ti Ñ tψ µ a été calculée afin de déterminer le temps de vie du squark stop :

Γp ti Ñ ψ µ tq " 1 48πM 2 p m 2 3{2 m 3 t ´p´m 2 3{2 `m2 t `m2 t q 2 ´4m 2 t m 2 t ¯3{2 ˆpm 2 t ´m2 3{2 ´m2
t `2 sin 2θm t m 3{2 q avec m 3{2 , la masse de gravitino, θ l'angle de mélange de la matrice de masse des stops, M p " m p { ? 8π et m t la masse du quark top. La distance de vol du squark stop peut alors être calculée grâce à la relation cτ " c Γ .

L'angle de mélange ne modifiant peu la cinématique du processus, il a été supposé que θ " 0. En simulant des évènements de collisions (notamment via le programme Mad-Graph_aMC@NLO [START_REF] Alwall | The automated computation of tree-level and next-to-leading order differential cross sections, and their matching to parton shower simulations[END_REF]), on peut alors déterminer le facteur correctif βγ prenant en compte les effets relativistes et ainsi en déterminer la distance de vol du squark stop dans le référentiel du laboratoire βγcτ . Nous avons pu alors déterminer l'évolution de βγcτ en fonction de la masse de stop m t et de gravitino m 3{2 (voir Figure 1.3). Cette étude à montré qu'il existe des valeurs de masses de squark stop et de gravitino permettant d'obtenir un squark stop se désintégrant dans le trajectographe du détecteur CMS (entre 4 cm et 100 cm). Des benchmarks pm t, m 3{2 q ont ainsi pu être définis correspondant à plusieurs scénarios possibles : une faible (haute) masse de stop correspondant à une haute (faible) section efficace de production de paire de stop et une distance de vol βγcτ P r10 cm, 30 cm, 50 cm, 70 cms correspondant à une désintégration du squark stop dans les premières ou dernières couches du trajectographe. Un total de 8 différentes configurations ont été définies avec m t " t1 TeV, 1.4 TeVu.

Les collisions proton-proton ont été simulées grâce aux programmes Mad-Graph_aMC@NLO et Pythia en prenant en compte la R-hadronisation. Les distributions des observables liées à la cinématique des évènements ont étés obtenus à l'aide de l'outil Madanalysis5. Le gravitino étant très léger (m 3{2 " 10 ´5 GeV), les variations de m 3{2 au sein des benchmarks ne modifie pas les distributions. On se retrouve alors avec uniquement deux distrbutions correspondant aux deux valeurs possibles de m t. Ces distributions ont mis en évidence les potentielles variables à implémenter dans le système de déclenchement des expériences CMS et ATLAS. Par exemple, l'énergie transverse manquante, ou M ET (voir Figure 1 Cette étude pourra être prise en compte par les expérimentateurs des expériences CMS et ATLAS afin d'étudier la sensibilité de ces expériences à la signature de quarks top déplacés.

CHAPTER 2

Introduction

The Standard Model of particle physics is the theoretical framework describing elementary particles and their interactions (except for gravitational interaction). It is essentially based on quantum field theory (QFT) and on symmetry principles linked to space-time symmetries (special relativity) and internal symmetries (gauge invariance). Gauge theories allow us to express those internal symmetries in terms of the SU p3q C ˆSU p2q L ˆU p1q Y gauge group, i.e. the SU p3q C group for strong interactions and the SU p2q L ˆU p1q Y group for electroweak interactions, i.e., the unification of the weak and electromagnetic interactions. The experimental discovery of the Higgs boson by the CMS [START_REF]Observation of a new boson at a mass of 125 gev with the cms experiment at the lhc[END_REF] and ATLAS [START_REF]Observation of a new particle in the search for the Standard Model Higgs boson with the ATLAS detector at the LHC[END_REF] collaboration in 2012 at CERN (Geneva) is often considered as the last experimental evidence of the Standard Model. With the Brout-Englert-Higgs mechanism, the Higgs boson spontaneously breaks the electroweak sector by acquiring a non-zero vacuum expectation value (or v.e.v ) xhy:

SU p2q L ˆU p1q Y Ñ h ‰0 U p1q e.m.
and generates mass terms for fermions and gauge bosons. This model is, still nowadays, one of the most accurate physical framework. Unfortunately, several hints show that the Standard Model cannot be the fundamental theory for understanding high energy scale physics. For example, quadratic divergences emerge when evaluating radiative corrections to the Higgs boson, leading to the hierarchy problem between the Higgs boson mass of 125 GeV and the Planck mass m p " 10 19 GeV. Since we need to fit the experimental measurement, we then apply a fine-tuning on the parameters leading to a problem of naturality. Moreover, the current astrophysical and cosmological measurements have revealed that the particles from the Standard Model only cover a few per cent of the universe's totality, the other part coming from dark matter and dark energy. In addition, gravitational interactions are not taken into account in this framework. The physicist community then tries to incorporate the Standard Model into a more fundamental and more accurate model such that the Standard Model is an effective theory. There are several approaches. One of them emerges from symmetry principles. Supersymmetry [3][4] and supergravity [START_REF] Ducrocq | A pedagogical discussion of n = 1 four-dimensional supergravity in superspace[END_REF][6] [START_REF] Rausch De Traubenberg | A Supergravity Primer: From Geometrical Principles to the Final Lagrangian[END_REF] are natural extensions of the Standard Model, extending in a non-trivial way the Poincaré algebra. In those theories, a new symmetry between fermions and bosons is considered, leading to a richer particle spectrum and allows to resolve some problems of the Standard Model. However, supersymmetry imposes equality between the masses of particles in the same supermultiplet. This is in total contradiction with the experimental measurements. This problem can be solved by introducing mechanisms that explicitly break this fermion-boson symmetry and introduce soft supersymmetric breaking terms (i.e., terms leading to logarithm divergences) in the Lagrangian. Several mechanisms already exist, introducing interactions between the classical fields and fields from a new sector (called the hidden sector) at high energy. One mechanism is introduced in the context of supergravity. Supergravity breaking in the hidden sector is mediated to the visible sector through gravitational effects, which leads to supersymmetry breaking at low energy. This mechanism has been studied in the eighties by Soni & Weldon [START_REF] Sanjeev | Analysis of the supersymmetry breaking induced by N = 1 supergravity theories[END_REF], who classified the possible forms of the two fundamental functions in supergravity: the superpotential and the Kähler potential. Those solutions are at the source of all the current studies of supersymmetry with Gravity Mediated Supersymmetry Breaking.

In a recent article [START_REF] Moultaka | Low Energy Supergravity Revisited (I)[END_REF], the classification obtained by Soni & Weldon has been found to be incomplete. New solutions, introducing a new type of superfield (named hybrid ) with characteristics of the hidden and visible sectors were found. Another specificity of these solutions is that new interactions generate in the Lagrangian new hard -breaking terms (i.e., terms leading to quadratic divergences) parametrically suppressed by an intermediate energy scale lower than the Planck mass. These new terms interact at tree-level and loop-levels with the visible sector and may explain the non-detection of supersymmetric particles at colliders experiments and potentially reduce the fine-tuning of the Higgs boson mass. Moreover, the structure of the superpotential imposes at least two new hybrid superfields to couple with the visible sector, corresponding then to a two-singlet extension-like of the MSSM with, however, some specific features.

In the first chapter of this manuscript, the notion of symmetries in particle physics is discussed. From the Haag-Łopuszański-Sohnius theorem, supersymmetry is introduced and the Lagrangian of the N " 1 & D " 4 supergravity theory is constructed following geometrical principles. The link between supergravity and supersymmetry at low energy is pointed out and the solutions of Soni & Weldon [START_REF] Sanjeev | Analysis of the supersymmetry breaking induced by N = 1 supergravity theories[END_REF] for the Gravity Mediated Supersymmetry Breaking mechanism are given. Some supersymmetric models are introduced such as the MSSM (for Minimal Supersymmetric Standard Model ) and the N2MSSM, new two-singlet-extension of the MSSM.

Chapter 2 is devoted to the analysis of the new solutions (called NSW for Non-Soni-Weldon) leading to supersymmetry breaking through gravitational interactions. After giving some generalities concerning these solutions, we show, using the Coleman Weinberg potential, that the new supersymmetric breaking terms generate new quadratic divergences and new contribution to the mass matrices. A specific non-canonical model, deduced from the NSW solutions (the S2MSSM) is introduced. In this model, two superfields S p (p " 1, 2) from the hybrid sector are coupled to the visible sector in the superpotential. The full potential at low energy is calculated. Finally, an investigation of the order of magnitude of the radiative corrections on the Higgs boson mass is done in a simplified model. We identify the regions of the parameters space which help to reproduce a Higgs boson mass near 125 GeV.

A preliminary analysis of the N2MSSM is done in Chapter 3. This model is introduced for several reasons. Firstly, this model have some similarities with the S2MSSM in the context of classical Soni-Weldon solutions because it contains two singlet superfields. A comparison between those two models can be interesting to highlight the phenomenological differences between Soni-Weldon and Non-Soni-Weldon solutions. Moreover, the addition of a second singlet may potentially resolve some difficulties of the MSSM and the NMSSM, such as the fine-tuning of the parameters to reconstruct an acceptable Higgs boson mass or to get a valid electroweak scale. In this manuscript, we will mainly analyse the differences between the N2MSSM and the NMSSM. The construction of a spectrum generator for the N2MSSM (with the programs SARAH and SPheno) is done and a Markov-Chain Monte-Carlo algorithm is implemented for the scan of the parameters space. Several constraints on the mass of the Higgs boson and on the gluino are imposed. The difference of fine-tuning of the electroweak-scale is also studied.

In this last chapter (decoupled from the NSW and N2MSSM study), we analyse the relevance of possible displaced-top signatures at the LHC. We start our investigation by two phenomenological analysis based on two simple supersymmetric models. The first one is a decay of a stop squark to a top quark and a LSP neutralino (for Lightest Supersymmetric Particle) t Ñ tχ 0 1 in the MSSM with Gravity Mediated Supersymmetry Breaking mechanism. The second is a stop squark decaying into a top quark and a LSP gravitino t Ñ tψ µ in the MSSM following a Gauge Mediated Supersymmetry Breaking mechanism (or GMSB) where the gravitino is naturally the LSP. Several tools are used such as MadGraph_aMC@NLO for the generation of events, Pythia for the simulation of hadronisation or Madanalysis5 for the data analysis. This phenomenological analysis will allow to define several benchmarks and so discuss on the possible trigger to apply.

A conclusion and a discussion of perspective are given.

CHAPTER 3

Four dimensional N " 1 Supergravity

The Standard Model of particle physics, which describes all the fundamental particles and their interactions, is a huge theoretical and experimental success for the physicist community. Strongly based on space-time and internal symmetries, it has been validated through years thanks to the experimental collaborations. The last building block of this model, the Higgs boson, has been successfully discovered by the CMS and ATLAS experiments at the LHC [START_REF]Observation of a new boson at a mass of 125 gev with the cms experiment at the lhc[END_REF] [START_REF]Observation of a new particle in the search for the Standard Model Higgs boson with the ATLAS detector at the LHC[END_REF]. However, it exists many theoretical and experimental observations that are still incoherent in the Standard Model context. Those issues could be explained if the Standard Model is only a low energy limit of a more fundamental theory. One possible extension of the Standard Model is to add to the known symmetries a new global symmetry (transformation parameters are independent of the space-time coordinates) between fermions and bosons. Those types of models are called supersymmetry. Extending this transformation locally leads naturally to a non-renormalisable theory including gravitation called supergravity.

In this section, some general features of N " 1 supergravity in four dimensions will be given. By analysing the possible symmetries of a theory with bosonic and fermionic transformations, a structure called N " 1 superalgebra will naturally emerge. Following this new algebraic structure, we will construct the N " 1 supergravity in four dimensions using appropriate geometrical quantities. We will then define fields coming from the study of curved manifolds called the supervierbein E M M and the superconnection Ω M N Q . All the various steps of calculation of the action will be presented. We will also introduce the three fundamental functions in supersymmetry and supergravity, namely the Kähler potential K, the superpotential W and the gauge kinetic function h ab .

Historically, supersymmetry was the first theory studied, while supergravity was introduced as a gauge theory of supersymmetry. In this manuscript, we will not follow this approach. After constructing the N " 1 supergravity in four dimensions, we will show that supersymmetry will naturally emerge as a low energy limit of supergravity. However, since those theories have theoretical predictions which are non-compatible with the actual measurements, they must then be broken symmetries. The various supersymmetry breaking mechanisms, highlighting the Gravity Mediated Supersymmetry Breaking mechanism, will be described. Those mechanisms imply the existence of a new superfield sector, the hidden sector, where supergravity is broken. Choosing the Kähler potential K, the superpotential W and the gauge kinetic function h ab , models of supersymmetry such as the Minimal Supersymmetric Standard Model (or MSSM) can be constructed. A new model called N2MSSM, which will be studied in Chapter 5, will also be defined.

Symmetry in particle physics

It is known that symmetry principles are very powerful tools for classifying all the particles and their interactions. In this section, the possible internal symmetries of the action will be studied. Supposing two types of transformations (bosonic and fermionic), we will obtain two different algebraic structures: Lie algebra and Lie superalgebra. Focusing on the second, we will define N " 1 supersymmetry algebra, which is central to construct the supergravity action.

Lie algebras and the Coleman-Mandula theorem

In quantum field theory, the S-matrix (or scattering matrix) is the key to determining the probabilities of interactions between particles. Since a trivial S-matrix means a noninteracting theory, a constraint on this non-triviality must be imposed. This leads to a restriction on the possible symmetries of the theory.

It exists two types of particles in particle physics, depending on their spin: bosons φ i pxq with integer spin and fermions ψ a pxq with half-integer spin where φ i pxq and ψ a pxq are relativistic fields depending on the space-time coordinates. Their dynamics are imposed through the action S of the theory:

S " ż dtdx 3 Lpφ i , B µ φ i , ψ a , B ν ψ a q (3.1)
(where Lpφ i , B µ φ i , ψ a , B ν ψ a q is the Lagrangian) and the principle of least action.

In the context of quantum field theory, the relativistic fields φ i and ψ a can be quantised using the canonical quantisation 1 , introducing then relativistic quantum fields (we will not follow the quantisation using path-integral method). Using the Spin-Statistic theorem [START_REF] Pauli | The connection between spin and statistics[END_REF], bosonic fields φ i are then quantised using commutation relations, whereas fermionic fields ψ a are quantised using anti-commutation relations. This framework is well-suited to analyse the symmetries of the action. A symmetry is a transformation T of the action Eq. 3.1 such as the action if invariant, i.e. δ T S " 0 or can be written as a total derivative. Emmy Noether established a theorem relating symmetry of the action with conserved quantities [START_REF] Noether | Invariant variation problems[END_REF]. For any continuous internal symmetry of the action S, which infinitesimally transforms the fields as:

φ i Ñ φ i `δS φ i , ψ a Ñ ψ a `δS ψ a ,
we can associate a conserved charge Q S that can be written in terms of the two fields φ i and ψ j :

Q S " ż `Πi δ S φ i `Ξa δ S ψ a ˘d3 x
where Π and Ξ are the conjugate momenta of respectively φ and ψ. After quantisation and using the Spin-Statistics theorem, the charges Q S appear as generators of the symmetry:

" φ i pxq, Q S ‰ " iδ S φ i pxq, rψ a pxq, Q S s " iδ S ψ a pxq .
Since the charges Q S are written in terms of bosonic and fermionic fields φ i and ψ a , we can then introduce a priori bosonic and fermionic charges. From this statement, two types of symmetry naturally appear: bosonic and fermionic symmetries.

In the first case, we assume that the action is invariant under bosonic transformations:

δ A φ i " pB 1 A q i j φ j , δ A ψ a " pB 2 A q a b ψ b , (3.2) 
(with B 1 A and B 2 A , the generators of the bosonic symmetry in the considered representation). The conserved charges B A generate then a Lie algebra:

rB A , B B s " if AB C B C .
Note that the Jacobi identity is automatically valid since we consider a given representation and the Lie bracket is the classical matrix commutator. However, those results do not take into account the requirement of a non-trivial S-matrix. We will see that this requirement constrains the possible algebras g. Assuming the following hypothesis:

1) a S-matrix constructed from a quantum field theory in four dimensions is considered,

2) the theory contains a discrete and finite spectrum with all particles in positive energy representation of Poincaré algebra Isop1, 3q,

3) there exists an energy gap between the vacuum state and the one-particle state, 4) the symmetry group is a Lie group G associated to a Lie-algebra g, the Coleman-Mandula theorem2 [START_REF] Coleman | All possible symmetries of the s matrix[END_REF] states that internal and space-time symmetries combine only in a trivial way. The algebra g takes the form:

g " Isop1, 3q ˆgC
where Isop1, 3q is the Poincaré algebra and g C is a compact Lie algebra associated to the internal symmetries. The Poincaré algebra is defined as Isop1, 3q " Span P µ , J µν , µ, ν " 0, . . . , 3 ( , with J µν the generators of Lorentz transformations and P µ the generators of translations in space-time. This result is central for the construction of the Standard Model, where g C " sup3q ˆsup2q ˆup1q.

Lie superalgebras and the Haag-Łopuszański-Sohnius theorem

In this section, we consider a new type of algebra associated to fermionic transformations.

In addition to the bosonic symmetries Eq. 3.2, fermionic symmetries can be added to the action Eq. 3.1 such as:

δ I φ i " pF I q i a ψ a , δ I ψ a " pF I q a i φ i . (3.3) 
The specific characteristic of such symmetries is that it changes the nature of particles, i.e., a boson is transformed into a fermion and vice versa. We see that the introduction of fermionic generators also imposes bosonic generators since the composition of two fermionic transformations leads to a bosonic transformation. Denoting fermionic charges as F I , the following structure appears:

" B A , B B ı " if AB C B C , ! F I , F J ) " Q IJ K F K , " B A , F I ı " R AI J F J , (3.4) 
with the various Bianchi identities (trivially satisfied):

" " B A , B B ‰ , B C ı `"" B B , B C ‰ , B A ı `"" B C , B A ‰ , B B ı " 0 , (3.5) " " B A , B B ‰ , F I ı `"" B B , F I ‰ , B A ı `"" F I , B A ‰ , B B ı " 0 , (3.6) " " B A , F I ‰ , F J ı `" F I , F J ( , B A ı ´"" F J , B A ‰ , F I ı " 0 , (3.7) ! F I , F J ( , F K ) `! F J , F K ( , F I ) `! F K , F I ( , F J ) " 0 . (3.8)
From the first relation of Eq. 3.4 and the Bianchi identity Eq. 3.5, we recover the Lie algebra structure of the previous section (3.1.1). We will denote this algebra as:

g 0 " Span ! B A , A " 1, . . . , m
) .

Using the second equality of Eq. 3.4 combined with Eq. 3.6, the vectorial space g 1 generated by the fermionic charges F I :

g 1 " Span ! F I , I " 1, . . . , n
) form a g 0 -representation. All those relations combined with the relations 3.7 and 3.8 generate the Z 2 -graded algebra g called Lie superalgebra:

g " g 0 ' g 1 " ! B A , A " 1, . . . , m ) ' ! F I , I " 1, . . . , n
) .

We now take into account the non-triviality of the S-matrix and assume the same hypothesis as in Section 3.1.1, with 4) substituted with:

4') the symmetry group is a Lie supergroup G associated to a Lie superalgebra g,

The Haag-Łopuszański-Sohnius theorem [START_REF] Haag | All Possible Generators of Supersymmetries of the s Matrix[END_REF] states that g must be a supersymmetric extension of the Poincaré algebra (called Poincaré superalgebra) where the supersymmetric extension is defined using N supercharges (Majorana spinors) (0 ă N ď 8).

We will focus on the simplest supersymmetric extension describing N " 1 supersymmetry theory. The superalgebra is generated by:

g " g 0 ' g 1 " Isop1, 3q ˆgC ( ' Span Q α , Q 9 α , α, 9 α " 1, 2 ( (3.9) 
with Q α , Q 9 α (using Van der Waerden notation), the left & right-handed spinors corresponding to a Majorana spinor pQ α q : " Q 9 α . The different commutation and anticommutation relations leading to the superalgebra Eq. 3.9 are:

! Q α , Q 9 α ) " 2σ µ α 9 α P µ , ! Q α , Q β ) " 0, ! Q 9 α , Q 9 β ) " 0 , (3.10) " Q α , P µ ı " 0, " Q 9 α , P µ ı " 0 , " Q α , J µν ı " i pσ µν q α β Q β , " Q 9 α , J µν ı " i pσ µν q 9 α 9 β Q 9 β ,
with the various σ matrices introduced in Appendix A. The two Casimir operators C i associated to the superalgebra Eq. 3.9 are:

C 1 " P µ P µ , (3.11) 
C 2 " W µν W µν , W µν " `Wµ ´1 4 Qσ µ Q ˘Pν ´`W ν ´1 4 Qσ ν Q ˘Pµ (with W µ " 1 2 ǫ µνρσ P ν J ρσ the Pauli-Lubanski operator).
Using the proper values of C i , it is then possible to construct the irreducible representations of g called supermultiplets.

For more technical details on superalgebra and symmetries in particle physics, see [START_REF] Fuks | Supersymétrie, Exercices avec solutions[END_REF] and [START_REF] Campoamor | Group Theory in Physics[END_REF] respectively.

Curved Superspace

In Section 3.1, we have introduced the N " 1 supersymmetry algebra. We want now to construct a viable physical theory based on local supersymmetry, leading to supergravity.

We will not adopt the historical approach of supergravity, i.e., constructing supergravity theory from the supersymmetry framework. There exist several approaches for calculations in supergravity (see, for example [START_REF] Daniel | Supergravity[END_REF]). The superspace approach will be used in this manuscript (see [START_REF] Salam | Super-gauge transformations[END_REF][6][7] [START_REF] Ducrocq | A pedagogical discussion of n = 1 four-dimensional supergravity in superspace[END_REF]), following general relativity as a guideline.

In general relativity, the equivalence principle allows to associate to a curved frame a local tangent frame where gravitation is cancelled. In the curved frame, the theory is invariant under diffeomorphisms where the coordinates in the tangent space transform with Lorentz transformations. There is, however, an issue for describing spinors with the classical formulation of general relativity. This problem can be solved using the tetrad formalism, introducing two new fields called the vierbein e µ μ and the spin connection ω μν ρ .

The construction of supergravity theory can be done by adopting the same approach using an appropriate space called superspace, describing superfields. A superspace is constructed by extending the usual Minkowsky space using fermionic coordinates pθ α , θ 9 α q. A point of the superspace z is then defined by the coordinates z M " px µ , θ α , θ 9 α q, and functions of the superspace are called superfields Φpx, θ, θq. The theory is then invariant by superdiffeomorphisms in the curved frame where coordinates transform under Lorentz transformations in the tangent flat superspace.

Key objects in curved superspace: supervierbein & superconnection

In order to correctly derive the N " 1 supergravity action in four dimensions, we will follow the tetrad (or Cartan) formalism and present the supervierbein E M M and the superconnection Ω M N P .

We define a point in the flat tangent superspace z M " px µ , θ α , θ 9 α q where there is invariance under local Lorentz transformations:

z 1 M " z N Λ N M pzq ñ $ ' & ' % x 1 µ " x ν Λ ν µ pzq , θ 1 β " θ α Λ α β pzq , θ 9 β " θ 9 α Λ 9 α 9
β pzq .

(3.12)

The superfields matrix Λ N M pzq " ´Λµ ν pzq, Λ α β pzq, Λ 9 α 9

β pzq ¯, corresponding respectively to the vector, left-handed and right-handed representations, have a block diagonal structure. This means that the elements with indices of different natures vanish (since Lorentz transformations do not mix indices of different natures).

Defining a point z M in the curved superspace, we have invariance under superdiffeomorphisms:

z 1 M " z M `ξ M pzq ñ $ ' & ' % x 1 μ " x μ `ξ μpzq , θ 1 α " θ α `ξ αpzq , θ1 9 α " θ9 α `ξ 9 α pzq , (3.13) 
where ξ M are differentiable functions. The conjugate variables B M are also introduced such as:

B M " pB μ, B α, B 9 α q ñ " B M , z Ñ ı | M || Ñ | " δ M Ñ with |µ| " 0, |α| " | 9
α| " 1 and where the graded bracket is given by: .14) The relation between the curved and the flat tangent superspace is obtained by introducing a dynamical superfield called supervierbein

" B M , z Ñ ı | M || Ñ | " B M z Ñ ´p´q | M || Ñ | z Ñ B M . ( 3 
E M M " Bz M Bz M .
The relation between a superfield expressed in the curved superspace V M and in the tangent flat superspace V M can then be written as:

V M " Bz M Bz M V M " E M M V M ,
The inverse supervierbein E M M is also defined such as:

V M " Bz M Bz M V M " E M M V M , with E M M E M Ñ " δ M Ñ and E M M E M N " δ M N .
See also that in the local tangent frame we get:

B N ξ M " E N M B M ξ N " E N M E M M " δ N M .
As in general relativity, it is then possible to express all objects of the theory in a frame where gravitation is cancelled, and coordinates transform as Lorentz transformations.

The second dynamical superfield, i.e., the superconnection Ω M M N is introduced with the symmetry property:

Ω M M N " ´p´q |M ||N | Ω M N M
coming from the Lorentz algebra structure. Since the Lorentz transformations do not mix indices of different natures, the only non-zero elements of the superconnection are Ω M µν ,

Ω M αβ and Ω M 9 α 9
β . Those new variables aim to construct covariant derivatives with respect to Lorentz transformations:

D M X M " B M X M `p´q | M ||N | X N Ω M N M , D M X M " B M X M ´Ω M M N X N ,(3.15) D M X M " E M M D M X M , D N X M " E N M D M X M .
Note that the sign structure of the first relation is obtained using the commutation:

Ω M N M X N " p´q |N |p| M |`|N |`|M |q X N Ω M N M " p´q |N || M | X N Ω M N M (3.16)
because M and N are of the same nature. From the invariance of the covariant derivative under a local Lorentz transformation, the superconnection transforms as (with a matrix Λ):

Ω M M N Ñ Ω 1 M M N " `Λ´1 ˘M P Ω M P Q Λ Q N ´`Λ ´1˘M P B M Λ P N .
The structure of the covariant derivative D M Eq. 3.15 has a lie algebra structure, leading to the definition of the torsion T M N Q and the curvature tensor R M N P Q :

rD M , D N s |M ||N | " T M N Q D Q ´1 2 R M N αβ J αβ (3.17)
with α " pα, 9 αq. Remark that the last term contains only J αβ and J 9 α 9

β since the generators obey the relations:

J µν " 1 4 pσ ν q 9 αα pσ µ q 9 ββ `ǫαβ J 9 α 9 β ´ǫ 9 α 9 β J αβ ˘, J α β " pσ νµ q α β J µν , J 9 α 9
β " pσ νµ q 9 α 9

β J µν , thus we only sum over independent generators.

From the definition of the graded commutator Eq. 3.14, we have the following relations:

T M N P " ´p´q |M ||N | T N M P , R M N P Q " ´p´q |M ||N | R N M P Q , R M N P Q " ´p´q |P ||Q| R M N QP . (3.18)
Calculating the graded commutator Eq. 3.17 using the relation D M " E M Ñ D Ñ , it is possible to find the general form of the supertorsion and supercurvature tensors:

T P QQ " ´D P E QQ `p´q | P || Q| D QE P Q , (3.19) R M Ñ S Q " B M Ω Ñ S Q ´Ω M S R Ω Ñ R Q ´p´q | M || Ñ | `B Ñ Ω M S Q ´Ω Ñ S R Ω M R S ˘, with R M Ñ S Q " p´q | M |p| Ñ |`|N |q E M M E Ñ N R M N S Q , T Q S S " p´q | P |p|N |`| S|q E S N E P M T M N S .
In supersymmetry, those results simplify since the superconnection vanishes:

Ω M N Q " 0 Ñ D M " B M .
Using known relations in supersymmetry [3][4], covariant derivatives take the form:

D µ " E µ M B M " B µ , D α " E α M B M " B α `iσ µ α9α θ 9 α B µ , D 9 α " E 9 α M B M " B 9 α ´iθ α σµα 9 α B µ , ! D α , D 9 α ) " ´2iσ µ α 9 α D µ ,
which leads to the supersymmetry algebra. The supervierbein can then be identified through:

E M M " ¨δµ μ 0 0 iδ µ μpσ µ θq α δ α α 0 ´iδ µ μpθσ µ q 9 β ǫ 9 α 9 β 0 δ 9 α 9 α ' , E M M " ¨δμ µ 0 0 ´iδ μµ pσ μ θq α δ αα 0 iδ μµ pθσ μq 9 β ǫ 9 α 9 β 0 δ 9 α α ‹ ' .

Bianchi identities: Constraints on the torsion components

As we have seen in subsection 3.2.1 (Eq. 3.17), the graded commutators of covariant derivatives involve supertorsion and supercurvature tensors. Therefore, the components of such tensors are not independent since the covariant derivatives satisfy the Bianchi identities [Eq. 3.5,Eq. 3.6,Eq. 3.8]:

0 " p´q |M 1 ||M 3 | " D M 1 , rD M 2 , D M 3 s |M 2 ||M 3 | ı |M 1 |p|M 2 |`|M 3 |q `p´q |M 2 ||M 1 | " D M 2 , rD M 3 , D M 1 s |M 3 ||M 1 | ı |M 2 |p|M 3 |`|M 1 |q `p´q |M 3 ||M 2 | " D M 3 , rD M 1 , D M 2 s |M 1 ||M 2 | ı |M 3 |p|M 1 |`|M 2 |q
.

Using Eq. 3.17, it directly follows the two relations:

0 " p´q |M 1 ||M 3 | " D M 1 T M 2 M 3 S ´TM 1 M 2 R T RM 3 S `RM 1 M 2 M 3 S ‰ (3.20) `p´q |M 2 ||M 1 | " D M 2 T M 3 M 1 S ´TM 2 M 3 R T RM 1 S `RM 2 M 3 M 1 S ‰ `p´q |M 3 ||M 2 | " D M 3 T M 1 M 2 S ´TM 3 M 1 R T RM 2 S `RM 3 M 1 M 2 S ‰ , 0 " p´q |M 1 ||M 3 | " T M 1 M 2 R R RM 3 P Q ´DM 1 R M 2 M 3 P Q ‰ (3.21) `p´q |M 2 ||M 1 | " T M 2 M 3 R R RM 1 P Q ´DM 2 R M 3 M 1 P Q ‰ `p´q |M 3 ||M 2 | " T M 3 M 1 R R RM 2 P Q ´DM 3 R M 1 M 2 P Q ‰ .
However, the torsion and curvature tensors contain too many degrees of freedom, and the supersymmetry theory is not generally recovered in the flat superspace limit. The number of degrees of freedom is then too large and must be reduced, taking into account the flat limit of the theory.

There are several possibles sets of constraints on T M N P that leads to various supergravity models. For this presentation, the following constraints are imposed [START_REF] Wess | Supersymmetry and Supergravity: Revised Edition[END_REF][17] [START_REF] Wess | Superfield lagrangian for supergravity[END_REF]:

T αβ γ " 0 , T αβ µ " T 9 α 9 β µ " 0 , T µν ρ " 0 , (3.22) 
T α 9 α µ " T 9 αα µ " ´2iσ µ α 9 α , T αµ ν " T µα ν " 0 .
Remark that those constraints are consistent with the definition of chiral superfields (satisfying D 9 α Φ " 0, see subsection 3.3.1):

! D 9 α , D 9 β ) Φ " T 9 αβ M D M Φ " T 9 αβ µ D µ Φ `T 9 αβ γ D γ Φ `T 9 αβ 9 γ D 9 γ Φ " 0 ,
which means that the chiral superfield of supersymmetry naturally extends in supergravity. It can be shown that Eq. 3.22 taken into account in (Eq. 3.20-Eq. 3.21) allow us to rewrite the non-zero elements of the torsion and curvature tensors with only three independent superfields R, G α 9 α and W pαβγq (symmetric under exchange of indices). The calculation of the non-zero elements of T M N P and R M N P Q is time-consuming and so will not be presented here (see [START_REF] Wess | Supersymmetry and Supergravity: Revised Edition[END_REF][7] for a complete derivation). The elements T M N P can be written as:

T α 9 α µ " T 9 αα µ " ´2iσ µ α 9 α , T αµ β " ´Tµα β " 1 2 σµ 9 γγ T αγ 9 γ β , T αµ 9 
β " ´Tµα 

T αγ 9 γβ " i 4 pǫ γβ G α 9 γ ´3ǫ αβ G γ 9 γ ´3ǫ αγ G β 9 γ q ; T 9 αγ 9 γ 9 β " i 4 ´ǫ 9 γ 9 β G γ 9 α ´3ǫ 9 α 9 β G γ 9 γ ´3ǫ 9 α 9 γ G γ 9 β ¯, T δ 9 δγ 9 γα " ´2ǫ 9 δ 9 γ W pδγαq `1 2 ǫ 9 γ 9 δ `ǫαγ D 9 ǫ G δ 9 ǫ `ǫαδ D 9 ǫ G γ 9 ǫ ˘`1 2 ǫ δγ `D 9 δ G α 9 γ `D 9 γ G α 9 δ ˘, T δ 9 δγ 9 γ 9 α " ´2ǫ δγ Wp δγ ᾱq `1 2 ǫ γδ pǫ 9 α 9 γ D ǫ G ǫ 9 δ `ǫ 9 α 9 δ D ǫ G ǫ 9 γ q `1 2 ǫ 9 δ 9 γ pD δ G γ 9 α `Dγ G δ 9 α q . (3.23)
The relations between the superfields R, G α 9 α , W pαβγq and the components of the curvature tensor R M N P Q can be found in [START_REF] Wess | Supersymmetry and Supergravity: Revised Edition[END_REF] [START_REF] Rausch De Traubenberg | A Supergravity Primer: From Geometrical Principles to the Final Lagrangian[END_REF].

Nevertheless, some remarks can be added for the computation. The Bianchi identities lead to two equalities Eq. 3.20 and Eq. 3.21. Using the Dragon theorem [START_REF] Dragon | Torsion and Curvature in Extended Supergravity[END_REF], it can be shown that the first relations automatically imply the validity of the seconds, meaning that we can only consider Eq. 3.20. Moreover, the conversion of spin indices to vector indices is also used intensively. For example, the following relation for the curvature tensor is valid: R 9

α 9 βγ 9 γδ 9 δ " σ µ γ 9 γ σ ν δ 9 δ R 9 α 9 βµν " 2ǫ γδ R 9 α 9 β 9 γ 9 δ ´2ǫ 9 γ 9 δ R 9 α 9
βγδ , where the second equality is obtained by decomposing the tensor in irreducible representations of SLp2, Cq " SOp1, 3q. To be more precise, we first denote,

R M N α β " 1 4 R M N µν pσ µ σν q α β , R M N 9 α 9 β " 1 4 R M N µν pσ µ σ ν q 9 α 9 β . (3.24) 
Since R M N µν is skew-symmetric by exchange of the indices pµ, νq (see Eq. 3.18), we can then write:

R M N µν " 1 2 pR M N µν ´RMNνµ q " 1 2 ´pσ ν σ µ q 9 β 9 α R M N 9 α 9 
β ´pσ µ σν q β α R M N α β ¯.
By expanding the elements of the curvature tensor in spinor indices as the first equality of Eq. 3.24 we then get

R M N γ 9 γδ 9 δ " 2ǫ γδ R M N 9 γ 9 δ ´2ǫ 9 γ 9 δ R M N γδ .
Decomposing the elements R M N γ 9 where the tensors w and w 1 can be easily obtained through Eq. 3.24.

Finally, we get:

! D α , D β ) " ´1 2 R αβγδ J δγ , (3.25) ! D 9 α , D 9 β ) " ´1 2 R 9 α 9 β 9 γ 9 δ J 9 δ 9 γ , ! D α , D 9 α ) " T α 9 α µ D µ ´1 2 R α 9 αβγ J γβ ´1 2 R α 9 α 9 β 9 γ , " D α , D µ ı " T αµ β D β ´Tαµ 9 β D 9 β ´1 2 R αµβγ J γβ ´1 2 R αµ 9 β 9 γ J 9 γ 9 β , " D 9 α , D µ ı " T 9 αµ β D β ´T 9 αµ 9 β D 9 β ´1 2 R 9 αµβγ Jγβ ´1 2 R 9 αµ 9 β 9 γ J 9 γ 9 β , " D µ , D ν ı " T µν β D β ´T 9 β µν D 9 β ´1 2 R µνβγ J γβ ´1 2 R µν 9 β 9 γ J 9 γ 9 β .

Invariance of supergravity under Weyl supergroup

The algebra Eq. 3.25 is invariant under superdiffeomorphisms Eq. 3.13 and local Lorentz transformations Eq. 3.12. However, there exists a larger group of transformations of J M N and D M , which leaves the graded commutator Eq. 3.17 invariant. Indeed, the automorphism group of Eq. 3.25 is the super-Weyl group, also called superconformal group (which is equivalent to the Weyl group for general relativity) [20][21]. The aim of this section is to identify the superconformal variations δ Σ J αβ and δ Σ D M .

Using the well-known commutation relations of the generators J M N :

" J M N , J P Q ı " i `´η N P J M Q `ηPM J N Q ´ηNQ J P M `ηQM J P N ˘,
with η M N " ´ηµν , ǫ αβ , ǫ 9 α 9

β ¯, the equality δJ αβ " 0 follows immediately. For the transformation of the covariant derivative, we define: δD α " ´ΦD α `pΦ α q βγ J βγ where Φ and pΦ α q βγ are arbitrary superfields (with pΦ α q βγ " pΦ α q γβ ).

Making a transformation of the anti-commutator tD α , D β u gives:

δ tD α , D β u " ´2Φ tD α , D β u ´Dβ ΦD α ´Dα ΦD β ´pΦ α q γδ rǫ δβ D γ `ǫγβ D δ s ´pΦ β q γδ rǫ δα D γ `ǫγα D δ s `Dβ pΦ α q γδ J δγ `Dα pΦ β q γδ J δγ (3.26)
The structure Eq. 3.25 is invariant under super-Weyl transformations. The variation 3.26 must then be expressed only with Lorentz generators in the left-handed representation.

Imposing that the other terms vanish leads to

pΦ α q γβ " 1 2 " δ β α D γ Φ `δγ α D β Φ ‰ ,
and thus we obtain

δD α " ´ΦD α `Dγ ΦJ αγ .
Similarly, we can deduce δ D 9 α . The variation δD µ is obtained from the development of δ D α , D 9 α ( with the help of Eq. 3.25. Defining the chiral superfield Σ and introducing Φ " 2Σ : ´Σ, we get:

δ Σ D α " " Σ ´2Σ : ı D α ´Dγ ΣJ αγ , δ Σ D 9 α " " Σ : ´2Σ ı D 9 α ´D 9 γ Σ : J 9 α 9 γ , δ Σ D µ " ´´Σ `Σ: ¯Dµ ´i 2 " DΣ : σµ D `DΣσ µ Dı ´Dν ´Σ `Σ: ¯Jµν , δ Σ J αβ " 0 , δ Σ J 9 α 9 
β " 0 . From the expressions of the non-vanishing torsion components Eq. 3.23 and Eq. 3.25, the variation of the three superfields R, G µ and W pαβγq can also be calculated. Using the variation 3.26:

δ tD α , D β u " " `2Σ : ´Σ˘R αβγδ `1 2 ǫ αδ ǫ βγ D ¨DΣ `1 2 ǫ βδ ǫ αγ D ¨DΣ  J δγ " ´1 2 δR αβγδ J δγ with: tD α , D β u Σ " 0 , rD α , D β s " ǫ αβ D ¨DΣ ,
the transformation of R : can be computed using the relation between the components of curvature tensor R M N P Q [START_REF] Wess | Supersymmetry and Supergravity: Revised Edition[END_REF][7]:

R αβγδ " 4 pǫ αγ ǫ βδ `ǫβγ ǫ αδ q R : . (3.27)

Those calculations give:

δ Σ R " ´4ΣR ´1 4 ´D ¨D ´8R ¯Σ: , δ Σ G µ " ´"Σ `Σ: ı G µ `iD µ " Σ ´Σ: ı , δ Σ W pαβγq " ´3ΣW pαβγq .
Transformation laws of the superconnection can also be deduced by developing the covariant derivatives as Eq. 3.15. Lengthy calculus give:

δ Σ Ω M βγ " E M β D γ Σ `E M γ D β Σ ´E M γ ǫ γα pσ νρ q β α D ρ " Σ `Σ: ı , δ Σ Ω M 9 β 9 γ " E M 9 β D 9 γ Σ : `E M 9 γ D 9 β Σ : ´E M ν ǫ 9 β 9 α pσ νρ q 9 α 9 γ D ρ " Σ `Σ: ı , δ Σ Ω M νρ " ´E M ν ρ " Σ `Σ: ı `E M ρ D ν " Σ `Σ: ı ´2E M α pσ νρ q α β D β Σ ´2E M 9 α pσ νρ q 9 α 9 β D 9 β Σ : .
Those results will be helpful in a future section (see subsection 3.5.2). Indeed, as we will see, the computation of the supergravity action will lead to non-correctly normalised kinetic terms. In order to rescale the Lagrangian in order to get correctly normalised kinetic terms, a Weyl-rescaling followed by a shift of the gravitino field (so-called gravitinoshift) will be performed.

Supergravity transformations and gauge fixing conditions

We will now investigate the transformations of the main superfields under local Lorentz transformations (Eq. 3.12) and superdiffeomorphisms (Eq. 3.13). Considering a vector superfield V M , the supervierbein E M M and the superconnection Ω M P Q , their transformations can be written as:

V M pzq Ñ V 1M pz 1 q " V N pzqΛ N M pzq , (3.28 
)

Ω M P Q pzq Ñ Ω 1 M P Q pz 1 q " Bz Ñ Bz 1 M pΛ ´1q P R pzq " Ω Ñ R S pzqΛ S Q pzq ´B Ñ Λ R Q pzq ı , E M M pzq Ñ E 1 M M pz 1 q " Bz Ñ Bz 1 M E Ñ N pzqΛ N M pzq .
Developing the parameters around the identity, the matrix Λ M N pzq can be written as:

Λ N M " δ N M `LN M .
Using Eq. 3.28 we obtain:

δV M " V 1M pzq ´V M pzq " ´ξ P B P V M `V N L N M " ´ξ P D P V M `V N ´ξ P Ω P N M `LN M ¯,
where the relation can be simplified by redefining

L N M Ñ L 1 N M " ξ P Ω P N M `LN M .
The variation of G µ can then be computed. In the same manner, we have:

δE M M " ´D M ξ M `ξ Ñ T Ñ M M `E M P L P M , (3.29) 
δΩ M P Q " ´ξ Ñ R Ñ M P Q `Ω M P R L R Q ´LP R Ω M R Q ´B M L P Q . (3.30)
For the variation of the superfields R, we obtain directly:

δR " ´ξ M D M R . (3.31)
We will see in the next sections that the development of the supergravity action is based on the lowest components in the θ-expansion of the superfields. Recalling that ξ M pzq and L M N are superfields, they can be expanded in terms of Grassmann variables in the Einstein frame. For the superfield ξ M pzq defining the superdiffeomorphisms: ξ M pzq " ξ p0,0qM pxq `θα ξ p1,0qM α pxq `θ 9 α ξ p0,1qM9 α pxq `θσ μ θξ p1,1qM μpxq (3.32)

`θ ¨θξ p2,0qM pxq `θ ¨θξ p0,2qM pxq `θ ¨θθ αξ p1,2qM α pxq `θ ¨θ θ9 α ξ p2,1qM 9 α pxq `θ ¨θ θ ¨θξ p2,2qM pxq .

The same type of expansions can also be done for L M N . Using the large arbitrariness of the parameters, some components can be set to zero. Defining X ˇˇ" X ˇˇθ" θ"0 , we can fix, after analysing the variation δΩ M N P ˇˇfrom Eq. 3.30:

Ω μM N ˇˇ" ω μM N pxq , Ω αM N ˇˇ" 0 , Ω 9 α M N ˇˇ" 0 , (3.33) 
where ω μM N " ´ωμµ ν , ω μα β , ω μ 9 α 9

β ¯is the spin-connection of general relativity. By examining the variation of the lowest components of the supervierbein δE M M ˇˇfrom Eq. 3.29, and taking into account the invertibility of E M M , a proper choice for the components of ξ M in Eq. 3.32 and for L M N allows to eliminate some components of E M M ˇˇ:

E M M pzq ˇˇ" ¨eμ µ pxq 1 2 ψ μα pxq 1 2 ψμ 9 α pxq 0 δ αα 0 0 0 δ 9 α 9 α ' , (3.34) 
E M M pzq ˇˇ" ¨eµ μpxq ´1 2 ψ µ αpxq ´1 2 ψµ 9 α pxq 0 δ α α 0 0 0 δ 9 α 9 α ' , (3.35) 
where e μµ pxq is the helicity-2 graviton field and pψ μα , ψμ 9 α q the Weyl components of the spin-3{2 gravitino field. Since the relations

E M M E M Ñ " δ M Ñ and E M M E M N " δ M N
hold, we have:

e μµ e ν ν " δ μ ν , e µ μe μν " δ µ ν , ψ µ α " e µ μψ μα δ α α , ψµ 9 α " e µ μ ψμ 9 α δ 9

α 9 α ,
It can be shown that the lowest components of the superfields R and G µ cannot be eliminated. We then define a complex scalar field M pxq and a real vector field b µ by:

Rpzq ˇˇ" ´1 6 M pxq , G µ pzq ˇˇ" ´1 3 b µ pxq.
We thus obtain the degrees of freedom of the supergravity multiplet that contains a helicity-2 field e µ μpxq (the graviton), Weyl components pψ μα pxq, ψμ gravitino and two auxiliary fields M pxq and b µ pxq. The superconnection is not a fundamental field (see subsection 3.2.5), so it doesn't belong to the multiplet. This multiplet is called the minimal supergravity multiplet. Other constraints can lead to different numbers of auxiliary fields (see [START_REF] Sohnius | An alternative minimal off-shell version of n = 1 supergravity[END_REF][23] [START_REF] Breitenlohner | Some invariant lagrangians for local supersymmetry[END_REF]). This is out of the scope of this thesis.

The gauge fixing conditions (Equations 3.33, 3.34 and 3.34) are, nevertheless, not preserved by the general transformations Eq. 3.28. We must then specify the transformations which preserve the gauge previously defined. In a first step, we assume

ξ µ pzq ˇˇ" 0 , ξ α pzq ˇˇ" ǫ α , ξ 9 α pzq ˇˇ" ǭ 9 α , L M N pzq ˇˇ" 0 .
Since δE αµ ˇˇ" δE 9 αµ ˇˇ" 0, using Eq. 3.29, we obtain:

δE αµ ˇˇ" ´Bα ξ µ ˇˇ`2iδ αα σ µ α 9 α ǭ 9 α " 0 , δE 9 αµ ˇˇ" ´B 9 α ξ µ ˇˇ´2iδ 9 α 9 α ǫ 9 α 9 β ǫ α σ µ α 9 β " 0 .
It is then possible to express the parameters ξ µ pzq as:

ξ µ pzq " 2i ´θα δ αα σ µ α 9 α ǭ 9 α `ǫα σ µ α 9 β ǫ 9 α 9 β θ9 α δ 9 α 9 α ¯`¨¨ẅ
here the dots correspond to other terms coming from higher-order components. In order to recover a parameter invariant under 3.28, we can just make the substitution ´δα α , δ

9 α 9 α ¯Ñ ´Eα α , E 9 α 9 
α ¯leading to:

ξ µ pzq " 2i " θσ µ ǭ ´ǫσ µ θı
with θα " θ αE αβ ǫ αβ . The parameters L M N pzq associated with the transformations which preserve the gauge fixing constraints can be obtained using δΩ αM N ˇˇ" δΩ 9 α M N " 0. We finally obtain:

ξ µ pzq " 2i " θσ µ ǭ ´ǫσ µ θı , ξ α pzq " ǫ α , ξ 9 α pzq " ǭ 9 α , L αβ pzq " 1 3 " θα p2ǫ β M ˚`b β 9 γ ǭ 9 γ q `θ β p2ǫ α M ˚`b α 9 γ ǭ 9 γ q ı , (3.36) 
L 9 α 9 β pzq " 1 3 " θ 9 α p2ǭ 9 β M `ǫγ b γ 9 β q `θ 9 β p2ǭ 9 α M `ǫγ b γ 9 α q ı , L µν pzq " ´1 2 
" pσ µ σ ν q 9 α 9 β L 9 α 9 β `pσ µ σν q α β L α β ı .

Lowest order component fields

All those relations can now be used in order to calculate the lowest order components of the three fundamental superfields R, G µ and W pαβγq as well as their derivatives. This is a very lengthy computation for some derivatives of the fields. Therefore, only the method and the final results will be mentioned.

Since R, G µ and W pαβγq are related to the torsion tensor T M N Q , the components T M N Q ˇmust be firstly computed. From Eq. 3.19 and the lowest components of the supervierbein (3.34,3.35) and the superconnection Eq. 3.33:

T μν µ ˇˇ" ´Bμ e ν µ `Bν e μµ ´ωμν µ `ωνμ µ , (3.37) 
T μν α ˇˇ" ´1 2 `Dμ ψ ν α ´Dν ψ μα ˘" ´1 2 ψ μν α , T μν 9 α ˇˇ" ´1 2 `Dμ ψν 9 α ´Dν ψμ 9 α ˘" ´1 2 ψμν 9 α ,
where we have introduced:

ω μν µ " e ν ν ω μν µ , ψ μν α " D μψ ν α ´Dν ψ μα , ψμν 9 α " D μ ψν 9 α ´Dν ψμ 9 α , D μψ ν α " B μψ ν α `ψν β ω μβ α , D μ ψν 9 α " B μ ψν 9 α `ψ ν 9 β ω μ 9 β 9 α ,
The component T μν µ ˇˇcan also be developed in flat indices using the supervierbein:

T μν µ ˇˇ" E μM E ν N T M N µ ˇ" `Eμ γ E ν 9 δ `Eμ 9 δ E ν γ ˘Tγ 9 δµ ˇ" ´i 2 `ψμ σ µ ψν ´ψν σ µ ψμ ˘. (3.38) 
From Eq. 3.37, Eq. 3.38 and symmetry property of the spin-connection, the expression of ω μν ρ " e µρ ω μν µ can be found: Thus, the spin-connection ω μν ρ is then not a fundamental field and can be written in terms of the graviton and the gravitino.

ω μν ρ " ´1 2 
Thereafter, using the relations between the torsion components T M N Q and the fundamental superfields R, G µ and W pαβγq Eq. 3.23, it is then possible to evaluate their lowest components as well as their derivatives. In a similar way, the connection between those superfields and the components of the curvature tensor R M N P Q is also used (see [7][6]).

The lowest components read: 

R ˇˇ" ´1 6 M , R : ˇˇ" ´1 6 M ˚, D α R ˇˇ" ´1 3 pσ µν ψ µν q α `i 6 pσ µ ψµ q α M ´i 6 ψ µα b µ , D 9 α R : ˇˇ" ´1 3 pσ µν ψµν q 9 α `i 6 pσ µ ψ µ q 9 α M ˚`i 6 ψµ 9 α b µ , D ¨DR ˇˇ" 1 3 e µ μe ν ν R μν µν ˇˇ`4 9 |M | 2 ´2 9 b µ b µ ´2i 3 e µ μD μb µ ´1 3 ψµ ¨ψ µ M , ´1 3 
ψ ν σ ν ψµ b µ ´2i 3 ψµ σν ψ µν ´1 12 ǫ µνρσ " ψ µ σ σ ψνρ `ψ µ σσ ψ νρ ı , D ¨DR : ˇˇ" 1 3 e µ μe ν ν R μν µν ˇˇ`4 9 |M | 2 ´2 9 b µ b µ `2i 3 e µ μD μb µ ´1 3 ψ µ ¨ψµ M ˚, ´1 3 
ψ µ σ ν ψν b ν ´2i 3 ψ µ σ ν ψµν `1 12 ǫ µνρσ " ψ µ σ σ ψνρ `ψ µ σσ ψ νρ ı , G α 9 α ˇˇ" ´1 3 b α 9 α , D δ G γ 9 α ˇˇ" ´1 4 
D δ G µ ˇˇ" 1 3 pσ ν ψν µ q δ ´i 12 ǫ µνρσ pσ σ ψνρ q δ `i 6 ψ µ δ M ˚`i 6 pσ ν ψν q δ b µ `1 12 ǫ µνρσ pσ σ ψν q δ b ρ , D 9 δ G µ ˇˇ" ´1 3 pσ ν ψ ν µ q 9 δ ´i 12 ǫ µνρσ pσ σ ψ νρ q 9 δ ´i 6 ψµ 9 δ M `i 6 pσ νψν q 9 δ b µ ´1 12 ǫ µνρσ pσ σ ψ ν q 9 δ b µ , W pα 1 α 2 α 3 q ˇˇ" ´1 48 
ÿ rPS 3 ´ψα τ p1q 9 δα τ p2q 9 δ α τ p3q ´iψ α τ p1q 9 δα τ p2q b α τ p3q 9 δ ¯, Wp 9 
α 1 9 α 2 9 α 3 q ˇˇ" ´1 48 
ÿ rPS 3 `ψ δ 9 α τ p1q δ 9 α τ p2q 9 α τ p3q `i ψδ 9 α τ p1q 9 α τ p2q b δ 9 α τ p3q ˘.
with S 3 the permutation group with three elements and:

G α 9 α " σ µ α 9 α G µ , b α 9 α " σ µ α 9 α b µ , ψ β 9 βγ 9 γ α " σ µ β 9 β σ ν γ 9 γ e µ μe ν ν ψ μν α , ψβ 9 βγ 9 γ 9 α " σ µ β 9 β σ ν γ 9 γ e µ μe ν ν ψμν 9 α .
The supergravity transformation of the fields e μµ , ψ µ , M and b µ can also be derived from the previous results. For example, the variation of the vierbein can be obtained from:

δe μµ " δE μµ ˇˇ" ´Dμ ξ µ ˇˇ`ξ M T M μµ ˇˇ`E μν L ν µ ˇˇ.
Using Eq. 3.19, we easily find:

δe μµ " ´i" ǫpxqσ µ ψμ ´ψμ σ µ ǭpxq ‰ . (3.39)
The transformations of the other fields also follow using the same process:

δψ μα " ´2D μǫ α pxq `i 3 e μν `ǭpxqσ ν ˘αM `i 3 e μν "`ǫ pxqσ ρ σν ˘αb ρ ´3ǫ α pxqb γ ‰ , δ ψμ 9 α " ´2D μǭ 9 α pxq `i 3 e μν `ǫpxqσ ν ˘9 α M ˚´i 3 e μν "`ǭ pxqσ ρ σ ν ˘9 α b ρ ´3ǭ 9 α pxqb ν ‰ ,
δM " ´2pǫσ µν ψ µν q `ipǫσ µ ψµ qM ´ipǫ ¨ψµ qb µ , (3.40)

δM ˚" ´2pǭσ µν ψµν q `ipǭσ µ ψ µ qM ˚`ipǭ ¨ψ µ qb µ , δb µ " ǫσ ν ψν µ ´ǭσ ν ψ ν µ ´i 4 ǫ µνρσ " ǫσ σ ψνρ `ǭσ σ ψ νρ ı `i 2 " ǫ ¨ψµ M ˚´ǭ ¨ψ µ M ı `i 2 " ǫσ ν ψν `ǭσ ν ψ ν ı b µ `1 4 ǫ µνρσ " ǫσ σ ψν ´ǭσ σ ψ ν ı b ρ .
We clearly see that the fields `eμ µ , ψ μ, M, b µ ˘form a multiplet under supergravity transformations as explained previously.

Superfield approach in curved superspace

There exist two types of superfields relevant to particle physics in the context of N " 1 supersymmetry theory: the chiral superfield Φpzq " pφ, χ, F q containing a scalar field φ, a Weyl spinor χ and a scalar auxiliary field F and the vector superfield V pzq " pv µ , λ, Dq with v µ a vector field, λ a Majorana spinor and D an auxiliary field.

As briefly explained in subsection 3.2.2, the definition of chiral superfields in supersymmetry does not generally extend in supergravity. However, imposing the proper torsion constraints such as Eq. 3.22 allows to extend the notion of chiral superfields in supergravity.

In this section, the chiral superfields Φ and the vector superfields V will be introduced. The components and derivatives of those superfields and their transformations according to supergravity transformations will be given. The interactions between those two superfields will also be derived.

Chiral superfields

In supersymmetry, chiral (anti-chiral) superfields Φpz M q (Φ : pz M q) are defined through the constraints:

D 9 α Φpz M q " 0 , D α Φ : pz M q " 0 , (3.41) 
where the D α and D 9 α are the superderivatives in supersymmetry. Following the torsion constraints Eq. 3.22, a similar definition can be extended in the context of supergravity. Modifying the superderivatives to covariant derivatives, we can then write:

D 9
α Φpz M q " 0 , D α Φ : pz M q " 0 .

Note that although the superfield Φpz M q depends on curved coordinates z M " `xμ , θ α, θ9 α ˘, its definition relies on flat indices.

In the same manner as Eq. 3.32, the chiral superfield Φ can be expressed in supersymmetry using an expansion in θ-variables. Even though this method is still possible in supergravity, it is more tedious since the expansion is done in the curved frame, which imposes to know all the components of the supervierbein E M M in θ-expansion. It is then more suitable to define the components of the chiral superfield according to the (covariant) derivatives of the superfield:

φ " Φ ˇˇ, χ α " 1 ? 2 D α Φ ˇˇ, F " 1 4 D α D α Φ ˇˇ, (3.42) 
φ : " Φ : ˇˇ, χ 9 α " 1 ? 2 D 9 α Φ : ˇˇ, F : " 1 4 D 9 α D 9 α Φ : ˇˇ. (3.43)
The calculation of the other lowest components of the derivatives of Φ (up to the fourth derivatives) is also mandatory to fully expand the Lagrangian of supergravity. Since covariant derivatives are defined in the Einstein frame (see Eq. 3.15), the indices must firstly be changed to tilted indices where the gauge fixing conditions can be imposed (3.333.343.35). Only some examples of calculations will be shown. A complete presentation can be found in [6][7].

Using Eq. 3.42, Eq. 3.15 and E μµ ˇˇ" e μµ , the covariant derivative D µ Φ can be easily calculated:

D µ Φ ˇˇ" E µ M D M Φ ˇˇ" E µ μD μΦ ˇˇ`E µ αD αΦ ˇˇ`E µ 9 α D9 α Φ ˇ" e µ μ`B μφ
´?2 2 ψ μ ¨χ˘" Dµ φ , which defines the derivative covariant with respect to supergravity transformations.

The value of D α D β Φ ˇˇdirectly follows the definition of the auxiliary field F in Eq. 3.42. Using the property A α B β ´Aβ B α " ǫ αβ A ¨B and the graded commutator Eq. 3.17 with Eq. 3.22 we get the two identities:

1 2 pD α D β ´Dβ D α q Φ ˇˇ" 2ǫ αβ F , tD α , D β u Φ ˇˇ" 0 , which gives D α D β Φ ˇˇ" 2ǫ αβ F .
The derivation of the third derivative D α D β D γ Φ ˇˇleads to interesting results. Using the property:

D α D β D γ `Dβ D γ D α `Dγ D α D β ´Dα D γ D β ´Dβ D α D γ ´Dγ D β D α " 0
and the vanishing commutator tD α , D β u Φ " 0 (see Eq. 3.17), we can write:

D α D β D γ Φ " 1 3 pD α D β D γ `Dα D γ D β ´Dβ D γ D α ´Dγ D α D β q .
By contracting the last two indices using ǫ βγ and with Eq. 3.27:

D α D ¨DΦ " ´2 3 tD α , D β u D β Φ " 8R : D α Φ (3.44) 
which can be rewritten as

D α ´D ¨D ´8R : ¯Φ " 0 (3.45)
since R : is an anti-chiral superfield, i.e., D α R : " 0. This is an important result. The equality Eq. 3.45 means that the operator D ¨D ´8R : acting on the chiral superfield Φ generates an anti-chiral superfield. Hence, it is possible to associate a chiral (antichiral) superfield Ξ (Ξ : ) to any anti-chiral (chiral) superfield Φ : (Φ) through the operator D ¨D ´8R : ( D ¨D ´8R):

Ξ " `D ¨D ´8R ˘Φ: , Ξ : " `D ¨D ´8R : ˘Φ .

This operator is the analogue of the operator D ¨D in supersymmetry (where D is the superderivative in supersymmetry) and will be central to construct invariant action (given in Subsection 3.4.1).

We now turn to the transformation of the chiral superfields under supergravity transformations. Using the definition of a supergravity transformation Eq. 3. [START_REF] Tant | Nouvelles solutions et classification du superpotentiel et du potentiel de K 'ahler compatibles avec une brisure de la supersymétrie à basse énergie induite par la gravitation[END_REF] Note that the variation of the auxiliary field F is not a total derivative (compared to what happens in supersymmetry).

Vector superfields

The vector superfield is defined in the same way as in supersymmetry by the reality condition V " V : .

We suppose a non-abelian gauge group with the Lie algebra g and V " V a T a , T a being the generators of the gauge group, in an appropriate matrix representation, taken to be hermitian. The vector superfield transforms then as:

e 2gV Ñ e ´2igΛ e 2gV e 2igΛ : , with the chiral superfield Λ " Λ a T a (where a corresponds to the index in the adjoint representation of g). Similarly than in supersymmetry, we adopt the Wess-Zumino gauge in order to eliminate all the non-physical fields [START_REF] Wess | The component formalism follows from the superspace formulation of supergravity[END_REF]:

V ˇˇ" 0 , D α V ˇˇ" 0 , D 9 α V ˇˇ" 0 , (3.49) 
D ¨DV ˇˇ" 0 , D ¨DV ˇˇ" 0 .

We also denote the strength tensor by:

W α " ´1 4 " D ¨D ´8R ‰ e 2gV D α e ´2gV , W 9 α " 1 4 " D ¨D ´8R : ‰ e ´2gV D 9 α e 2gV , (3.50) 
with g, the coupling constant related to the defined gauge group. The various physical components of the vector superfield are defined using the covariant derivative:

λ α " i 2g W α ˇˇ, λ " ´i 2g W 9 α ˇˇ, D a " 1 4g D α W a α ˇˇ" 1 4g D 9 α Wa 9 α ˇˇ, (3.51) v µ " 1 4 σ 9 αα µ " D α , D 9 α ‰ V ˇˇ,
where v µ is a gauge boson, pλ, λq a Majorana spinor (called the gaugino) and D an auxiliary field.

As explained in Section 3.3.1, the calculus of the various derivatives of V and W α is required for the computation of the final supergravity action. Because the superfield strength tensor is a function of the vector superfield V , the derivatives of V must firstly be computed. The method is similar to the calculation with the chiral superfield. In the Wess-Zumino gauge Eq. 3.49 and using the definition of the covariant derivative Eq. 3.15, D μV ˇˇvanishes and so:

D µ V ˇˇ" E µ M D M V ˇˇ" E µ μD µ V ˇˇ`E µ αD α V ˇˇ`E µ 9 α D9 α V ˇˇ" 0 .
The computation of the other derivatives is fully presented in [START_REF] Wess | Supersymmetry and Supergravity: Revised Edition[END_REF] [START_REF] Rausch De Traubenberg | A Supergravity Primer: From Geometrical Principles to the Final Lagrangian[END_REF]. We also have in the Wess-Zumino gauge (since V 3 " 0):

W α " ´1 4 
" D ¨D ´8R ı e 2gV D α e ´2gV " ´1 4 
" D ¨D ´8R ı´´2 gD α V `2g 2 D α V 2 ´4g 2 V D α V `¨¨¨" g 2 " D ¨D ´8R ı´D α V `g" V, D α V ‰ ¯. (3.52)
The various components of W α can then be computed starting from Eq. 3.52:

W α ˇˇ" ´2igλ α , (3.53) 
W 9 α ˇˇ" 2ig λ 9 α , D α W β ˇˇ" 2g " ipσ µν q αβ p Fµν q `ǫαβ D ı , D 9 α W 9 β ˇˇ" ´2g " ipσ µν q 9 α 9 β p Fµν q `ǫ 9 α 9 β D ı , D ¨DW α ˇˇ" ´2g " 4σ µ α 9 α Dµ λ 9 α ´2ib µ pσ µ λq α ´2iM ˚λα ı , D ¨D W 9 α ˇˇ" ´2g " 4σ µ α 9 α Dµ λ α `2ib µ pλσ µ q 9 α `2iM λ 9 α ı , (3.54) 
with:

Fµν " Dµ v ν ´D ν v µ `ig rv µ , v ν s " e µ μe ν ν Fμν , Fμν " F μν ´i 2 " λσ ν ψ μ `λσ ν ψμ ´λσ μψ ν ´λσ μ ψν ‰ , Dµ v ν " e µ μD μv ν ´i 2 " λσ ν ψ µ ´ψ µ σν λ ‰ ´i 2 pψ ν σ ρ ψµ qv ρ , Dµ λ α " e µ μ pD μλ α `ig rv μ, λ α sq ´1 2 pσ νρ ψ µ q α p Fνρ q `i 2 Dψ µα , Dµ λ 9 α " e µ μ `Dμ λ 9 α `ig " v μ, λ 9 α ‰˘`1 2 p ψµ σνρ q 9 α p Fνρ q ´i 2 D ψµ 9 α
and F μν " e μµ e ν ν F µν " e μµ e ν ν p Dµ v ν ´D ν v µ q. We now consider an infinitesimal supergravity transformation with parameters ξ M . By checking the variation of the non-physical fields we get, for example:

χ α " D α V ˇˇ" 0 Ñ δD α V ˇˇ" ´ξ M D M D α V ˇˇ" ´pσ µ ǭq α v µ ‰ 0 ,
meaning that supergravity transformations do not preserve the Wess-Zumino gauge. To remain in this gauge, we have to combine a supergravity transformation with a specific gauge transformation. Identifying the parameters of the gauge transformation which compensate the supergravity transformation, we finally obtain:

δv µ " i `ǫσ µ λ ´λσ µ ǭ˘´i 2 `ψµ σ ν ǭ ´ǫσ ν ψµ ˘vν , δλ α " `σµν ǫ ˘α Fµν `iǫ α D , δ λ 9 α " ´`ǭσ µν ˘9 α Fµν ´iǭ 9 α D , δD " ´ǫσ µ Dλ ´D µ λσ µ ǭ `i 2 b µ `ǫσ µ λ ´λσ µ ǭ˘`i 2 `M ˚ǫ ¨λ ´M ǭ ¨λ ˘.
Similarly, we also have to specify the variation of the chiral supermultiplets `φ, χ α , F ˘.

Those transformations can be found in [START_REF] Wess | Supersymmetry and Supergravity: Revised Edition[END_REF][7].

Gauge interactions of chiral superfields

Chiral superfields transform under gauge transformations as Φ Ñ e ´2igΛ Φ. Terms like Φ : e ´2gV Φ are then gauge invariant, as in supersymmetry. The gauge invariant kinetic term in supergravity can then be obtained through the couplings Φ : e ´2gV and e ´2gV Φ.

We then introduce (anti-)chiral superfield using the "projector" presented in Subsection 3.3.1: X " `D ¨D ´8R ˘Φ: e ´2gV , X : " `D ¨D ´8R : ˘e´2gV Φ .

In the same manner as for the strength tensor W α in the Wess-Zumino gauge (where V 3 " 0) Eq. 3.52, the superfields X and X : reduce to:

X " Ξ ´2g `D ¨D ´8R ˘Φ: V `2g 2 `D ¨D ´8R ˘Φ: V 2 , X : " Ξ : ´2g `D ¨D ´8R : ˘V Φ `2g 2 `D ¨D ´8R : ˘V 2 Φ .
Calculation of all of the components of X can be found in [START_REF] Wess | Supersymmetry and Supergravity: Revised Edition[END_REF][7].

Construction of the action in curved superspace

The superfields are now defined in the context of curved superspace. There is, however, still some aspects that must be analysed for constructing the supergravity action. The chiral density and new Θ-variables allowing to simplify the computations will be introduced. We will then be able to construct a compact form of the supergravity Lagrangian invariant under a combination of Super-Weyl and Kähler transformations. 

Ȃs

we have seen in Eq. 3.42 and Eq. 3.43, the components of superfields are defined through derivatives with flat indices, whereas the expansion involves variables in the Einstein frame. This point leads to some difficulties in the development. It is then convenient to define a new set of variables ξ M " `xμ , Θ α , Θ 9 α ˘such as components of chiral superfields are defined as their derivatives. We have then for the Φ-expansion:

Φpx, Θq " Φpx, θq ˇˇ`Θ ¨`DΦpx, θq ˘ˇˇ´1 4 Θ ¨Θ`D ¨DΦpx, θq ˘ˇ"
φpxq `?2Θ α χ α pxq ´Θ ¨ΘF pxq .

Taking for example the Θ-expansion of Ξ and X we get:

Ξ " Ξ ˇˇ`?2Θ ¨pDΞq ˇˇ´1 4 Θ ¨ΘpD ¨DΞq ˇˇ" 4F : `4 3 M φ : (3.55) `Θ ¨! ´4i ? 2pσ µ Dµ χq `2? 2 3 b µ pσ µ χq `φ: `8 3 pσ µν ψ µν q ´4i 3 pσ µ ψqM `4i 3 ψ µ b µ ˘) ´Θ ¨Θ! ´4e µ μD μ Dµ φ : `8i 3 b µ Dµ χ ´2? 2 3 χσ µν ψµν ´8 3 M ˚F : `?2i χ ¨ψ µ b µ `2? 2 3 χσ νµ ψµ b ν `φ: ´´2 3 e µ μe ν ν R μν µν ˇˇ´8 9 M M ˚`4 9 b µ b µ `4i 3 e µ μD μb µ `2 3 ψµ ¨ψ µ M `2 3 ψ ν σ ν ψµ b µ `4i 3 ψµ σν ψ µν `1 6 ǫ µνρσ pψ µ σ σ ψνρ `ψ µ σσ ψ νρ q ) , X " X ˇˇ`?2Θ ¨pDX q ˇˇ´1 4 Θ ¨ΘpD ¨DX q ˇ" Ξ `Θ ¨! ´4? 2gpσ µ χqv µ `8igφ : λ `4igφ : v ν pσ µ σν ψ µ q ) ´Θ ¨Θ! 8igv µ Dµ φ : ´4? 2ig χ ¨λ `4igφ : Dµ v µ `8 3 gφ : v µ b µ ´4gDφ : `4g 2 φ : v µ v µ
) .

We have seen in Subsection 3.3.1 that the variation of the auxiliary field F is not a total derivative. However, by defining the chiral density ∆, which plays the rôle of an invariant measure in curved superspace, the action can be written in a fully covariant form:

S " ż d 4 x d 2 Θ∆f pΦq `h.c. (3.56)
with f pΦq a holomorphic function of chiral superfields. By imposing that the action transforms under a supergravity transformation Eq. 3.36 as a total derivative, the chiral density must then transform as:

δ∆ " ´`´˘| M | B M `η M ∆ ˘(3.57)
with η M the supergravity transformation parameters written with the new Θ´variables:

η M px, Θq " η M p0q pxq `Θα η M p1qα pxq `Θ ¨Θη M p2q pxq .
From the invariance of Eq. 3.56 under supergravity transformations, the superfield ∆Φ must then transforms as a chiral density, i.e., δp∆Φq " ´p´q M B M `η M ∆Φ ˘which leads to the transformation of the chiral superfield Φ:

δΦ " ´η M B M Φ .
Developing this relation reads:

δΦ " `´η μ p0q B μφ ´?2η α p0q χ α ˘`Θ α `?2η αp0q F ´ηµ p0q B μχ α ´1 ? 2 η μ p1qα B μφ ´ηβ p1qα χ β Θ ¨Θ`´η μ p0q B μF `ημ p2q B μφ ´1 ? 2 η μ p1q α B μχ α `?2η α p2q χ α ´ηα p1qα F ˘.
By comparing this result with (3.46, 3.47, 3.48), the form of η M can be found:

η μ " 2iΘσ μǭ `Θ ¨Θ ψν σμ σ ν ǭ , η α " ǫ α ´iΘσ μǭψ μα `Θ ¨Θ´1 3 M ˚ǫα ´iω μαβ `σμ ǭ˘β `1 6 b µ `ǭσ µ ˘α ´1 2 ψ ν α ψμ σν σ μǭ ¯.
Knowing the form of η M px, Θq and using Eq. 3.57, the variation of the components of the chiral density can also be calculated.

The link with the vielbein can now be made. By selecting a chiral density E such as its lowest component reduces to E ˇˇ" det `eμ µ ˘" e, we then introduce a relation between the chiral density and the vierbein. Step-by-step, it is possible to identify the components of E, following Eq. 3.57 and the transformation of the supergravity multiplet under supergravity transformations (3.39, 3.40):

E " e ´1 `iΘσ μ ψμ ´Θ ¨Θ`M ˚`ψ μ σμν ψν ˘¯.

(3.58)

Compact form of the supergravity action

We will now turn to the construction of the invariant action in supergravity. We suppose a compact real Lie algebra g and the vector superfields V " V a T a associated to the adjoint representation of g. The chiral superfields Φ i are in a representation R of g whilst the anti-chiral superfields Φ : i ˚are in the complex conjugate representation R. The (anti-) chiral superfields contain the matter fields whereas the vector superfields V introduce the gauge interaction in the theory.

All the necessary tools have been introduced to construct a compact form of the N " 1 supergravity action in four dimensions. First of all, we recall the action of an N " 1 supersymmetry theory (derived in [START_REF] Wess | Supersymmetry and Supergravity: Revised Edition[END_REF] [START_REF] Rausch De Traubenberg | A Supergravity Primer: From Geometrical Principles to the Final Lagrangian[END_REF]). Three functions are needed to fully specify the dynamics of the model: the superpotential W pΦq a holomorphic function leading to the Yukawa interactions, the Kähler potential KpΦ, Φ : q, a real function defining the kinetic terms and the gauge kinetic function h ab , a holomorphic function (a and b are indices in the adjoint representation of G). Recall that N " 1 supersymmetry action can be written as:

S SU SY " ˜1 2 ż d 4 xd 2 θ ˆ´1 4 D ¨DKpΦ, Φ : e ´2gV q ż d 4 xd 2 θW pΦq `1 16g 2 ż d 4 xd 2 θh ab W αa W b α `h.c. ¸(3.59)
with D α the covariant derivative of supersymmetry.

For extending this action in the supergravity context we must:

1) substitute the operator D ¨D by D ¨D ´8R : , 2) change the Grassmann variable θ to the new variables Θ,

3) add the chiral density E to have invariance under supergravity transformations.

The N " 1 supergravity action in four dimensions can then be written as:

S " 3 8 ż d 4 x d 2 ΘE ´D ¨D ´8R ¯e´1 3 KpΦ,Φ : e ´2gV q `ż d 4 x d 2 ΘEW pΦq `1 16g 2 ż d 4 x d 2 ΘEh ab pΦqW αa W α b `h.c. . (3.60) 
It can be observed that the term involving the Kähler potential is not obtained from the process mentioned above. This form is essential to get a correctly normalised action. Moreover, we see that reintroducing the Planck mass in the exponential and taking the low energy limit (m p Ñ 8):

3 8 m 2 p e ´1 3m 2 p KpΦ,Φ : e ´2gV q " 3 8 m 2 p ´1 8 
KpΦ, Φ : e ´2gV q `O p1{m p q leads to the correct kinetic terms in Eq. 3.59 with the pure gravity part of the action (given by Eq. 3.65).

Super-Weyl rescaling and Kähler transformation

In Subsection 3.2.3, we have introduced Super-Weyl transformations and obtained the transformation laws of the fundamental objects of supergravity. We will see that Super-Weyl transformations coupled to Kähler transformations are symmetries of the supergravity action Eq. 3.60.

The transformation of the chiral density E under super-Weyl transformations can be complex to compute. It is then more convenient to analyse the variation components-bycomponents, i.e., identifying δ Σ e and δ Σ ψμ with Σ the transformation parameter (a chiral superfield). Introducing the spinorial superfield:

S α " Θ α `2Σ : ´Σ˘ˇˇ`Θ ¨ΘD α Σ ˇǎnd
regrouping the variations of the various fields in E we can rewrite the transformation δ Σ E as:

δ Σ E " 6ΣE `BΘ α `Sα E ˘. (3.61)
General Super-Weyl transformations acting on chiral and vector superfields are defined as:

δ Σ Φ " wΣΦ , δ Σ V " w 1 `Σ `Σ: ˘V ,
where w and w 1 are the Weyl weights of respectively the chiral and the vector superfield.

In the Θ-formalism, the variation of the chiral superfield modifies as:

δ Σ Φ " wΣΦ ´Sα B Θ α Φ .
By assuming a vanishing weight for the chiral superfield, i.e., δ Σ Φ " ´Sα B Θ α Φ, as well as for the vector superfield, the superpotential W pΦq and the gauge kinetic function h ab have also vanishing weight. Thus:

δ Σ `EW ˘" 6ΣEW `BΘ α `Sα EW ˘, δ Σ W α " ´3ΣW α ´Sβ B Θ β W α , δ Σ ´E `D ¨D ´8R ˘e´1 3 KpΦ,Φ : e ´2gV q ¯" E `D ¨D ´8R ˘´2 `Σ `Σ: ˘e´1 3 KpΦ,Φ : e ´2gV q BΘ α ´Sα E `D ¨D ´8R ˘e´1 3 KpΦ,Φ : e ´2gV q
which leads (considering now a finite transformation) to the following variation of the supergravity Lagrangian

L Ñ 3 8 ż d 2 ΘE `D ¨D ´8R ˘e2 `Σ`Σ : ˘e´1 3 KpΦ,Φ : e ´2gV q `ż d 2 ΘEe 6Σ W pΦq `1 16g 2 ż d 2 ΘEhpΦq ab W αa W b α `h.c. . (3.62)
For further use, it is also important to give the transformations of the various fields of the theory under Weyl transformations:

e µ μ Ñ e pΣ`Σ : q| e µ μ , e Ñ e 2pΣ`Σ : q| e , χ i Ñ e pΣ´2Σ : q| χ i , (3.63)

λ a Ñ e ´3Σ| λ a , ψμ Ñ e p2Σ´Σ : q| `ψ μ ´iσ μDΣ| ˘, v a µ Ñ e ´pΣ`Σ : q| v a µ , D a Ñ e ´2pΣ`Σ : q| D a .
Note that this transformation induces also a gravitino-shift which will be important in the sequel.

Two points can be mentioned:

1) the action is not invariant under Super-Weyl (superconformal) transformations, 2) the gauge term is invariant under Super-Weyl (superconformal) transformations.

We now consider another type of transformation called Kähler transformation. This transformation involves a modification of the Kähler potential as KpΦ, Φ : q Ñ KpΦ, Φ : q `F pΦq `F ˚pΦ : q , where F pΦq is a gauge-singlet holomorphic function of the chiral superfields Φ. Imposing that the superpotential transforms as:

W Ñ e ´F W ,
the covariant derivative of the superpotential D i W " W i `Ki W transforms as:

D i W Ñ e ´F D i W .
Applying a Kähler transformation to the supergravity Lagrangian leads to:

L Ñ L 1 " 3 8 ż d 2 ΘE `D ¨D ´8R ˘e´1 3 K e ´1 3 `F`F : ˘`ż d 2 ΘEe ´F W pΦq `1 16g 2 ż d 2 ΘEhpΦq ab W αa W b α `h.c. . (3.64)
Comparing the transformations Eq. 3.64 and Eq. 3.62, the Kähler transformation can then be seen as a superconformal transformation. Combining the two transformations with F " 6Σ produce then a symmetry of the supergravity action.

Computation of the supergravity action

All the tools are now present for expanding in components the Lagrangian of supergravity (Eq. 3.60). The pure supergravity action will be given, and the gauge & matter coupled to supergravity will be expanded. The second part is simple but lengthy. The explicit calculation can be found in [6][7].

We will also see that this expansion generates a Brans-Dicke normalisation [START_REF] Brans | Mach's principle and a relativistic theory of gravitation[END_REF] in the kinetic terms. A Super-Weyl rescaling must then be applied in order to recover correctly normalised couplings.

The pure supergravity action

The first term in Eq. 3.60 contains the pure supergravity Lagrangian (when the Kähler potential vanish K " 0):

L Pure SUGRA " ´3 ż d 2 Θ ER `h.c. . (3.65)
Using the various derivatives of the chiral superfield R Eq. 3.58 and the chiral density E Eq. 3.58, the computation is straightforward:

L Pure SUGRA " 1 2 ee µ μe ν ν R μν µν ˇˇ`1 4 eǫ µνρσ ´ψµ σ σ ψνρ ´ψ µ σσ ψ νρ 1 3 e `|M | 2 `bµ b µ ˘. (3.66)
The first term corresponds to the Einstein-Hilbert Lagrangian for the helicity-2 graviton whilst the second is the Rarita-Schwinger Lagrangian describing the spin-3{2 gravitino.

The two last terms involving M and b µ show that those fields does not propagate, i.e., they are the two auxiliary fields of the supergravity multiplets.

Matter / Gauge coupling to Supergravity

To calculate the matter-gauge interactions couplings, we define the kinetic energy Ω:

ΩpΦ, Φ : q " ´3e ´1 3 KpΦ,Φ : q " W I pΦ : qW I pΦq ,

where W I and W I are (anti-)holomorphic functions depending on chiral (anti-chiral) superfields. Analogously as in supersymmetric theory (see [START_REF] Wess | Supersymmetry and Supergravity: Revised Edition[END_REF], [START_REF] Rausch De Traubenberg | A Supergravity Primer: From Geometrical Principles to the Final Lagrangian[END_REF] and [START_REF] Fuks | Supersymétrie, Exercices avec solutions[END_REF]) we have:

W I pΦq " W I `?2Θ ¨`W I i χ i ˘´Θ ¨Θ`W I i F i `1 2 W I ij χ i ¨χj ˘, (3.68) 
W I pΦ : q " W I `?2 Θ ¨`W iI χi˚˘´Θ ¨Θ `W iI F : i˚`1 2 W i ˚jI χi˚¨χj˚˘( 3.69)
(we introduce now W I " W I pφq and similarly for W I ). The development in components of the various terms is relatively easy but time-consuming. We will only give the main steps of the calculation.

Considering the Kähler part of the supergravity Lagrangian, using the definition of ΩpΦ, Φ : q Eq. 3.67, it follows:

L K " ż d 2 Θ 3 8 E `D ¨D ´8R ˘e´1 3 KpΦ,Φ : e ´2gV q " ´ż d 2 Θ 1 8 E `D ¨D ´8R ˘ΩpΦ, Φ : q . (3.70)
We first observe that since D ¨D ´8R acts as a projector from anti-chiral to chiral superfields (see Subsection 3.3.1):

`D ¨D ´8R ˘ΩpΦ, Φ : q " ´`D ¨D ´8R ˘WI pΦ : e ´2gV q ¯W I pΦq " X I W I pΦq .
Using the Wess-Zumino gauge Eq. 3.49 (with V 3 " 0), the expression of X I can be decomposed in three terms:

X I " `D ¨D ´8R ˘WI pΦ : e ´2gV q " `D ¨D ´8R ˘´W I pΦ : q `BW I pΦ : q BΦ : i ˚`´2gpΦ : V q i ˚`2g 2 pΦ : V 2 q i ˚2g 2 B 2 W I pΦ : q BΦ : i ˚BΦ : j ˚pΦ : V q i ˚pΦ : V q j ˚" Ξ I `X pgq I `X pg 2 q I ,
with Ξ I defined as in Eq. 3.55 by substituting the components of the superfield Φ : by the components of W I pΦ : q. The product of this term with the chiral density E Eq. 3.58 leads then to L K .

The computation of the superpotential and the gauge parts of the supergravity Lagrangian

L W `gauge " ż d 2 ΘEW pΦq `1 16g 2 ż d 2 ΘEh ab pΦqW αa W b α `h.c.
is easier after decomposing the gauge kinetic function h ab pΦq in the same manner as W I pΦq Eq. 3.68 and using W α in Eq. 3.53.

The final Lagrangian takes the form:

L " L kin `Lint `Laux with L kin containing the kinetic terms, L int the interaction terms and L aux the terms evolving the auxiliary fields pF i , D a , M, b µ q. Note that this last term can be eliminated through the Euler-Lagrange relations leading to new couplings:

BL aux BN " BL aux BN ˚" BL aux BF i " BL aux BF : i ˚" BL aux Bb µ " BL aux BD a " 0 with N " M `3plnΩq i ˚F : i ˚.
However, it turns out that after eliminated the auxiliary fields, the various kinetic terms are not correctly normalised. For instance, we obtain for gravity:

L K " ´1 6 eΩe µ μe ν ν R μν µν ˇˇ(3.71)
which corresponds to a non-proper normalisation (called Brans-Dicke normalisation). To obtain a correctly normalised action, we can perform a Weyl rescaling (see Eq. 3.63):

e µ μ Ñ e ´λe µ μ pe Ñ e 4λ eq . (3.72) 
Choosing e 2λ " ´3 Ω , we get for the gravity kinetic term:

´1 6 eΩe µ μe ν ν R μν µν ˇˇÑ ´1 6 e 2λ eΩe µ μe ν ν R μν µν ˇˇ`¨¨¨" 1 2 ee µ μe ν ν R μν µν ˇˇ`¨¨ẅ
here the dots indicate other terms coming from the transformation of the spin-connection ω μM N . Similarly, the fermions kinetic terms read after the expansion,

L kin. f ermions " ´1 12 eΩǫ µνρσ `ψµ σ σ ψνρ ´ψ µ σσ ψ νρ ˘`? 2 3 e ´Ωi χ i σ µν ψ µν `Ωi ˚χ i ˚σ µν ψµν ī 2 eΩ i ˚i ´χi σ µ Dµ χi ˚´D µ χ i σ µ χi ˚¯,
After the Weyl rescaling

ψ μ Ñ e 1 2 λ ψ μ , ψμ Ñ e 1 2 λ ψμ , χ i Ñ e ´1 2 λ χ i , χi ˚Ñ e ´1 2 λ χi ˚,
the fermions kinetic part are correctly normalised, but the gravitino-fermion mixing term remains present. This rescaling must then be followed by the gravitino-shift:

ψ μ Ñ ψ μ `?2i 2 Ω ´1Ω i ˚σ μ χi ˚, (3.73) 
which suppress this mixing term. Those two transformations can be embedded in a single Super-Weyl transformations Eq. 3.63 with the transformation parameters3 :

Σ " 1 2 λ `?2Θ ¨λi χ i ´Θ ¨ΘF , Σ : " 1 2 λ `?2 Θ ¨λ i ˚χ i ˚´Θ ¨ΘF : . (3.74)
This transformation is the key point of the complexity of the calculus.

Applying the Weyl transformations associated with the gravitino-shift to the supergravity action Eq. 3.60 allow to obtain a correctly normalised action. This is a very tedious computation, mostly due to the presence of the gravitino-shift Eq. 3.73.

The properly normalised Lagrangian of the N " 1 supergravity in four dimensions follows:

L SU GRA " L kin. `Lint. . (3.75)
The kinetic part reads:

L kin. " 1 2 e µ μe ν ν R μν µν ˇˇ`1 4 eǫ µνρσ " ψ µ σ σ ψνρ ´ψ µ σσ ψ νρ ‰ ´1 4 eh ab R F a µν F µνb `1 4 eh ab I F a µν ˚F µνb ´i 2 eh R ab `λa σ µ q D µ λb ´q D µ λ a σ µ λb ˘`1 2 eh I ab q D µ `λa σ µ λb ˘´i 2 eK i ˚i" χ i σ µ q D µ χi ˚´q D µ χ i σ µ χi ˚ı `eK i ˚i Dµ φ i Dµ φ : i ˚´? 2 2 eK i ˚i ´χi σ µ σν ψ µ Dν φ : i ˚`χ i ˚σ µ σ ν ψµ Dν φ i ī 4 eh R ab `λa σ µ σνρ ψµ `λ a σµ σ νρ ψ µ ˘´F νρb `F νρb ¯´? 2 4 e ´habi χ i σ µν λ b `h‹ ab i ˚χ i ˚σ µν λb ¯F a µν
containing a kinetic term for the graviton e μµ , the gravitino ψ µ , the gauge bosons v a µ , the gauginos λ a , the scalar and fermionic fields φ i and χ i .

The interactions part is given by:

L int. " e 4 f ´Ki pT a φq i `Ki ˚`φ : T a ˘i˚¯`λ a σµ ψ µ `ψ µ σµ λ a ˘(3.76) `ee K 2 # ? 2 2 i ´Di W ψµ σµ χ i `D i ˚W ˚ψµ σ µ χi ˚W ψµ σµν ψν ´W ˚ψµ σ µν ψ ν ´1 2 D i D j W χ i ¨χj ´1 2 Di ˚D j ˚W ˚χ i ˚¨χ j 1 4 K i i ˚´h abi Di ˚W ˚λa ¨λb `h‹ ab i ˚Di W λa ¨λ b ¯) `?2iegK i ˚i ´`φ : T a ˘i˚λ a ¨χi ´pT a φq i λa ¨χ i ˚? 2 8 ieh Rab ´Ki ˚`φ : T a ˘i˚`Ki pT a φq i ¯´h bdj χ j ¨λd ´h‹ bd j ˚χ j ˚¨λ d ¯´V `L4´fermions .
under gauge, supergravity and Kähler transformations (with the U p1q transformation in the fermionic sector) through the covariant derivatives:

Dµ φ i " e μ µ ´Bμ φ i `igv a μ pφT a q i ¯, q D µ χ iα " e µ μ ˆBμ χ iα `χiβ ω μβ α `igv a μ pT a χ α q i `Γj i k Dμ φ j ´1 4 ´Kj Dμ φ j ´Kj ˚D μφ : i ˚¯χ αi ˙, q Dλ αa " e µ μ ˆBμ λ αa `λβa ω μβ α ´gf bc a v b μλ αc `1 4 ´Ki Dμ φ i ´Ki ˚D μφ : i ˚¯λ αa ˙, q D µ ψ ν α " e μµ ˆBµ ψ ν α `ψν β ω μβ α `1 4 ´Kj Dμ φ j ´Kj ˚D μφ : i ˚¯ψ α ν ˙, with the Christoffel symbol Γ i k j " K k k ˚Ki k ˚j .
The scalar potential present in the Lagrangian Eq. 3.76 can be decomposed in a Fterm, a D-term and a M -term:

V " V F `VD `VM " e K{m 2 p ´Di W pK ´1q i j ˚Dj ˚W ´3|W | 2 ḡ2 8 h Rab ´Ki˚p φ : T a q i ˚`K i pT a φq i ¯´K j ˚pφ : T b q j ˚`K j pT b φq j ¯(3.77) with D i W " W i `Ki W . Note that it is common to denote V F `VM as V F .
One important remark can be made on the structure of this potential. Due to the presence of a negative term in the potential Eq. 3.77, the potential is then no longer positive. This will play an important rôle in the context of cosmology, more precisely with respect to the vanishing cosmological constant.

Supersymmetry as a low energy supergravity theory

In the preceding sections, the action of the N " 1 supergravity in four dimensions has been constructed. We will see that taking the low energy limit, N " 1 supersymmetry can be obtained.

We assume a gauge group G and a superfields content containing chiral superfields Φ i in a representation R of G and vector superfields V a . The chiral superfields Φ i " pφ i , χ i , F i q define the matter content with φ i the scalar fields, χ i the fermions and F i the auxiliary fields whilst the vector supermultiplets V a " pv a µ , λ a , D a q contain the gauge bosons v a µ , the gauginos λ a and the auxiliary fields D a .

The Kähler potential K and the gauge kinetic function h ab are taken in a canonical form, i.e., KpΦ, Φ : q " Φ i Φ :

i , h ab " δ ab .

(3.78)

The superpotential W contains all couplings between the superfields that are invariant under the considered gauge group G. Note that Φ : i are expressed not using star indices since we are in the canonical case. We consider for the following a renormalisable theory where the superpotential is a cubic polynomial:

W pΦq " 1 3 λ ijk Φ i Φ j Φ k `1 2 β ij Φ i Φ j `αi Φ i .
By dimensional analysis, the reduced Planck-mass m r p " m p {p ? 8πq can be reintroduced in the supergravity Lagrangian Eq. 3.75. We now obtain in the low energy limit of Eq. 3.75

lim mpÑ8 ´LSUGRA ´LPure SU GRA ¯" L kin. SU SY `Lint. SU SY (3.79) with L kin. SU SY " ´1 4 F µν a F a µν ´i 2 ´λa σ µ D µ λa ´Dµ λ a σ µ λa ¯`D µ φ i D µ φ : i ´i 2 " χ i σ µ D µ χi ´Dµ χ i σ µ χi ı ,
corresponding to the kinetic terms of, respectively, gauge bosons, gauginos, scalar fields φ i and fermions χ i , and

L int. SU SY " ? 2ig " `φ: T a ˘i λ a ¨χi ´pT a φq i λa ¨χ i ı ´1 2 ´Bi B j W pφqχ i ¨χj `h.c. ¯´V , V " B i W pφqB i W ‹ pφ : q `1 2 g 2 pφ : T a φqpφ : T a φq , (3.80) 
(with the index a is raised using the Killing metric κ ab " δ ab , i.e., T a " δ ab T b ) containing the gaugino-matter interactions, Yukawa interactions and mass terms for the fermions.

We then recover the Lagrangian of a N " 1 supersymmetric theory with the covariant derivatives containing now only gauge couplings.

Supergravity breaking

In the previous section, the N " 1 supergravity action has been constructed. This construction is based on an invariance under supergravity transformations Eq. 3.36. Nonetheless, the implication of such symmetry in particle physics implies the existence of new particles (in particular in the low energy limit, see Subsection 3.5.3), which should have already been detected in the actual experiments. Indeed, particles from the same supermultiplets must be degenerated in mass, which leads to various states such as massless fermion (partner of the photon) or scalar fields with low masses (partners of the leptons of the Standard Model). Since, to date, no signatures of those particles have been highlighting in the various collider experiments, then supergravity has to be spontaneously broken.

Historically, the first supersymmetry breaking mechanisms have been proposed in supersymmetry. Those mechanisms, namely the Fayet-Iliopoulos [START_REF] Fayet | Spontaneously broken supergauge symmetries and goldstone spinors[END_REF] and the O'Raifeartaigh mechanisms [START_REF] O'raifeartaigh | Spontaneous Symmetry Breaking for Chiral Scalar Superfields[END_REF] suppose that, respectively, the auxiliary fields F i and D a take a nonzero v.e.v., i.e., F i ‰ 0 and D a ‰ 0. Unfortunately, those mechanisms generate two problems:

• supersymmetric particles can be lighter than particles from the Standard Model,

• a massless fermion (the goldstino) naturally appears as a signature of supersymmetry breaking.

However, it is possible to construct supersymmetry breaking models compatible with the experimental measurements in the context of supergravity.

In order to bypass this issue in supergravity, it is usual to introduce a hidden sector Z " pζ, χ ζ , F ζ q where supergravity will be broken following the Fayet-Iliopoulos or the O'Raifeartaigh mechanisms. The massless goldstino can then be absorbed by the gravitino, defining a mass term for the gravitino. However, the effects of supergravity breaking in the hidden sector must be communicated from the hidden to the matter sector. This communication can be done through various types of interactions, defining the type of supergravity breaking mechanism. Several mechanisms will be presented, focusing on the Gravity Mediated Supersymmetry Breaking.

For the continuation, we reintroduce in the theory the mass parameters by dimensional analysis (with rW s " M 3 , rKs " M 2 and rh ab s " M 0 ).

Hidden Sector & Gravitino mass

The supergravity breaking mechanism is quite similar to the Higgs mechanism of the Standard Model. We consider a hidden sector Z A " pζ A , χ A ζ , F A ζ q, singlet under a gauge group G4 (G " SU p3q C ˆSU p2q L ˆU p1q Y or GUT gauge group), to be distinguished to the matter sector Φ i " pφ i , χ i , F i q. Assuming that at least one field ζ A acquire a non-zero vacuum expectation value, a goldstino state ψ G appears as a signature of supergravity breaking. A gravitino-shift then allows to eliminate the goldstino, leading to a mass term for the gravitino

ψ µ m 3{2 " 1 m 2 p e K{p2m 2 p q W .
This mechanism is called the Super-Brout-Englert-Higgs mechanism.

The interactions between the hidden and the matter sector can be of different natures:

• Gauge Mediated Supersymmetry Breaking or GMSB [START_REF] Dine | A phenomenological model of particle physics based on supersymmetry[END_REF]: the breaking is mediated by means of messenger fields S and S (corresponding, for example, to the representation 5

" and 5

" in SU p5q models). A superfield Z from the hidden sector gets a non-zero v.e.v. Z " ζ ´θ ¨θ F ζ and a hidden/messenger interaction in the superpotential W " λSSZ generates at loop-level quantum corrections that break supersymmetry. This mediation will be used in Section 6.8 but will not be studied in details.

• Anomaly Mediated Supersymmetry Breaking or AMSB [START_REF] Bagger | Anomaly mediation in supergravity theories[END_REF]: The breaking is mediated via quantum loop effects related to anomalous calculations. This mechanism will be not useful for this manuscript.

• Gravity Mediated Supersymmetry Breaking [START_REF] Chamseddine | Locally supersymmetric grand unification[END_REF][32]: the breaking is mediated from the hidden to the matter sector through gravitational effects.

The last symmetry breaking mechanism is the one mainly studied in this manuscript.

The superpotential W and the Kähler potential K are central in this context. Defining a general superfield A I " tZ A , Φ i u, the Kähler potential KpA, A : q and the superpotential W pA I q " W , the scalar potential of supergravity V can be written as:

V " e K{m 2 p ˆDI W `K´1 ˘I J ˚DJ ˚W ´3 m 2 p |W | 2 ˙. (3.81)
By taking a non-zero v.e.v in the hidden sector ζ A " Opm p q, the perturbative expansion of the potential Eq. 3.81 induces supersymmetry breaking terms in the Lagrangian and so dynamically generates supersymmetry breaking. Since the interactions between the matter and hidden sectors are defined at the Planck scale m p , the superpotential W pAq and the Kähler potential KpA I , A : I ˚q must be chosen correctly so that V does not involve divergent terms for the matter sector in the low energy limit, i.e., when m p Ñ 8.

One possible solution for W pA I q and KpA I , A :

I ˚q leading to this situation was firstly obtained by Soni & Weldon [8]5 .

Soni-Weldon solutions

In 1983, Sanjeev K. Soni and H. Arthur Weldon submitted an article [START_REF] Sanjeev | Analysis of the supersymmetry breaking induced by N = 1 supergravity theories[END_REF] on an analysis of the low energy limit of the supergravity scalar potential Eq. 3.81 in the context of Gravity Mediated Supersymmetry Breaking. Imposing that the theory leads to phenomenologically acceptable solutions when the Planck mass goes to infinity, they have identified a general form of the superpotential W pAq and the Kähler potential KpA, A : q.

For this study, they made the following assumptions:

• One field from the hidden sector gets a non-zero v.e.v ζ " Opm p q. To facilitate the computation, it is helpful to define the field

ζ i " m p z i ,
where z i " Op1q,

• The superpotential and Kähler potential can be written as:

W pΦ, Zq " N ÿ n"0 m n p W n pZ, Φq , (3.82 
)

KpΦ, Φ : , Z, Z : q " M ÿ n"0 m n p K n pΦ, Φ : , Z, Z : q , (3.83) 
where W n pZ, Φq are holomorphic functions and K n pΦ, Φ : , Z, Z : q are real functions.

• All interactions of fields from the visible sector Φ must appear as m ´n p in the potential with pn ě 0q, i.e.,

lim mpÑ8 V Φ is non-divergent
where V Φ is the part of the potential containing the interactions of the matter sector.

By explicitly calculating the scalar potential Eq. 3.81 using those assumptions, they have restricted the form of W pAq and KpA, A : q as follow:

W pΦ, zq " m 2 p W 2 pzq `mp W 1 pzq `W0 pz, Φq , (3.84) 
KpΦ, Φ : , z, z : q " m 2 p K 2 pz, z : q `mp K 1 pz, z : q `K0 pΦ, Φ : , z, z : q ,

where W 2 pzq, W 1 pzq are arbitrary holomorphic functions of the hidden sector, K 2 pz, z : q & K 1 pz, z : q are arbitrary real functions of the hidden sector, W 0 pz, Φq is an arbitrary holomorphic function of both sectors and K 0 pΦ, Φ : , z, z : q is a real function of both sectors too. Remark that the functions containing the matter and hidden sector only appear in the lowest power of Planck mass (when n " 0 in the expansion). We can also notice that those results were reconsidered in a recent paper [START_REF] Tant | Nouvelles solutions et classification du superpotentiel et du potentiel de K 'ahler compatibles avec une brisure de la supersymétrie à basse énergie induite par la gravitation[END_REF][9] and new solutions were obtained.

A thoroughgoing study of those new solutions will be performed in the next chapter.

Using the superpotential and the Kähler potential obtained from the Soni-Weldon solutions, the low-energy potential can then be computed. Those solutions will generate the so-called soft-breaking terms that explicitly break supersymmetry in a soft way, i.e., the loop-corrections induced by those terms lead to logarithmic divergences.

General soft-breaking terms

As an example, we present the calculation of such supersymmetric soft breaking terms following the Giudice and Masiero approach [START_REF] Giudice | A natural solution to the µ-problem in supergravity theories[END_REF] for a general renormalisable theory [START_REF] Brignole | Soft supersymmetry-breaking terms from supergravity and superstring models[END_REF]. The Kähler potential and the superpotential are then taken to be: KpΦ, Φ : , z, z : q " Kpz, z : q `Φ:

a ˚Λa ˚apz, z : qΦ a `´1 2 Z ab pz, z : qΦ a Φ b `h.c. ¯, W pΦ, zq " Ŵ pzq `1 2 m ab pzqΦ a Φ b `1 6 λ abc pzqΦ a Φ b Φ c , (3.86) 
where the orders of magnitude of K and Ŵ are respectively m 2 p and m 2 p M with M an energy scale much lower than the Planck mass M ! m p . In this case, the gravitino mass is

m 3{2 " 1 m 2 p Ŵ e K {p2m 2 p q " M e K {p2m 2 p q .
For the computation of the scalar potential Eq. 3.81, we introduce the metric of the Kähler manifold:

K I ˚J " ˆKa ˚a K a ˚i K i ˚a K i ˚i ˙" ˆA B C D ˙, (3.87) 
with

A a ˚a " Λ a ˚a , B a ˚i " B i Λ a ˚aφ a `Bi Z a ˚b˚φ : b ˚, C i ˚a " φ : a ˚Bi ˚Λa ˚a `Bi ˚Zab φ b , D i ˚i " Ki ˚i `φ: a ˚Bi B i ˚Λa ˚aφ a `1 2 ´Bi B i ˚Zab φ a φ b `h.c. ¯.
The inverse metric must also be calculated. In accordance with the previous notations, we have:

K J I ˚" ˆpA ´BD ´1C q ´1 ´pA ´BD ´1C q ´1 BD ´1 ´D´1 C pA ´BD ´1C q ´1 D ´1C pA ´BD ´1C q ´1 BD ´1 `D´1 ˙" ˆKa a ˚K a i K i a ˚K i i ˚˙.
(3.88)

Calculating the inverse metric perturbatively in the Planck mass, we obtain

K i i ˚" Ki i ˚`K i j ˚´´φ : a ˚Bj ˚Λa ˚a `Bj ˚Zab φ b ¯`Λ ´1˘a b ˚´B j Λ b ˚cφ c `Bj Z b ˚c˚φ : c ˚φ : a ˚Bj B j ˚Λa ˚aφ a ´1 2 ´Bj B j ˚Zab φ a φ b `h.c. ¯˙K j i ˚, K a a ˚" `Λ´1 ˘a b ˚´B i Λ b ˚bφ b `Bi Z b ˚c˚φ : c ˚¯K i i ˚´φ : d ˚Bi ˚Λd ˚d `Bi ˚Zde φ e ¯`Λ ´1˘d a Λ´1 ˘a a ˚, K a i ˚" ´`Λ ´1˘a a ˚´B i Λ a ˚bφ b `Bi Z a ˚b˚φ : b ˚¯K i i ˚, K i a ˚" ´K i i ˚´φ : b ˚Bi ˚Λb ˚a `Bi ˚Zab φ b ¯`Λ ´1˘a a ˚.
After lengthy calculations, the potential can be rewritten in the form:

V " m 2 p Λ `VSUSY `VSOFT , where Λ " 1 m 2 p F : i ˚ Ki ˚i F i ´3m 2 3{2 with F i " e K{p2m 2 p q KI I ˚DI ˚W ˚
is the cosmological constant. We can see that the minimum of the potential is not positively defined, contrary as in supersymmetry. The cosmological constant Λ can then be fine-tuned, imposing Λ « 0. The second term V SU SY is the classical supersymmetry potential,

V SU SY " B a W m pΛ ´1q a a ˚Ba ˚W m , with W m " 1 6 λabc φ a φ b φ c `1 2 `m ab `m3{2 Z ab ´F : i ˚ B i ˚Zab ˘φa φ b ,
where λabc " λ abc e K {p2m 2 p q and mab " m ab e K {p2m 2 p q . The Z-term in the Kähler potential has then dynamically introduced in the effective superpotential a bilinear coupling which is known as the Giudice Masiero mechanism [START_REF] Giudice | A natural solution to the µ-problem in supergravity theories[END_REF]. This mechanism is a natural solution to the µ-problem (see Subsection 3.7.1). We will see in Subsection 3.7.2 an other possible solution using singlet superfields.

The last part of the potential contains the so-called soft-breaking terms which spontaneously break supersymmetry:

V SOF T " φ : a ˚`m 2 3{2 S a ˚a `Λ Λ a a ˚ ˘φa `ˆ1 6 A abc φ a φ b φ c `1 2 B ab φ a φ b `h.c. ˙(3.

89)

with:

A abc " e K 2m 2 p F i ! 1 m 2 p B i K λ abc ` B i λ abc (3.90) ´´ pΛ ´1q d a ˚Bi Λ a ˚aλ dbc `pa Ø bq `pa Ø cq ¯) , B ab " e K 2m 2 p F i ! 1 m 2 p B i K m ab ` B i m ab ´´ pΛ ´1q c a ˚Bi Λ a ˚bm ac `pa Ø bq ¯) ´m: 3{2 e K 2m 2 p m ab `p2m 2 3{2 `Λq Z ab ´m: 3{2 F : i ˚ B i ˚Zab (3.91) `m3{2 F i ! B i Z ab ´` pΛ ´1q c a ˚Bi Λ a ˚bZ ac ``A Ø b ˘˘˘) ´ F i F : i ˚ ! B i B i ˚Zab ´´ pΛ ´1q c a ˚Bi Λ a ˚bB i ˚Zac `pa Ø bq ¯) , S a ˚a " Λ a ˚a `1 m 2 p F : i ˚ ! B i ˚Λa ˚b pΛ ´1q b b ˚ B i Λ b ˚a ´ B i B i ˚Λa ˚a ) F i . (3.92)
Those terms are then dynamically generated through supergravity breaking in the hidden sector tZu.

At this stage, we can point out some remarks:

• Putting the Giudice Masiero mechanism aside, the introduction of interaction terms in the superpotential will automatically generate associated soft breaking terms. It can also be shown that defining a linear term ξ a Φ a in the superpotential Eq. 3.86 will generate a linear soft breaking term ξ S a φ a in V SOF T . • The soft-mass terms S a ˚a in V SOF T are different for each scalar fields φ a . It is a consequence of the non-universal term in the Kähler potential Φ : a ˚Λa ˚aΦ a . A simpler model can be identified by taking the matrix Λ a ˚a " δ a ˚a, which leads to a universal mass term for scalar supersymmetric particles.

• Those terms are introduced at high energy. Renormalisation group equations (RGEs) must then be used to express these parameters at low energy.

• Other breaking mediation mechanisms (such as GMSB or AMSB) will also lead to the same form of supersymmetric soft-breaking terms Eq. 3.89.

• Those terms are called soft, i.e., their contributions to loop-corrections will only give logarithmic divergences. We will see in the next section that new solutions for Gravity Mediated Supersymmetry Breaking scenarii can be obtained. Those solutions also generate hard breaking terms, leading to quadratic quantum corrections scaled by a new energy scale. They will be analysed in Chapter 4.

In phenomenology and experimental particle physics, it is standard to introduce the softbreaking terms as ad-hoc couplings in the Lagrangian, i.e., introducing V SOF T Eq. 3.89 in the Lagrangian without taking into account any mechanism of supersymmetry breaking. We will consider this method in the analysis of the N2MSSM Chapter 5.

Supersymmetry breaking

We now suppose one of the mechanisms mentioned in Subsection 3.6.1. Taking the low energy limit of the supergravity action Eq. 3.75 with the Kähler potential and the gauge kinetic function as Eq. 3.78 and the superpotential Eq. 3.86, we obtain:

lim mpÑ8 pL SU GRA ´LPure SU GRA q " L kin SU SY `Lint SU SY ´VSOFT .
The terms L kin SU SY and L int SU SY are similar to Eq. 3.79. The new term V SOF T corresponds to the supersymmetry soft-breaking terms. Supposing that V SOF T is generated by Gravity Mediated Supersymmetry Breaking, we have:

V SOF T " m 2 3{2 φ : a φ a `ˆ1 6 A abc φ a φ b φ c `1 2 B ab φ a φ b `h.c.

ẇith

(assuming a vanishing cosmological constant Λ " 0):

A abc " e K 2m 2 p F i ! 1 m 2 p B i K λ abc ` B i λ abc ) , B ab " e K 2m 2 p F i ! 1 m 2 p B i K m ab ` B i m ab ) ´m: 3{2 e K 2m 2 p m ab
The soft breaking mass terms are now fully controlled by the gravitino mass

m 3{2 " W m 2 p e K {p2m 2 p q .
We also see that taking λ abc " 0 (m ab " 0) directly impose A abc " 0 (B ab " 0), i.e., each coupling in the superpotential W is associated to a soft-breaking term in V SOF T .

Construction of supersymmetric models

We now construct some supersymmetric models obtained as a low energy limit of supergravity, which embed the Standard Model. Those models include the corresponding soft-supersymmetric breaking terms generated through an analogue mechanism to Subsection 3.6.3. In this section, we will present two models of supersymmetry. The first model is the simplest supersymmetry extension of the Standard Model called the MSSM (for Minimal Supersymmetric Standard Model ). The second is an extension of the MSSM with two extra singlet superfields Ŝp pp " 1, 2q called the N2MSSM.

MSSM: Minimal Supersymmetric Standard Model

Since we want to recover the Standard Model at low energy:

(1) the gauge group G is taken as the one of the Standard Model6 , i.e.,

G SM " SU p3q C ˆSU p2q L ˆU p1q Y .
(2) We then add three vector superfields V a defined in the adjoint representation of G SM (see Table 3.1).

simple factor of G SM vector superfields particles superpartners representation

SU p3q C V 3 gluons g gluinos g p8 " , 1 " , 0q 
SU p2q L V 2 W-bosons W Winos W p1 " , 3 
" , 0q 
U p1q Y V 1 B-boson B Bino B p1 " , 1 " , 0q 
Table 3.1: Vector superfields associated to the gauge group SU p3q C ˆSU p2q L ˆU p1q Y

The notation pd " C , d " L , Y q corresponds to representations of G SM . Each vector superfield V a contains the gauge bosons of the gauge group with their corresponding superpartners, the gauginos.

In order to include particles of the Standard Model, the chiral superfields in Table 3 

q i L " ˆui L d i L ˙q i L " ˆũ i L di L ˙p3 " , 2 " , 1 6 q Û i u i L c ũi R : p3 " , 1 
" , ´2 3 q Di d i L c di R : p3 " , 1 
" , 1 3 q Li leptons & sleptons l i L " ˆνi L e i L ˙l i L " ˆν i L ẽi L ˙p1 " , 2 
" , ´1 2 q Êi e i L c ẽi R : p1 " , 1 " , 1q N i ν i L c νi R : p1 " , 1 " , 0q ĤD Higgs & Higgsinos H D " ˆH0 D H D ˙H D " ˆH 0 D HD ˙p1 " , 2 
" , ´1 2 q ĤU H U " ˆHÙ H 0 U ˙H U " ˆH Ù H0 U ˙p1 " , 2 
"
, 1 2 q Table 3.2: Chiral superfields content associated to the Standard Model

The index i " 1, 2, 3 corresponds to the three generations of quarks & leptons.

Remark that two Higgs doublets are introduced to avoid chiral anomaly in triangle diagrams and allow Higgs couplings with both up and down type fermions.

(3) The Kähler potential K and the gauge kinetic function h ab is taken as Eq. 3.78

The field content presented in Table 3.1 and Table 3.2 is sufficient in order to recover the particle spectrum of the Standard Model. It can be, however, widened by adding new superfields, which will lead to new particles in the spectrum (as we will see in subsection 3.7.2). Considering first only the superfields Table 3 

W M SSM " ´L ¨Ĥ D Y E Ê ´Q ¨Ĥ D Y D D `Q ¨Ĥ U Y U Û (3.93) `µ ĤU ¨Ĥ D `WN `WRPV ,
where Y I are 3 ˆ3 matrices containing Yukawa couplings, W N the Yukawa couplings and the Dirac mass of the neutrino superfield

W N " L ¨Ĥ D Y N N `mN N N
and the dot product "¨" the SU p2q-product which gives, for example, ĤU ¨Ĥ D " ĤÙ ĤD H0

U Ĥ0 D . The last term, W RP V , W RP V " λ ijk Li ¨L j Êk `λ1 ijk Li ¨Q j Dk `κi Li ¨Ĥ U `λ2 ijk Û i Dj Dk
contains terms that violate a discrete symmetry called R-parity [START_REF] Barbier | R-parity-violating supersymmetry[END_REF]. This symmetry involves a multiplicative quantum number R " p´1q 3B`L`2S to all particles defined as R " `1 for particles of the Standard Model and R " ´1 for superpartners. The violation of R-parity has an essential impact on phenomenology. Indeed, those new couplings allow in specific configurations (λ 2 112 ‰ 0 and λ 1 i12 ‰ 0) the decay of the proton through the process p " uud Ñ s: u Ñ e `π0 . Those types of processes are already constrained by experimental measurements [START_REF] Bhattacharyya | New constraints on r-parity violation from proton stability[END_REF]. Differently, in a conserved Rparity model (W RP V " 0), supersymmetric particles are only created by pairs because the product of the R-number of all particles in a vertex is `1. It then leads to a stable SUSY particle called LSP (for Lightest-Supersymmetric-Particle), which potentially solves the problem of dark matter.

It is usual for simplifying the study of such supersymmetric models to consider Rparity conservation, i.e., W RP V " 0 and not taking into account the neutrino sector, i.e., W N " 0. The first and second family of fermions can also be omitted, taking:

Y U « ¨0 0 0 0 0 0 0 0 y t ', Y D « ¨0 0 0 0 0 0 0 0 y b ', Y E « ¨0 0 0 0 0 0 0 0 y τ ' , (3.94) 
with y t , y b , y τ the Yukawa couplings of the top quark, bottom quark and tau.

The supersymmetric breaking terms L ✘ ✘ ✘ SU SY in the Lagrangian can be written as:

L ✘ ✘ ✘ SU SY " V φ´mass SOF T `V W SOF T `V λ´mass SOF T (3.95) defining V λ´mass SOF T " 1 2 ´M1 B ¨B `M2 W a ¨W a `M3 ga ¨g a `h.c. ¯, (3.96) 
V φ´mass SOF T " m 2 H U |H U | 2 `m2 H D |H D | 2 `m2 Q | Q| 2 `m2 L | L| 2 `m2 U | Û | 2 `m2 D | D| 2 , (3.97) V W SOF T " ´BµH U ¨HD `yU A U qL ¨HU ũ: R ´yD A D qL ¨HD d: R ´yE A E lL ¨HD ẽ: R `h.c. ¯, (3.98) 
where V λ´mass SOF T and V φ´mass SOF T , the mass terms for gauginos and scalar fields ( W a " δ ab Wb and ga " δ ab gb ), and V W SOF T supersymmetric breaking terms deduced by associating to each coupling in W M SSM a term in Eq. 3.95.

Imposing that the two Higgs fields H 0 U and H 0 D acquire non-zero v.e.vs. v U and v D , a mechanism similar to the well-known Brout-Englert-Higgs generates the mass terms for the Z and W-bosons:

M 2 W " 1 4 g 2 2 v 2 , M 2 Z " 1 4 `g2 1 `g2 2 ˘v2 , (3.99) with v 2 " v 2 U
`v2 D and g 1 and g 2 the gauge couplings of respectively U Y p1q and SU L p2q. After imposing the minimum of the potential and the calculation of the mass matrices, the remaining particle spectrum is constituted by two scalar Higgs h i (i " 1, 2), one pseudoscalar A 0 and a charged Higgs h ˘in the Higgs sector. In the sfermions sector, two states are associated to each fermion of the Standard Model, meaning two stops ti , two sbottoms bi and two staus τi (i " 1, 2). Furthermore, four new states called neutralinos χ0 i (i " 1, ..., 4) are generated through the mixing of neutral Higgsinos and gauginos. The charged Higgsinos and Wino states also mix themselves, leading to two charginos χȋ (i " 1, 2). A more complete presentation of the MSSM can be found in [START_REF] Fuks | Supersymétrie, Exercices avec solutions[END_REF] [START_REF] Martin | A Supersymmetry Primer[END_REF].

Finally, we would like to end this section with an observation. The parameter µ in the superpotential Eq. 3.93 contributes to the mass of the Higgs bosons. In order to reconstruct a proper electroweak scale, this parameter should be of the order of 100 GeV, but this value is not natural. Indeed, because this parameter has a dimension of mass, it must of the order of M P lanck « 10 19 GeV, which leads to the famous µ-problem. One possible solution to this issue has been found by Giudice & Masiero by introducing a new term in the Kähler potential (see subsection 3.6.3). Another solution is to add a new singlet superfield S " p1 " , 1 " , 0q to the particle content. This new model is called the NMSSM (for Next-to-Minimal Supersymmetric Standard Model ) [START_REF] Fayet | Supergauge invariant extension of the higgs mechanism and a model for the electron and its neutrino[END_REF][45] and will be briefly discussed in Subsection 5.1.2.

The next section will be devoted to a similar supersymmetric where two singlets superfields Ŝ1 and Ŝ2 are appended to the superfield content of the MSSM.

Description of the N2MSSM

Superpotential and Potential calculation

The N2MSSM is defined as the Minimal Supersymmetric Standard Model (MSSM) with two extra singlet superfields Ŝp " p1 " , 1 " , 0q pp " 1, 2q. Not considering the neutrino sector and the couplings which violate R-parity, the general form of the superpotential can be written as:

W N 2M SSM " µ ĤU ¨Ĥ D `λi Ŝi ĤU ¨Ĥ D `1 3 κ ijk Ŝi Ŝj Ŝk `1 2 µ 1 ij Ŝi Ŝj `ξF,i Ŝi `Q ¨Ĥ U Y U Û ´Q ¨Ĥ D Y D D ´L ¨Ĥ D Y E Ê . (3.100)
We assume only real parameters to avoid breaking CP-symmetry and only the third family of fermions (see Eq. 3.94). The NMSSM is obtained as some limit of the N2MSSM, i.e., taking all the couplings of the second singlet Ŝ2 to zero.

We note that that the µ-coupling between the two Higgs superfields can be eliminated.

Indeed, by considering the shift Ŝ1 Ñ Ŝ1 ´µ λ 1 for the singlet superfield,

µ ĤU ¨Ĥ D `λ1 Ŝ1 ĤU ¨Ĥ D Ñ shif t λ 1 Ŝ1 ĤU ¨Ĥ D ,
this term can be reabsorbed in the lambda coupling. Following the same approach for the second singlet, the bilinear term µ 1 12 can also be assimilated. In this manner, we reduce the parameters space which will be helpful for the phenomenological analysis (see Chapter 5).

Assuming a Z 3 -invariance ( Φ Ñ e 2πi 3 Φ) of the superpotential can also simplify the model. This symmetry is obtained by forbidding all dimensional parameters in W N 2M SSM (µ 1 ij " ξ F,i " 0). 7 This assumption, however, leads to cosmological inconsistency known as the domain wall problem [START_REF] Gelmini | Cosmology of biased discrete symmetry breaking[END_REF]. The non-vanishing v.e.vs. of the Higgs and singlet fields break this discrete symmetry. It generates then in the universe regions with the same vacuum energy but with different phases from the transformation Φ Ñ e 2πi 3 Φ. The separation surface between those regions (the domain wall) contains a lot of energy not detected by the experimental measurements. Some solutions to this problem have been proposed [START_REF] Abel | Destabilising divergences in the nmssm[END_REF] [START_REF] Panagiotakopoulos | Stabilized nmssm without domain walls[END_REF]. Since this phenomenon is out of the scope of this manuscript, we will not consider this possible issue.

With the superpotential Eq. 3.100, using a Gravity Mediated Supersymmetry Breaking mechanism, we obtain:

V N 2M SSM SOF T " V φ´mass SOF T `V λ´mass SOF T `V W SOF T ,
where V λ´mass SOF T describes the mass terms for the gauginos (see Eq. 3.96), V φ´mass SOF T corresponds to the mass terms of the scalar fields,

V φ´mass SOF T " V φ´mass SOF T ˇˇMSSM `1 2 m 2 S ij S i S : j ,
(with V φ´mass SOF T ˇˇMSSM the MSSM mass content, see Eq. 3.97), and V W SOF T the soft breaking terms associated to the superpotential W N 2M SSM Eq. 3.100,

V W SOF T " V W SOF T ˇˇpµ"0q M SSM `λi A λ i S i H U ¨HD `1 3 κ ijk A κ ijk S i S j S k `1 2 m 1 i `Si ˘2 `ξS,i S i , (where V W SOF T
ˇˇpµ"0q

M SSM are the soft breaking terms associated to the MSSM, see Eq. 3.98) with µ " 0.

From these definitions, it is then possible to compute the full scalar potential by calculating the F and D-term in Eq. 3.80.

We now study, after electroweak symmetry breaking, the fields content. Assuming that neutral fields develop a non-zero v.e.v., we get:

H D " ˆ1 ? 2 pv D `h0 D `iA 0 D q H D ˙, H U " ˆHÙ 1 ? 2 pv U `h0 U `iA 0 U q ˙, S i " 1 ? 2 pv i `RepS i q `iImpS i qq . (3.101)
Since we must work at the minimum of the potential, the minimisation equations

BV BH 0 U " 0, BV BH 0 D " 0, BV BS 1 " 0, BV BS 2 " 0 allow us to eliminate the mass parameters m 2 H U , m 2 H D , m 2 S 1 , m 2 S 2 in the potential: m 2 H U " ptan βq ´1 ´λ1 pκ 1 v 2 1 `2κ 12 v 1 v 2 `κ21 v 2 2 µ 1 v 1 `ξF,1 q `λ2 pκ 2 v 2 2 `2κ 21 v 1 v 2 `κ12 v 2 1 µ 2 v 2 `ξF,2 q pλ 2 1 `λ2 2 qv 2 D ´pλ 1 v 1 `λ2 v 2 q 2 ´g2 1 `g2 2 4 pv 2 U ´v2 D q , (3.102) 
m 2 H D " tan β ´λ1 pκ 1 v 2 1 `2κ 12 v 1 v 2 `κ21 v 2 2 µ 1 v 1 `ξF,1 q `λ2 pκ 2 v 2 2 `2κ 21 v 1 v 2 `κ12 v 2 1 µ 2 v 2 `ξF,2 q pλ 2 1 `λ2 2 qv 2 U ´pλ 1 v 1 `λ2 v 2 q 2 ´g2 1 `g2 2 4 pv 2 D ´v2 U q , (3.103) m 2 S 1 " λ 1 v ´1 1 ´Aλ 1 v U v D ´pv 2 U `v2 D qpλ 1 v 1 `λ2 v 2 q ¯´v ´1 1 pv 2 m 2 S 1 S 2 `κ21 A κ 21 v 2 2 `ξS,1 q `v´1 1 ´2κ 1 v 1 `2κ 12 v 2 `µ1 ¯´λ 1 v U v D ´κ1 v 2 1 ´2κ 12 v 1 v 2 ´κ21 v 2 2 ´µ1 v 1 ´ξF,1 2v ´1 1 ´κ12 v 1 `κ21 v 2 ¯´λ 2 v U v D ´κ12 v 2 1 ´2κ 21 v 1 v 2 ´κ2 v 2 2 ´µ2 v 2 ´ξF,2 m1 2 1 ´v1 κ 1 A κ 1 ´2κ 12 A κ 12 v 2 , (3.104) 
m 2 S 2 " λ 2 v ´1 2 ´Aλ 2 v U v D ´pv 2 U `v2 D qpλ 1 v 1 `λ2 v 2 q ¯´v ´1 2 pv 1 m 2 S 1 S 2 `κ12 A κ 12 v 2 1 `ξS,2 q `v´2 1 ´2κ 21 v 1 `2κ 2 v 2 `µ2 ¯´λ 1 v U v D ´κ12 v 2 1 ´2κ 21 v 1 v 2 ´κ2 v 2 2 ´µ2 v 2 ´ξF,2 2v ´1 1 ´κ12 v 1 `κ21 v 2 ¯´λ 2 v U v D ´κ1 v 2 1 ´2κ 12 v 1 v 2 ´κ21 v 2 2 ´µ1 v 1 ´ξF,1 m1 2 2 ´v2 κ 2 A κ 2 q ´2κ 21 A κ 21 v 1 , (3.105) defining β " v U v D , κ ij " κ iij and A κ ij " A κ iij .

Higgs sector

After using Eq. 3.101 and (3.102 -3.105), the calculation of the mass matrix in the basis

th 0 U , h 0 D , S 1 R , S 2 R , A 0 U , A 0 D , S 1 I , S 2 
I , H Ù , pH D q : u leads to the following block-diagonal structure:

M 2 H " ¨M2 h 0 0 0 0 M 2 A 0 0 0 0 M 2 h ˘' .
The exact form of M 2 h 0 and M 2 A 0 can be found in Appendix B. The scalar sector th 0 U , h 0 D , S 1 R , S 2 R u is now four-dimensional and leads to four different scalar Higgs: th 0 i u pi " 1, ...4q. In the pseudoscalar sector tA 0 U , A 0 D , S 1 I , S 2 I u, a Goldstone boson remains in the spectrum. We can then rotate the matrix in the new basis tG, A, S 1 I , S 2 I u:

¨A0 U A 0 D S 1 I S 2 I ‹ ‹ ' " ¨sin β cos β 0 0 ´cos β sin β 0 0 0 0 1 0 0 0 0 1 ‹ ‹ ' ¨G A S 1 I S 2 I ‹ ‹ ' ,
where G is the Goldstone boson. For the continuation, we redefine the pseudoscalar mass matrix M 2 A 0 as the 3 ˆ3 matrix in the tA, S 1 I , S 2 I u basis. For the charged Higgs sector tH Ù , pH D q : u, by defining m 2

A " `M2 A 0 ˘11 , we can rewrite M 2 h ˘in an equivalent form to the MSSM and the NMSSM :

M 2 h ˘" ˆ1 2 m 2 A sin 2β `ˆg 2 2 2 ´`λ 2 1 `λ2 2 ˘˙v U v D ˙ˆtan ´1 β 1 1 tan β ˙.
The eigenstates are one Goldstone boson and a charged Higgs with the mass:

m 2 h ˘" m 2 A `m2 W ´pλ 2 1 `λ2 2 qv 2 .
We see that the charged Higgs mass can be smaller than in the MSSM due to the coupling between the Higgs doublets and the singlet fields. We can also note that taking λ 2 1 `λ2 2 " λ 2 gives an equivalent form of the NMSSM Higgs sector.

Neutralinos & charginos sector

Compare to the MSSM, the addition of two singlets modify the neutralino sector and turns out to be six dimensional ψ 0 " t´i B, ´i W3 , h0 U , h0 D , S1 , S2 u with the mass term:

L " ´1 2 pψ 0 q T M χ 0 ψ 0 `h.c.
with

M χ 0 " ¨M1 0 ´g1 v D ? 2 g 1 v U ? 2 0 0 M 2 g 2 v D ? 2 g 2 v U ? 2 0 0 0 ´λ1 v 1 `λ2 v 2 ? 2 ´λ1 v D ? 2 ´λ2 v D ? 2 0 ´λ1 v U ? 2 ´λ2 v U ? 2 ? 2κ 1 v 1 `?2κ 12 v 2 `µ1 ? 2κ 12 v 1 `?2κ 21 v 2 ? 2κ 2 v 2 `?2κ 21 v 1 `µ2 ‹ ‹ ‹ ‹ ‹ ‹ ‹ '
.

The charginos sector is analogous as in the MSSM. The states are defined by mixing between t W `, W ´u (with W ´" 1 ?

2 p W 1 `i W 2 q and W ´" 1 ? 2 p W 1 ´i W 2 q
) and t HÙ , HD u:

ψ `" ˆ´i W H Ù ˙, ψ ´" ˆ´i W H D ˙,
the mass term read

L " ´1 2 `ψ`ψ´˘ˆ0 X T X 0 ˙ˆψ ψ ´˙`h.c. ,
with :

X " ˆM2 g 2 v U g 2 v D λ 1 v 1 `λ2 v 2 ˙.

Squarks & Sleptons sector

In the same manner as in the chargino sector, the new contributions of the second singlet will appear in the squarks and sleptons sector :

• stop mass matrix in the basis t tL , tR u:

M 2 t " ˜m2 U 3 `y2 t v 2 U ´g2 1 3 pv 2 U ´v2 D q y t pA t v U ´pλ 1 v 1 `λ2 v 2 qv D qq y t pA t v U ´pλ 1 v 1 `λ2 v 2 qv D qq m 2 Q 3 `y2 t v 2 U `´g 2 1 12 ´g2 2 4 ¯pv 2 U ´v2 D q ¸,
• sbottom mass matrix in the basis t bL , bR u:

M 2 t " ˜m2 D 3 `y2 b v 2 D `g2 1 6 pv 2 U ´v2 D q y b pA b v D ´pλ 1 v 1 `λ2 v 2 qv U qq y b pA b v D ´pλ 1 v 1 `λ2 v 2 qv U qq m 2 Q 3 `y2 b v 2 D `´g 2 1 12 `g2 2 4 ¯pv 2 U ´v2 D q ¸,
• stau mass matrix in the basis tτ L , τR u:

M 2 t " ˜m2 E 3 `y2 τ v 2 D `g2 1 2 pv 2 U ´v2 D q y τ pA τ v D ´pλ 1 v 1 `λ2 v 2 qv U qq y τ pA τ v D ´pλ 1 v 1 `λ2 v 2 qv U qq m 2 L 3 `y2 τ v 2 D ´´g 2 1 ´g2 2 4 ¯pv 2 U ´v2 D q ¸. - CHAPTER 4 
New Solutions in Gravity Mediated Supersymmetry Breaking

In section 3.6.2, we have mentioned the solutions obtained by Soni and Weldon for Gravity Mediated Supersymmetry Breaking [START_REF] Sanjeev | Analysis of the supersymmetry breaking induced by N = 1 supergravity theories[END_REF]. The form of the Kähler potential KpΦ, Φ : , Z, Z : q and the superpotential W pΦ, Zq are constrained in a way that couplings of the matter sector Φ do not diverge in the limit m p Ñ 8 (see Eq. 3.84 and Eq. 3.85). Those types of solutions are the cornerstone of all current studies involving gravity mediated solutions.

In a recent paper [START_REF] Moultaka | Low Energy Supergravity Revisited (I)[END_REF], G. Moultaka, M. Rausch de Traubenberg and D. Tant have found that Soni & Weldon's classification of the Kähler potential and the superpotential was incomplete. By making the analytic expansion of the potential in Planck mass m p , they have found two types of solutions (considering a canonical Kähler potential): the already known Soni-Weldon solutions and a new form of solution, which will be introduced in this chapter.

Those new solutions correspond to a specific form of the superpotential with new type of singlet superfields (noted S p , p " 1, . . . , n) called hybrid fields, which have the properties of both hidden and matter sectors. The interaction between those superfields and the usual matter superfields generate new types of supersymmetry breaking terms. Indeed, the usual Soni & Weldon's solutions lead only to soft-breaking terms (terms leading to logarithmic divergences), whilst the new solutions (which will be called Non-Soni & Weldon, or NSW solutions) generate in the Lagrangian hard-breaking terms (generating quadratic divergences) controlled by the gravitino-mass m 3{2 and suppressed by an energy-scale lower than the Planck scale.

In this chapter, we briefly present the new solutions and define a specific model assuming a non-canonical Kähler potential (and by the way extends the results of [START_REF] Moultaka | Low Energy Supergravity Revisited (I)[END_REF]) called the S2MSSM. This model involves two hybrid fields S p (p " 1, 2), which lead to some relationship with the two-singlet extension of the MSSM (called the N2MSSM, see chapter 5). The full potential is calculated, and some discussions are performed on the possible effects of the new hard-breaking terms on the spectrum. A first study on the effects of those new solutions on the Higgs sector is achieved. The order of magnitude of the loop-corrections on the Higgs boson mass is calculated in order to discuss the reduction of the fine-tuning of the parameters to recover a Higgs boson of about 125 GeV.

This work is done in collaboration with Gilbert Moultaka (L2C) and Michel Rausch de Traubenberg (IPHC) [START_REF] Ducrocq | Low energy supergravity revisited (ii)[END_REF].

Non-Soni Weldon solutions

This section is dedicated to a discussion of the Non-Soni-Weldon solutions. After introducing the form of the superpotential and the new hybrid superfields S p , the main differences between those solutions and the Soni-Weldon's ones are exhibited. The calculation of the Coleman-Weinberg potential is done to emphasise the properties of the hard-breaking terms regarding the one-loop corrections.

Presentation of the general solutions

We describe (without going into the details) the results of [START_REF] Moultaka | Low Energy Supergravity Revisited (I)[END_REF]. We assume the existence of two sectors: a hidden sector tz i u (with ζ i " z i m p ) and a visible sector tΦ a u. Assuming further a canonical Kähler potential and a superpotential written as:

W pZ, Φq " M ÿ n"0 m n p W n pz, Φq , (4.1) 
KpΦ, Φ : , z, z : q " m 2 p z :

i z i `Φ: a Φ a , (4.2) 
we can calculate the F-term of N " 1 supergravity and expend V F in power of m p :

V F " e KpΦ,Φ : ,z,z : q{m 2 p ! D I W pK ´1q I J ˚DJ ˚W ´3 m 2 p |W | 2 ) (4.3) " e KpΦ,Φ : ,z,z : q{m 2 p 2M ÿ c"0 V M,c pz, z : , Φ, Φ : qm c p (4.4)
(the complete form of V M,c can be found in the paper [START_REF] Moultaka | Low Energy Supergravity Revisited (I)[END_REF]). We now impose the constraint on the low-energy coupling of the matter sector. Denoting V Φ the part of the potential containing the interactions to the sector tΦ a u, we require (in the same manner as in subsection 3.6.2) that lim

mpÑ8 V Φ is non-divergent . (4.5)
An equivalent formulation of this constraint using the potential Eq. 4.4 is given by δV M,c pz, z : , Φ, Φ : q δΦ a pxq " δV M,c pz, z : , Φ, Φ : q δΦ : a pxq " 0 @x, M, a, c ě 1 .

This relation leads to 2M partial differential equations which strongly constrain the form of W n pΦ, zq in Eq. 4.1. After resolving this system, the authors have found that:

• there is no solutions satisfying the constraint 4.5 for M ą 2 with W n pΦ, zq (n ě 3) as non-vanishing functions,

• in the case M ď 2, there is two distinct solutions:

the classical Soni-Weldon solutions (SW):

W pz, Φq " m 2 p W 2 pzq `mp W 1 pzq `W0 pz, Φq
and already introduced in the first chapter of this manuscript.

a new solution with W 2 " 0 and where the matter sector must be divided into two different subsectors tΦ a u " t Φa u ' tS p u where t Φa u denotes the standard matter sector (for example, the matter content of the MSSM). The structure of the superpotential is given by:

W pZ, Φq " m p W 1 pz, Sq `W0 pz, S, Φq , (4.6) 
where

W 1 pz, Sq " W 1,0 pzq `P ÿ pě1 W 1,p pzq np ÿ sě1 µ ps S ps (4.7)
and

W 0 pz, S, Φq " k 1 ÿ qě1 W 0,q pzqS q `ΞpU pps S , Φa , z i q . (4.8)
The functions W 1,0 pzq, W 1,p pzq and W 0,q pzq are arbitrary holomorphic functions. The function Ξ is the only holomorphic function containing the matter sector Φa and a linear combination of a pair of S through the U fields:

U pps S
" ξ ps pzqS ps ´ξps pzqS p 1 (4.9)

with the two ξ functions related by µ ps ξ ps pzq " µ p 1 ξ ps pzq (with µ p the complex conjugate of µ p from 4.7).

Some remarks are now in order. The tS p u sector is defined as hybrid since it is present in W 1 , i.e. the m p -term in the expansion of the superpotential 4.6 whilst its couplings do not diverge at low-energy. Moreover, the fields tS p u must be singlet under the gauge group of the standard model. The v.e.vs xS p y, as well as the one the matter sector t Φa u, must be much lower than the Planck mass (x Φa y ! m p and xS p y ! m p ), which avoids dangerous terms at low energy.

The matter sector t Φa u is only present in W 0 Eq. 4.6 (more precisely in ΞpU pps S , Φa , z i q Eq. 4.8). It is similar to the classical Soni-Weldon solutions. Note that Ξ contains the usual superpotential of the supersymmetric models (such as the MSSM or the NMSSM) with new interactions with the U pps S fields. Due to the form of the U -field 4.9, couplings between the matter and the hybrid sector only appear with models containing at least two hybrid fields S1 and S 2 .

We can also note that while the superpotential is a function of the complex parameters µ ps (see Eq. 4.7), the conjugate parameters µ ps are present in the definition of the linear combination U pps S 4.9. This is a crucial point for prohibiting dangerous terms at lowenergy.

Introducing the mass scale

M 2 " ˇˇxW 1,0 pzq `P ÿ pě1 W 1,p pzq np ÿ sě1 µ ps S ps y ˇˇ, (4.10) 
the gravitino mass is (we neglect the contribution from the matter sector):

m 3{2 " 1 m 2 p xW ye K{p2m 2 p q " M 2 m p e ř i |xz i y| 2 .
We then see that in the case of Non-Soni & Weldon solutions, the gravitino mass is Planck-suppressed which is not the case for classical Soni-Weldon solutions. We have thus a hierarchy m SW 3{2 ą m N SW

3{2

(since we have the hierarchy M ă m p ).

Note that this classification of Gravity Mediated Supersymmetry Breaking solutions has been made by assuming a canonical Kähler potential 4.2. A full classification (with non-canonical Kähler potential) has not been obtained yet. Only some specific solutions have been derived 1 . For instance, a Giudice-Masiero-like solution has also been developed (see Appendix C for the full calculation of the potential).

The last property of such new solutions is that the interactions between the hybrid fields tU pps S u and the hidden sector tz i u generate the classical soft-breaking terms together with new hard-breaking terms. Those new terms have the property to generate quadratic radiative corrections whilst the soft-breaking terms lead to only logarithmic divergences. A priori, quadratic divergences can be seen as dangerous since the cancellation of Λ2 -corrections in supersymmetry is usually seen as advantageous 2 . Nonetheless, those dangerous terms are controlled by the gravitino mass m N SW 3{2 , the v.e.vs of the S (U ) fields and in addition are suppressed by the intermediate energy scale M ! m p (see Eq. 4.10). At low-energy, the full potential can then be written as:

V " V SU SY `VHARD `VSOFT with V SU SY the classical potential of supersymmetry (see Eq. 3.80) and (the fields φ a denote the scalar part of the sector tΦ a u " t Φa u ' tS p u):

V SOF T " ´Ca φ a `1 2 B ab φ a φ b `1 6 A abc φ a φ b φ c `h.c. ¯`pm 2 q i j φ j φ : i " s `pm 2 q i j φ j φ : i , (4.11) V HARD " ˆ1 2 D ij k φ i φ j φ : k `1 6 F ijk l φ i φ j φ k φ : l `h.c. ˙`1 4 E ij kl φ i φ j φ : k φ : l " h , (4.12) 
the soft and hard-breaking terms. A complete computation of the potential with NSW solutions considering several models are presented in Section 4.2.2 and in Appendix C. Since those hard-breaking terms are parametrically suppressed, it is legitimate to ask whether those effects are negligible or not. A first rough calculation has already been done in the article [START_REF] Moultaka | Low Energy Supergravity Revisited (I)[END_REF]. They showed that, assuming several energy scales in the superpotential (as Eq. 4.20), the loop-effects coming from the hard terms can be sizable.

A last comment can be added on the quantum stability of the superpotential 4.6. The new solutions are valid at tree-level for all (renormalisable or non-renormalisable) operator as long as the superpotential stay in the same form as 4.6, 4.7 and 4.8. However, the effects of the radiative corrections on the superpotential's structure have not been analysed yet.

Coleman-Weinberg potential with Hard Breaking terms

In order to analyse the effects of those new hard-breaking terms, we calculate the one-loop correction of the potential. For this purpose, we use the Coleman-Weinberg potential [START_REF] Coleman | Radiative corrections as the origin of spontaneous symmetry breaking[END_REF] [START_REF] Derendinger | Lecture notes on globally supersymmetric theories in fourdimensions and two-dimensions[END_REF]. We remind the form of the Coleman-Weinberg potential (written in the DRscheme):

∆V ef f " 1 64π 2 STrM 4 " ln `M2 {Λ 2 ˘´3 2  `Λ2 32π 2 STrM 2 (4.13)
where Λ is the cut-off. We have introduced STrM, the supertrace of the mass matrices:

STrM n " TrM n 0 ´2TrM n 1{2 `3TrM n 1 . (4.14)
with M 2 0 , M 1{2 and M 1 the mass matrix of the scalar, fermion and gauge sector, respectively. We can identify in this formula a logarithmic and a quadratic correction. We will mainly be interested in the effects of the hard breaking terms on the last term (proportional to Λ 2 ). We define a general parametrization of the superpotential W m :

W m " α i φ i `1 2 β ij φ i φ j `1 6 λ ijk φ i φ j φ k ,
whilst the soft breaking terms V SOF T and the hard breaking terms V HARD are taken as 4.11 and 4.12. The full form of the scalar potential is then :

V " W mi W i m `1 2 D a D a ``m 2 ˘i j φ i φ : j `h `s " ˆαi `βil φ l `1 2 λ ilm φ l φ m ˙ˆα i `βik φ : k `1 2 λ ikn φ : k φ : n ˙`1 2 D a D a ``m 2 ˘i j φ j φ : i `h `s " α i α i `βil β ik φ l φ : k `1 4 λ ilm λ ikn φ l φ m φ : k φ : n `1 2 D a D a ``m 2 ˘i j φ j φ : i `h `s `"α i β ik φ : k `1 2 α i λ ikn φ : k φ : n `1 2 β il λ ikn φ l φ : k φ : n `h.c.

*

(with D a " gφ : T a φ).

The mass matrices thus read:

• for the scalar sector pM 2 0 q:

M 2 0 " ¨B2 V Bφ : j Bφ i B 2 V Bφ : i Bφ : j B 2 V Bφ i Bφ j B 2 V Bφ : i Bφ j ' with : B 2 V Bφ i Bφ : j " W ik W kj `Daj i D a `Daj D ai `pm 2 q j i `hj i , B 2 V Bφ i φ j " W ijk W k `Da i D aj `sij `hij , B 2 V Bφ : i φ : j " W ijk W k `Dai D a j `sij `hij ,
• for the fermion sector (M 2 1{2 ) (note that we include the gaugino masses V gaugino " 1 2 m ab λ a λ b `h.c.):

M 2 1{2 " ˆWij W jk `2D b k D b i ´?2iW ij D d j `?2im bd D b i ? 2iD a j W jk ´?2iD k b m ab 2D a j D d j `mab m bd ˙.
Note that the matrix has the same structure for models without hard-breaking terms.

• for the gauge sector (M 2 1 ):

M 2 1 " D a i D bi `Db i D ai .
The contributions come only from the D-term.

The calculus of STrM 2 is then straightforward :

STrM 2 " 2 ´Trm 2 0 ´Trm 2 1{2 `hi i " 2 ´Trm 2 0 ´Trm 2 1{2 `"D ik i φ k `1 2 F ikl i φ k φ l `h.c. * `Eik il φ : l φ k ¯.(4.15)
For the STrM 4 term we get :

TrM 4 0 " 2 `W ik W kj `Dai j D a `Dai D aj `pm 2 q i j `hi j W jl W li `Daj i D a `Daj D ai `pm 2 q j i `hj i 2 `W ijk W k `Dai D a j `sij `hij ˘`W jin W n `Db j D bi `sij `hij ˘, 3TrM 4 1 " 6D a i D bi D a j D bj `6D a i D bi D aj D b j , ´2TrM 4 1{2 " ´2W ij W jk W kl W li ´2m ab m bd m dc m ca ´16D a i m ab m bd D d i ´16D a j D d j D d i D a i ´16D b k D b i W kl W li `8W ij D d j m de D e i `8W ij D b i m bd D d j .
For the following we suppose :

pm 2 q i j " m 2 i δ i j , m ab " m a δ ab .
Since the superpotential W m , the soft breaking terms s and the hard breaking terms h are gauge invariant, we have:

W i D a i " 0, s i D a i " 0, h i D a i ´hi D ai " 0 .
Introducing the quadratic Casimir operator C and the Dynkin label T :

T pRqδ ab " Tr `T a T b ˘, CpRq " CpRqδ i j " T ai k T a k j , CpGqδ a c " f bd a f bd c ,
we finally obtain :

STrM 4 " 2g 2 ´T pRq `2CpRq ´3CpGq ¯Da D a `2 `Trm 4 0 ´Trm 4 1{2 4´p m 2 0 qδ j i `hj i ¯W ik W jk `2 W ijk W k ps ij `hij q `h.c. ( ´2g 2 CpR i q `si φ i `hi φ i `h.c. ˘`2W ijk W jin W k W n `4g 2 CpR i qpm 2 q j i φ i φ : j `4W ik W kj D bj i D b ´16g 2 ÿ a m 2 a CpR i qφ i φ : i ´8g 2 CpR i q ÿ a m a `Wi φ i `h.c. ˘´2g 2 CpR i q `φi W j W ij `h.c. 2 `sij `hij ˘ps ij `hij q ´8g 2 CpR i qW i W i `4m 2 0 h i i `2h i j h j i `4D ai h i j D aj `4h j i ´Dai j D a `Dai D aj ¯. (4.16)
Considering a pure supersymmetric theory (without SUSY breaking terms), the quadratic correction 4.15 vanishes. We also see that we obtain in the framework of classical Soni-Weldon solutions (with soft-breaking terms s):

STrM 2 " 2 `Trm 2 0 ´Trm 2 1{2 ˘.
Quadratic corrections are then present in the theory. However, those corrections are field-independent and do not contribute to the mass matrices. It is no longer the case with hard-breaking terms. The presence of V HARD in the NSW solutions generates new contributions in 4.15 which are field-dependent, leading to new corrections in the mass matrices. Considering now the logarithmic corrections through the STrM 4 -contribution (see Eq. 4.16), we see that the V HARD contributions do not drastically change the structure of the corrections.

Within the scope of Soni-Weldon solutions (i.e. with only soft-breaking terms), the computation of the Coleman-Weinberg potential 4.13 allows to calculate the one-loop renormalisation group equations (or RGEs). The RGEs are fundamental to realise a phenomenological analysis at low energy. This calculation can be performed by applying the non-renormalisation theorem, i.e. that the superpotential is not renormalised (only the fields are renormalised). A full calculation of the RGEs following this approach can be found in [START_REF] Derendinger | Lecture notes on globally supersymmetric theories in fourdimensions and two-dimensions[END_REF]. Assuming now hard-breaking terms in the framework of NSW solutions, there is no reason that the non-renormalisation theorem holds. A diagrammatic approach could then be mandatory to compute the complete set of RGEs in NSW models.

NSW solutions with two hybrid fields: the S2MSSM

By analysing the new canonical solutions pointed out by the article [START_REF] Moultaka | Low Energy Supergravity Revisited (I)[END_REF], we have obtained a non-canonical solution. Assuming at least two hybrid fields S p in W 0 to generate interactions between the matter sector t Φa u and the S p fields, we construct a model called the S2MSSM3 . The scalar potential is calculated as well as the minimum of the potential, the minimisation equations of the potential and the mass matrices.

Presentation of the S2MSSM

The S2MSSM is defined as a model based on the Non-Soni & Weldon solutions. We assume a hidden sector tZu with Z " pζ, χ ζ , F ζ q and ζ " m p z, n hybrid fields tS p u (with p " 1, . . . , n) and a matter sector t Φa u corresponding to the content of the MSSM (introduced in Table 3.2). The superpotential and the Kähler potential is defined as:

W pz, S, r
Φq " m pℓ pW 1,0 pzq `Sp W 1,p pzqq `W0 pz, r Φ, U 12 q `Sp W 0,p pzq , (4.17)

K " m 2 p z i z : i `S: p S p `Φ: a˚Λ a˚a pz, z : qΦ a " m 2 p Kpz, z : q `Kpz, z : , S, S : , Φ, Φ : q, (4.18) 
where:

U 12 " µ 2 S 1 ´µ1 S 2 p" U q
and with:

W 0 pz, Φ, Sq " λpzqU ĤU ¨Ĥ D `κpzqU 3 `yu pzq Q ¨Ĥ U Û ´yd pzq Q ¨Ĥ D D ´ye pzq L ¨Ĥ D Ê (4.19) 
(with t Φa u " t ĤU , ĤD , Q, Û , D, L, Êu, i.e., the field content of the MSSM). Note that the two hybrid fields S 1 and S 2 couple with the matter sector Φa through the combination U 12 (denoted as U ). The Kähler potential is supposed to be non-canonical in the matter sector tΦ a u in order to generate non-universal soft-supersymmetric breaking mass terms.

For simplicity, we also assume only one field z from the hidden sector.

We introduce some notations that will be useful for the following. Firstly, we denote the various energy scales:

W 1,0 " M 2 1 ω 1 pzq, W 1,p " M 2,p ω 1p pzq, pno sum on pq, W 0,p " M 2 3,p ω 0p pzq, pno sum on pq, W 0 " M 3 4 ω 0 pz, U , φq, ζ " m p z, r Φ " M 4 φ . (4.20) with M 1 , M 2,p , M 3,p , M 4 ! m p .
Following those definitions, we have xzy " Op1q and xφy " Op1q. Note that in the case where several energy scales are set in the matter sector, i.e. Φ GU T " M GU T φ GU T and Φ EW " M EW φ EW (with M GU T " M EW ), rescaling by M GU T the fields Φ GU T and Φ EW leads to xφ GU T y " Op1q and xφ EW y ! 1. We will show later that several energy scales in the matter sector are mandatory to increase the loop effects. We set the functions I p pzq (and I p ) as:

I p pzq " m p M 2,p ω 1,p pzq `M 2
3,p ω 0,p pzq , I p " I p pxzyq .

Assuming non vanishing v.e.vs for the matter and hybrid fields (xφ a y ‰ 0 and xS p y ‰ 0), we write the gravitino mass as follow

m 3{2 " 1 m 2 p e K{p2m 2 p q xW y " e |xzy| 2 {2 1 m 2 p `M 3 4 xwy `Ip xS p y with w " ω 0 `mpM 2 1 M 3 4 ω 1 .
We also define the variables m 1 3{2 and m 2 3{2 as:

m 1 3{2 " e |xzy| 2 {2 M 3 4 m 2 p `xd z wy `1 M 3 4 d z I p xS p y ˘, m 2 3{2 " e |xzy| 2 {2 M 3 4 m 2 p `xd 2 z wy `1 M 3 4 d 2 z I p xS p y
where d z w " B z w `z: w is the covariant derivative. We denote:

ξ 3{2 " m 3{2 m 1 3{2 .

Potential calculation

We now compute the low-energy scalar potential using equation 4.3. We start with the calculation of the covariant derivatives D z W , D a W and D p W with:

D X W " B X W `1 m 2 p K X W .
Supergravity is broken in the hidden sector when the field z acquire a non-zero v.e.v xzy ‰ 0. We provide the following substitution for the calculation of the scalar potential:

z Ñ xzy , S p Ñ S p `xS p y , φ a Ñ φ a `xφ a y .
We thus introduce the notations:

X " Xpxzy, φ `xφy, S `xSyq , xXy " Xpxzy, xφy, xSyq ,

∆X " X ´xXy .

The covariant derivatives read then:

1 m p D z W Ñ e ´K 2 m p m 1 3{2 `1 m p `δz I p S p `M 3 4 δ z ∆ω 0 1 m p Kz ˆe´K 2 m 3{2 `1 m 2 p `Ip S p `M 3 4 ∆ω 0 ˘˙, D p W Ñ I p `M 3 4 B p ω 0 ``S : p ` S : p ˘ˆe ´K 2 m 3{2 `1 m 2 p `Ip S p `M 3 4 ∆ω 0 ˘˙, 1 M 4 D a W Ñ M 2 4 B a ω 0 `M 2 4 `Φ: a˚` Φ : a˚ ˘Λa˚a ˆe´K 2 m 3{2 `1 m 2 p `Ip S p `M 3 4 ∆ω 0 ˘˙.
To calculate the scalar potential, we need the inverse of the Kähler metric. Using the method presented in subsection 3.6.3, the perturbative inversion of the metric gives then:

pK ´1q a a ˚" pΛ ´1q a a ˚`M 2 4 m 2 p pΛ ´1q a b ˚Λ b ˚bpΛ ´1q b a ˚`op1{m
2 p q , pK ´1q p q " δ p q , (4.21)

pK ´1q z z " p K´1 q z z ´M 2 4 m 2 p φ : a ˚p K´1 q z z B z B z Λ a ˚aφ a Kz z `M 2 4 m 2 p φ : a ˚K z z B z Λ a ˚apΛ ´1q a b ˚Bz Λ b ˚bφ b Kz z `op1{m 2 p q , pK ´1q z a ˚" ´1 m p Kz z φ : b ˚Bz Λ b ˚cpΛ ´1q c a ˚`op1{m p q , pK ´1q a z " ´1 m p pΛ ´1q a b ˚Bz Λ b ˚cΦ c Kz z `op1{m p q ,
pK ´1q p z " pK ´1q p a ˚" pK ´1q z p " pK ´1q a ˚p " 0 , with :

Λm ˚m " φ : n ˚Bz Λ n ˚m Kz z B z Λ m ˚nφ n .
We observe a mixing between the hidden sector tz i u and the matter sector tφ a u coming from the non-canonical of the Kähler potential in the φ a -sector. We can now compute the scalar potential (with a perturbative expansion of the exponential):

V " e K ˜1 `K m 2 p ¸« 1 m 2 p D i W pK ´1q i j D j W `Dp W D p W `Da W pK ´1q a a˚D a ˚W `1 m p ´Di W pK ´1q i a ˚Da ˚W `h.c. ¯´3 m 2 p |W | 2 ff .
After a lengthy computation, the scalar potential is: p y `S: p q Īp ∆ω 0 `h.c.

V " m 2 p ˇˇm 3{2 ˇˇ2 `1 ˇˇξ 3{2 ˇˇ2 ´3˘`
+ `e 1 2 ˇˇxzy ˇˇ2 m3{2 S p `1 ξ3{2 d z I p ´3 I p `h.c. ȇ 1 2 ˇˇxzy ˇˇ2 M 3 4 ´∆d z ω 0 " m3{2 ξ3{2 `1 m 2 p e 1 2 ˇˇxzy ˇˇ2 S : q d z Īq ‰ ´3∆ω 0 " m3{2 `1 m 2 p e 1 2 ˇˇxzy ˇˇ2 S : q Īq ‰ `h.c.
where we recall that m 1 3{2 " m 3{2 {ξ 3{2 and we define

S a ˚a " 1 ˇˇξ 3{2 ˇˇ2 ´xB z Λ a ˚bpΛ ´1q b b ˚Bz Λ b ˚a ´Bz B z Λ a ˚ay ¯`xΛ a ˚ay `1 ˇˇξ 3{2 ˇˇ2 ´2" ´2Λ a ˚a `1 ˇˇξ 3{2 ˇˇ2 Sa ˚a , pS p q a ˚a " 1 ξ3{2 ´xB z Λ a ˚bpΛ ´1q b b ˚Bz Λ b ˚a ´Bz B z Λ a ˚ay ¯dz I p `xΛ a ˚ay ´1 ξ3{2 d z I p ´2I p ¯, pS q p q a ˚a " ´xB z Λ a ˚bpΛ ´1q b b ˚Bz Λ b ˚a ´Bz B z Λ a ˚ay ¯dz I p d z Īq `xΛ a ˚aypd z I p d z Īq ´2I p Īq ˘, T " 1 ˇˇξ 3{2 ˇˇ2 ´2 , T p " 1 ξ3{2 d z I p ´2I p , T p q " d z I q d z Īq ´2I q Īq , R a b " δ a b ´1 ξ3{2 xpΛ ´1q a b ˚Bz Λ b ˚by , pR p q a b " Īp δ a b ´dz Īp xpΛ ´1q a b ˚Bz Λ b ˚by .
At this stage, we can identify several types of contributions:

• a non-vanishing cosmological constant Λ " xV y: 

@ V D " m 2 p `ˇm
3{2 M 3 4 R b a xφ a yxB b ω 0 y `m 3{2 xS p y " I p `M 3 4 xB p ω 0 y ‰ `h.c.

¯.

We assume:

xV y " 0 which may lead to a fine-tuning of the parameters and is usual in supergravity.

• the classical SUSY potential (see Eq. • soft-breaking terms associated with the tφ a u and tS p u sectors. For example, from the second and fourth lines of 4.22, we can identify contributions to the soft-breaking mass terms

|m 3{2 | 2 ´M 2 4 φ : a ˚S a ˚aφ a `|S p | 2 T ¯.
• the new hard-breaking terms. For instance, we found in the third and fifth lines the couplings 4.12

1 m 4 p e ˇˇxzy ˇˇ2 S r S : t ´M 2 
4 φ a φ :

a ˚pS t r q a ˚a `|S p | 2 T t r ¯(4.24)
which contribute to the last term of 4.12.

Based on the scalar potential Eq. 4.22, the minimisation equations of the potential can be obtained as well as the element of the mass matrix. They can be found in Appendix D.

Differences between S2MSSM and N2MSSM

The structure of the Non-Soni-Weldon solutions imposes the presence of at least two hybrid fields S p (p " 1, 2) to generate couplings between the U field and the matter sector t Φa u. Since those new fields must be singlet under the gauge group of the matter sector, the field content is equivalent to a two-singlets extension of the MSSM, the N2MSSM (see Section 3.7.2). The N2MSSM is, however, defined in the context of Soni-Weldon solutions, resulting so to only soft-breaking terms in the potential.

Nonetheless, the presence/absence of hard SUSY breaking-terms is not the only difference between those two models. For instance, the two couplings λ 1 S 1 H U ¨HD and λ 2 S 2 H U ¨HD in the N2MSSM are completely independent whilst the equivalent couplings in the S2MSSM are correlated from the structure of the superpotential and the form of the U -field.

Of course, the hard-breaking terms will contribute to all the phenomenological analysis of the NSW solutions. The electroweak symmetry breaking conditions will be modified by the presence of such new breaking terms. In addition, new contributions on the mass matrices could also affect the mass spectrum of the model. Indeed, the presence of φφ : SS : term in the potential will contribute at tree-level and loop-level through diagrams in Figure 4.1 (proportional to the singlet mass after renormalisation). The effects of the new S-sector on the Higgs sector is investigated in section 4.4. Moreover, those couplings could also push the sfermion sector to a higher energy scale, leading potentially to Split-SUSY-like models [54] [START_REF] Arkani-Hamed | Aspects of split supersymmetry[END_REF]. We recall that Split-SUSY models are based on the paradigm that the naturalness problem is ignored, assuming the anthropic principle. The supersymmetry breaking scale is assumed to be very high (for example, at the GUT scale M SU SY « M GU T « 10 15 GeV). As a consequence, the masses of the fermionic superpartners of the standard model are in the order of M GU T , which leads to interesting phenomenological properties (such as long-lived gluino) and to highly fine-tuned models. The differences between Split-SUSY models and NSW solutions is essentially due to the presence of hard-breaking terms. Nonetheless, a heavy sfermionic sector coupled with a heavy Higgs state can be a consequence of a really heavy singlet state pushing all the mass spectrum to higher energy (from the loop effect Figure 4.1). Following a see-saw effect, a light singlet state can then appear in the spectrum. Finally, as mentioned in subsection 4.1.2, the NSW solutions provide new effects which will modify the structure of the RGEs. 

W 0 not containing S p fields: constraints and mass matrix

The potential Eq. 4.22 leads to several new contributions coming from loop-effects involving S fields. While the terms in the form pQ a q q p φ a φ : a S p S : q and Q 1 r t S p S : p S t S : r act on the diagonal elements of the mass matrix, the terms coming from the superpotential such as D q U H U ¨HD S :

q contribute to the off-diagonal elements and potentially generate push-up effects. Those mechanisms could end up with a reduction of the fine-tuning on the Higgs boson mass.

In this section, we present a numerical analysis of the effects of the S fields on the tφ a u sector (a " 1, . . . , m). Considering several constraints such as the vanishing of the cosmological constant and the minimisation conditions of the potential, we investigate the order of magnitude of the S-loop in a simplified model:

• the v.e.vs of the hybrid and matter sector are assumed to vanish xSy " xφy " 0;

• we also assume a canonical Kähler potential, Λ a ˚apz, z : q " δ a ˚a.

Following those approximations, the S-contribution to the gravitino mass vanish: 

m 3{2 " 1 m 2 p e K{p2m
m p M 2 1 « M 3 4 ! m 3 p and |xwy| ! 1 (4.25)
with |xω 0 y| " |xω 1 y| " Op1q, and ω 0 and ω 1 have opposite sign phases. This parametrisation may include a little fine-tuning that will not be considered for this first study.

Corrections on the Higgs sector

The mass matrix of the Higgs/S sector is:

M 2 H{S " ˆS pSHq t SH H ˙(4.26)
with S the submatrix in the hybrid sector, H the submatrix in the Higgs sector and SH the mixing elements. This matrix is quite similar to a Soni-Weldon solution of Gravity-Mediated Supersymmetry Breaking with singlets fields (such as NMSSM or N2MSSM).

The presence of the hybrid sector can then already modify the Higgs spectrum at treelevel in the same manner as singlets from the N2MSSM do. In a desirable case, they can contribute to the Higgs boson mass of the Standard Model and possibly reduce a potential fine-tuning on the parameters. The two main methods (described in 5.1.2 for the NMSSM) to push the Higgs boson mass at tree-level are

• contributing to the diagonal elements;

• generating a push-up effect via a mixing term in the SH submatrix.

In the context of the S2MSSM, the hard-breaking terms contribute at tree-level but at one-loop level too. We can identify in the full potential Eq. 4.22 new supersymmetric breaking terms which contribute at one-loop level to each submatrix in Eq. 4.26. The hard-breaking terms in 4.24 contribute to the diagonal elements of S and H as (using the assumptions mentioned in this section):

1 m 4 p e |xzy| 2 `M 2 4 φ a φ : a `Sp S : p ˘`4|ξ 3{2 | 2 ´2˘I r Īt S r S : t (4.27)
where the two couplings involving ∆ω 0 (in the two last lines of 4.22) generate correction in the mixing part SH through:

´2 m 2 p e |xzy| 2 Īq S : q U H U ¨HD (4.28)
by closing the S-loop. The negative sign can be problematic since it can lower the treelevel contribution of the Higgs boson mass. However, the sign can be reabsorbed in the definition of the U -field and so resolve this issue. We will study the order of magnitude of those corrections.

Cosmological constant and minimisation of the potential

In this section, we present the calculation of the minimum of the potential, the minimisation equations and the mass matrix in the general case of n hybrid singlet fields tS p u (p " 1, . . . , n). We assume no direct couplings between the hybrid and the matter sector for a first approach, i.e. B p ω 0 " 0. Note that this simplification naturally emerges in the case of one singlet S. Indeed, since the coupling between the matter and the hybrid sector is obtain via the linear combination of two S-fields, there is no direct coupling between φ and S in the superpotential W 0 . In this configuration, the minimum of the potential of Eq. 4.23 can be written as:

xV y " e ˇˇxzy ˇˇ2´ÿ p |I p | 2 `M 4 4 ÿ a ˇˇxB a ω 0 y ˇˇ2 ¯`m 2 p p|m 1 3{2 | 2 ´3|m 3{2 | 2 q (4.29)
where supersymmetry breaking is signaled by xF I F : I y ‰ 0 with

xF I F : I y " e ˇˇxzy ˇˇ2´ÿ p |I p | 2 `M 4 4 ÿ a ˇˇxB a ω 0 y ˇˇ2 ¯`m 2 p |m 1 3{2 | 2 . (4.30)
For simplification, we introduce the notation

|I| 2 " ř p |I p | 2 .
Assuming the vanishing of the cosmological constant allows us to express the parameter |I| 2 :

|I| 2 " e ´ˇx zy ˇˇ2 m 2 p p3|m 3{2 | 2 ´|m 1 3{2 | 2 q ´M 4 4 ÿ a ˇˇxB a ω 0 y ˇˇ2 . (4.31)
Through this relation, it is possible to suppress the |I| 2 -dependency in the mass matrix. Note also that due to the negative sign on the last term, and since |I| 2 must be positive, we have

|m 1 3{2 | ă ? 3|m 3{2 | ñ |xd z wy| ă ? 3|xwy| ! 1 . (4.32)
Since |I| 2 controls the loop contributions (see Eq. 4.27 and Eq. 4.28), a first hint to obtain non-negligible corrections is to suppress the negative terms in Eq. 4.31. Since the partial derivative B a ω 0 will be eliminated using minimisation equations, a possible solution is to assume low value of m 1 3{2 (i.e., high values of ξ 3{2 ). Note however that taking too high value of ξ 3{2 may correspond to a fine-tuning. The first derivatives of the potential can also be easily obtained: Assuming one field φ in the matter sector for simplicity, the two others constraints (4.33 and 4.34) can be rewritten in the following form:

B z V " e ˇˇxzy ˇˇ2´d z I p Īp `M 4 4 xB a d z ω 0 yxB a ω0 y m2 p ´m2 3{2 m1 3{2 ´2m 1 3{2 m3{2 ¯(4.33) B p V " e 1 2 ˇˇxzy ˇˇ2´d z I p m1 3{2 ´2I p m3{2 ¯, @p " 1, . . . , n (4.34) 
B a V " e ˇˇxzy ˇˇ2 M 4 4 xB a B b ω 0 yxB b ω0 y `e 1 2 ˇˇxzy ˇˇ2 M 3 4 ´xd z B a ω 0 y m1 3{2 ´2xB a ω 0 y m3{2 ¯, @a " 1, . . . , m (4 
M 2 4 " RexB 2 φ ω 0 B φ ω0 y Rex2B φ ω 0 w ´dz B φ ω 0 d z wy m 2 p (4.37) " ImxB 2 φ ω 0 B φ ω0 y Imx2B φ ω 0 w ´dz B φ ω 0 d z wy m 2 p , @a " 1, . . . , m
for the xB a V y derivative and

M 2 4 " RexB φ ω0 `2 wB φ ω 0 ´dz B φ ω 0 d z w˘y Re @ 6|w| 2 w ´4|d z w| 2 w `pd z wq 2 d 2 z w Dm 2 p (4.38) " ImxB φ ω0 `2 wB φ ω 0 ´dz B φ ω 0 d z w˘y Im @ 6|w| 2 w ´4|d z w| 2 w `pd z wq 2 d 2 z w Dm 2 p for xB z V y.

Mass matrix

To pursue our analysis, we first check the mass matrix structure. The mass matrix is calculated in the tφ, S, zu basis. Denoting M 1 the real m ˆm symmetric submatrix in the basis tφ a u (with their respecting eigenvalues λ 1 , . . . , λ m ) and M 2 the real pn `1q ˆpn `1q symmetric submatrix in the basis tS p , zu (with their eigenvalues µ 1 , . . . , µ n`1q ), the mass matrix M has then the following structure:

M " ˆM1 εP t εP εM 2 ẇith ε " 0 and P a real pn `1q ˆm matrix. It can be shown that the eigenvalues of the matrix M are at the first order of ε: λ 1 , . . . , λ m and εµ 1 , . . . , εµ n`1 , meaning that the matrix M 1 and M 2 can be diagonalised separately. The complete proof of this statement can be found in Appendix E. In order to estimate the order of magnitude of the S-loop, we consider the submatrix tS p , zu.

Implementing the constraints 4.36 in the general mass matrix (see Appendix D) in the case of the simplified model:

B B 2 V BS p BS : q F " δ p q |ξ 3{2 | 2 |m 1 3{2 | 2 `e|xzy| 2 m 2 p `4|ξ 3{2 | 2 ´1˘I p I q , m ´1 p B B 2 V BS p Bz : F " ´e|xzy| 2 {2 m p `m1 3{2 ´2ξ 3{2 m 2 3{2 ˘Ip (4.39) m ´2 p B B 2 V BzBz : F " 1 m 2 p e ˇˇxzy ˇˇ2 « ˇˇI ˇˇ2 ´1 `4|ξ 3{2 | 2 ¯`M 4 4 ÿ a ´ˇˇx B a d z ω 0 y ˇˇ2 `ˇˇx B a ω 0 y ˇˇ2 ¯ff `ˇm 2 3{2 ˇˇ2 ´2ˇˇm 3{2 ˇˇ2
Note that we do not compute the elements

A B 2 V BS p Bz E and A B 2 V Bz 2
E since they can be fine-tuned to zero using the parameters m 3 3{2 and d 2 z I p and so simplify the mass matrix structure. The others elements

A B 2 V Bφ a Bφ b E , A B 2 V BzBφ a E and A B 2 V BS p Bφ a E
are not relevant due to the screening property of the mass matrix and

A B 2 V BS p BS q E
" 0 in the special case B p ω 0 " 0. Furthermore, all the elements in the form

A B 2 V BX I BX J E and A B 2 V BX : I BX : J E automatically vanish if the hidden
sector is invariant under a U p1q symmetry.

If we want a high effect from the S-loop, the off-diagonal term must be important to boost the mixing between the z and S p fields. Since m1 3{2 is already constrained by the cosmological constant, we can assume:

|xd 2 z wy| " Op1q . (4.40)
Due to this structure, the mass matrix has some interesting properties which we now demonstrate. We first rewrite the mass matrix in a more general form by highlighting the I p dependencies:

B B 2 V BS p BS : p F " a `b|I p | 2 , B B 2 V BS p BS : q F " bI p I q , (4.41) 
m ´1 p B B 2 V BS p Bz : F " cI p , m ´2 p B B 2 V BzBz : F " d . (4.42) 
The pn `1q ˆpn `1q squared mass matrix can then be written in the following form:

M 2 " aI `A , with A " ˆrBs rCs rC : s rDs ˙, (4.43) 
where A is a block matrix and we introduce rBs, rCs, rDs, n ˆn, 1 ˆn and 1 ˆ1 matrices respectively: 

rBs p q " bI p I q , rCs p " cI p , rC : s q " c ˚I q rDs 1 1 " d ´a . ( 4 
M 1 2 " ¨aI n´1 0 0 0 a `b|I| 2 c|I| 0 c|I| d ' (4.45)
with the parameters a, b, c and d already defined in Eq. F.-6. Since a " |ξ 3{2 | 2 |m 1 3{2 | 2 " |m 3{2 | 2 , the mass matrix leads to pn ´1q fields with a mass equal to the gravitino mass. The two last states mix themselves through a submatrix equivalent to the case of only one singlet and one field from the hidden sector. The complete calculation to obtain the matrix structure 4.45 can be found in Appendix F, as well as the determination of the complete eigenvector basis using the Gram-Schmidt process.

Simple case: only one S-field

We now consider only one S field and one φ field. The two relations 4.37 and 4.38 imply a dependency on the covariant derivative d z B φ ω 0 . From the simplification xd z B a ω 0 y " z : B a ω 0 (which corresponds to a decoupled contribution to the hidden sector and the matter sector in the superpotential W 0 , or more generically B a B z ω 0 " 0) 4 , we obtain some information on the order of magnitude of some parameters. From Eq. 4.37, it follows from the inequality M 4 ! m p (we assume real parameters):

|xB 2
φ ω 0 y| ! |x2w ´z: d z wy| ! 1 . Moreover, using the relation 4.40, we get from the equality 4.38 and the equality between 4.37 and 4.38:

|xB φ ω 0 y| ! x |d z w| a |2w ´zd z w y ! 1 , (4.46 
)

|xB 2 φ ω 0 y| « |x2w ´zd z wy| 2 |xpd z wq 2 d 2 z wy| |xB φ ω 0 y| 2 " Op|xB φ ω 0 y| 2 q . (4.47)
In the case where we relax the condition B a B z ω 0 " 0, the relations are more involved. We can solve the system of equations (4.37,4.38) as function of B φ ω 0 and d z B φ ω 0 , which gives:

d z B φ ω 0 " ˆ2 w ´m2 p M 2 4 B 2 φ ω 0 ˙ B φ ω 0 d z w , (4.48) 
B φ ω 0 ˘" ˘M 2 4 m 2 p g f f e 6w 3 `pd z wq 2 pd 2 z w ´4wq B 2 φ ω 0 (4.49)
(the sign in the notation xB φ ω 0 y ˘will be omitted when the sign of the solution is irrelevant for the discussion). The expression of xB 2 φ ω 0 y can also be expressed as function of B z B a ω 0 :

B 2 φ ω 0 ¯" 1 2c 1 ˆc2 2 ´2c 1 c 3 ¯|c 2 | b c 2 2 ´4c 1 c 3 ˙(4.50)
where we introduce the coefficients c 1 , c 2 and c 3 :

c 1 " 6w 3 `pd z wq 2 pd 2 z w ´4wq " w 3 ξ 2 3{2 6ξ 2 3{2 `d2 z w w ´4 , (4.51) 
c 2 " pd z wq B z B φ ω 0 " w ξ 3{2 B z B φ ω 0 , (4.52) 
c 3 " zd z w ´2w M 2 4 m 2 p " w ξ 3{2 ` z ´2ξ 3{2 ˘M 2 4 m 2 p . (4.53) 
Note that the solution does not depend of the sign in Eq. 4.49. This configuration (with one matter field φ) will be the main studied in this chapter. The two configurations (with and without the assumption B a B z ω 0 " 0) will be analysed in the sequel.

A remark can be made on some limits of xB φ ω 0 y ˘. We have already mentioned that high values of ξ 3{2 may be interesting to push-up the radiative corrections through the parameter |I| 2 . Taking the limit ξ 3{2 to infinity gives

lim ξ 3{2 Ñ8 xB φ ω 0 y ˘" 3 m 2 p M 4 4 e ´|xzy| 2 |m 3{2 | 2 .
From Eq. 4.31, we see that the first and last term compensate each other leading to

lim ξ 3{2 Ñ8 |I| 2 " 0 .
Taking high value of ξ 3{2 may then not automatically leads to high loop corrections.

The full numerical computation of the one-loop Higgs boson mass seems mandatory to understand the evolution regarding the ξ 3{2 parameter (see Subsection 4.4.4).

Assuming one singlet S, the mass matrix of the z ´S sector is a simple 2 ˆ2 matrix. We can then easily obtain the mixing angle of z ´S with the two eigenvalues denoted m 2 S 1 (S 1 being the lighter state) and m 2 ζ 1 (ζ 1 being the heavier state). Introducing

a " e |xzy| 2 M 4 4 m 2 p ´ ˇˇB φ ω 0 ˇˇ2 ´ˇd z B φ ω 0 ˇˇ2 ¯`2 ˇˇm 1 3 2 | 2 ´3ˇˇm 3 2 | 2 ´ˇm 2 3 2 | 2 , ∆ " g f f e a 2 `4e |xzy| 2 ˜ˇˇ2 m 2 3{2 ξ 3{2 ´m1 3{2 ˇˇ2 ˇˇI ˇˇ2 m 2 p ¸.
(4.54)

the mixing angle and the eigenvalues are then:

cos θ " c ∆ ´a 2∆ , sin θ " c ∆ `a 2∆ , (4.55) 
and the eigenvalues

m 2 ζ 1 {S 1 " 1 2 ˜e|xzy| 2 M 4 4 m 2 p ´ ˇˇB φ ω 0 ˇˇ2 p1 ´8|ξ 3 2 | 2 q `ˇd z B φ ω 0 ˇˇ2 ¯`ˇˇm 3 2 ˇˇ2 p24|ξ 3 2 | 2 ´9q `ˇm 2 3 2 | 2 ˘#˜e |xzy| 2 M 4 4 m 2 p ´ ˇˇB φ ω 0 ˇˇ2 ´ˇd z B φ ω 0 ˇˇ2 ¯`ˇˇm 1 3 2 | 2 p2 ´3ˇˇξ 3 2 ˇˇ2 q ´ˇm 2 3 2 | 2 ¸2 (4.56) `4e |xzy| 2 ˜ˇ2 m 2 3{2 ξ 3{2 ´m1 3{2 ˇˇ2 ˇˇI ˇˇ2 m 2 p ¸+1{2 ¸.
The eigenstates reduce then to

S 1 " cos θ S ´εm p sin θ z , z 1 " sin θ S `ε m p cos θ z with ε " ˇˇ B 2 V BSBz : ˇˇ B 2 V BSBz : . (4.57) 
We have derived all the interesting quantities for our investigation.

Order of magnitude of the effects from the hybrid sector

In the previous section, we have investigated the form of the constraints coming from the nullity of the cosmological constant and the minimisation of the potential. The mass matrix has also been calculated in the general case of n singlets. We now discuss the loop effects coming from the hybrid sector.

Following the results 4.56 and 4.57, the state S is described by the two mass eigenstates S 1 and ζ 1 as

S " ζ 1 sin θ `S1 cos θ .
Since all the one-loop contributions (see Eq. 4.27 and Eq. 4.28) can be rewritten in the general form SS : O with O a specific operator, then the one-loop (S) contribution is:

δO " 1 16π 2 pm 2 ζ 1 sin 2 θ `m2 S 1 cos 2 θq (4.58)
Assuming that the heaviest sector is the main contribution to the correction, we can first analyse the contribution m 2 ζ 1 sin 2 θ. Those studies will draw attention to the relevant regimes which allow a Higgs boson mass near 125 GeV. After this discussion, a more complete numerical computation of the possible loop-effect on the Higgs boson mass is done.

Set of constraints on the model

Before making a numerical analysis, we must consider all the constraints that prevent unphysical points.

Our parameters-space is an eight-dimensional space: tm 3{2 , xzy, xd 2 z wy, ξ 3{2 , M 4 , xB z B φ ω 0 y, sgnpxB φ ω 0 yqy, su (with s the sign present in the solution of xB 2 φ ω 0 y Eq. 4.50). We assume all real parameters. Note also that we have freedom on the sign of the parameters tm 3{2 , xzy, d 2 z w, ξ 3{2 , xB z B φ ω 0 yu. This parameters-space is already constrained by the previous results in 4.3.2.

The vanishing of the cosmological constant express the parameter |I| 2 as a function of the other parameters through the relation 4.31. So we must take care of the sign of the parameter |I| 2 . The choice of parameters must then fulfilled the following inequality

|I| 2 ě 0 (4.59)
which can be rewritten in the following form (using the relation 4.49)

|I| 2 " M 4 4 xwy 2 ¨p3ξ 2 3{2 ´1q ξ 2 3{2 M 2 4 m 2 p ´´2xwyp3ξ 2 3{2 ´2q `xd 2 z wy ξ2 3{2 B 2 φ ω 0 M 4 4 m 4 p 'ě 0 . (4.60)
Moreover, the calculation of the mass spectrum (i.e., m 2 ζ 1 and m 2 S 1 ) could leads to negative squared masses. To recover a correct spectrum, we must impose:

m 2 S 1 ě 0 , m 2 ζ 1 ě 0 . The two last constraints come from xB 2
φ ω 0 y solution's in Eq. 4.50. Writing the equality of Eq. 4.48 and Eq. 4.49 (by expressing B φ ω 0 as function of the other parameters), we get:

d c 1 B 2 φ ω 0 " ¯c2 c 3 ` B 2 φ ω 0 (4.61)
where the sign in the right term comes from the sign in 4.49. From those relations, we get:

c 1 B 2 φ ω 0 ¯ě 0, (4.62) 
c 2 c 3 ` B 2 φ ω 0 ¯ď 0, ě 0 for B φ ω 0 ě 0, ď 0 , (4.63) 
meaning that not all couples of solutions pxB φ ω 0 y ˘, xB 2 φ ω 0 y ¯q are possible. By using the solution 4.50 in those inequalities, we identify the region which are valid regarding the equation 4.61. We obtain:

iq c 1 c 3 ă 0 : c 1 c 2 ă 0 ô the only solution is B 2 φ ω 0 ´presp. B 2 φ ω 0 `q if B φ ω 0 ă 0 presp. B φ ω 0 ą 0q c 1 c 2 ą 0 ô the only solution is B 2 φ ω 0 ´presp. B 2 φ ω 0 `q if B φ ω 0 ą 0 presp. B φ ω 0 ă 0q (4.64)
iiq c 1 c 3 ą 0 :

c 1 c 2 ă 0 ^c2 2 ´4c 1 c 3 ą 0 ô the two solutions B 2 φ ω 0 ¯are valid when B φ ω 0 ą 0 c 1 c 2 ą 0 ^c2 2 ´4c 1 c 3 ą 0 ô the two solutions B 2 φ ω 0 ¯are valid when B φ ω 0 ă 0
Note that in the case where B z B φ ω 0 " 0, the coefficient c 2 drop out of the equations. There is then only one solution for xB 2 φ ω 0 y and the only constrain is 4.62 which can be rewritten as c 1 c 3 ă 0. From the definitions of the coefficients c 1 , c 2 and c 3 in 4.52, assuming xd 2 z wy ą 4xwy (which is in accordance with the assumptions 4.40 and 4.25), the sign of c 1 is then equal to the sign of w, and so m 3{2 . Thus: sgnpc 1 c 3 q " sgnpξ 3{2 pxzy ´2ξ 3{2 qq and sgnpc 1 c 2 q " sgnpξ 3{2 xB z B φ ω 0 yq .

(4.65)

We have already a restriction on the possible values of ξ 3{2 which comes from the finetuning of the cosmological constant (|ξ 3{2 | ą 1 ? 3 in 4.31). Since we have by definition xzy " Op1q, we are mostly in the case sgnpc 1 c 3 q ă 0 (independent of sgnpξ 3{2 q and sgnpxzyq) as long as the value of ξ 3{2 is outside the domain r Since this positive term is subtracted in Eq. 4.60, if its contribution is not subleading (i.e., ˇˇ B 2 φ ω 0 ˇˇis relatively small), the configurations could become highly constrained. We can now compute the order of magnitude of the correction Eq. 4.58.

A first approach: B

a B z ω 0 " 0
We assume the simplifying assumption xB φ B z ω 0 y " 0. Starting from m 2 ζ and sin θ in Eq. 4.56 and Eq. 4.55, we can substitute |I| 2 and B φ ω 0 using the vanishing of the cosmological constant 4.31 and the minimisation equation along the field z 4.38. After lengthy computation and Taylor expansion with the gravitino mass m 3{2 we obtain (we assume real v.e.vs for the fields): z wy pxzy ´2ξ 3{2 q ą 0 which is not in contradiction with the constraint |I| 2 ą 0.

sin 2 θ " 4 e ´xzy 2 2 ξ 3{2 pxzy ´2ξ 3{2 qxd 2 z wy m 3{2 m 2 p M 3 4 `Opm 2 3{2 q, ( 4 
Supposing a energy scale in the matter sector of M EW « 10 2 GeV we see that the correction is relatively small (m 2 ζ 1 sin 2 θ 9 10 ´32 m 3{2 with m p " 10 18 GeV). To consider large loop-effects, we must then assume models with several energy scales in the matter sector, such as GUT theories with M 4 " M GU T « 10 15 GeV. In this manner, the value of m 2 ζ 1 mass increase and gives m 2 ζ 1 sin 2 θ 9 10 7 m 3{2 . The superpotential can then be written as:

xW 0 pz, S, φqy " M 3 4 xω 0 pz, S, φqy " M 3 4 xω 0 pz, S, φ GU T , φ EW qy with xφ GU T y « Op1q and xφ EW y ! 1 (since those fields are rescaled with a GUT scale). Notice that, even we assume only one singlet S (and so no U -field in ω 0 ), we will estimate the order of magnitude of the one-loop effect 4.28 (as well as 4.27) in Section 4.4.4.

A first approach: Analysing several regimes

If we relax the assumption on xB z Bφω 0 y, the relations are more complex. One finds after using the relations 4.31, 4.48 and 4.49: Thus:

sin 2 θ " 4 e ´xzy 2 xB 2 φ ω 0 y 2 m 2 3{2 M 2 4 Υ 1 `xd 2 z wy xB 2 φ ω 0 y M 2 4 m 2 p `Opm 3 3{2 q (4.
m 2 ζ 1 sin 2 θ " 4 xd 2 z wy xB 2 φ ω 0 y m 2 3{2 M 2 4 m 2 p Υ `Opm 3 3{2 q (4.73)
Contrary to the simplifying case (where m 2 ζ 1 sin 2 θ " m 3{2 M 3 4 {m 2 p ), we see that the loopeffect turns to be m 2 ζ 1 sin 2 θ " m 2 3{2 M 2 4 {m 2 p . A M 4 prefactor has been replaced by m 3{2 , which seems to reduce the effect in the loop. The parameter Υ Eq. 4.71 can however push-up the correction in the case of high values of ξ 3{2 .

Note that is we tend smoothly to xB z B φ ω 0 y " 0, the two solutions xB 2 φ ω 0 y are degenerated and gives back the result Eq. 4.69 with:

B 2 φ ω 0 ¯" ´c3 " w ξ 3{2 `2ξ 3{2 ´ z ˘M 2 4 m 2 p . (4.74) 
The study of the leading behavior of the correction in the limit xB z B φ ω 0 y Ñ 0 is however not so simple. Indeed, since we need xwy ! 1 and considering the expression 4.51, 4.52 and 4.53, we must consider the ratio ρ " xB z B φ ω 0 y xwy .

Three regimes are then studied, ρ ´1 ! 1, ρ ! 1 and ρ " Op1q.

Regime ρ ´1 ! 1:

After expanding B 2 φ ω 0 ´and B 2 φ ω 0 `around ρ ´1 " 0 in powers of w (with w ! minr1, B z B φ ω 0 s), one finds B 2 φ ω 0 ´ˇp ρ ´1!1q " xwy 2 p2ξ 3{2 ´xzyq 2 ξ 2 3{2 xd 2 z wy xB z B φ ω 0 y 2 M 4 4 m 4 p `Opxwy 3 q, (4.75) B 2 φ ω 0 `ˇp ρ ´1!1q " xB z B φ ω 0 y 2 xd 2 z wy `2xwy ˜`2 ´3ξ 2 3{2 ˘xB z B φ ω 0 y 2 xd 2 z wy 2 ``2ξ 3{2 ´xzy ξ3{2 M 2 4 m 2 p Opxwy 2 q. (4.76)
The solutions are totally decoupled. Obviously, these expressions are not valid for B z B φ ω 0 Ñ 0 (which is clearly the case in the leading term of B 2 φ ω 0 ´, while the singularity of B 2 φ ω 0 `appears in higher orders not shown here). We now tend to analyse the order of magnitude of 4.73, assuming the two solutions Eq. 4.75 and Eq. 4.75.

We first consider the solution Eq. 4.75 since it seems to be the only configuration that leads to an enhancement of m 2 ζ 1 sin 2 θ. Indeed, the leading term of xB 2 φ ω 0 y ´being proportional to xw 2 y, the m 2 3{2 factor in m 2 ζ 1 sin 2 θ is cancels out and can possibly increase the magnitude of the loop. Nevertheless, the first order contribution in 4. 75 The range of values for xwy seems then extremely small for relatively high values of ξ 3{2 , i.e., the solution is highly fine-tuned. A possible solution to increase the range x∆wy can be to choose ξ 2 3{2 « 2{3. However, this value drives the intervals outside the condition |xwy| ! 1. We thus conclude that the regime given by Eq. (4.75) is actually not viable. 5 The two other solutions, namely xwy ą B`?B 2 `4AC 2A when B ą 0 and xwy ă B´?B 2 `4AC 2A when B ă 0 lead to high values of xwy " 1 and so are not considered here.
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Considering now the solution Eq. 4.76, we see that the φ ω 0 y. The positivity of |I| 2 is generally always satisfied, leaving to the only constraint Eq. 4.62, which is relatively easy to achieve. However, due to the nondependency of the leading term of Eq. 4.76 in xwy, the effect still remains suppressed by the m 2 3{2 factor in Eq. 4.73. The regime ρ ´1 ! 1 seems then not appropriate to generate huge loop effects.

Regime ρ ! 1 and ρ " Op1q:

We now consider the two other regimes, namely ρ ! 1 and ρ " Op1q. The expansion of B 2 φ ω 0 ´and B 2 φ ω 0 `in the two mentioned limits gives:

B 2 φ ω 0 ¯ˇρ !1 " w ξ 3{2 `2ξ 3{2 ´ z ˘M 2 4 m 2 p ¯xB z B φ ω 0 y g f f e w `2ξ 3{2 ´xzy ξ3{2 ´xd 2 z wy `p6ξ 2 3{2 ´4q w ¯M4 m p `1 2 xB z B φ ω 0 y 2 xd 2 z wy `p6ξ 2 3{2 ´4q w `OpxB z B φ ω 0 y 3 q, ( 4.81) 
and

B 2 φ ω 0 ¯ˇρ "Op1q " w ξ 3{2 `2ξ 3{2 ´ z ˘M 2 4 m 2 p ¯xB z B φ ω 0 y d w `2ξ 3{2 ´xzy ξ3{2 xd 2 z wy M 4 m p `1 2 xB z B φ ω 0 y 2 xd 2
z wy `Opxwy 3 , pρ ´1q 3 q, (4.82)

The two leading orders reproduce the result of Eq. 4.74 in the case xB z B φ ω 0 y " 0, meaning that the loop effects can be sizable. Note also that the expansion Eq. 4.81 is not valid in the limit w Ñ 0. The last condition is essentially always satisfied if xd 2 z w{wy ą 4 and the fact that sgnpc 1 c 3 q ă 0 (see the discussion in 4.4.1). However, |I| 2 is not necessarily positive. By developing the relation 4.83, we note that some the parameters-space zone are forbidden. For example, taking ξ 3{2 , xzy and The regimes ρ " Op1q and ρ ! 1 seem to be more interesting for high corrections from the m 2 ζ 1 sin 2 θ contribution. However, since the prefactor in Eq. 4.27 and Eq. 4.28 can be sizable, the regime ρ " 1 will also be considered in our numerical analysis. Note that for simplicity, we denote the contribution φ : φS : S as purely hard and the U S : H U ¨HD as the superpotential contribution.

Numerical computation of the order of magnitude of the corrections

For our numerical study, we assume that the v.e.v of the field from the hidden sector is |xzy| " 1 as well as the parameter |xd 2 z wy| " 1 (see Eq. 4.40). We also set M 4 " 10 15 GeV and m p " 2 ˆ10 18 GeV. The analysis is done for several values of the parameter ρ:

tρu " t0, 10 ´2, ´10 ´2, 1, ´1, 10 2 , ´10 2 u and by varying the gravitino mass in the range r10 ´3 GeV, 10 3 GeVs. All the possibles configurations for the signs of the parameters are investigated. All solutions regarding the choice of xB φ ω 0 y ˘and xB 2 φ ω 0 y ˘are also taken into account. The complete contribution of the two terms Eq. 4.27 and Eq. 4.28 on the Higgs boson mass is written as:

m p1Lq h " d m 2 h pT Lq `1 16π 2 m 2 p e |xzy| 2 ´m2 ζ 1 sin 2 θ `m2 S 1 cos 2 θ ¯´a |I| 2 `1 m 2 p `4|ξ 3{2 | 2 ´2˘| I| 2 (4.85)
with m

pT Lq h

, the Higgs boson mass containing the tree-level and one-loop contributions coming from the soft-breaking terms, assumed to be 115 GeV. In a first analysis, even though the correction Eq. 4.28 corresponds to the off-diagonal matrix element, we assume that this term directly contributes to the Higgs boson mass without first diagonalising the matrix. This simplification is done considering the known effect for singlet-extension of the MSSM (see for example Eq. 5.2). A more proper method will be to diagonalise the corrected mass matrix and compute the eigenvalues of the matrix.

We first make a remark on the sign of the parameters. Analysing all the previous equations, we see that switching the sign of all the parameters tp i u " tξ 3{2 , xzy, xd 2 z wy, m 3{2 , ρu Ñ t´p i u " t´ξ 3{2 , ´xzy, ´xd 2 z wy, ´m3{2 , ´ρu leads to equivalent results. This reduces the number of configurations to investigate.

We consider in a first step the case when ρ " 0. In this case, we recall that the two solutions xB 2 φ ω 0 y ˘are degenerated. Also, the constraint Eq. 4.63 is not appropriate since c 2 " 0. However, many configurations lead to no possible solutions in the range of values defined above. All the space is generally forbidden by the other constraints in Section 4.4.1. The positivity of the lighter state m 2 S 1 seems to be the most restrictive condition. Only a few configurations are possible which can be separated into two different cases. z wyq " sgnpξ 3{2 q " xzy " ´1, ρ " 0 and sgnpm 3{2 q " 1.

The configuration sgnpxzyq " sgnpxd 2 z wyq " sgnpξ 3{2 q " ´1 and sgnpm 3{2 q " 1 (see Figure 4. p , high values of ξ 3{2 can then push this loop effect and exceed the superpotential contribution. However, as we can see in all the figures, increasing the values of ξ 3{2 must be coordinated with a reduction of the gravitino mass to pass the constraints. This leads to lower the mass m 2 S 1 and the parameters sin 2 θ and |I| 2 which reduce the loop effects. Moreover, taking too high values of ξ 3{2 is non-natural and generate a fine-tuning. The one-loop Higgs Boson mass is shown in Figure 4.4a. As we can see from this evolution and the previous discussion, the effects are mostly nonexistent. Finally, note that the restriction for log 10 |ξ 3{2 | ă 6 is coming from the negativity of the squared mass m 2 S 1 where the constraint for high ξ 3{2 values corresponds to both |I| 2 ă 0 and m 2 S 1 ă 0. A second type of solution has been found. A representative configuration is sgnpxd 2 z wyq " sgnpxzyq " ´1 and sgnpξ 3{2 q " sgnpm 3{2 q " 1 (see z wyq " ´1, ρ " 0, sgnpm 3{2 q " 1, sgnpxzyq " ´1 and sgnpξ 3{2 q " 1.

are also quite different. While the mass of the heaviest state remains unchanged in the plog 10 pξ 3{2 q, log 10 pm 3{2 {p1 GeVqq-plane in the previous solution, high ξ 3{2 values lead to quasi non-degenerate states

m 2 S 1 « m 2 ζ 1 .
The mixing angle is also pushed to sin 2 θ « 1 2 which maximise the mixing between the two states. The full one-loop Higgs boson mass is shown in Figure 4.4b. Due to the possibility of taking high ξ 3{2 values, the correction coming from the pure hard term increases intensively, leading to a really high Higgs mass, meaning that possible solutions exist for obtaining m h « 125 GeV. Nonetheless, assuming m 3{2 " 1 TeV as the maximum value for the gravitino mass, those effects only appear for ξ 3{2 ą 10 14 which is non-natural.

We can study the variation of the full correction depending on the possible values of xzy and xd 2 z wy. We take the gravitino mass as m 3{2 " 1 TeV to increase the loop contributions and ξ 3{2 " 10 5 to pass all the constraints (following results from Figure 4.4a). The variation of m p1Lq h considering the same configuration as Figure 4.3 for the inputs is shown in Figure 4.6. We notice that the loop corrections still remain low for values of |xzy| close to 1. However, the mass increase exponentially when xzy ą 4, leading to possible configurations with lower value of ξ 3{2 as in the case of Figure 4.4b. This is simply due to the presence of the v.e.vs from the hidden sector in the exponential in Eq. 4.27 and Eq. 4.28, and more generally in the scalar potential. This value of xzy can be seen as non-natural, but may be legitimate for more complex models (see Subsection 4.5). We now analyse the general case ρ ‰ 0. The two solutions xB 2 φ ω 0 y ˘correspond in this case to two different results. The choice of xB φ ω 0 y `or xB φ ω 0 y ´leads to the same numerical results (since this parameter always appears as xB φ ω 0 y 2 ), but to different constraints following Eq. 4.63. Note that the degeneracy of the solutions xB 2 φ ω 0 y ˘has been obtained for ρ " 0 but can also be obtained with the more general assumption c 2 Ñ 0 (with c 2 in Eq. 4.52) which is also true for ξ 3{2 Ñ 8, i.e., the two solutions xB 2 φ ω 0 y ˘are equivalent for high ξ 3{2 values.

For all the values of ρ " t˘10 2 , ˘1, ˘10 ´2u, we have found the same types of evolution than for the case ρ " 0. A lot of configurations lead to inconsistency with the constraints in Subsection 4.4.1. The distributions for several configurations representative to the general results can be found in Figure 4.7 for the solution xB 2 φ ω 0 y `and in Figure 4.8 for xB 2 φ ω 0 y

´.

First considering the xB 2 φ ω 0 y `solutions. As already said in our first qualitative analysis (see subsection 4.4.3), the solutions for ρ " ˘1 and ˘10 ´2 must be quite equivalent to the case ρ " 0. The numerical results are quite in accordance with those statements. Only some differences appear at low value of log 10 ξ 3{2 . Possible configurations exists only for high values of ξ 3{2 . Those effects results from the same mechanisms as Figure 4.5 and so are non-natural. Even though our qualitative analysis for ρ ě 1 with xB 2 φ ω 0 y `have pointed out possible difficulties for high corrections, we can numerically find possible configurations for high ξ 3{2 values (see Figure 4.7a or Figure 4.7b). However, those configurations are either highly fine-tuned or do not push the Higgs boson mass to 125 GeV. We consider now the solution xB 2 φ ω 0 y ´. Our analytic investigation in Subsection subsection 4.4.3 showed a high fine-tuning on the gravitino mass for high values of the parameter ρ. The same result has been obtained in the numerical investigation. Indeed, no configurations for ρ " ˘10 2 have passed the imposed restrictions. In the case of ρ " t˘1, ˘10 ´2u, for a specific choice of sgnpρq and xB φ ω 0 y ˘, only a quarter of the configurations gives possible results. When a solution with xB φ ω 0 y `pass the constraints, the equivalent configuration with xB φ ω 0 y ´is completely forbidden (and vice versa). Possible solutions are presented in Figure 4.8. In the same manner as before, no interesting zone of the parameters-space has been discovered to increase the Higgs boson mass. The evolution of |I| 2 , sin 2 θ and m 2 ´.

Towards more complex models

As seen in the previous section, two possible configurations have been found for a natural a Higgs boson mass close to 125 GeV: using high values of ξ 3{2 to increase the purely hard contribution or assuming xzy « 4. However, those configurations are non-natural and lead to a fine-tuning problem. Nonetheless, the analysis presented in this manuscript is based on a simplified version of the S2MSSM:

• the Kähler potential is assumed to be canonical, i.e., Λ a ˚apz, z : q " δ a ˚a;

• the superpotential W 0 is not function of the hybrid fields, i.e., B p ω 0 " 0;

• the v.e.vs from the visible sector and the hybrid are assumed to be xS p y " xΦ a y " 0;

• the hidden sector contains only one field z.

Analysing more complex models may lead to new effects which could boost or reduce the one-loop corrections. This value for xzy may be considered as non-natural for our model since it must be xzy " Op1q by definition. However, since the high correction is obtained through the exponential e |xzy| 2 , then assuming xzy « 4 seems equivalent to several fields from the hidden sector z i with xz i y " Op1q contributing as exp `ÿ |xz i y| 2 ˘. Obviously, the full calculation must be done considering several fields from the hidden sector to consider those effects properly. Nonetheless, it can be a hint to recover a Higgs boson mass near 125 GeV naturally. A simple model for several hidden sector fields could be to consider a simple sum in the superpotential, such as: Īq S : q U H U ¨HD .

W ptzu, tS p u, t
Note also that we have not considered loop contributions involving the hidden field z. Such contributions are present in the potential where we assume a perturbation on the field from the hidden sector:

z Ñ xzy `z .
Those corrections must be computed for a complete analysis.

Going beyond the assumptions B p ω 0 " 0 and xS p y " 0 will potentially modify the mass matrix structure Eq. 4.45. Indeed, this structure is obtained with the help of the proportionality relation between d z I p and I p in Eq. 4.36. Relaxing one of those two assumptions suppressed this proportionality, making the analysis more complex. Moreover, due to the complexity of the potential, the minimisation of the potential must be solved for xφ a y and xS p y.

For this analysis, we have assumed a Higgs boson mass of m pT.L.q h " 115 GeV. This value contains the tree-level contributions and the usual loop corrections coming from the soft-breaking terms in the MSSM. Nonetheless, as already mentioned in Subsection 4.3.1, the presence of the two singlets can also push the tree-level Higgs boson mass following several mechanisms. In this manner, a complete calculation of the Higgs boson mass containing loop-corrections form soft-breaking terms can be higher than 115 GeV (see for instance the Figure 5.18, for the N2MSSM). In this way, the loop effects coming from the specific form of the new solutions may not need to be relatively high.

Finally, a complete analysis must be done by calculating and diagonalising the full one-loop corrected mass matrix in the basis tz i , Φa , S p u.

CHAPTER 5

A two-singlets-extension of the MSSM: the N2MSSM

In the first chapter of this manuscript, we have shown that supersymmetry can be constructed as a low energy limit of supergravity (see Subsection 3.6.4). By defining an appropriate superfield content (which are representations of the gauge group G " SU p3q C ˆSU p2q L ˆU p1q Y ) and a superpotential W , we have given two models that extend the Standard Model. The first model was the simplest supersymmetric extension of the Standard Model, i.e., the MSSM. This model is still, today, highly studied by the physicist community and signatures to this model are searched by experimentalists. As mentioned in Subsection 3.7.1, there is, however, some formal issues with this model (for example, the µ-problem). A possible solution to those problems is to consider a singlet-extension of the MSSM.

The new solutions in Gravity-Mediated Supersymmetry Breaking (introduced in chapter 4) has pointed out models containing at least two singlet fields S 1 and S 2 . It is then natural to define a model based on the classical Soni-Weldon solutions called the N2MSSM (already defined in subsection 3.7.2). This chapter is devoted to a preliminary analysis of the N2MSSM. We will examine the differences between the NMSSM and the N2MSSM and investigate the reduction the finetuning of the Z-boson mass. We will motivate the study of the N2MSSM and its benefits in comparison to the NMSSM. The construction of a spectrum generator is described using the Mathematica package Sarah, which calculates two-loop Renormalisation Group Equations (RGEs), mass matrices, one-loop corrected masses (two-loop for the Higgs sector) and some physical observables. The numerical integration of the RGEs (and other calculations) will be performed with the Fortran spectrum generator SPheno.

The parameters-space of the Z 3 -invariant N2MSSM is a high-dimensional space. It can then be complicated to proceed to an efficient scan in order to recover an acceptable phenomenological spectrum. For this purpose, a Monte-Carlo Markov-Chain (MCMC) algorithm has been implemented to facilitate this scan. It is then simpler to recover points in the parameters-space with an acceptable Higgs boson mass. Other physical observables can also be reconstructed (using SPheno or third-party programs), such as the anomalous magnetic momentum of the muon a µ " 1 2 pg µ ´2q, the relic density of dark matter (using the program MicrOmegas) or other observables linked to the Higgs boson with HiggsBounds.

This work is done in collaboration with Eric Conte (IPHC) and Cyril Hugonie (LUPM) [START_REF] Ducrocq | Phenomenological study of the n2mssm[END_REF].

Why the N2MSSM?

There are a plethora of supersymmetric models. They can differ by the superfields content, the gauge group used or by other imposed symmetries leading to different particles spectrum and phenomenology. The N2MSSM (see subsection 3.7.2) is a simple extension of the MSSM (since it is obtained by adding two singlets superfield S p (p " 1, 2) in the MSSM content) This definition can be seen as a purely arbitrary extension of the NMSSM. There is, however, some formal and phenomenological reasons to consider such a model. We will present three arguments for introducing such a model: comparing Soni-Weldon and Non-Soni-Weldon solutions, solving difficulties of the NMSSM and generating new interesting signatures at the LHC.

Comparison between Soni-Weldon & Non-Soni-Weldon solutions

In the previous chapter (see Chapter 4.5), we have described new Gravity Mediated Supersymmetry Breaking solutions. One of those new solutions allowed us to construct a model of supergravity called the S2MSSM. In this model, two hybrid fields S p (p " 1, 2) are introduced in such a way that they generate new hard breaking terms which could solve some phenomenological issues. However, to fully understand the phenomenological differences between Soni-Weldon (SW) and Non-Soni-Weldon (NSW) solutions, it is mandatory to first study an equivalent model of the S2MSSM in the context of the classical Soni-Weldon solutions. This will help point out the effects of the hard breaking terms in the spectrum at tree & loop levels. Therefore, the N2MSSM naturally emerge from this investigation.

Solutions to difficulties of the NMSSM

Reducing the fine-tuning on the Higgs boson mass

In the context of the MSSM, the lightest Higgs boson has a tree-level mass:

m 2 h 0 " M 2 A `M 2 Z ´bpM 2 A `M 2 Z q 2 ´4M 2 A M 2
Z cos 2 2β (with M A the mass of the pseudoscalar state and tan β " v U {v D ) which leads to the following upper bound:

m 2 h 0 ă M 2 Z cos 2 2β ă p91 GeVq 2 .
(5.1)

This upper-limit seems inconsistent with the Higgs boson measured mass achieved at the LHC. Taking into account the approximation of the large radiative corrections coming from the top quark and the stop one-loop on the M 2 S p2,2q (see Eq. B.1) [START_REF] Ellwanger | The next-to-minimal supersymmetric standard model[END_REF][57]:

∆ rad. " 6m 4 t 4π 2 v 2 ´ln ´m2 T m 2 t ¯`A 2 t m 2 T ´1 ´A2 t 12m 2 T ¯¯,
(with the top mass m t , m 2 T the geometrical mean of stop masses and v 2 " v 2 U `v2 D ) the tension can be released by introducing a fine-tuning on the stop parameters (usually called "little fine-tuning problem"). The limit on the lightest Higgs can be then pushed-up to approximately 130 GeV (see 5.1).

Adding a singlet field S in the context of the NMSSM allows to suppress this issue. We can rotate the mass matrix by an angle β " tan ´1 pv U {v D q giving a new matrix M SM y ‰ 0 and xH 1 y " 0). Moreover, the mass matrix is nearly diagonal for typical values of parameters [START_REF] Vazquez | Search for supplementary Higgs Bosons at the LHC[END_REF]: the state H 1 SM having SM-like couplings to SM particles, H 1 being the heavy MSSM scalar state and S r remaining the pure singlet state. The first element in the diagonal of this matrix gives

M 1 2 S p1,1q " M 2 Z cos 2 2β `1 2 λ 2 v 2 sin 2 2β (5.2)
corresponding to the high limit of the mass of the lightest Higgs boson (with λ the coupling λ Ŝ ĤU ¨Ĥ D and v 2 " v 2 U `v2 D ). We recognise the first term of 5.1 of the MSSM with a new contribution coming from the singlet field and the λ-coupling 5.2 which lift-up the high-limit. Following those results, there are two different methods to generate a Higgs boson with a mass of m h " 125 GeV in the context of the NMSSM: 1) Boost the element Eq. 5.2 with high λ and low tan β value. From Figure 5.1, a limit on tan β can be set to tan β À 6. A high λ-coupling would be preferable but since λ Á 1 leads to Landau singularities, it is more convenient to take λ À 0.7.

2) Another possibility arises if the effective mass of the singlet state S r (the M 1 2 S p3,3q matrix element) is lower than the lightest Higgs state. In this configuration, the M 1 2 S p1,3q element can generate a push-up effect on the lightest Higgs mass via diagonalisation. It can be shown that

M 1 2 S p1,3q " ? 2λvµ ef f ´1 ´sin 2β ´Aλ 2µ ef f `κ λ ¯¯(5.3)
(with µ ef f " λv S ). In order to neglect the negative term in Eq. 5.3, a moderate/high tan β can be taken. The restriction on the λ-coupling is more complex. Due to the H 1 SM ´Sr mixing, couplings between the singlet state and particles from the Standard Model appear. The λ-value is then directly constrained by the LEP limit on light scalar state below 114 GeV [START_REF] Schael | Search for neutral mssm higgs bosons at lep[END_REF]. This coupling is then usually taken as λ « Op0.1q [START_REF] Badziak | Experimental signatures of a light singlet-like scalar in nmssm[END_REF] [START_REF] Badziak | New regions in the nmssm with a 125 gev higgs[END_REF].

The mechanism 2) can be more advantageous because it also decreases the lightest scalar mass and helps to obtain a dark matter relic density Ω DM h 2 (with h the Planck constant) coherent with the latest experimental measurements. It can, however, be difficult to identify the Higgs boson and singlet as candidates on dark matter and inflaton (since the singlet parameters will already be settled for a coherent Higgs boson mass and a coherent dark matter density relic).

Assuming now the N2MSSM, the mass matrix of the scalar sector is completely similar to the NMSSM case. The various effects presented previously still remain with the two singlets S 1 and S 2 . We can then suppose three different scenarios:

• the two singlets contribute to the M 1 2 S p1,1q (the new contributions of Eq. 5.2 generalise easily to 1 2 pλ 2 1 `λ2 2 qv 2 sin 2 2β) • if the masses of the singlets are lower than the lightest Higgs state, the two singlets could generate a push-up effect, leading to two light scalar states.

• a combination of both mechanisms: one singlet acting like a push-up generator and one contributing to the λ 2 i -term. Those effects could lead then to a reduction on the fine-tuning of the parameters to recover a phenomenologically acceptable Higgs boson mass. 

Passing through Ω DM measurements with good Higgs or inflaton candidate

As explained in the previous paragraph, singlet scalars with low masses can emerge from the analysis of some scenarios of the NMSSM. Due to the singlet nature of those states, the couplings to the Standard Model particles can be relatively low, which define good candidates for dark matter [START_REF] Ellwanger | The higgsino-singlino sector of the nmssm: combined constraints from dark matter and the lhc[END_REF] [START_REF] Ellwanger | The semi-constrained nmssm satisfying bounds from the lhc, lux and planck[END_REF]. Each singlet can then be tuned to reconstruct an acceptable Higgs boson mass and a coherent dark-matter density relic Ω DM h 2 simultaneously.

Dark matter is not the only cosmological problem that arises in particle physics. Cosmic inflation is an epoch in the early universe where the expansion of the universe increases exponentially. This phenomenon can be understood by assuming a hypothetical field called the inflaton [START_REF] Vennin | Cosmological Inflation: Theoretical Aspects and Observational Constraints[END_REF]. Some inflation-scenario as already been proposed in the NMSSM where fields in the Higgs sector can be a good candidate for the inflaton [START_REF] Ferrara | Jordan frame supergravity and inflation in the nmssm[END_REF] [67] [START_REF] Einhorn | Inflation with non-minimal gravitational couplings in supergravity[END_REF]. Assuming two singlets S 1 and S 2 , we can then suppose configurations where candidates for both inflaton and dark-matter (or possibly with coherent Higgs boson mass) can be produced.

Searches at colliders

Supersymmetry signals have been hunted for many decades on the various colliders experiments. Many analyses focus on the search for new scalar particles corresponding to new CP-even or CP-odd Higgs states. Due to the matrix structure of the MSSM and the NMSSM, many searches have been done for hunting signatures of heavy scalar particles.

As seen before, adding the new field S 2 generates new terms in all the matrix elements. It also produces a richer particle spectrum than the other classical supersymmetric models. The phenomenology analysis of the N2MSSM can then be handled in two aspects: searching for new topologies and applying known-signal research to the model (the action of S 2 can help pass the actual limit). Moreover, the action of the second singlet can allow the presence of very light scalar particles in the spectrum, i.e., with a mass below 10 GeV (using the push-up effect mentioned previously). Such typologies start to be investigated to cover the mass range fully. [START_REF] Gershtein | Probing naturally light singlets with a displaced vertex trigger[END_REF][70] [START_REF] Evans | Searching for exotic b meson decays enabled by the cms l1 track trigger[END_REF].

Spectrum generator for the N2MSSM

Supersymmetry theory is broken at a high energy scale. So, a full spectrum generator is mandatory to study the phenomenological aspects of a model. The construction of such a program can be split into two parts:

• calculate analytically the one (or two) loop RGEs, all the mass matrices, the minimisation equations of the potential and potentially the self-energy contributions;

• implemented those results in a program and numerically solved the RGEs in order to reconstruct the entire mass spectrum of the model Those implementations can be tedious depending on which RGEs (one or two-loop) we want to use, the radiative corrections we want to implement in the program, and the various possible observables we want to investigate.

To facilitate those steps, the particle physics community provides several generic spectrum generators, depending on the model studied or the calculated observables. Some generators are specific to a model (e.g. NumSpec implemented in NmssmTools for the NMSSM [START_REF] Ellwanger | NMSPEC: A Fortran code for the sparticle and Higgs masses in the NMSSM with GUT scale boundary conditions[END_REF] or SuSpect for the MSSM [START_REF] Djouadi | Suspect: A fortran code for the supersymmetric and higgs particle spectrum in the mssm[END_REF]) when others are more generic and leave the possibility to implement your own supersymmetric (or non-supersymmetric) models. For our investigation, we will follow the second approach by using the Mathematica package Sarah [START_REF] Staub | Sarah 4: A tool for (not only susy) model builders[END_REF][75] [START_REF] Staub | Exploring new models in all detail withsarah[END_REF] coupled with the Fortran program SPheno [START_REF] Porod | Spheno, a program for calculating supersymmetric spectra, susy particle decays and susy particle production at e+e-colliders[END_REF].

Analytic calculus with Sarah package

The program Sarah is a package Mathematica for studying of supersymmetric (and non-supersymmetric) models. The purpose of the implemented methods in Sarah is to go beyond the MSSM by defining any specific model from the definition of the gauge-group and the particles content. Coupled with the Fortran program SPheno (see subsection 5.2.3), the Mathematica package can be seen as a "spectrum-generator generator" as we will see later.

After defining several properties of the model:

• the gauge group G and the possible global symmetries as, i.e., R-parity or Peccei-Quinn symmetry [START_REF] Peccei | Constraints imposed by cp conservation in the presence of pseudoparticles[END_REF][79],

• the fields content tφ i , χ j , A k µ u in their respective gauge group representations with their potentially non-zero v.e.vs. (xφ i y ‰ 0),

• the superpotential W pΦq invariant under the defined symmetries, the program can to calculate several useful objects for a complete spectrum generator (see Figure 5.3). After checking possible gauge anomalies and charge conservation issues, the complete form of the tree-level Lagrangian is calculated (automatically in the case of SUSY models). Note that soft-breaking terms are automatically generated from the superpotential (for each parameter from W pΦq, a soft-breaking term is automatically defined). The fields are then rotated in their mass eigenstates after introducing the nonzero v.e.vs. The ghost interactions are also derived.

After implementing the model, Sarah is able to derive the renormalisation group equations (or RGEs). The RGEs are a group of differential equations that allow to run the parameters of the models at any energy scale. Assuming a parameter ρ, the β-function of the parameter can be written as:

dρ dt " β ρ " 1 16π 2 β p1q ρ `1 p16π 2 q 2 β p2q ρ with t " ln E and β p1q ρ (β p2q 
ρ ), the one-(two-)loop contribution to the β-function. Taking for example the gauge coupling g I , the one and two-loops contributions to the β-function are [START_REF] Martin | Two-loop renormalization group equations for soft supersymmetry-breaking couplings[END_REF]:

β p1q g I " g 3 I " τ I pR I q ´3C I pg I q ‰ , β p2q g I " g 3 I " 2g 2 I τ I pR I qC I pg I q ´6g 2 I C I pg I q 2 `4 ÿ J g 2 J τ I pR J qC J pg J q ‰ ´g3 I λ ijk λ ijk C I pkq d I
with the representation of the matter fields φ I denoted as R I and λ ijk the general trilinear coupling of the superpotential. The Dynkin label τ I pR I q and the Casimir operator C I pg I q are defined as

T a pR I qT b pR I qδ ab " C I pR I q ,
Tr " T a pR I q, T b pR I q ‰ " τ I pR I qδ ab , with T a pR I q, a " 1, . . . , dimg I the generators or g I in the representation R I . Note that the parameters from the superpotential are only renormalised by the wave function due to the non-renormalisation theorem [START_REF] Grisaru | Improved Methods for Supergraphs[END_REF]. Assuming a linear term ξ i , a bilinear term µ ij and trilinear term λ ijk on the superpotential. The RGEs can then be written as

dλ ijk dt " λ ijk " 1 16π 2 γ p1qk l `1 p16π 2 q 2 γ p2qk l ‰ `pk Ø iq `pk Ø jq, dµ ij dt " λ ik " 1 16π 2 γ p1qj k `1 p16π 2 q 2 γ p2qj k ‰ `pi Ø jq , dξ i dt " ξ j " 1 16π 2 γ p1qi j `1 p16π 2 q 2 γ p2qi j ‰ ,
with γ denoted as the anomalous dimension of the fields. The renormalisation group equations (RGEs) are obtained following general expressions [START_REF] Martin | Two-loop renormalization group equations for soft supersymmetry-breaking couplings[END_REF][83] [START_REF] Fonseca | Running soft parameters in susy models with multiple gauge factors[END_REF]. It is so possible to generate the 1 and 2-loop RGEs for any model.

At this stage, all the mass matrices are calculated, as well as the tree-level masses and the tadpole equations (leading to the minimisation equations of the potential). The complete list of the vertices can also be computed, which allow Sarah to produce input files for many third party programs such as the UFO model [START_REF] Degrande | Ufo -the universal feynrules output[END_REF], CalcHep file [START_REF] Belyaev | Calchep 3.4 for collider physics within and beyond the standard model[END_REF] (allowing to use the micrOMEGAs [START_REF] Bélanger | micromegas5.0 : Freeze-in[END_REF] program for our model) or HiggsBounds input files [START_REF] Bechtle | Higgsbounds-4: improved tests of extended higgs sectors against exclusion bounds from lep, the tevatron and the lhc[END_REF]. It is also possible to calculate the 1-loop corrections to the self-energy and the tadpoles. Those calculations are done in the DR-scheme using 't-Hooft gauge. The corrections are analytically implemented in SARAH using the Passarino-Veltman integrals (see [75] for more information). In some cases, it is also possible to compute the two-loop corrections to the self-energies of real scalar. Two equivalent approaches can be used: an effective potential approach (based on the generic results [START_REF] Martin | Two-loop effective potential for a general renormalizable theory and softly broken supersymmetry[END_REF]) and a diagrammatic approach (from [START_REF] Goodsell | Two-loop higgs mass calculation from a diagrammatic approach[END_REF]). The two approaches lead to equivalent results. In our case, we will consider the diagrammatic approach since the method is described as numerically more robust. The two-loops contributions included in Sarah are shown in Figure 5.2. Those diagrams do not vanish in the gaugeless limit (massless gauge boson) and are taking in limit the p 2 " 0. Those corrections calculated, it is so possible to determine the corrected mass matrices, their corresponding eigenvalues and the minimisation equations. Taking for example a mass matrix m 2 φ of real scalar fields φ i , the two-loops corrected mass matrix is obtained from

m 2 φ p2Lq pp 2 i q " m 2 φ pT q ´RepΠ p1Lq φ pp 2 i qq ´RepΠ p2Lq φ p0qq
with m 2 φ pT q , the mass matrix at tree-level and Π φ pp 2 q the self-energy contributions. The two-loop mass states are then obtained by an iterative procedure on Detrp 2 i ´m2 φ p2Lq pp 2 i qs " 0 .

(5.4)

with the on-shell condition p 2 i " m 2 φ i .

Figure 5.2: Two-loops radiative corrections to tadpoles and self-energy real scalar Sarah package (taken from [START_REF] Staub | Exploring new models in all detail withsarah[END_REF]).

For our case, we can inplement the N2MSSM in the SARAH framework by:

• defining the gauge group as G SM " SU p3q C ˆSU p2q L ˆU p1q Y

• adding to the MSSM superfields content the two new singlet superfields Ŝp (p " 1, 2) with their non-zero v.e.vs on the scalar part xS p y ‰ 0,

• implementing the superpotential of the N2MSSM1 

W N 2M SSM " λ i Ŝi ĤU ¨Ĥ D `1 3 κ ijk Ŝi Ŝj Ŝk `1 2 µ 1 ij Ŝi Ŝj `ξF,i Ŝi `yU Q ¨Ĥ U Û ´yD Q ¨Ĥ D D ´yE L ¨Ĥ D Ê (5.5)

From Sarah to SPheno

At this stage, we have all the information to create our own spectrum generator for the N2MSSM. As mentioned previously, the package Sarah allows to generate a full spectrum generator automatically using the SPheno source code. We first need to impose the minimisation of the potential from the tadpole equations: ˘.

A BV Bh 0 U E " 0 , A BV Bh 0 D E " 0 , A BV BS 2 r E " 0 , A BV BS 1 r E " 0 . ( 5 
The various input for running the parameters at high energy must also be defined. We suppose a Gravity-Mediated Supersymmetry Breaking Mechanism with universality (for the soft scalar masses) at GUT scale M GU T . The universality is obtained by taking a canonical Kähler potential, i.e., in the form Kpφ, φ : , z, z : q " φ a φ : a `m2 p z i z :

i with φ a the fields from the matter sector and z i fields from the hidden sector (see chapter 3 and chapter 4 for more information). This will leave us with four generic inputs at the GUT scale: the universal scalar soft-breaking mass term m 0 (note that the parameters eliminated from the minimisation equations are not impacted by this parameter), the universal gaugino mass m 1{2 , the universal trilinear coupling A 0 and the parameter tan β.

We suppose a universality in trilinear couplings only in the sfermion sector (i.e., A t " A b " A τ " A 0 ) where the couplings in the Higgs and singlet sector (A λ i and A κ ijk ) are specified as input. The GUT scale M GU T is defined by matching the U Y p1q and SU L p2q couplings g 1 " g 2 . As far as the parameters from the superpotential are concerned, they are all defined at SUSY scale (defined as the geometrical mean of the two stop masses: M SU SY " ? m t1 m t2 ). We also assume a first guess on the SUSY scale defined as

`M 2 SU SY ˘guess " m 2 0 `4m 2 1{2 . (5.7)
for the first iteration with SPheno (see next section).

Numerical solutions with SPheno

SPheno is a Fortran program that numerically solves the renormalisation group equations and reconstructs the full mass spectrum. Some methods are also implemented to calculate various low energy observables. In his first version, this program was specific to the reconstruction of the MSSM spectrum. It is now possible to adapt the generic methods of SPheno for more generic models with the help of Sarah.

Running the two-loops RGEs

There exist several methods to solve differential equations numerically. The program SPheno uses a method called RK4 (for Runge-Kutta at the fourth-order). Starting from the initialisation point y 0 , the next iteration y 1 is obtained by a first approximation. This calculation allows to estimate a second approximation of y 1 , and so on until the fourth approximation (in the case of RK4). The complete numerical solution up to y n can then be obtained. The calculation of the mass spectrum is done as follow (see Figure 5.4 for a schematic representation):

1) The coupling constants g i and the Yukawa couplings are firstly computed (at treelevel) at the electroweak scale (M EW " m Z ).

2) Using the renormalisation group equations at one loop, the parameters are run to first guess the SUSY scale Eq. 5.7, where we introduce the parameters from the superpotential. The integration then continues to the GUT scale, where we introduce the universal soft breaking terms tm 0 , m 1{2 , A 0 u, tan β and the trilinear singlets couplings A κ ijk and A λ i .

3) We now run to the electroweak scale to impose the minimum of the potential by identifying the soft-mass parameters tm 2

H U , m 2 H D , m 2 S 1 , m 2 S 2 u.
All the parameters are now defined. The tree-level masses are obtained as eigenvalues of the mass matrices. 4) One-loop radiative corrections from Standard Model and supersymmetry to g i and the Yukawa couplings y i are calculated. The corrections to the coupling constant are obtained through the one-loop corrections of the Z-boson and W-boson masses m Z and m W , on α DR pm Z q and α DR S pm Z q and on the Weinberg angle sin 2 Θ DR W . The corrections to the Yukawa couplings are calculated from the loop corrections to the fermion masses (more precision on those calculations in [START_REF] Staub | Exploring new models in all detail withsarah[END_REF][91]).

5) The same running as 3) can now be performed with the two-loop RGEs following an equivalent pattern. Note that we now use the dynamic SUSY scale M SU SY " ? m t1 m t2 . The potential is minimised at the electroweak scale, and the two-loops corrected masses are computed using Sarah's two-loops self-energy diagrams.

6) The convergence of the program is evaluated through the reconstructed masses. Assuming that we are at iteration i, the variation on the masses between two iterations is calculated:

|m i ´mi´1 | m i ă δ
with δ automatically set as 10 ´4 in the program. While the inequality is not satisfied, the program restart at the step 4) and continue the loop.

During all the process, some checks are performed on the presence of negative squared masses in the scalar-pseudoscalar sector and the possible divergences of the RGEs (from Landau pole) due to the input parameters.

Figure 5.4: Algorithm implemented in the program SPheno for the spectrum and generation and the calculation of the various observables (taken from [START_REF] Porod | Spheno, a program for calculating supersymmetric spectra, susy particle decays and susy particle production at e+e-colliders[END_REF]). The notation h X corresponds to the Yukawa couplings y X . Note that the µ-parameter is present since the first of SPheno was specific for the MSSM.

Low energy observables

After reaching the precision δ on the reconstructed masses, the program SPheno calculate various observables. The decay width of all two-body decays are computed, as well as some specific three-body decays. A plethora of (lepton and quark) flavour violation observables are also obtained from the Sarah extension FlavourKit [92] [START_REF] Staub | Introduction to SARAH and related tools[END_REF]. Supersymmetric contributions to the anomalous magnetic moment of leptons a ℓ are also calculated (based on [START_REF] Ibrahim | Cpviolation and the muon anomaly inn=1supergravity[END_REF]), considering contributions from neutralinos and charginos exchange (see diagrams in We will go into details on an observable, which will be helpful in the following. From [START_REF] Barbieri | Upper bounds on supersymmetric particle masses[END_REF][96], a measurement of the fine-tuning of the elecroweak scale has been defined by:

∆ F T " max|∆ i | with ∆ i " B ln m 2 Z B ln q i " q i m 2 Z Bm 2 Z Bq i (5.8)
The variable ∆ F T is defined as the "fine-tuning of the electroweak" (or simply "finetuning") relatively to the parameters tq i u. This parameter gives an estimation of how the parameters tq i u must be fine-tuned at high energy to get a correct electroweak scale. The program Sarah allows to choose the list of parameters tq i u for the calculation of ∆ F T .

In our case, we have implemented:

tq i u " tm 0 , m 1{2 , m 2 H U , m 2 H D , m 2 S 1 , m 2 S 2 , A 0 , λ i , A λ i , κ ijk , A κ ijk , y U , tan βu (5.9)
The computation is done using the two-loop RGEs by slightly varying the parameters from 5.9. The one-loop correction to the Z-boson mass m Z is considered for this calculation. This observable will be extensively used for comparing the N2MSM with the NMSSM.

Other observables from third party programs

As mentioned previously, it is also possible to generate input files for third-party programs. This can be used to constrain the parameters space following other observables that are not directly implemented in the program. It is the case for two programs that will be useful for a future complete analysis: HiggsBounds and micrOMEGAs.

The program micrOMEGAs [START_REF] Bélanger | micromegas5.0 : Freeze-in[END_REF] is dedicated to the computation of dark matter (or DM) properties. By solving the Boltzmann equation for the N2MSSM, we can deduce the temperature of the chemical decoupling of the dark matter with the primordial plasma (or freeze-out) and the density relic of dark matter of the universe Ω DM h 2 . Since dark matter signals are also searched in the direct (and indirect) detection experiments, the direct (and indirect) cross-section of dark matter with the baryonic matter are also calculated.

The Fortran program HiggsBounds [START_REF] Bechtle | Higgsbounds-4: improved tests of extended higgs sectors against exclusion bounds from lep, the tevatron and the lhc[END_REF] checks the validity of the parameter point against the experimental measurement on the Higgs sector. Using the various output from the SPheno spectrum generator of the N2MSSM, HiggsBounds determines if the parameter point has been excluded at 95% C.l. by computing the parameter

k 0 " max k i " max Q model pX i q Q obs pX i q , `QpX i q " σpH i qBRpX i q with
X i some process of the Higgs H i and σpH i q the production cross-section of the Higgs H i . If the parameter k 0 ą 1, the parameter point is excluded at 95% C.L..

Parameters-Space scan with a Markov-Chain Monte-Carlo (MCMC) algorithm

We wave now at our disposal all the information to restrict the parameter space of the N2MSSM. For this purpose, simple methods can be used: defining a random scan in a specific zone of the parameter space or defining a grid scan where the parameters are iterated on a specific range. Those methods can, however, be not adapted for our spectrum generator. The parameter space of the N2MSSM is a high-dimensional space (17 parameters for our case, see Table 5.1). A complete grid scan needs then a high computing time. Moreover, a considerable part of the parameter space leads to unphysical results such as divergences of the renormalisation group equations or negative scalar squared masses. Random scans can then be not efficient. Another solution is to develop an algorithm that efficiently scans the parameter space regarding the issues mentioned in the previous paragraph. This algorithm is called Markov-Chain Monte-Carlo algorithm (or MCMC). It helps to explore zones of the parameter space, which lead to phenomenologically acceptable parameter points (correct SM-Higgs mass and sfermions masses in accordance with the actual limits).

Markov-Chain Monte-Carlo (MCMC) algorithm

Markov-chain are stochastic processes with the Markov property, i.e., the probability of obtaining a specific future state is only determined by the present state and not by all the past states. Those processes can be combined with Monte-Carlo methods based on randomness. The MCMC algorithm is described as follow:

1) we start the implementation by defining a first point corresponding to a list of all the input parameters tq i u. This point is called the centre point tq i u CEN T RE . The mass spectrum, as well as the other observables mentioned in 5.2, are calculated with the parameters tq i u.

2) At this stage, we introduce a new function called the penalty function X CEN T RE P r1, 8r, which embeds the point tq i u CEN T RE 's phenomenological properties. This function is defined so that a high value of X CEN T RE corresponds to a nonphenomenologically acceptable point (the exact definition of X for our study is given in 5.3.2).The algorithm's goal is then to minimise this function to efficiently explore the parameter space.

3) The next point is obtained from a stochastic draw:

p iN EXT " p iCEN T RE `1 `σi N p0, 1, xq ˘(5.10)
with N p0, 1, xq a symmetric normalised and centred gaussian and σ i an input parameter for each parameter p i . The value of x is drawn randomly. A high value of σ i allows a big variation on the parameter p i for the next iteration.

4) After generating all the spectrum for the new point tp i u N EXT , the penalty function associated with this point can be computed X N EXT . The two points tp i u N EXT and tp i u CEN T RE can now be compared with the help of the two penalty functions. For this purpose, the probability ppX N EXT , X CEN T RE , σ X q (see Figure 5.6) to define the next point as the new centre point tp i u CEN T RE " tp i u N EXT is obtained from

ppX N EXT , X CEN T RE , σ X q " 1 2 ˆ1 `erf ˆ?2 X CEN T RE ´XNEXT σ X min pX CEN T RE , X N EXT q ˙˙(5.11)
with erf pxq the error function. If ppX N EXT , X CEN T RE , σ X q ă f pxq (with f pxq P r0, 1s a uniform probability distribution), we set tp i u CEN T RE " tp i u N EXT . This case occurs when typically X N EXT ă X CEN T RE , i.e., the point tp i u N EXT is a better phenomenological solution than tp i u CEN T RE . If it is not the case, the centre point remains the same. The algorithm continues by restarting to the step 3) with the tp i u CEN T RE defined from the stochastic test.

After several iterations, the penalty function must decrease and converge to the interesting parameter space zone. Note that the parameter σ X in the function Eq. 5.11 modifies the function's slope where tX u N EXT « tX u CEN T RE . This parameter must be chosen before the computation. 

Penalty function X for the MCMC

All the phenomenological validity of the points tp i u has been embedded in the penalty function X . We will go into the details on the numerical definition of this function. First, we need to define two different types of points in the parameter space: the points that lead to numerical (from Landau pole or problems with matrix diagonalisation) or theoretical (negative squared mass in the spectrum of scalar particles) issues and the points that do not satisfy the actual phenomenological constraints. We define X as follow:

Constraints on the theoretical and numerical validity of tp i u • X " 10 80 if divergences on the numerical integration of the RGEs or NaN appear during the calculation.

• X " 10 70 if problems appear on the radiative corrections at the electroweak scale (see step 4 in 5.2.3). The penalty function is set at the same value if problems in the computation and diagonalisation of the mass matrices arise.

• X " p| mintm 2 φ i u| `1.0q ˆ10 60 (with m 2 φ i the squared masses of the scalar field i) if negative squared masses are present on the scalar sector during the calculation.

If the point passes all those restrictions, SPheno produces the N2MSSM spectrum. We can now choose the observables that must fit the experimental measurements (or limits). Obviously, the produce spectrum must satisfy all the actual constraints to be defined as a valid point.Nevertheless, not all the given constraints will be applied for this preliminary analysis due to the time computation. For the experimental constraints, we have the following definitions.

Constraints on the phenomenological validity of tp i u

• We firstly want to reproduce an appropriate SM-like Higgs boson mass. Assuming an experimental measurement of m exp h " 125 GeV and an uncertainty ∆m h , we define

X " # max ˜0, m SP heno h ´`m exp h `∆m h mexp h `∆m h min ˜0, m SP heno h ´`m exp h ´∆m h mexp h ´∆m h ¸+ ˆ10 50 .
The actual experiment uncertainty is ∆m exp h " 0.17 GeV [START_REF] Zyla | Review of Particle Physics[END_REF] while the usual theoretical uncertainty is assumed to be ∆m theo h " 3 GeV (this value has been obtained by comparing spectrum from various programs, see [START_REF] Allanach | Precise determination of the neutral higgs boson masses in the mssm[END_REF]). However, for this preliminary analysis, we will assume (in general) an uncertainty of ∆m h " 7 GeV due to a problem of time computation. A future (more complete) analysis will be extended with ∆m h " 3 GeV.

• We assume a squark sector higher than the TeV scale [START_REF] Zyla | Review of Particle Physics[END_REF]. We have X " max ´pm 2 q q limit ´mintm 2 qi u, 0 ¯ˆ10 40 (5.12) with pm 2 q q limit " 1 TeV. • We have also implemented a constraint on the gluino mass M 3 :

X " max ´M limit 3 ´M SP heno 3
, 0 ¯ˆ10 30 (5.13) with M limit 3 " 1.6 TeV.

• The output from the program HiggsBounds can also be used as input for the algorithm. In the Subsection 5.2.4, we have mentioned the parameter k 0 which determined the validity of the point regarding the actual limit on the Higgs measurements. We define:

X " max ´k0 ´1, 0 ¯ˆ10 20 .

• In the same manner, using the output of micrOMEGAs, we can force a correct relic density of dark matter:

X " # max ˜0, Ω DM ´`Ω exp DM `∆Ω DM Ωexp DM `∆Ω DM min ˜0, Ω SP heno DM ´`Ω exp DM ´∆Ω DM Ωexp DM ´∆Ω DM ¸+ ˆ10 10 .
(5.14)

It is also possible to only consider the upper bound of the experimental measurement, assuming that other sources to Ω DM h 2 occur. We can also consider in the same manner the measurements on σ direct and σ indirect from the various experiments.

A last observable is added to the definition of the penalty function. We have already defined the calculation of the fine-tuning of the electroweak scale ∆ F T in Subsection 5.2.3. When all the above constraints are satisfied, we define the penalty function as

X " ∆ F T .
From this definition, the fine-tuning ∆ F T is naturally minimised. After several iterations, the algorithm must then find the minimum of the penalty function (and so the fine-tuning ∆ F T ). A convergence test is performed to check if we are at the minimum

|X CEN T RE ´XNEXT | X CEN T RE ă ∆ X (5.15)
with ∆ X the demand precision as input. The maximum number of iterations is also defined to converge to the minimum.

Scan for N2MSSM and NMSSM

We now have all the tools to study the N2MSSM. This section focuses on one of the three aspects mentioned before: the differences between the NMSSM and the N2MSSM. Indeed, the second singlet S 2 leads to new contributions that could help resolve some tension in the NMSSM. This analysis can be done in various directions. The following analysis only considers two points:

• the reduction of the fine-tuning of the electroweak scale in the N2MSSM;

• reducing the tension on the reconstruction of a phenomenological acceptable Higgs boson.

Another important analysis could also be done on the dark matter properties (relic density Ω DM h 2 and direct (indirect) detection rates σ direct (σ indirect )). This study is not included in this manuscript (mainly due to time processing).

Spectrum generator for the NMSSM

Since the NMSSM is a well-known model, a plethora of programs already exists for the complete calculation of the NMSSM spectrum (NMSSMTools to only cite on). In order to avoid possible differences between the two programs, an equivalent spectrum generator for the NMSSM is obtained with the program Sarah.

• m min 1{2 " 750 GeV, m max 1{2 " 1250 GeV and N m 1{2 " 10. Those parameters set a 10 ˆ10 grid on the pm 0 , m 1{2 q-plane. While m 0 and m 1{2 are fixed for all the iterations, the other parameters run according to the MCMC algorithm. The allowed variations σ i on the parameters tp i u are set to be 0.1 (see Eq. 5.10). The maximum number of iterations is set at N pts " 1000 for each cell defined by the grid-scan. The iterations end if the penalty function (i.e., the fine-tuning of the electroweak scale ∆ F T ) converges at a minimum defined by Eq. 5.15 with ∆ X " 10 ´2.

Concerning the penalty function (see Subsection 5.3.2), the allowed uncertainty on the Higgs mass is set to be ∆m h " 7 GeV, which compromises a short computing time and a relevant mass reconstruction. In order to check the validity of the algorithm regarding the theoretical uncertainty of ∆m h " 3 GeV, some convergence tests are performed in 5.4.3. We also suppose a possible deviation of the penalty function of σ X " 0.01, meaning that a point with a lower penalty function will be generally defined as the centre point (see Figure 5.6). For our analysis, we do not consider constraints on dark matter properties (from micrOMEGAs) and Higgs measurements (with HiggsBounds).

In order to optimize the computation of the grid-scan, the calculation is done as follow:

• Starting at a high value of m 0 and m 1{2 (i.e., for the mentioned inputs, m 0 " 950 GeV and m 1{2 " 1225 GeV), the iterations are done for the first cells. When the convergence occurs, we go to the next cells by changing the value of m 0 , leaving m 1{2 unchanged (m 0 " 850 GeV and m 1{2 " 1225 GeV for our case). The parameters which have minimised the penalty function are used as input parameters for the next cells. Cell after cell, all the points with m 1{2 are then generated.

• Fixing now the values of m 0 , all the cells are computed by taking as input the parameters of the previous cells.

Convergence of the MCMC

Before introducing the full grid scan, we would like to check the convergence of the MCMC calculation. As mentioned previously, the full scan can be very time consuming depending on the required precision. Many factors that can affect the computation time such as:

• the choice of the first point tp i u BEGIN (since starting with a point with Landau pole or tachyonic states need in general more iterations to converge compared to points which already generate a consistent spectrum);

• the admitted variation on the parameters σ i (from Eq. 5.10);

• the allowed deviation on the penalty function σ X and the precision of convergence ∆ X ;

• the constraints implemented on the penalty function (∆m h , M limit 3 or m limit q

).

The preliminary study in this manuscript supposes an uncertainty on the Higgs boson mass of ∆m h " 7 GeV with a precision on the convergence of X CEN of ∆ X " 10 ´2. Those inputs do not permit a high precision on the phenomenological validity of the various points. It can then be essential to test the convergence of the program, assuming more realistic input parameters. Then we test the program assuming ∆m h " 3 GeV with ∆ X " 10 ´3.

The evolution of the penalty function for three different points in the N2MSSM is given in Figures 5.7, 5.8 and 5.9, following the new input parameters. We first notice four plateaus in the evolution of log X CEN . Those levels represent various regions in the penalty function definition. The first iterations correspond to log X CEN « 60 , meaning negative squared scalar masses are present in the spectrum. After some iterations, the tachyonic states disappear while the second lightest Higgs is pushed to m exp h ˘∆m h (i.e., a penalty function of log X CEN « 50). In the evolution Figure 5.9, we also see the region where mintm 2 q u ă p1 T eV q 2 . The two other points (5.7 and 5.8) seems to directly converge in the last region where the fine-tuning ∆ F T is minimised. This can be explained by the high value of the m 0 input (950 GeV and 550 GeV to be compared with 250 GeV) (the effects from the running of the RGEs and the loop corrections must be important to pass the constraints Eq. 5.12). Two observations are in order. It can be seen in Figures 5.7 and 5.8 that the penalty function log X CEN does not just decrease after each iteration. Indeed, the penalty function can increase too. This is a specific signature of the MCMC algorithm since the probability of defining the new point as the central (even if X N EXT ą X CEN ) is never zero. This property helps to go over walls with high X values. The second point is that the convergence time can vary to five between the different points (2500 iterations for 5.9 and 12500 for 5.8). The point with the lowest m 0 -value (see Figure 5.9) take the most iterations to reconstruct a coherent spectrum.

Following those checks, we see that assuming more constraining (and more realistic) input parameters lead to a convergence of the program after more than 1000 iterations. It is then clear that assuming a limit number of iterations of N pts " 1000 do not permit a good convergence in all cells. We will assume ∆m h " 7 GeV and ∆ X " 10 ´2 in the following preliminary study. Figure 5.8: Convergence of the penalty function X CEN in the N2MSSM with ∆m h " 3 GeV, ∆ X " 10 ´3 and σ X " 10 ´2 for the point m 0 " 550 GeV and m 1{2 " 975 GeV. The second evolution corresponds to the zoomed-in red rectangle. Figure 5.9: Convergence of the penalty function X CEN in the N2MSSM with ∆m h " 3 GeV, ∆ X " 10 ´3 and σ X " 10 ´2 for the point m 0 " 250 GeV and m 1{2 " 825 GeV. The second evolution corresponds to the zoomed-in red rectangle.

Reproductiblity of the results

We add some remarks on the reproducibility of the results. Since the MCMC algorithm is based on stochastic processes, the results follow a probability distribution. The choice of the parameter ∆ X defines the precision of the convergence to the real minimum of the penalty function. Choosing ∆ X " 10 ´2 may lead to a non-negligible variation of the final penalty function X . For this purpose, we can produce several scans in order to obtain distributions of ∆ F T in the NMSSM and in the N2MSSM. To deals with the computation time, we generated hundred times the minimised fine-tuning for four different cells in the pm 0 , m 1{2 q-plane: p950 GeV, 1225 GeVq, p950 GeV, 775 GeVq, p550 GeV, 1225 GeVq and p550 GeV, 775 GeVq. Some of the distributions are shown in Figure 5.11 (for the NMSSM) and Figure 5.10 (for the N2MSSM).

We note that some distributions are antisymmetric, since a tail appears for high values of ∆ F T (the other distributions, not presented here, also have the same structure). This is a signature of the convergence of the penalty function in a local minimum. Obviously, choosing a smaller ∆ X value may lead to a smaller standard deviation σ and possibly suppress the tail in the distributions. To model those distributions, we can assume two different functions:

• a Crystal Ball function (denoted as f CB ):

f CB px, α, x, σ, nq " $ & % e ´px´xq 2 2σ 2 x´x σ ą ´α n n e ´|α| 2 2 ´1 |α| ¯n ´´|α| `n |α| `x´x σ ¯´n x´x σ ď ´α , (5.16) 
• a gaussian with exponential distribution (denoted as f ET ):

f ET px, k, x, σq " $ & % e ´px´xq 2 2σ 2 x´x σ ě ´k e k 2 2
`kpx´xq σ x´x σ ă ´k .

(5.17)

The fits are superimposed on the distributions (see Figure 5.11 and Figure 5.10). From those fits, we extract the parameters and compute a χ 2 test (see Table 5.2 for the results). The results of the various fits are shown in Table Table 5 .

We note that some χ 2 {ndf -values can be relatively high. This effect is due to extremum values in the distributions of ∆ N 2M SSM F T (for example, the first bin in Figure 5.10 with m 1{2 " 775 GeV). In order to obtain reasonable values, we also compute a corrected χ 2 {ndf by not taking into account problematic bins. This issue may not be present considering more statistics.

Presentation of the main scans

We keep on with the main scan of the N2MSSM and NMSSM. By assuming the input parameters as in 5.4.2, we generate a 10 ˆ10 grid scan in the pm 0 , m 1{2 q-plane which minimise the fine-tuning of the Z-boson mass ∆ F T . The results for the N2MSSM are shown in Figure 5.12 whilst the grid of the NMSSM can be found in Figure 5.13.

Several remarks are relevant. Firstly, most of the cells in the m 0 " 50 GeV line for the NMSSM grid scan have not converged (which is not the case for the N2MSSM). The penalty function for those cells have reached a plateau of log X CEN « 50 without going any further, i.e., the Higgs boson mass has not been properly reconstructed. The only two cells that have converged (m 1{2 " 925 GeV and m 1{2 " 975 GeV) have minimised their penalty functions with a more higher fine-tuning than the neighbour cells. The minimisation of the penalty function could have been done in a local minimum and not in a global minimum. We will then not take into account the m 0 " 50 GeV line in the following study. Figure 5.12: 10ˆ10 grid scan in the pm 0 , m 1{2 q-plane for the N2MSSM. After reconstructing a valuable squark sector, gluino and (SM) Higgs boson mass, the fine-tuning ∆ F T is minimised. The inputs parameters are defined in 5.4.2. Figure 5.13: 10ˆ10 grid scan in the pm 0 , m 1{2 q-plane for the NMSSM. After reconstructing a valuable squark sector, gluino and (SM) Higgs boson mass, the fine-tuning ∆ F T is minimised. The inputs parameters are defined in 5.4.2.

Secondly, we can see in the scans of the two models that the value of the fine-tuning ∆ F T is sensitive to the value of the universal soft-breaking mass gaugino term m 1{2 , whilst the value of m 0 seems not to impact ∆ F T . These effects can be explained by the definition of the fine-tuning ∆ F T (sse Eq. 5.8) and the RGEs structures. Indeed, the fine-tuning ∆ F T is defined as the maximum value of all the fine-tuning of the Z-boson mass t∆ i u in relation to the parameter p i . It turns out that the maximum value for all the scans corresponds to the fine-tuning according to the soft-gaugino mass ∆ m 1{2 , i.e., ∆ F T " ∆ m 1{2 . The high sensibility of the gluino soft mass M 3 in the running of the soft-scalar masses is directly related to the Z-boson mass through radiative corrections.

To compare the results from the two models, we have to reconstruct the difference of the fine-tuning Figure 5.14). We can remark that the inequality

∆ N M SSM F T ´∆N2MSSM F T (see
∆ N M SSM F T ą ∆ N 2M SSM F T
stands for all the grid scan. It is, however, not obvious to directly conclude to the reduction of the fine-tuning in the case of the N2MSSM. Indeed, the MCMC algorithm being based on stochastic processes and the convergence being only defined numerically, several iterations on the same cell could lead to some differences on the final spectrum, and so on the final fine-tuning (as already seen in Subsection 5.4.4). We must then check if those differences on the fine-tuning are statistically signicative. for the cells p950 GeV, 1225 GeVq and p950 GeV, 775 GeVq. The histogram corresponds to the data where the red and blue lines are fits with a Crystal Ball and an Exponential Tail distribution, respectively. A χ 2 -test is performed for each fit (results of the fits are set in Table 5.3). Following those results, the two functions correctly represent the data, with the exponential tail f ET which seems to better represent the distributions for all cells. 5.3: Results for the different fits with the functions Eq. 5.16 and Eq. 5.17.

Reduction of the fine-tuning ∆ F T in the N2MSSM

After getting the standard deviations for the four cells, we can generate a complete grid of σ-value on the pm 0 , m 1{2 q-plane by assuming a linear regression between those cells. Checking the standard deviation

X σ " `∆NMSSM F T ´∆N2MSSM F T σN´N2 F T (where σ N ´N 2 F T
is the value of standard deviation after the linear regressions) gives an estimation of the p-value associated with the hypothesis:

The values of ∆ N M SSM F T and ∆ N 2M SSM F T
are not statistically compatible.

The grid of X σ in the pm 0 , m 1{2 q-plane assuming a Crystall Ball fit f CB and an exponential tail fit f ET can be found in 5.17 and 5.16.

As well as the grid scan of the NMSSM and the N2MSSM, the value of m 0 does not interfere with the value of X σ . While the m 0 ą 1000 GeV plane allows a standard deviation higher than 3σ, the other part of the plane corresponds to a standard deviation lower than 3σ. Some cells at high values of the soft-scalar masses barely exceed the 5σ limit. Depending on the threshold we assume for the calculated p-value, the results are then statistically significant for high value of m 0 only. If we suppose a 5σ result, only few cells agree with the previously mentioned hypothesis.

Those results do not permit to conclude the reduction of the fine-tuning of the Z-boson mass in the N2MSSM. Nevertheless, the 3σ deviation in parts of the scan shows that a more precise analysis is needed to get a statistically significant deviation (higher than 5σ) between the N2MSSM and the NMSSM. Allowing more computation time with a more strict convergence parameter (∆ X ă 10 ´3) could be a possible solution to this issue. Figure 5.17: X σ -grid with an Exponential tail f CB fit.

Release of constraints on parameters in the N2MSSM

In the previous section, we have discussed the reduction of the fine-tuning of the electroweak scale in the N2MSSM. A grid-scan in the pm 0 , m 1{2 q-plane has been made, assuming some phenomenological constraints. This section analyse the variety of spectrums obtained through the MCMC algorithm.

Let us first consider the reconstruction of the SM Higgs boson mass. The parameters which are the most important for the eigenvalues of the scalar Higgs masses are tan β and λ i . We will then focus on the evolution of the second lightest Higgs mass regarding those parameters. The mass of the second lightest Higgs mass as function of the λ-parameter (for the NMSSM) and a λ 2 1 `λ2 2 (for the N2MSSM) are shown in Figure 5.18. We note that the reconstructed Higgs masses for the NMSSM remain close to the upper limit value whilst points of the N2MSSM can be found in the acceptable Higgs mass range. Even though the Higgs boson mass has been restricted to 125 ˘7 GeV, we can already find spectrums with a Higgs boson mass m h2 « 125 GeV. Moreover, the value of the λ-parameter of the NMSSM stay in a small range 0.1 ă λ ă 0.2 where the effective parameter for the N2MSSM take a larger range of values (0.1 ă a λ 2 1 `λ2 2 ă 0.35). Note that those results do not mean that a Higgs boson mass near 125 GeV in the NMSSM is impossible since it has already been shown that such spectrum can be generated (see for example [START_REF] Ellwanger | Upper bounds on asymmetric dark matter self annihilation cross sections[END_REF]). A more precise analysis (by imposing ∆m h " 3 GeV) will allow to properly compare the two models with phenomenologically acceptable Higgs boson mass. The distribution of λ 1 and λ 2 for the N2MSSM is also given in Figure 5.19 (the values have been symmetrised in the pλ 1 , λ 2 q-plane). Most values have been spread in the range r0.1, 0.2s with top values for λ i « 0.3. The deviation parameters σ λi (presented in Table 5.1) could be enlarged in order to allow a higher λ i -parameters value (with λ i " 0.7 which is one of the configurations presented in 5.1.

2).

A small remark on gluino mass M 3 can also be made. The evolution of the universal gaugino mass m 1{2 as function of the reconstructed gluino mass M 3 for the NMSSM and the N2MSSM is given in Figure 5.20. The evolution is linear which directly comes from the structure of the RGEs of the gluino mass. We note that the results are equivalent for the two models, which is coherent since the new superfields are singlets under the gauge group of the Standard Model. Considering the constraint imposed on the gluino mass in the penalty function (Eq. 5.13), we can then directly constrain the universal gaugino mass term. Indeed, assuming a gluino mass M 3 ą 1.6 TeV gives an upper bound of m 1{2 ą 700 GeV4 . During the minimisation of the penalty function, we have also imposed an upper bound of the squark masses of 1 TeV. In order to check the new effects of the N2MSSM, the lightest squark mass as function of m 0 can be found in Figure 5.21. We can note that even though the singlets can act on the squark sector (through the Higgs sector), it seems to not highly affect the calculated masses. The loops corrections to the squark mass matrices are also very similar in the NMSSM and the N2MSSM (between 40 and 50 GeV).

spectrum with some low-energy observables. One of the issues from the presented scans is the computing time. Scanning high-dimensional space parameters (for the NMSSM and the N2MSSM) is a complex process and the MCMC algorithm helps to find a phenomenologically acceptable zone of the parameters-space. A choice must be made between assuming strong constraints and demanding a short computing time. The strategy used for this preliminary study is the second approach by assuming a high uncertainty on the Higgs boson mass of ∆m h " ˘7 GeV (where the theoretical constraint is ∆m h " ˘3 GeV) and a convergence parameter of the penalty function of ∆ X " 10 ´2. We have seen from our study that a convergence of the algorithm assuming ∆m h " ˘3 GeV and ∆ X " 10 ´3 is possible (as illustrated in 5.4.3) but requires more iterations. A possible solution to those issues is grid computing. Some preliminary tests on grid have already been done but have been interrupted due to access issues (and COVID-19 crisis).

The reduction of the fine-tuning between the N2MSSM and the NMSSM is not statistically significant. However, it shows some cells with a deviation higher than 3σ, meaning that assuming a more constrained scan with more statistics could result in more interesting results (X σ ą 5) with high m 1{2 values.

We have also shown several observables calculated by SPheno or other third party programs. The implementation of the outputs from MicrOmegas and HiggsBounds in the penalty function has been explained in Subsection 5.3.2. The constraints on the dark matter and Higgs properties have, however, not been taken into account for this study. A more precise analysis will use those programs to restrict the parameters space. The implementation of the a µ measurement in the program can also be done.

Finally, we have mentioned in Subsection 5.1.2 several mechanisms in the N2MSSM for constructing a Higgs boson mass near 125 GeV. A full study of the various scenarios could be interesting in order to fully highlight the new contributions coming from the second singlet S 2 .

CHAPTER 6

Long Lived Stop in a simplified MSSM-like SUSY model

To this day, the particle physics experiments continue to hunt some deviations of the Standard Model, which could be identified as signatures of new physics such as supersymmetry and supergravity1 . The first searches of supersymmetry at the LHC were based on several signatures, such as the calculation of invariant masses or the search of excess of M ET (Missing Transverse Energy) (based on the presence of LSP neutralinos which generate large M ET events):

M ET " ´ÿ p T visible (6.1) 
(with the transverse momentum p T of the visible particles in the detector). Some other sophisticated transverse observables have also been used, such as α T , M T 2 or M T 2W (respectively introduced in [START_REF] Randall | Dijet searches for supersymmetry at the large hadron collider[END_REF], [START_REF] Lester | Measuring masses of semi-invisibly decaying particle pairs produced at hadron colliders[END_REF] and [START_REF] Bai | Stop the top background of the stop search[END_REF]). Those new models bring additional signals that could be identified through the Standard Model background (events from the Standard Model with an equivalent final state to the searched one). Possible signatures coming from those models are particles with a long lifetime and, therefore, long flight distance.

Those types of particles are called long-lived particles and can be interesting to study since long-lived particles from the Standard Model have relatively low-masses and are well-known (see Figure 6.1).The non-detection of new signals steered the experimentalists to hunt more exotic topologies like long-lived particles. 

Long-lived particles

For this analysis, we define the long-lived particles as follow:

their lifetimes allow them to decay in a 4D volume defined by the tracker volume (between 4 cm and 100 cm) and the collision period (a collision every 25 ns).

They can be charged and coloured. In the case where the particles are not electrically charged and not coloured, it can be challenging to reconstruct the tracks of the particles. Depending on the nature (and the possible decays) of the long-lived particle, the experimental signature can be completely different (see Figure 6.2). For example, a heavy-stable charged particle (or HSCP) can cross the entire tracker of the detector and create energy deposits in the electromagnetic calorimeter. In contrast, a long-lived neutral particle that decays in the tracker will generate displaced vertices. Note also that long-lived particles are not a specific signature of supersymmetry. There exist several models (which do not include supersymmetry) that generate long-lived scenarios such as hidden valley [START_REF] Strassler | Echoes of a hidden valley at hadron colliders[END_REF] or Heavy neutrinos models [START_REF] Drewes | Theoretical status of neutrino physics[END_REF].

There exist several strategies in BSM (Beyond the Standard Model ) analysis. The two main methods are:

• a top-down approach, i.e., analysing the phenomenological properties of a specific model (e.g. the N2MSSM)

• a bottom-up approach, i.e., constructing a simplified model leading to specific experimental signatures (e.g. displaced-top), which can lead to constraints on existing models (like supersymmetric models, GUT theory, composite models or extradimension models). For this manuscript, we follow a bottom-up-like approach and focus on a displacedtop signature associated with a production of an LSP as a source of MET in the CMS and ATLAS detector. Displaced-tops correspond to top quarks, which decay after the detector's first slices. This analysis was done in collaboration with Strasbourg's CMS Team, specialising in top quark physics at the LHC. The possibility of such a signal in the context of the MSSM (see Subsection 3.7.1) will be studied using two different processes:

• the decay ti Ñ χ 0 1 t in the context of Gravity Mediated Supersymmetry Breaking with an NLSP (Next-Lightest Supersymmetric Particle) stop and an LSP neutralino,

• the decay ti Ñ ψ µ t using Gauge Mediated Supersymmetry Breaking (GMSB) mechanism [START_REF] Dine | A phenomenological model of particle physics based on supersymmetry[END_REF] with an NLSP stop and an LSP gravitino (the same signal in the context of RPV-MSSM and Split-SUSY was also considered, see [START_REF] Andrea | Searches for displaced top-quarks using reconstructed charged particles at the lhc at 14 TeV[END_REF]). The last process is the main study. Results of this analysis will be given by defining benchmarks allowing long-lived stop t. Some words for further studies will also be given.

We reintroduce the velocity of light c, the Planck mass m p and the reduced Planck constant in the relations during this chapter.

Topology of the searched signal

Long-lived particles already exist in the Standard Model. However, plenty of such processes emerges from BSM models (Beyond the Standard Model ). The main mechanisms in order to obtain a long-lived particle in supersymmetric models are:

• a low coupling coming from a Planck suppressed couplings,

• a heavy mediator in the process leading to highly off-shell decay with models like Split-SUSY [54] [START_REF] Arkani-Hamed | Aspects of split supersymmetry[END_REF] (soft-breaking mass terms are taking to high-energy, decoupling the sfermions to the other sectors, see Subsection 4.2.3).

• a small phase-space region coming from a quasi-symmetry (for example, the isospin symmetry between proton and neutron leading to the small decay width of the neutron or the R-parity violation in supersymmetric models [START_REF] Barbier | R-parity-violating supersymmetry[END_REF]).

In the framework of the LHC experiments, the long-lived particles can travel the collision area and decay after the first part of the detector. The particle coming from the decay is then defined as non-prompt. During this analysis, a configuration is searched, such as the particle decay in the tracker volume (see Figure 6.3) corresponding to a flight distance between 4 cm and 1 m. The particles coming from the decay are then reconstructed from the various part of the detectors2 . The expected amount of background events is low. Nonetheless, the reconstruction efficiency is also weak since the detector has not been specifically designed for such signals.

The tracker part of the CMS and ATLAS detectors combined with the various calorimeters enables to reconstruct the tracks and the nature of charged and neutral particles (except for invisible particles such as neutrinos). The two processes studied in this section correspond to the same topology in an experimental context. The neutralino and the gravitino are the LSP in their respective models and are so M ET (or Missing Transverse Energy) sources for the analysis of collisions. The top quarks will mainly decay as t Ñ W `b, which generate jets coming from the hadronisation of the b-quark identified through b-tagging algorithms (algorithms that allows the identification of jets coming from the hadronisation of b quark). Moreover, the W-boson can decay in a leptonic (W `Ñ l `νl ) or fully hadronic channel. Those decays will be studied in the context of the MSSM with Gravity Mediated Supersymmetry Breaking and Gauge Mediated Supersymmetry Breaking.

Definition of the simplified models

Models of supersymmetry are defined through a lot of free parameters. Phenomenological analysis of such models is then complex to compute since it corresponds to an analysis Figure 6.3: Slice of the CMS detector at the LHC [START_REF] Barney | Slice showing cms sub-detectors and how particles interact with them[END_REF]. The silicon tracker with the magnetic field of 3.8 T generated by the supraconducting solenoid allows the reconstruction of charged particles' trajectory. The energy of electrons and photons are measured by the electromagnetic calorimeter, whilst the hadronic calorimeter measures the energy of the hadrons. The muon chamber is the last part of the detector. The trajectories of various particles in the detector are shown. The structure of the ATLAS detector is quite similar. of a high-dimensional parameters space. It can be then useful to build simplified models that are easy to study and constrain, and also to reinterpret the results in the framework of more complete but sophisticated models.

For this analysis, we construct a simplified supersymmetric model based on the MSSM. Since we only consider top quarks, the superpotential that we consider is:

W " Q ¨Ĥ U Y U Û . (6.2) 
However, this analysis will consider two different supersymmetry breaking mechanisms: the Gravity Mediated Supersymmetry Breaking mechanism widely presented in this manuscript and the Gauge Mediated Supersymmetry Breaking mechanism briefly presented in Subsection 3.6.1.

' MSSM with Gravity mediated model:

We consider for this model an NLSP stop decaying into the lightest neutralino and a top quark ( ti Ñ χ0 1 t). We impose that the lightest neutralino is the LSP. The neutralino χ0

1 is a mixing state of Bino B, Wino W 3 and Higgsinos H0 U , H0 D . For this analysis, we will consider a simplified model where the lightest neutralino χ0 1 corresponds to a pure state. Supposing no mixing between tL and tR , we end up with several cases considering the different natures of the neutralino and the stop:

tL Ñ t B , tR Ñ t H0 U , tL Ñ t W 3 , tR Ñ t B , tL Ñ t H0
U . The supersymmetry breaking mechanism used for this model is the gravity mediated. In this framework, the gravitino mass is (we reintroduce the Planck mass, contrary to what was done in Chapter 3):

m 3{2 " M e K {p2mpq , where M ! m p (which is usually at the TeV scale) and will not interfere in this analysis.

We then have four free parameters for this analysis: the type of squark and neutralino, the squark mass m ti and the mass of the lightest neutralino m χ 0 1 .

' MSSM with Gauge mediated model:

We also consider the same supersymmetric model with Gauge Mediated Supersymmetry Breaking. A couple of messenger superfields S " pS, χ S , F S q and S : " pS : , χS , F : S q in nontrivial complex conjugate representations of the considered gauge group (SU p5q in the simplest model) are added to the superpotential Eq. 6.2 and coupled to the gauge-singlet superfield Z " pζ, χ ζ , F ζ q from the hidden sector:

W mess " λS SZ .
Supposing that the gauge-singlet superfield gets a non-zero v.e.v :

Z " ζ ´θ ¨θ F ζ ,
soft supersymmetry breaking terms are produced from loop corrections. Gauginos mass terms are generated at the one-loop level (see Figure 6.4 with λ " t B, W µ , ga u):

V gaug. SOF T " 1 2 `m B B ¨B `mg ga ¨g a `m W W µ ¨W µ `h.c.
where scalar masses are only present at two-loop (see for example Figure 6.4). Taking the MSSM in the context of supergravity, the gravitino mass is:

m 3{2 " M 2 SU SY m p .
A SUSY scale M SU SY of 1 TeV generates then a gravitino mass of 1 ˆ10 ´13 GeV. Therefore, the gravitino is the LSP. We then consider a (NLSP) stop squark decaying into a gravitino and a top quark ( ti Ñ tψ µ ).

In this model, we have 2 independent free parameters: the squark stop mass m t and the gravitino mass m 3{2 . We will see later that the mixing angle θ between tL and tR do not much modify the final results.

Stop production at LHC with

? s " 14 TeV

Cross section of stop pair production

The Run 3 of LHC, which will start in 2022, will be able to produce proton-proton collisions with a center-energy mass of ? s " 14 TeV. Due to the partonic environment, the significant contribution to the cross-section σppp Ñ t1 t1 q comes from two processes: quark-antiquark annihilation Figure 6.5 and gluon-gluon fusion Figure 6.6. Other supersymmetric processes which could contribute to the cross section are neglected. Since the two models presented previously are based on the same supersymmetric model, the production cross-section are similar. Moreover, the only free parameter which leads to the stop pair production is the stop mass m t1 .

The evolution of σppp Ñ tt q (with t can be tL or tR ) with m t1 can be obtained using various programs. The UFO model (for Universal FeynRules Output) [START_REF] Degrande | Ufo -the universal feynrules output[END_REF] containing all Feynman rules is made using the FeynRules package (version 2.3) [START_REF] Alloul | Feynrules 2.0 -a complete toolbox for tree-level phenomenology[END_REF] of Mathematica 3 . The hard process pp Ñ t1 t1 and the cross-section calculation are performed using the Monte-Carlo generator MadGraph_aMC@NLO [START_REF] Alwall | The automated computation of tree-level and next-to-leading order differential cross sections, and their matching to parton shower simulations[END_REF] at LO (Leading Order ) QCD (see Figure 6.7). Note, however, that high order calculations are already available [START_REF] Beenakker | Stop production at hadron colliders[END_REF] [START_REF] Broggio | Nnll momentum-space resummation for stop-pair production at the lhc[END_REF] (with a K-factor K N LO`N N LL " σ N LO`N N LL {σ LO « 1.30). We recall that the cross section of a process pp Ñ X can be calculated (using the factorisation theorem) as:

σppp Ñ Xq " ÿ a,bPprotons ż 1 0 dx a ż 1 0 dx b f a{p px a , µ 2 F qf b{p px b , µ 2 F qσpab Ñ X, ŝ, µ 2 R , µ 2 F q (6.3)
with the "Feynman x" x " p L ppartonsq p L phadronsq (with p L the longitudinal momentum), the factorisation scale µ F , the renormalisation scale µ R , ŝ " x a x b s and f the parton density function (PDF). The following generation is obtained by assuming µ R " µ F and with the PDF (Parton Density Function) NNPDF30_lo_as_0130 (lhaid " 263000) of LHAPDF6 [START_REF] Buckley | Lhapdf6: parton density access in the lhc precision era[END_REF]. The factorisation scale µ F (and so the renormalisation scale µ R ) is dynamically set for each event as the transverse mass of the 2 Ñ 2 system resulting from a k t -clustering algorithm [START_REF] Hirschi | Automated event generation for loopinduced processes[END_REF] [START_REF] Ellis | Successive combination jet algorithm for hadron collisions[END_REF]. The uncertainties related to the scales µ F and µ R (see Figure 6 Imposing at least a hundred of events for our analysis, and supposing an integrated luminosity of L " 300 fb ´1 for the Run 3 of the LHC, a limit of the stop mass can be set to approximately m t ă 1.4 TeV. A low limit on the stop mass can also be set to 1 TeV, considering the general limits on the squark mass4 .

Kinematic of the stop squark

The goal of this analysis is to calculate the average flight distance cτ of the stop squark (in the particle frame) from the calculation of the decay width Γ:

ΓpA Ñ BCq " a λpm 2 A , m 2 B , m 2 C q 16πm 3 A | M| 2
with the Källén function λpx, y, zq " px ´y ´zq 2 ´4yz and the matrix element MpA Ñ BCq. The relationship between those two observables is:

cτ " c Γ .
This flight distance must be corrected from relativistic effects using the Lorentz factor γ and β " v{c (with v the velocity of the particle) to get the flight distance in the laboratory frame cτ corr. :

cτ corr. " βγcτ, with γ " 1 a 1 ´β2 . (6.4)
Those corrective factors can be obtained using the events generation of Mad-graph_aMC@NLO and the framework MadAnalysis 5 [START_REF] Conte | Madanalysis 5, a userfriendly framework for collider phenomenology[END_REF] in expert mode. The distributions of the γβ-factor for various stop masses are collected as well as the mean values γβ (see Figure 6.8). From those results, we can derive the mean-value of the βγ-factor as function of m t1 from fitting a 4 th -order polynomial Figure 6.9 on the mean values xβγy. The associated χ 2 -value to this fit is χ 2 {ndf " 1.89746 ˆ10 ´4. The relativistic effects will then not highly modify the flight distance cτ of the stop squark. The two models mentioned previously can now be investigated.

6.5 Decay of NLSP stop to LSP neutralino: t Ñ χ 0 j t

We firstly consider the decay of the NLSP stop squark to LSP neutralino and top quark ( t Ñ χ 0 j t) in the MSSM with Gravity Mediated Supersymmetry Breaking. In order to determine the p ti , t, χ 0 1 q vertex, we remind that the superpotential W pΦq take the form Eq. 6.2. The interaction terms generating the vertex p ti , t, χ 0 1 q are (see 166 Eq. 3.80):

L int " ´´1 2 W ij ψ i ¨ψj loooooooomoooooooon piq `i? 2g λa ¨ψT a φ loooooooomoooooooon piiq `h.c.
where (i) generates higgsinos-matter couplings and (ii) leads to gauginos-matter interactions.

In four-component notation, we denote the up-quark and the gauginos as:

u pDq " ˆuL u R ˙" u , λ pM q " ˆλ λ˙.
The various states of the lightest neutralino are:

χ 0 1 pM q " t´i BpMq , ´i W 3pM q , H0 D pM q , H0 U pM q u .
with the elements denoted χ 0 1 pM q j .

(i) Yukawa interactions

Only the stop coupling in the superpotential Eq. 6.2 is relevant for the analysed process.

Recalling the notations for the superfields:

Q " ˆˆũ L dL ˙, ˆuL d L ˙, ˆFu L F d L ˙˙, ĤU " ˆˆH Ù H 0 U ˙, ˆH Ù H0 U ˙, ˆFH Ù F H 0 U ˙˙,
U " `ũ : R , u : R , F U ˘, the higgsinos-stop interactions are then:

L Ht t " ´1 2 W ij ψ i ¨ψj `h.c. " ´Yu ´H 0 U ũ: R u L `H 0 U ũ: L u R ¯`h.c.
(ii) Gauginos/Squark/Quark interactions Using the gauge group SU c p3q ˆSU L p2q ˆUY p1q, the gauge structure of the superfields Q, Ĥu Û are:

Q " ˆ3 " , 2 " , 1 6 ˙, Û " ˆ3 " , 1 " , ´2 3 
˙, ĤU " ˆ1 " , 2 " , 1 2 

˙,

The neutralinos χ 0 j being a mixing state of higgsinos, bino B and wino W 3 the interactions coming from U Y p1q and SU L p2q can only be considered:

• U p1q Y Hypercharge:

ig 1 ? 2 B´1 6 ūL ũL ´2 3 u R ũ:
R ¯`h.c.

• SU p2q L Weak isospin:

i g 2 ? 2 W 3 ūL ũL `h.c.
The full p ti , t, χ 0 j q-coupling can then be written in the Dirac-formalism with the projector P R and P L :

L int " ũ: i χ0 1 pM q j «˜´e ? 2s W c W δ i 1 ´1 3 δ j 1 s W `δj 2 c W ¯´Y u δ j 4 δ i 2 ¸PL (6.6) `˜2e ? 2 3c W δ j 1 δ i 2 ´Yu δ j 4 δ i 1 ¸PR ff u `h.c.
For the following, the vertex term is denoted as V tχt . Using L int , it follows:

V tχt " V L P L `VR P R " 1 2 V L p1 ´γ5 q `1 2 V R p1 `γ5 q " 1 2 pV R `VL q `1 2 γ 5 pV R ´VL q " V t χt
with V L and V R easily defined from Eq. 6.6. We also introduce:

V t χt " 1 2 pV R `VL q ´1 2 γ 5 pV R ´VL q .
The mean-value of the matrix element is calculated using trace techniques:

iM " ūt pp 1 , s 1 qiV t χt v χ pp 2 , s 2 q ñ ÿ s 1 ,s 2 |M| 2 " Trrp { p 1 `mt qV t χt p { p 2 ´mχ qV t χt s " Trr { p 1 V t χt { p 2 V t χt s loooooooomoooooooon A ´Trrm t m χ V t χt V t χt s looooooooomooooooooon B 10 -5 10 -4 mt 1 -m t [GeV ] 10 -5 10 -4 m χ [GeV ]
cτ ( tL →t B) (with χ 0 1 " B) and the difference between stop and top mass m t ´mt for the various processes of Table 6.2. The tracker volume corresponds to the region between the two black lines (between 4 cm and 100 cm).

Γp ti Ñ χ 0 1 tq Γp ti Ñ χ 0 1 tq tL Ñ Bt α 72c 2 W m 3 ti b λpm 2 ti , m 2 t , m 2 χ qpm 2 ti ´m2 t ´m2 χ q tL Ñ W3 t α 8c 2 W m 3 ti b λpm 2 ti , m 2 t , m 2 χ qpm 2 ti ´m2 t ´m2 χ q tL Ñ H0 u t b λpm 2 ti ,m 2 t ,m 2 χ q 16πm 3 ti pm 2 ti ´m2 t ´m2 χ qY 2 U tR Ñ Bt 2α 9c 2 W b λpm 2 ti ,m 2 t ,m 2 χ q m 3 ti pm 2 ti ´m2 t ´m2 χ q tR Ñ H0 u t b λpm 2 ti ,m 2 t ,m 2 χ q 16πm 3 ti pm 2 ti ´m2 t ´m2
χ qY 2 U Table 6.2: Decay width of the various processes.

In order to agree with actual research on supersymmetric particles, we must take into account the constraints on squarks and neutralinos masses [START_REF] Zyla | Review of Particle Physics[END_REF] 5 . We assume a low limit of the squark mass of 10 3 GeV, while the actual limit on the lowest mass of the neutralino is m χ0 j ą 46 GeV. Looking at the results Figure 6.10 and Appendix G, it is evident that a displaced-top signal in the CMS tracker is only possible with a major fine-tuning on the neutralino mass m χ and the stop mass m ti . A vast area in the pm χ, m ti ´mt q with m χ « m ti ´mt « 10 ´5 ´10 ´6 seems the only way to generate such processes.

6.6 Decay of NLSP stop with LSP Gravitino ψ µ : t Ñ ψ µ t

Reintroducing the scale M p " m p { ? 8π in the supergravity Lagrangian, the pψ µ , φ, χqinteraction terms are (see Eq. 3.75):

L int " ´1 ? 2M p ´χi σ µ σν ψ µ Dν φ : i `χ i σµ σ ν
ψµ Dν φ i which can be rewritten in the Dirac formalism:

L int " ´1 ? 2M p `D ν φ i χLi γ µ γ ν Ψ pM q µ `D ν φ : i ΨpMq ν γ ν γ µ χ i R ˘.
with χLi and χ i R obtained with the chiral projector acting on the Dirac spinor χ pDq and

Ψ pM q µ " ˆψµ ψµ ˙.
In a first part, we assume the process tL Ñ t L ψ µ . Introducing p µ t , the impulsion of the stop squark t, the vertex term corresponds to:

iM " i ? 2M p ūp µ t `1 `γ5 ˘Ψµ . (6.7)
For the following, we recall some calculus rules for the gravitino field ψ µ . The λ-helicity sum on the gravitino field gives [START_REF] Moroi | Effects of the gravitino on the inflationary universe[END_REF] P µν ppq " ÿ λ Ψ ν Ψµ (6.8)

" ´`{ p ´m3{2 ˘#˜η µν ´pµ p ν m 2 3{2 ¸´1 3 ˜ηµσ ´pµ p σ m 2 3{2 ¸˜η λν ´pλ p ν m 2 3{2 ¸γσ γ λ +
where P µν obey the relations: γ µ P µν ppq " P µν ppqγ ν " 0 , p µ P µν ppq " P µν ppqp ν " 0 , `{ p ´m3{2 ˘Pµν ppq " P µν ppq `{ p ´m3{2 ˘" 0 .

From Eq. 6.7, the mean-value of the matrix-element reads:

| M| 2 " 1 2M 2 p p ν t p µ t Tr
´`{ p t `mt ˘`1 `γ5 ˘Pνµ `1 ´γ5 ˘with p µ t and m t the impulsion and the mass of the top quark. After computation using trace techniques, the decay width Γp tL Ñ ψ µ tq follows:

Γp tL Ñ ψ µ tq « 1 48πM 2 p m 2 3{2 m 3 t ´p´m 2 3{2 `m2 t `m2 t q 2 ´4m 2 t m 2 t ¯3{2 ˆpm 2 t ´m2 3{2 ´m2 t q (6.9)
where M p " m p { ? 8π. Note also that if we consider a general mixing angle θ defined as:

ˆũ 1 ũ2 ˙" ˆcθ ´sθ s θ c θ ˙ˆũ L ũR ˙,
the width reads then

Γp ti Ñ ψ µ tq " 1 48πM 2 p m 2 3{2 m 3 t ´p´m 2 3{2 `m2 t `m2 t q 2 ´4m 2 t m 2 t ¯3{2 ˆpm 2 t ´m2 3{2 ´m2
t `2 sin 2θm t m 3{2 q . (6.10)

From the structure of Γ above, the mixing angle seems not to impact the decay width highly. The mixing angle can then be taken as θ " 0 for simplification. From the function βγ pm t1 q in Eq. 6.5, the corrected flight distance of the stop squark βγcτ corr. can directly be computed. Imposing a decaying stop in the tracker volume, i.e., βγcτ P r4 cm, 100 cms, the Figure 6.11 shows us a large data range in pm 3{2 , m t1 q-plane. Moreover, those results are coherent with the actual stop mass limit pm t Ç 1 TeVq. A gravitino mass higher than m 3{2 Ç 10 ´5 GeV seems then appropriate.

Benchmarks definition and observables distributions

To pursue the analysis, To pursue the analysis, we define several benchmarks that represent all the parameters space's kinematics. The different topologies of signals can be defined with:

• a stop mass of m t " 1 TeV leading to a high cross-section and m t " 1. [START_REF] Fuks | Supersymétrie, Exercices avec solutions[END_REF] TeV corresponding to a few amounts of events (see Figure 6.7),

• a flight distance of 10, 30, 50 and 70 cm representing the complete geometry of the tracker which define eight different benchmarks represented in Table 6 We can now compute the generation of events for each benchmarks.

Event generation

Each benchmark can be used to simulate events of collisions at the LHC and so study the distributions of several observables based on the kinematic of the particles. The partonic generation is done with the program MadGraph_aMC@NLO. We generated 10 000 events for each benchmark. In order to simulate the hadronic environment of protonproton collisions and hadronise the coloured particles, we use the program Pythia [START_REF] Sjöstrand | An introduction to pythia 8.2[END_REF] following the MCTunes CUETP8M2T4 [START_REF]Investigations of the impact of the parton shower tuning in Pythia 8 in the modelling of tt at sqrt(s)=8 and 13 TeV[END_REF].

When a coloured supersymmetric particle has a sufficient lifetime (bigger than the hadronisation time), it can interact with coloured particles from the Standard Model and create new bound-states called R-hadrons [START_REF] Glennys | Phenomenology of the production, decay, and detection of new hadronic states associated with supersymmetry[END_REF]. We can define different types of R-hadrons such as R-mesons pgq q, q qq, R-baryons pgqqq, qqqq or gluino ball pggq.

From the partonic background of the LHC experiments, those states can be generated and possibly impact the searched signal in many ways. In our case, the decay of the longlived stop squark t Ñ tψ µ can be modified by the formation of R-mesons or R-baryons. On the other hand, the formation of such bound-states can appear as underlying processes and pollute the final state. This may have an impact on the reconstruction efficiency. Rhadrons can also interact with the matter of the detector which could impact the kinematic of the signal. Two different models generally describe those interactions:

• a "cloud model" [START_REF] Mackeprang | Interactions of coloured heavy stable particles in matter[END_REF] [START_REF] Kraan | Interactions of heavy stable hadronising particles[END_REF] where the R-hadron is surrounded by a cloud of coloured light particles. Those particles interact then with the material of the detector during scattering.

• a model of complete charge suppression [START_REF] Mackeprang | An updated description of heavy-hadron interactions in geant-4[END_REF] where they assume neutral R-hadrons when entering the detector's muon-system.

Moreover, strong interaction between light quarks and the material of the detector can increase the energy loss and allow to modify the R-hadron electric charge (a charged R-hadron can switch of electric charge or become neutral).

Those aspects are simulated within the Pythia program. 6Finally, all mesons and hadrons are merged into jets using FastJet with anti-k t algorithm [START_REF] Cacciari | Fastjet user manual[END_REF].

Observable distributions

The MadAnalysis5 framework is used (in expert mode) to display distributions of several observables such as transverse momentum p T (transverse to the beam axis) and pseudorapidity η " ´ln tanpθ{2q (with θ the angle between the momentum and the beam) of top quarks, leptons and leading jets. Global observable such as Total Transverse Energy (usually denoted E T or T ET ), Missing Transverse Energy (already defined in Eq. 6.1), Missing Transverse Hadronic Energy (called M HT and equivalent to the M ET focusing only on the hadronic particles) and Total Hadronic Energy (H T or T HT ):

E T " ÿ visible particles || p T ||, H T " ÿ hadronic particles || p T ||
are also reconstructed. Finally, some other specific observables are calculated:

• an observable called α T [START_REF] Randall | Dijet searches for supersymmetry at the large hadron collider[END_REF] defined for dijet events:

α T " p T 2 m jj
with p T 2 the transverse momentum of the second hardest jet and m jj the invariant mass of the two hardest jets. For background events (where the jets are generally produced back-to-back), we have α T AE 1{2. High values of α T are then possible hints to new physics events.

• the transverse and longitudinal impact parameters d 0 and d z of particles defined as (the position of the vertex production if defined as px, y, zq):

d 0 " 1 p T `xp y ´yp x ˘, d z " z ´pz p 2 T `xp x `yp y ˘.
(we follow the definition of the CMS collaboration7 [START_REF] Bayatian | Detector Performance and Software[END_REF]). Note that we do not take into account the impact of the magnetic field.

Some distributions can be found in Figures [6.12, 6.14, 6.13, 6.15], the others can be seen in Appendix H. We note from Figure 6.12 that the stop mass does not modify the transverse impact parameter d 0 (the same observation can be done for all the distributions of d 0 and d z in Appendix H, Sections H.1 and H.2). We obtain for the four values of cτ four different distributions of d 0 and d z of the top quark, the b-quark and leptons coming from the decay of the top quark. We then note that there are displaced tracks in our signal.

Since the gravitino mass is low, the different values of m 3{2 do not impact the kinematic of the process. We can then only analyse the distributions regarding the two values of m t. Due to the structure of the detectors, a cut on the pseudorapidity is usually done at |η| ă 2.4. Our investigation has pointed out that the majority of the particles pass these constraints (see Section H.4). The study on the global transverse observables (see for example Figure 6.14 and Section H.5) and the p T of the leading jet (see Figure 6.13 and Section H.3) show the highly energetic nature of the events. We also note that for a fixed value of m t, the distributions are similar for different gravitino masses m 3{2 . This is due to the smallness of m 3{2 . The leading jets have high transverse momentum p T , since they come from the decay of a heavy stop. Since the stop mass is in the order of the TEV scale, the decay products can be highly boosted. It leads then to b-quarks coming from the decay close to light quarks coming from the decay of the W boson. This effect may be a problem for the reconstruction. Indeed, if the quarks are too close to each other, all the particles from the decay can be defined into a single heavy jet, which modifies the assumed signature. In order to properly study such events, a specific algorithm for the analysis of sub-structure of jets must be used, which complicates the study. For this purpose, we reconstruct the variable ∆R defined as ∆R " a p∆ηq 2 `p∆φq 2

(with η the pseudorapidity and φ the angle in the transverse plane) which is the distance between two quarks. We have analysed the distributions of the distance between b-quarks and the closest (second closest) light quark coming from the top quark (denoted as ∆R 1 (∆R 2 )). The distribution of ∆R 1 is shown in Figure 6.15. In general, the quarks which are close to each others with ∆R AE 0.4 are combined into a single jet by the jet reconstruction algorithms. We note from the distributions that there is a non-negligible amount of quarks from the top decay, which are relatively close with each other and have ∆R ă 0.4.

All the important quantities are displayed in the Tables 6.4, 6.5 and 6.6. The mean values of several observables are shown in Table 6.4. The rate of events with top quarks decaying in the tracker volume (between 4 cm and 100 cm) are also presented in Tables 6.5 and 6.6. We note that for short flight-distance (with cτ " 10 cm), around 30% of the events will not contain signatures of displaced top quarks since top quarks decay before entering the tracker volume. The highest amount of events with two quark tops decaying in the tracker is obtained for cτ " 50 cm, which corresponds to the middle of the tracker. Note that in the case where the top quarks decay after the tracker volume (with cτ ą 100 cm), then there will pollute the M ET distributions (or the T HT distributions if there is interaction with the hadronic calorimeter). Now that we have analysed the kinematic of the process following the different benchmarks, we can conclude this analysis with a discussion.

Discussion

The observables distributions are, however, not sufficient to conclude on an analysis. There are still several topics that must be investigated, such as the trigger system or the associated background. This work must be performed by the experimentalists to complete this analysis.

Trigger for the process t Ñ tψ µ

Due to the high frequency of collisions at the LHC (particle beams cross every 25 ns at the LHC, which corresponds to a collision frequency of 40 MHz), the CMS and ATLAS experiments use various trigger levels to select events with physical interests among the numerous collisions events [START_REF] Khachatryan | The cms trigger system[END_REF] [START_REF] Ruiz | The run-2 ATLAS trigger system[END_REF]. The CMS collaboration uses a two-level triggersystem: the Level-1 Trigger (L1), which use information from the calorimeters, and the muon chamber and the High Level Trigger (HLT) using all the detector.). The first layer allows reducing the data flow from 40 MHz to 100 kHz whilst the HLT restrict the flow to approximately 1 kHz containing events with physics and calibration interests. In the case of the signal t Ñ tψ µ , the observables which can be used are:

• the missing transverse energy, or M ET (defined in Eq. 6.1), coming from the noninteraction of the LSP gravitino,

• the scalar sum of the transverse momentum of jets since a high H T can signify a heavy coloured particle in the process such as squark stop,

• in the case where βγcτ is relatively small, the identification of light leptons coming from the decay of a W-boson (W ´Ñ ℓ ´v ℓ or W `Ñ ℓ `vℓ )

• in the case of a high flight distance, information from the muon system can be useful to detect such signals (those types of trigger are commonly used in the case of, e.g., HSCP searches). They also work on the rate of energy loss via ionisation (or dE{dx) [START_REF] Khachatryan | Search for long-lived charged particles in proton-proton collisions at ? s "13 TeV[END_REF].

We saw in the previous section the presence of high M ET and H T events in our analysis. Actual search on HSCP scenario in the CMS collaboration use as trigger a missing transverse energy M ET ą 170 GeV or a reconstructed muon with p T ą 50 GeV (see [START_REF] Khachatryan | Search for long-lived charged particles in proton-proton collisions at ? s "13 TeV[END_REF]).

In the case of short-lived stop (see [130]), one or two isolated leptons with p T ą 23 GeV (leading lepton) and p T ą 17 GeV (subleading lepton) are required. For our analysis, the trigger on M ET seems relevant, as well as a search of high T HT events. These triggers may be used if they are implemented for the Run 3 of the LHC.

Associated background

The Standard Model background associated with the process t Ñ tψ µ must also be produced for a complete analysis. This part is, in general, the most time-consuming since a lot of events must be generated. The main background for low flight distance must be composed of production of top-pair quarks t t, Drell-Yan processes with an associated M ET coming from an incorrect reconstruction, tW { tW processes with fake b-tagged jet or tt `X (with, for example, X " Z with Z decaying in neutrinos). See for example the analysis [130]. Cuts on various observables such as α T with α T ą 0.5 (see Section H.6) may be a solution to suppress these backgrounds. In the specific case of HSCP particles, the totality of the background is identified as experimental and algorithmic issues.

There is also specific background associated with displaced vertices in the tracker which can be divided into two categories. Firstly, cosmic rays can interact with the atmosphere and induce displaced muon signals in the muon system or displaced jets in the calorimeters. One possible solution to avoiding such backgrounds is to impose high p T muon and jets tracks since particles from cosmic-ray quickly lose their momentum. They can also be estimated from simulation or from dedicated data-taking runs. Secondly, nuclear interactions with parts of the detector can also provoke such signals. In order to suppress such backgrounds, a precise density map of the detector material is done and potential LLP signature coming from a high densities area is vetoed (see [START_REF] Alimena | Searching for long-lived particles beyond the standard model at the large hadron collider[END_REF] for more information).

LSP gravitino with Non-Soni-Weldon Solutions?

In this chapter, we have analysed the decay of a stop squark t into a top quark t and a gravitino ψ µ in the context of Gauge Mediated Supersymmetry Breaking mechanism. In such configuration, the gravitino mass is in the order of 6.11) which naturally leads to a LSP-gravitino. Thus, the process t Ñ tψ µ experimentally leads to displaced top tracks with source of M ET .

m 3{2 " xW y m 2 p e |xzy| 2 {2 " M 2 SU SY m p ( 
In the context of the Gravity Mediated Supersymmetry Breaking (mainly presented in chapter 3.7.2) and following the classical Soni-Weldon solutions, the gravitino mass is in the order of magnitude of an intermediate energy scale M , leading to gravitino mass in the order of the TeV scale. The gravitino is then naturally heavier in the context of Gravity Mediated Supersymmetry Breaking with Soni-Weldon solutions and the presented analysis can not take place in this context.

However, following the new solutions presented in 4.5, the gravitino mass takes a similar form of the Gauge Mediated Supersymmetry Breaking case (see Eq. (NSW meaning Non-Soni-Weldon solutions). Depending on the energy scale M , m 3{2 can then be relatively small and so compared to the GMSB case. The presented analysis may then be applied to Gravity Mediated Supersymmetry Breaking mechanism.

However, since those new solutions have been developed recently, deeper study must be done to clarify if such scenario is possible.

CHAPTER 7

General conclusion & Perspectives

The work carried out during this thesis deals with the framework of supersymmetry and supergravity. Supersymmetry is a field theory involving a symmetry between fermions and bosons, while supergravity is a local theory of supersymmetry that naturally includes gravitational interactions and leads to global supersymmetry at low energy. In order to match experimental measures and theoretical predictions, supersymmetry has to be spontaneously broken. In the context of supergravity, supersymmetry breaking can be mediated from a hidden field sector to the usual fields (visible sector) through, among others, gravitational interactions. These mechanisms are called Gravity Mediated Supersymmetry Breaking mechanisms and have been studied by Soni & Weldon, who classified the possible forms of the two fundamental functions in supergravity: the superpotential and the Kähler potential.

Recently, new mechanisms of Gravity Mediated Supersymmetry Breaking have been identified, in particular leading to new solutions (defined as Non-Soni-Weldon solutions) with new characteristics. These new solutions introduce a new field sector tS p u, called hybrid, which have properties of both hidden and visible sector and must be gauge singlets. In order to generate non-trivial couplings between the hybrid fields and the visible sector, the structure of the superpotential imposes the presence of at least two hybrid fields tS 1 , S 2 u. Along the lines of the new solutions, two models involving two gauge singlets have been identified: a simple extension of the MSSM, called the N2MSSM, and a model inspired by the Non-Soni-Weldon solutions, the S2MSSM. Studying these two models will help understand the differences between Non-Soni-Weldon (NSW) and Soni-Weldon (SW) solutions.

More into detail, the general form of the N " 1, D " 4 supergravity Lagrangian has been reproduced. The mechanisms of supersymmetry breaking classified by Soni & Weldon (which generate soft-breaking terms in the Lagrangian) has also been investigated. The Non-Soni-Weldon solutions, which lead to hard-breaking terms (parametrically suppressed) in the Lagrangian have been explicitly computed. The form of the hard-breaking terms have been classified and a specific model, the S2MSSM has been properly defined. The complete calculation of the scalar potential, the minimisation equations of the potential and the mass matrix has been done for this model.

A natural question arises: does the S2MSSM naturally generate a Higgs boson mass near 125 GeV and explain the non-detection of supersymmetric particles at the LHC? In order to understand these important aspects, we have considered, in a first step toward a general study, a simple model considering only one S hybrid field and one field z from the hidden sector. The order of magnitude of the one-loop radiative corrections of the S-field on scalar masses, and more specifically on the Higgs boson mass has been calculated. Our study has pointed out some possible configurations leading to m h « 125 GeV. Such configurations are, however, fine-tuned. Nonetheless, we have identified more complex models, including several fields from the hidden sector, which may solve this naturality issue. An analysis considering several S-fields must also be performed for a complete study.

Simultaneously, the analogue of the S2MSSM in the framework of the standard solutions of Soni & Weldon, the N2MSSM, has been studied. This manuscript mainly focused on the differences between the NMSSM and the N2MSSM. Spectrum generators have been generated by the programs SARAH and SPheno, and an MCMC algorithm (Markov-Chain Monte-Carlo) has been implemented to scan the parameters space easily. The Higgs boson mass has been constrained with the range r118 GeV, 132 GeVs. The squark sector is supposed to be heavier than 1 TeV and a limit on the gluino mass is imposed such that m g ą 1.6 TeV. In this preliminary analysis, a reduction of the fine-tuning on the electroweak scale ∆ F T in the N2MSSM was expected. However, due to the stochastic nature of the MCMC algorithm, statistical variations on the fine-tuning exist. We concluded that the difference of fine-tuning between the NMSSM and the N2MSSM is not statistically significant. More accurate scans of the parameters space, including a reduction of the allowed range on the reconstructed Higgs boson mass can be obtained with the help of grid-computing resources. Other experimental limits should also be taken into account, especially the dark matter relic density Ω DM h 2 . Moreover, the excluded regions of the NMSSM parameters space should also be investigated in the context of the N2MSSM.

We have now all the tools for a complete analysis of the new solutions. Since the S2MSSM and the N2MSSM are closely related, it is important to understand the phenomenological differences between these two models in particular and between the classical solutions of Soni and Weldon and the new solutions in general. The N2MSSM spectrum generator can be adjusted for the S2MSSM for a complete phenomenological analysis of NSW solutions. The preliminary analysis on the order of magnitude of the one-loop Higgs boson mass has revealed the regions of interest in the parameters-space of the S2MSSM to naturally obtain m h « 125 GeV. A deeper analysis will provide the phenomenological interest of these new solutions in the context of particle physics and cosmology. This work is beyond this thesis and will be done further.

In parallel to these studies, an investigation of an experimental signature of a long-lived particle has been performed. Two possible scenarios have been analysed, both containing displaced top tracks signal in the tracker volume (with a flight distance between 4 and 100 cm) associated with an excess of MET coming from the lightest supersymmetric particle (LSP). The two channels are: a long-lived stop decaying into a top and a LSP neutralino t Ñ χ 0 i t and a long-lived stop with Gauge Mediated Supersymmetry Breaking (GMSB) mechanism decaying to a LSP gravitino and a top quark ( t Ñ tψ µ ). The analytic approach pointed out the feasibility of the second signature, whilst the first involving pure states of neutralinos required highly fine-tuned masses. Considering only the second model, we have defined several benchmarks by considering the cross section values at the LHC, the displacement of the top quark, and relevant final states distributions. From the latter, a discussion was engaged on how to trigger these events and build a selection of the signal. Experimentalists may use both models and benchmarks to investigate the sensibility of the CMS and ATLAS detector to the displaced quark-top signatures.

We define the Dirac matrices as:

γ µ " ˆ0 σ µ σµ 0 ẇith σ µ α 9 
α " p1, σ i q , σµ 9 αα " p1, ´σi q .

The σ i matrices (i " 1, 2, 3) are the usual Pauli matrices:

σ 1 " ˆ0 1 1 0 ˙, σ 2 " ˆ0 ´i i 0 ˙, σ 3 " ˆ1 0 0 ´1˙,
The Lorentz generator in the spin representation are

pσ µν q α β " 1 4 `σµ α 9 α σν 9 αβ ´σν α 9 α σµ 9 αβ ˘, pσ µν q 9 α 9 β " 1 4 ´σ µ 9 αα σ ν α 9 β ´σ ν 9 αα σ µ α 9 β ¯.
Pauli matrices σ µ α 9

α and σµ 9 αα can be used to convert vector indices into spinor indices (and vice versa):

v α 9 α " σ µ α 9 α v µ , v µ " 1 2 σµ 9 αα v α 9 α .
We denote chiral superfields as Φ i and anti-chiral superfields as Φ : i ˚. The Kähler potential allows to deduce several geometrical quantities associated to the Kähler manifold:

• the Kähler metric

K i ˚i " B 2 K Bφ i Bφ : i ˚, pK ´1q i i ˚" K i i ˚,
• the Christoffel symbols

Γ i k j " K k i ˚B3 K Bφ i Bφ j Bφ : j ˚, Γ i ˚k˚j ˚" K i k ˚B3 K Bφ : i ˚B: j ˚Bφ i , • the curvature tensor R i i ˚j j ˚" B 4 K Bφ i Bφ j Bφ : i ˚Bφ : j ˚´K k ˚k Γ i k j Γ i ˚k˚j ˚.
Note that we use the notation X i " B i X " BX Bφ i .

APPENDIX B

Scalar Higgs sector of the N2MSSM

In this appendix, we give the the complete form of the scalar and pseudoscalar mass matrix in the N2MSSM (defined in the Subsection 3.7.2). We assume the superpotential to be

W N 2M SSM " λ i Ŝi ĤU ¨Ĥ D `1 3 κ ijk Ŝi Ŝj Ŝk `ξF,i Ŝi `yU Q ¨Ĥ U Û ´yD Q ¨Ĥ D D ´yE L ¨Ĥ D Ê .
The tree level Higgs mass matrices are obtained by expanding the scalar potential around the real neutral vevs v U , v D , v 1 and v 2 as in Eq. 3.101. The complete mass matrix in the basis th 0 U , h 0 D , RepS 1 q, RepS 2 q, A 0 U , A 0 D , ImpS 1 q, ImpS 2 q, H Ù , pH D q : u can then be written in the following block-diagonal structure:

M 2 H " ¨M2 S 0 0 0 M 2 P 0 0 0 M 2 h ˘' . The elements of the 4 ˆ4 CP-even mass matrix M 2 S in the basis ph 0 D , h 0 U , RepS 1 q, RepS 2 qq after the elimination of m 2 H U , m 2 H D , m 2 S 1 and m 2 S 2 read: M 2 S,11 " m 2 H U `pλ 2 1 `λ2 2 qv 2 D `pλ 1 v 1 `λ2 v 2 q 2 `g2 2 p3v 2 U ´v2 D q " g 2 v 2 U `´pλ 1 κ 1 `λ2 κ 12 q v 2 1 `2 pλ 1 κ 12 `λ2 κ 21 q v 1 v 2 `pλ 1 κ 21 `λ2 κ 2 q v 2 2 `λ1 A λ1 v 1 `λ2 A λ2 v 2 `λ1 ξ F 1 `λ2 ξ F 2 ¯{ tan β M 2 S,22 " m 2 H D `pλ 2 1 `λ2 2 qv 2 U `pλ 1 v 1 `λ2 v 2 q 2 `g2 2 p3v 2 D ´v2 U q " g 2 v 2 D `´pλ 1 κ 1 `λ2 κ 12 q v 2 1 `2 pλ 1 κ 12 `λ2 κ 21 q v 1 v 2 `pλ 1 κ 21 `λ2 κ 2 q v `λ1 A λ1 v 1 `λ2 A λ2 v 2 `λ1 ξ F 1 `λ2 ξ F 2 ¯tan β M 2 S,33 " m 2 S 1 `λ2 1 `v2 U `v2 D ˘´2 pλ 1 κ 1 `λ2 κ 12 q v U v D `6 `κ2 1 `κ2 12 ˘v2 1 `12 pκ 1 κ 12 `κ12 κ 21 q v 1 v 2 `2 `κ1 κ 21 `κ2 κ 12 `2κ 2 12 `2κ 2 21 ˘v2 2 `2κ 1 A κ1 v 1 `2κ 12 A k12 v 2 `2κ 1 ξ F 1 `2κ 12 ξ F 2 " 4 `κ2 1 `κ2 12 ˘v2 1 `6 pκ 1 κ 12 `κ12 κ 21 q v 1 v 2 `κ1 A κ1 v 1 `´2 pλ 1 κ 12 `λ2 κ 21 q v U v D v 2 ´λ1 λ 2 `v2 U `v2 D ˘v2 `λ1 A λ1 v U v D ´2 pκ 12 κ 21 `κ2 κ 21 q v 3 2 ´κ21 A κ21 v 2 2 ´2 pκ 12 ξ F 1 `κ21 ξ F 2 q v 2 ´ξS1 ¯{v M 2 S,44 " m 2 S 2 `λ2 2 `v2 U `v2 D ˘´2 pλ 1 κ 21 `λ2 κ 2 q v U v D `6 `κ2 21 `κ2 2 ˘v2 2 `12 pκ 2 κ 21 `κ12 κ 21 q v 1 v 2 `2 `κ1 κ 21 `κ2 κ 12 `2κ 2 12 `2κ 2 21 ˘v2 1 `2κ 21 A κ21 v 1 `2κ 2 A k2 v 2 `2κ 21 ξ F 1 `2κ 2 ξ F 2 " 4 `κ2 2 `κ2 21 ˘v2 2 `6 pκ 2 κ 21 `κ12 κ 21 q v 1 v 2 `κ2 A κ2 v 2 `´2 pλ 1 κ 12 `λ2 κ 21 q v U v D v 1 ´λ1 λ 2 `v2 U `v2 D ˘v1 `λ2 A λ2 v U v D ´2 pκ 12 κ 21 `κ1 κ 12 q v 3 1 ´κ12 A κ12 v 2 1 ´2 pκ 12 ξ F 1 `κ21 ξ F 2 q v 1 ´ξS2 ¯{v M 2 S,12 " `2λ 2 1 `2λ 2 2 ´g2 ˘vU v D ´pλ 1 κ 1 `λ2 κ 12 q v 2 1 ´2 pλ 1 κ 12 `λ2 κ 21 q v 1 v 2 ´pλ 1 κ 21 `λ2 κ 2 q v 2 2 ´λ1 A λ1 v 1 ´λ2 A λ2 v 2 ´λ1 ξ F 1 ´λ2 ξ F 2 M 2 S,13 " 2λ 2 1 v 1 v U `2λ 1 λ 2 v 2 v U ´2 pλ 1 κ 1 `λ2 κ 12 q v 1 v D ´2 pλ 1 κ 12 `λ2 κ 21 q v 2 v D ´λ1 A λ1 v D M 2 S,14 " 2λ 2 2 v 2 v U `2λ 1 λ 2 v 1 v U ´2 pλ 2 κ 2 `λ1 κ 21 q v 2 v D ´2 pλ 2 κ 21 `λ1 κ 12 q v 1 v D ´λ2 A λ2 v D M 2 S,23 " 2λ 2 1 v 1 v D `2λ 1 λ 2 v 2 v D ´2 pλ 1 κ 1 `λ2 κ 12 q v 1 v U ´2 pλ 1 κ 12 `λ2 κ 21 q v 2 v U ´λ1 A λ1 v U M 2 S,24 " 2λ 2 2 v 2 v D `2λ 1 λ 2 v 1 v D ´2 pλ 2 κ 2 `λ1 κ 21 q v 2 v U ´2 pλ 2 κ 21 `λ1 κ 12 q v 1 v U ´λ2 A λ2 v U M 2 S,34 " 6 pκ 1 κ 12 `κ12 κ 21 q v 2 1 `4 `κ1 κ 21 `κ2 κ 12 `2κ 2 12 `2κ 2 21 ˘v1 v 2 `6 pκ 2 κ 21 `κ12 κ 21 q v 2 2 `λ1 λ 2 `v2 U `v2 D ˘´2 pλ 1 κ 12 `λ2 κ 21 q v U v D `2κ 12 A k12 v 1 `2κ 21 A k21 v 2 `2κ 12 ξ F 1 `2κ 21 ξ F 2 where we have tan β " v U {v D and κ ij " κ iij " κ iji " κ jii .
The elements of the 4 ˆ4 CP-odd mass matrix M 2 P in the basis pA 0 D , A 0 U , ImpS 1 q, ImpS 2 q after the elimination of m 2 H U , m 2 H D , m 2 S 1 and m 2 S 2 read:

M 2 P,11 " m 2 H U `pλ 2 1 `λ2 2 qv 2 D `pλ 1 v 1 `λ2 v 2 q 2 `g2 2 pv 2 U ´v2 D q " ´pλ 1 κ 1 `λ2 κ 12 q v 2 1 `2 pλ 1 κ 12 `λ2 κ 21 q v 1 v 2 `pλ 1 κ 21 `λ2 κ 2 q v 2 2 `λ1 A λ1 v 1 `λ2 A λ2 v 2 `λ1 ξ F 1 `λ2 ξ F 2 ¯{ tan β M 2 P,22 " m 2 H D `pλ 2 1 `λ2 2 qv 2 U `pλ 1 v 1 `λ2 v 2 q 2 `g2 2 pv 2 D ´v2 U q " ´pλ 1 κ 1 `λ2 κ 12 q v 2 1 `2 pλ 1 κ 12 `λ2 κ 21 q v 1 v 2 `pλ 1 κ 21 `λ2 κ 2 q v 2 2 `λ1 A λ1 v 1 `λ2 A λ2 v 2 `λ1 ξ F 1 `λ2 ξ F 2 ¯tan β M 2 P,33 " m 2 S 1 `λ2 1 `v2 U `v2 D ˘`2 pλ 1 κ 1 `λ2 κ 12 q v U v D `2 `κ2 1 `κ2 12 ˘v2 1 `4 pκ 1 κ 12 `κ12 κ 21 q v 1 v 2 ´2 `κ1 κ 21 `κ2 κ 12 ´2κ 2 12 ´2κ 2 21 ˘v2 2 ´2κ 1 A κ1 v 1 ´2κ 12 A k12 v 2 ´2κ 1 ξ F 1 ´2κ 12 ξ F 2 " ´4 pκ 1 κ 21 `κ2 κ 12 q v 2 2 ´2 pκ 1 κ 12 `κ12 κ 21 q v 1 v 2 ´3κ 1 A κ1 v 1 ´4κ 12 A κ12 v 2 ´4κ 1 ξ F 1 ´4κ 12 ξ F 2 `4 pλ 1 κ 1 `λ2 κ 12 q v U v D `´λ 1 A λ1 v U v D ´λ1 λ 2 `v2 U `v2 D ˘v2 `2 pλ 1 κ 12 `λ2 κ 21 q v U v D v 2 ´ξS1 ´2 pκ 12 κ 21 `κ2 κ 21 q v 3 2 ´2 pκ 12 ξ F 1 `κ21 ξ F 2 q v 2 ´κ21 A κ21 v 2 2 ¯{v 1 M 2 P,44 " m 2 S 2 `λ2 2 `v2 U `v2 D ˘`2 pλ 1 κ 21 `λ2 κ 2 q v U v D `2 `κ2 21 `κ2 2 ˘v2 2 `4 pκ 2 κ 21 `κ12 κ 21 q v 1 v 2 ´2 `κ1 κ 21 `κ2 κ 12 ´2κ 2 12 ´2κ 2 21 ˘v2 2 ´2κ 21 A k21 v 1 ´2κ 2 A κ2 v 2 ´2κ 21 ξ F 1 ´2κ 2 ξ F 2 " ´4 pκ 1 κ 21 `κ2 κ 12 q v 2 1 ´2 pκ 2 κ 21 `κ12 κ 21 q v 1 v 2 ´3κ 2 A κ2 v 2 ´4κ 21 A κ21 v 1 ´4κ 21 ξ F 1 ´4κ 2 ξ F 2 `4 pλ 2 κ 2 `λ1 κ 21 q v U v D `´λ 2 A λ2 v U v D ´λ1 λ 2 `v2 U `v2 D ˘v1 `2 pλ 1 κ 12 `λ2 κ 21 q v U v D v 1 ´ξS2 ´2 pκ 12 κ 21 `κ1 κ 12 q v 3 1 ´2 pκ 12 ξ F 1 `κ21 ξ F 2 q v 1 ´κ12 A κ12 v 2 1 ¯{v 2 M 2 P,12 " pλ 1 κ 1 `λ2 κ 12 q v 2 1 `2 pλ 1 κ 12 `λ2 κ 21 q v 1 v 2 `pλ 1 κ 21 `λ2 κ 2 q v 2 2 `λ1 A λ1 v 1 `λ2 A λ2 v 2 `λ1 ξ F 1 `λ2 ξ F 2 M 2 P,13 " ´2 pλ 1 κ 1 `λ2 κ 12 q v 1 v D ´2 pλ 1 κ 12 `λ2 κ 21 q v 2 v D `λ1 A λ1 v D M 2 P,14 " ´2 pλ 2 κ 2 `λ1 κ 21 q v 2 v D ´2 pλ 2 κ 21 `λ1 κ 12 q v 1 v D `λ2 A λ2 v D M 2 P,23 " ´2 pλ 1 κ 1 `λ2 κ 12 q v 1 v U ´2 pλ 1 κ 12 `λ2 κ 21 q v 2 v U `λ1 A λ1 v U M 2 P,24 " ´2 pλ 2 κ 2 `λ1 κ 21 q v 2 v U ´2 pλ 2 κ 21 `λ1 κ 12 q v 1 v U `λ2 A λ2 v U M 2 P,34 " λ 1 λ 2 `v2 U `v2 D ˘`2 pλ 1 κ 12 `λ2 κ 21 q v U v D `2 pκ 1 κ 12 `κ12 κ 21 q v 2 1 `4 pκ 1 κ 21 `κ2 κ 12 q v 1 v 2 `2 pκ 2 κ 21 `κ12 κ 21 q v 2 2 ´2κ 12 A k12 v 1 ´2κ 21 A k21 v 2 ´2κ 12 ξ F 1 ´2κ 21 ξ F 2
M 2 P contains a massless Goldstone mode G. We can rotate this mass matrix into the basis (G, A, ImpS 1 q, ImpS 2 q), where A " cos β A 0 U `sin β A 0 D : ¨A0

U A 0 D ImpS 1 q ImpS 2 q ‹ ‹ ' " ¨sin β cos β 0 0 ´cos β sin β 0 0 0 0 1 0 0 0 0 1 ‹ ‹ ' ¨G A ImpS 1 q ImpS 2 q ‹ ‹ '
By not considering the Goldstone boson G, the remaining 3 ˆ3 mass matrix M 1 2 P in the basis (A, ImpS 1 q, ImpS 2 q) reads

M 1 2 P,11 " 2 ´pλ 1 κ 1 `λ2 κ 12 q v 2 1 `2 pλ 1 κ 12 `λ2 κ 21 q v 1 v 2 `pλ 1 κ 21 `λ2 κ 2 q v 2 2 `λ1 A λ1 v 1 `λ2 A λ2 v 2 `λ1 ξ F 1 `λ2 ξ F 2 ¯{ sin 2β M 1 2 P,22 " ´4 pκ 1 κ 21 `κ2 κ 12 q v 2 2 ´2 pκ 1 κ 12 `κ12 κ 21 q v 1 v 2 ´3κ 1 A κ1 v 1 ´4κ 12 A κ12 v 2 ´4κ 1 ξ F 1 ´4κ 12 ξ F 2 `4 pλ 1 κ 1 `λ2 κ 12 q v U v D `´λ 1 A λ1 v U v D ´λ1 λ 2 `v2 U `v2 D ˘v2 `2 pλ 1 κ 12 `λ2 κ 21 q v U v D v 2 ´ξS1 ´2 pκ 12 κ 21 `κ2 κ 21 q v 3 2 ´2 pκ 12 ξ F 1 `κ21 ξ F 2 q v 2 ´κ21 A κ21 v 2 2 ¯{v 1 M 1 2 P,33 " ´4 pκ 1 κ 21 `κ2 κ 12 q v 2 1 ´2 pκ 2 κ 21 `κ12 κ 21 q v 1 v 2 ´3κ 2 A κ2 v 2 ´4κ 21 A κ21 v 1 ´4κ 21 ξ F 1 ´4κ 2 ξ F 2 `4 pλ 2 κ 2 `λ1 κ 21 q v U v D `´λ 2 A λ2 v U v D ´λ1 λ 2 `v2 U `v2 D ˘v1 `2 pλ 1 κ 12 `λ2 κ 21 q v U v D v 1 ´ξS2 ´2 pκ 12 κ 21 `κ1 κ 12 q v 3 1 ´2 pκ 12 ξ F 1 `κ21 ξ F 2 q v 1 ´κ12 A κ12 v 2 1 ¯{v 2 M 1 2 P,12 " ´λ1 A λ1 ´2pλ 1 κ 1 `λ2 κ 12 qv 1 ´2pλ 1 κ 12 `λ2 κ 21 qv 2 ¯v M 1 2 P,13 " ´λ2 A λ2 ´2pλ 1 κ 12 `λ2 κ 21 qv 1 ´2pλ 1 κ 21 `λ2 κ 2 qv 2 ¯v M 1 2 P,23 " λ 1 λ 2 `v2 U `v2 D ˘`2 pλ 1 κ 12 `λ2 κ 21 q v U v D `2 pκ 1 κ 12 `κ12 κ 21 q v 2 1 `4 pκ 1 κ 21 `κ2 κ 12 q v 1 v 2 `2 pκ 2 κ 21 `κ12 κ 21 q v 2 2 ´2κ 12 A κ12 v 1 ´2κ 21 A κ21 v 2 ´2κ 12 ξ F 1 ´2κ 21 ξ F 2

Defining the heavy doublet mass m 2

A " M 1 2 P,11 , we can write:

M 2 S,11 " M 2 Z sin 2 β `m2 A cos 2 β , M 2 S,22 " M 2 Z cos 2 β `m2 A sin 2 β , M 2 S,12 " `2λ 2 1 v 2 `2λ 2 2 v 2 ´M 2 Z ´m2
A ˘cos β sin β . The charged Higgs boson mass matrix M 2 h ˘has already been presented in the Subsection 3.7.2.

where the choice for the functions g k pU , Φq parameterize the supersymmetric model (MSSM or its extensions). The inverse of the Kähler metric is obtained perturbatively:

pK ´1q a a ˚" pΛ ´1q a a ˚`1 m 2 p pΛ ´1q a b ˚´B i Λ b ˚bΦ b `Bi Z l B b ˚h˚ℓ ¯p K´1 q i i Φ: c ˚Bi ˚Λc ˚c `Bi ˚Zℓ B c h ℓ ¯pΛ ´1q c a ˚`op1{m 2 p q , pK ´1q p q " δ p q , pK ´1q i i ˚" p K´1 q i i 1 m 2 p p K´1 q i j ˚«´Φ : a ˚Bj ˚Λa ˚a `Bj ˚Zℓ B a h ℓ ¯pΛ ´1q a b ˚´B j Λ b ˚bΦ b `Bj Z l1 B b ˚h˚ℓ 1 Bj B j ˚Λa ˚aΦ : a ˚Φa ´pB j B j ˚Zℓ h ℓ `h.c.q ff p K´1 q j i ˚`op1{m 2 p q , pK ´1q a i ˚" ´1 m p pΛ ´1q a b ˚"B i Λ b ˚cΦ c `Bi Z l B b ˚h˚ℓ ı p K´1 q i i ˚`op1{m p q ,
pK ´1q p i " pK ´1q p a ˚" pK ´1q i p " pK ´1q a ˚p " 0 .

Supergravity is broken in the hidden sector when some of the z´fields develop a vacuum expectation value. The S´field can also develop a v.e.v. We proceed now to the following substitution:

z Ñ z , S Ñ S ` S .

We then obtain

Ŵ Ñ Ŵ `Sp µ p Ŵ1 " M 2 `Sp a p M , W Ñ S p Wp `Sp Wp ` W k g k pU ` U , Φq .
To simplify the notations, g k pU ` U , Φq is noted throughout g k pU , Φq. Furthermore the gravitino mass is given by

m 3 2 " e 1 2 z : z M 2 m p .
For further use, we define the ρ-functions:

ρi " B i ´K `ln Ŵ m 2 p ¯, ρ0i " B i ´K `ln Ŵ0 m 2 p ¯, ρ1i " B i ´K `ln Ŵ1 m p ¯, ρi " B i ´K `ln W m 3 p ¯, ρpi " B i ´K `ln Wp m 3 p ¯, ρki " B i ´K `ln Wk m 3 p ¯.
The covariant derivatives take the form:

D i W " ´M 2 ρi `Sp a p M ρ1i ¯`1 m p ´ S p Wp ρpi `Sp Wp ρpi ` Wk ρk g k 1 m 2 p ´M 2 `M a p S p ¯´Φ : a ˚Bi Λ a ˚aΦ a `"B i Z ℓ h ℓ `Bi Z l h ˚ℓ‰ ¯`op1{m 2 p q , D a W " Wk B a g k `1 m p ´M 2 `Sp a p M ¯´Φ : a ˚Λa ˚a `Zℓ B a h ℓ ¯`op1{m p q , D p W " m p a p M ` Wp ` Wk B p g k `S: p ` S : p m p ´M 2 `Sp a p M `1 m p " S p Wp `Sp Wp ` Wk g k ‰ ¯.
The scalar potential can now be computed:

V

" e K ˜1 `K m 2 p ¸«D I W pK ´1q I J ˚DJ ˚W ´3 m 2 p |W | 2 ff .
To regroup the various terms in the potential, we introduce the following functions:

1. the A´and the C´functions:

A k " ρki ˚K i ˚i ρ˚i , A 1k " ρki ˚K i ˚i ρ˚i 1 , C p " ρpi ˚K i ˚i ρ˚i x Ă W p , C 1p " ρpi ˚K i ˚i ρ˚i 1 x Ă W p .
2. the µ´and B´functions:

µ ℓ " m 3 2 ´ Z ℓ ´ ρ i ˚Bi ˚Zℓ ¯, µ 1ℓ " m 3 2 ´ Z ℓ ´ ρ 1i ˚Bi ˚Zℓ ¯, B ℓ " m 3 2 ´ ρi ˚Bi ˚Zℓ ` ρ˚i B i Z ℓ ´ ρi ˚ρ ˚iB i B i ˚Zℓ ¯, B 1ℓ " m 3 2 ´ ρ1i ˚Bi ˚Zℓ ` ρ˚i B i Z ℓ ´ ρ1i ˚ρ ˚iB i B i ˚Zℓ ¯, B 1ℓ " m 3 2 ´ ρi ˚Bi ˚Zℓ ` ρ˚i 1 B i Z ℓ ´ ρi ˚ρ ˚i 1 B i B i ˚Zℓ ¯, B 11,ℓ " m 3 2 ´ ρ1i ˚Bi ˚Zℓ ` ρ˚i 1 B i Z ℓ ´ ρ1i ˚ρ ˚i 1 B i B i ˚Zℓ ¯.
3. the supersymmetric superpotential

W m " W 1 m `WGM with : W 1 m " ÿ k ĝk ` x Ă W p S p , W GM " µ ℓ h ℓ `1 M µ 1ℓ a p S p h ℓ .
4. The R´and S´functions:

S a ˚a " Λ a ˚ap ρi ˚K i ˚i ρ˚i ´2q `ρ i ˚´B i ˚Λa ˚bpΛ ´1q b b ˚Bj Λ b ˚a ´Bj B i ˚Λa ˚a¯ρ ˚j , S a 1 a " Λ a ˚ap ρ1i ˚K i ˚i ρ˚i ´2q `ρ 1i ˚´B i ˚Λa ˚bpΛ ´1q b b ˚Bj Λ b ˚a ´Bj B i ˚Λa ˚a¯ρ ˚j , S a 1,1 a " Λ a ˚ap ρ1i ˚K i ˚i ρ˚i 1 ´2q `ρ 1i ˚´B i ˚Λa ˚bpΛ ´1q b b ˚Bj Λ b ˚a ´Bj B i ˚Λa ˚a¯ρ ˚j 1 , R a b " δ a b ´ pΛ ´1q a b ˚Bi Λ b ˚b ρ˚i , R a 1 b " δ a b ´ pΛ ´1q a b ˚Bi Λ b ˚b ρ˚i 1 .
We then finally obtain :

V

" e z : z « pM M : q 2 ! ρi ˚K i ˚i ρ˚i ´3) `m2 p |M | 2 a p a p `´m p M : a p Wp `h.c. ¯ff (C.-46) `Bp W 1 m B p W 1m `Ba W m B a ˚W mpΛ ´1q a a ˚`|m 3 2 | 2 Φ : a ˚S a ˚a Φ a `|m 3 2 | 2 ! 1 M a p S a 1 a S p Φ : a ˚Φa `h.c. ) `|m 3 2 | 2 |M | 2 S a 1,1a ˚ap a q S : p S q Φ : a ˚Φa `|m 3 2 | 2 pS : p ` S : p qpS p ` S p q ˆ«´ ρi ˚K i ˚i ρ˚i ´2¯`# 1 M ` ρ1i ˚K i ˚i ρ˚i ´2˘a r S r `h.c. + `1 |M | 2 ` ρ1i ˚K i ˚i ρ˚i 1 ´2˘a r a t S : t S r ff `e z : z |M | 2 ´ ρ1i ˚K i ˚i ρ˚i 1 ´3¯a q a p S : p S q `#e z : z M pM : q 2 ˜´ ρ1i ˚K i ˚i ρ˚i ´3¯a p S p ``1 `1 M : a q S : q ˘ap `Sp ` S p ¯¸`h.c. + `|m 3 2 | 2 « ´ ρi ˚K i ˚i ρ˚i ´3¯`" 1 M ´ ρ1i ˚K i ˚i ρ˚i ´3¯a p S p `h.c. * `1 |M | 2 ´ ρ1i ˚K i ˚i ρ˚i 1 ´3¯a p a q S : q S p ff ! Z ℓ h ℓ `h.c. ) `#m : 3 2 « ÿ k `Ak ´3˘ĝ k ``C p ´3 x Ă W p ˘`S p ` S p ˘``B ℓ h ℓ `1 M B 1ℓ a p S p h ℓ Ȓa b Φ b B a W m `´S p ` S p ¯Bp W 1 m ff `h.c. + `# m : 3 2 M : « " ÿ k pA 1k ´3qĝ k `pC 1p ´3 x Ă W p q " S p ` S p ‰ `´B 1ℓ h ℓ `1 M B 11ℓ a p S p h ℓ ¯*a q S : q `R1 a b a p S : p Φ b B a W m `ap ´S: p ` S : p ¯´ S q x Ă W p `Wm ¯`´S p ` S p ¯aq S : q B p W 1 m ff `h.c. + `"pS p `xS p yqpS : p `xS : p yq `Φ: a ˚xΛ a ˚a yΦ a `!Z ℓ h ℓ `h.c. )ı ˆ˜|M | 2 a q a q e xz : zy `# m : 3{2 M : a q x Wq y `|m 3{2 | 2 M ˆ1 `S: r a r M : ˙ap pS p `xS p yq `h.c. +W
e interpret all terms line-by-line:

Line 2: the unbroken supersymmetry part:

B p W 1 m B p W 1 m `Ba W m B a ˚W mpΛ ´1q a a ˚.
Line 2-3: Mass term (soft) for Φ and their corresponding (hard) SΦΦ : and SS : ΦΦ : ´terms:

|m 3 2 | 2 Φ : a ˚S a ˚a Φ a `|m 3 2 | 2 ! 1 M a p S a 1 a S p Φ : a ˚Φa `h.c. ) `|m 3 2 | 2 |M | 2 S a 1,1a ˚ap a q S : p S q Φ : a ˚Φa .
Line 4-7: Mass term (soft) for S and their corresponding (hard) SSS : and SS : SS : ´terms:

|m 3 2 | 2 pS : p ` S : p qpS p ` S p q ˆ«´ ρi ˚K i ˚i ρ˚i ´2¯`# 1 M ` ρ1i ˚K i ˚i ρ˚i ´2˘a r S r `h.c. + `1 |M | 2 ` ρ1i ˚K i ˚i ρ˚i 1 ´2˘a r a t S : t S r ff `e z : z |M | 2 ´ ρ1i ˚K i ˚i ρ˚i 1 ´3¯a q a p S : p S q
`#e z : z M pM : q 2 ˜´ ρ1i ˚K i ˚i ρ˚i ´3¯a p S p ``1 `1 M : a q S : q ˘ap `Sp ` S p ¯¸`h.c. +

. Line 8-9: Terms in h ℓ coming from the expansion of the exponential (soft and hard):

|m 3 2 | 2 « ´ ρi ˚K i ˚i ρ˚i ´3¯`" 1 M ´ ρ1i ˚K i ˚i ρ˚i ´3¯a p S p `h.c. * `1 |M | 2 ´ ρ1i ˚K i ˚i ρ˚i 1 ´3¯a p a q S : q S p ff ! Z ℓ h ℓ `h.c.
) .

Line 10-11: Soft A, B, C´terms and ΦBW, SBW terms:

`#m : 3 2 « ÿ k `Ak ´3˘ĝ k ``C p ´3 x Ă W p ˘`S p ` S p ˘``B ℓ h ℓ `1 M B 1ℓ a p S p h ℓ Ȓa b Φ b B a W m `´S p ` S p ¯Bp W 1 m ff `h.c. + .
Line 12-13: Equivalent hard terms to Line 10-11:

# m : 3 2 M : « " ÿ k pA 1k ´3qĝ k `pC 1p ´3 x Ă W p q " S p ` S p ‰ `´B 1ℓ h ℓ `1 M B 11ℓ a p S p h ℓ ¯*a q S : q `R1 a b a p S : p Φ b B a W m `ap ´S: p ` S : p ¯´ S q x Ă W p `Wm ¯`´S p ` S p ¯aq S : q B p W 1 m ff `h.c. + .
We also found several contributions to the cosmological constant, see for instance the first line of Eq. C.-46:

e z : z « pM M : q 2 ! ρi ˚K i ˚i ρ˚i ´3) `m2 p |M | 2 a p a p `´m p M : a p Wp `h.c. ¯ff .

C.2 Case of a renormalisable theory

We now consider the most general renormalisable theory, for which we have the substitution:

Wk pzqg k pU , Φq Ñ 1 2 m ab pzqΦ a Φ b `1 2 σ ab pzqU Φ a Φ b `1 6 y abc Φ a Φ b Φ c `1 6 λpzqU 3 `1 2 µpzqU 2 , Z ℓ pz, z : qh ℓ pΦq Ñ 1 2 Z ab pz, z : qΦ a Φ b .
We thus consider,

W pz, U , Φq " m p " Ŵ0 pzq `Sp µ p Ŵ1 pzq ‰ `Sp ξ p pzq `1 2 m ab pzqΦ a Φ b `1 2 σ ab pzqU Φ a Φ b `1 6 y abc Φ a Φ b Φ c `1 6 λpzqU 3 `1 2 µpzqU 2 ,
Kpz, z : , Φ, Φ : , S, S : q " m 2 p Kpz, z : q `S: p S p `Λa ˚apz, z : qΦ :

a ˚Φa `1 2 " Z ab pz, z : qΦ a Φ b `h.c. ‰
where we have denoted Wp S p " ξ p S p . The potential is given by

V " Λ `VSUSY `Vsoft `Vhard ,
where Λ is the cosmological constant. The supersymmetric part of the potential reduces to

V SUSY " B p W 1 m B p W 1m `Ba W m B a ˚W mpΛ ´1q a a ˚,
with the superpotential

W m " 1 2 mab Φ a Φ b `1 6 ŷabc Φ a Φ b Φ c `1 2 ŷabp Φ a Φ b S p `1 2 σab U Φ a Φ b `ξ p S p `1 2 μU 2 `1 6 λU 3 and W 1 m " e 1 2 K ´1 2 m ab Φ a Φ b `1 6 y abc Φ a Φ b Φ c `1 2 σ ab U Φ a Φ b `ξp S p `1 2 µU 2 `1 6 λU 3 ¯.
We have introduced the notations:

mab " e 1 2 K m ab `m 3 2 " Z ab ´ρi ˚Bi ˚Zab ‰ , ŷabc " e 1 2 K y abc , ŷabp " m 3 2 M " Z ab ´ρ1i ˚Bi ˚Zab ‰ a p , σab " e 1 2 K σ ab , ξp " e 1 2 K ξ p , μ " e 1 2 K µ , λ " e 1 2 K λ .
The supersymmetric breaking terms are of two types: soft supersymmetric breaking terms (as usual) and hard supersymmetric breaking terms, controlled by the chiral superfields S 1 and S 2 . These terms are expressed with respect to the two functions

ρi ˚" B i ´K `ln Ŵ m 2 p ¯pK ´1q i i ˚, Ŵ " Ŵ0 `Sp µ p Ŵ1 , ρ1i ˚" B i ´K `ln Ŵ1 m 2 p ¯pK ´1q i i ˚.
We also recall that the mass scale are defined by

M 2 " Ŵ0 `µp S p Ŵ1 , a p M " µ p Ŵ1 , m 3 2 " e 1 2 
K M 2 m p .

From now on to easy the notation the symbol ¨¨¨ is omitted when the z´fields develop vacuum expectation values. For instance K is understood for K . The soft supersymmetric breaking terms are V soft " pm 2 q a ˚aΦ : a ˚Φa `pm 2 q p q S : p S q `#m :

3 2 e 1 2 K " µU B p U `1 2 λU 2 B p U ı" S p `xS p y ı `m: 3 2 M : e 1 2 K µU B p U xS p ya q S : q `h.c. + `#1 6 A abc Φ a Φ b Φ c `1 2 B ab Φ a Φ b `1 2 B 1 pq S p S q `1 2 A 1 abp Φ a Φ b S p `1 2 A 2 ab U Φ a Φ b `Cp S p `1 2 B 2 U 2 `1 6 D 1 U 3 `h.c. + with: pm 2 q a ˚a " |m 3 2 | 2 « Λ a ˚a#˜ S p a p M `h.c. ¸`pρ i ˚K i ˚i ρ˚i ´2q + `ρ i ˚´B i ˚Λa ˚bpΛ ´1q b b ˚Bj Λ b ˚a ´Bj B i ˚Λa ˚a¯ρ ˚j ff `˜|M | 2 a q a q e K `# m : 3 2 M : a q ξq `h.c. +¸Λ a ˚a , pm 2 q p q " |m 3 2 | 2 " ρi ˚K i ˚i ρ˚i ´2‰ δ p q `e K |M | 2 " ρ1i ˚K i ˚i ρ˚i 1 ´1‰ a p a q e 1 2 K # m : 3 2 M : "´B i Kξ q `Bi ξ q ¯ρ ˚i 1 ´ξq ı a p `h.c. + `|M | 2 a r a r e K δ p q `|m 3 2 | 2 |M | 2 ˜ S : r S r a q a p ´ρ 1i˚K ii ρ˚i 1 
´2¯`a q a p S : r S r `!a r S r a p S : q `h.c.

) #|m 3 2 | 2 M ˜ar S r δ p q `aq S p `aq ´ρ 1i˚K ii ρ˚i 1 ´2¯ S p ¸`h.c. + `e K 2 # m : 3 2 
M : a r ξ r `h.c.

+ δ p q , A abc " e 1 2 K m : 3 2 # " B i Ky abc `Bi y abc ı ρ˚i `1 M : y abc a p xS : p y ´"pΛ ´1q d b ˚Bi Λ b ˚a ρ˚i y dbc `pa Ø bq `pa Ø cq + , A 1 abp " |m 3 2 | 2 M # ´"pΛ ´1q c b ˚Bi Λ b ˚a ρ˚i pZ cb ´ρ 1i ˚Bi ˚Zcb q `pa Ø bq ı `"3Z ab ´ρ 1i ˚Bi ˚Zab `ρ˚i B i Z ab ´ρ 1i ˚ρ˚i B i ˚Bi Z ab ı ``ρ 1i ˚K i ˚i ρ˚i ´3˘Z ab `1 M : p2Z ab ´ρ1i ˚Bi ˚Zab qa q xS : q y + a p `e 1 2 K m : 3 2 B p U σ ab , A 2 ab " e 1 2 K m : 3 2 " ´σab ``B i Kσ ab `Bi σ ab ˘ρ ˚i ´´pΛ ´1q c b ˚Bi Λ b ˚a ρ˚i σ cb `pa Ø bq ¯ı `e 1 2 K m : 3 2 M : a p ă S : p ą σ ab , B ab " e 1 2 K m : 3 2 ˜"B i Km ab `Bi m ab ı ρ˚i ´mab ´"pΛ ´1q c b ˚Bi Λ b ˚a ρ˚i m cb `pa Ø bq ı `1 M : m ab a p xS : p y `σab ă S p ą B p U |m 3 2 | 2 ˜2Z ab ´ρ i ˚Bi ˚Zab `ρ˚i B i Z ab ´ρ i ˚ρ˚i B i ˚Bi Z ab `1 M : pZ ab ´ρi ˚Bi ˚Zab qa p xS : p y |m 3 2 | 2 ˜"pΛ ´1q c b ˚Bi Λ b ˚a ρ˚i pZ cb ´ρ i ˚Bi ˚Zcb q `pa Ø bq ı ´"ρ i ˚K i ˚i˚ρ ˚i ´3ı Z ab |M | 2 a q a q e K Z ab `#e K 2 m : 3 2 M : a q ξ q `|m 3 2 | 2 M a p S p `h.c. + Z ab , B 1 pq " |m 3 2 | 2 M # a p S : q `ρ 1i˚K i˚i ρ˚i ´1˘`1 M : a r a p S : r S : q + , C p " m : 3 2 e 1 2 K " ´2ξ p ``B i Kξ p `Bi ξ p ˘ρ ˚iı `m 3 2 M e 1 2 K ˜"`B i ˚K ξ ˚q `Bi ˚ξ˚q ˘ρ 1i ˚´ξ ˚qı ă S : q ą a p ¸`m : 3 2 M : e 1 2 K ξ p S : q a q `e K " M pM : q 2 `ρ i ˚K i ˚i ρ˚i ´2˘a p `|M | 2 a q a p ă S : q ą ı `|M | 2 a r a r e K S : p ` S : p # m : 3 2 
M : a r ξ r `h.c.

+ `|m 3 2 | 2 |M | 2 a r a p S : r `|m 3 2 | 2 ´ρ i˚K i˚i ρ˚i ´2¯ S : p `|m 3 2 | 2 M # a q S q S : p ` S : r S r a p `ρ 1i˚K i˚i ρ˚i ´1˘+ `|m 3 2 | 2 
M : a q S : q S : p , B 2 " m : The hard supersymmetric breaking terms are

V hard " Q ap a ˚q Φ : a ˚Φa S : q S p `Q1 pr qt S p S r S : q S : t `´T ap b ˚Φ: b ˚Φa S p `h.c ¯`´T 1 pq r S p S q S : r `h.c 1 6 D abc p Φ a Φ b Φ c S : p `h.c. ¯`´1 2 D 1 abp q Φ a Φ b S p S : q `h.c. ¯`´1 2 D 2 ab q Φ a Φ b U S : q `h.c. 1 2 E ab p Φ a Φ b S : p `h.c. ¯`# 1 2 B 1p U 2 S : p `1 6 D 1p U 3 S : p `h.c. + `#1 2 e 1 2 K m : 3 2 M : `λU 2 B p U ˘pS p `ă S p ą ˘aq S : q `e 1 2 K m : 3 2 
M : `µU B p U ˘Sp a q S : q `h.c.

+ with Q ap a ˚q " |m 3 2 | 2 |M | 2 « Λ a ˚ap ρ1i ˚K i ˚i ρ˚i 1 q `ρ 1i ˚´B i ˚Λa ˚bpΛ ´1q b b ˚Bj Λ b ˚a ´Bj B i ˚Λa ˚a¯ρ ˚j 1 ff a p q q , Q 1 pr qt " |m 3 2 | 2 |M | 2 ´ρ 1i ˚K i ˚i ρ˚i 1 ¯δq p a r a t , T ap a ˚" |m 3 2 | 2 M « Λ a ˚a´ρ 1i ˚K i ˚i ρ˚i ´1 `1 M : a r S : r ρ1i ˚´B i ˚Λa ˚bpΛ ´1q b b ˚Bj Λ b ˚a ´Bj B i ˚Λa ˚a¯ρ ˚j ff a p , T 1 rq p " |m 3 2 | 2 M ´ρ 1i ˚K i ˚i ρ˚i ´1¯δ p q a r `|m 3 2 | 2 M 2 ! a t a q S : t δ p r `2a r a p S : q `aq a p ´ρ 1i˚K ii ρ˚i 1 ´2¯ S : r ) , D abc p " e 1 2 K m : 3 2 M : # " B i Ky abc `Bi y abc ı ρ˚i 1 ´"pΛ ´1q d b ˚Bi Λ b ˚a ρ˚i 1 y dbc `pa Ø bq `pa Ø cq `yabc + a p , D 1 abp q " |m 3 2 | 2 |M | 2 # ´"pΛ ´1q c b ˚Bi Λ b ˚a ρ˚i 1 pZ cb ´ρ i ˚Bi ˚Zcb q `pa Ø bq ı a p "2Z ab ´2ρ 1i ˚Bi ˚Zab `ρ˚i 1 B i Z ab ´ρ 1i ˚ρ˚i 1 B i ˚Bi Z ab ı a p `ρ 1i ˚K i ˚i ρ˚i Z ab a p + a q , `e 1 2 K m : 3 2 M : σ ab B p U a q D 2 ab p " e 1 2 K m : 3 2 M : # `Bi Kσ ab `Bi σ ab ˘ρ ˚i 1 ´"pΛ ´1q c b ˚Bi Λ b ˚a ρ˚i 1 σ cd `pa Ø bq ı + a p , E ab p " # e 1 2 K m : 3 2 M : ˆ"B i Km ab `Bi m ab ı ρ˚i 1 ´"pΛ ´1q c b ˚Bi Λ b ˚a ρ˚i 1 m cb `pa Ø bq ı |m 3 2 | 2 M : ˆ4Z ab ´2ρ i ˚Bi ˚Zab `ρ˚i 1 B i Z ab ´ρ i ˚ρ˚i 1 B i ˚Bi Z ab ``ρ i ˚K i ˚i ρ˚i 1 ´3qZ ab ´"pΛ ´1q c b ˚Bi Λ b ˚a ρ˚i 1 pZ cb ´ρ i ˚Bi ˚Zcb q `pa Ø bq ı ˙`m : 3 2 M : e 1 2 K B q U σ ab S q `|m 3 2 | 2 |M | 2 a q S p Z ab + a p , B 1p " m : 3 2 M : e K 2 # " B i Kµ `Bi µ ı ρ˚i 1 ´2µ + a p , D 1p " m : 3 2 M : e K 2 # " B i Kλ `Bi λ ı ρ˚i 1 ´2λ + a p .

C.3 Application

In this section we are considering a NSW-extension closely related to the NMSSM. We denote here Q, U, D the superfields describing the quark/squark sector, L, E, N the superfields for the lepton/slepton sector and H U , H D the two Higgs superfields (see Table 3.2). Introduce further two singlet fields S 1 , S 2 and dimensionless fields in the hidden sector z i . Denote generically Φ a the fields in the observable sector and ΦI " pΦ a , H U , H D q. Recall that

U " µ 1 S 2 ´µ2 S 1 .
The Kähler potential is taken to be Kpz, z : , S, S : , Φ, Φ : q " m 2 p Kpz, z : q `S: p S p `ÿ I Λ I pz, z : q Φ: Several remarks are in order:

1. We neglect in this first analysis the flavour of particles, i.e., we only consider one family of quarks and leptons;

2. We do not consider the interactions with neutrinos;

3. We only consider dimensionless coefficients in the Kähler potential and in the superpotential Wk pzqg k pU , Φq, the dimensionfull terms in U , U 2 or H U ¨HD can be easily taken into consideration if needed. Note that the term ζU is already present in Wp pzqS p " ζ p S p .

Before using the results previously established, some care is needed. Indeed, after supersymmetry breaking the kinetic part of the scalar component ϕ and of the fermion component χ of the chiral superfield Φ are not correctly normalised. Actually the factor ΛΦ : Φ in the Kähler potential leads to

L kin scal. " Λ B µ ϕB µ ϕ : , L kin ferm. " ´i 2 Λ ´χσ µ B µ χ ´Bµ χσ µ χ¯.
Thus Λ must be positive, and in order to have correctly normalised fields, a field redefinition must be performed

ϕ Ñ 1 b Λ ϕ , χ Ñ 1 b Λ χ .
When supergravity is broken in the hidden sector the scalar potential takes the forms

V " V SUSY `Vsoft `Vhard .
Recall that the gravitino mass is given by

m 3 2 " 1 m p e 1 2 K Ŵ ,
and the scale M is defined through

M 2 " Ŵ0 `Sp µ p Ŵ1 , a p M " µ p Ŵ1 .
We also introduce two basic functions

ρ i ˚" B i ´K `ln Ŵ m 2 p ¯p K´1 q i i ρ1,i ˚" B i ´K `ln Ŵ1 m p ¯p K´1 q i i
The unbroken supersymmetric part of the potential is

V SUSY " B a W m B a Wm `Bp W 1 m B p W 1 m ,
where the superpotential is given by

W m " W 1 m `WGM W 1 m " ´ŷ e L ¨HD E ´ŷ d Q ¨HD D `ŷ u Q ¨HU U `λ U H D ¨HU `1 6 κ U 3 `ζ p S p W GM " µH U ¨HD `yp S p H U ¨HD (C.-168)
The terms in Eq. C.-168 come from the Kähler potential, and constitute the usual Giudice-Masiero term supplemented by the corresponding term resulting from the S-field:

µ " m 3 2 ´ Z a Λ H D Λ H U ´ ρ i ˚Bi ˚Z a Λ H D Λ H U ¯, y p " m 3 2 M ´ Z a Λ H D Λ H U ´ ρ 1,i ˚Bi ˚Z a Λ H D Λ H U ¯ap .
Note that the y p term is M ´suppressed. The Yukawa interaction have two origins : the superpotential and the field redefinition due to the Λ´term in the Kähler potential:

ŷe " e

1 2 K y e b Λ E Λ L Λ H D , ŷd " e 1 2 K y d b Λ Q Λ D Λ H D , ŷu " e 1 2 K y u b Λ Q Λ U Λ H U , and 
κ " e 1 2 K κ , λ " e 1 2 K λ b Λ H D Λ H U , ζp " e 1 2 K ζ p . 207 
The soft-supersymmetric breaking part is given by

V soft " |m 3 2 | 2 ÿ I ̟ I ϕ : I ϕ I `´|M | 2 ̟ 1 a q a p `pm 2 q q p ¯Sp S : q `«" ˇˇm 3 2 ˇˇ2 b `λm : 3 2 U * h U ¨hD `h.c. ff `|m 3 2 | 2 ̟ ´Sp ` S p ¯´S : p ` S : p |M | 2 a q a q e x Ky `#m : 3{2 M : a q ζq `h.c. +« pS p `xS p yqpS : p `xS : p yq `ϕ: I ϕ I `! 1 a Λ H U Λ H D Z h U ¨hD `h.c. ) ff `#m : 3 2 ˆ´A e l ¨hD ẽ ´Ad q ¨hD d `Au q ¨hU ũ `A1 U h U ¨hD `Ap S p h U ¨hD `Cp S p `1 2 κU 2 `U ` U ˘`1 6 A κ U 3 ˙`m 3 2 C 1 p S p `C2 p S p `h.c.

+

where we have introduced:

1. Scalar masses:

̟ I " ρ i ˚K i ˚i ρi ´2 ` ρ i ˚´B i ˚ΛI B i Λ I Λ 2 I ´Bi ˚Bi Λ I Λ I ¯ρ i , ̟ " ρ i ˚K i ˚i ρi ´2 ̟ 1 " e K ρ 1,i ˚K i ˚i ρi 1 ´1 (C.-179) pm 2 q p q " e 1 2 K # m : 3 2 M : " pB i Kζ q `Bi ζ q qρ i 1 ´ζq ı a p `h.c. + (C.-178)
Note the terms Eq. C.-179 and Eq. C.-178 are controlled by M (second line of V soft ).

b´term

: b " ´ Z a Λ H D Λ H U ´ ρ i ˚Bi ˚Z a Λ H D Λ H U ` ρi B i Z a Λ H D Λ H U ´ ρ i ˚ρ i B i ˚Bi Z a Λ H D Λ H U ´´B i Λ H U Λ H U `Bi Λ H D Λ H D ¯1 a Λ H U Λ H D ρi pZ ´ρi ˚Bi ˚Z q `1 a Λ H U Λ H D ρ i ˚K i ˚i ρi Z `1 M : ´ Z ´ρi ˚ B i ˚Z ¯ap S : p 1 a Λ H U Λ H D
This term is one of the signature of the Giudice-Masiero mechanism (note that b " 0 if Z " 0). It is supplement by a M ´suppressed term coming from the vev of S. 5. The linear term is given by

trilinear HHS´term

A p " 1 b Λ H U Λ H D m 3 2 M « ´ˆ B i Λ H U Λ H U ` B i Λ H D Λ H D ˙pZ ´ρ1i ˚Bi ˚Z q ρi ´Z ´ρ1i ˚Bi ˚Z `ρ i B i Z ´ρ1i ˚ρ i B i B i ˚Z `pρ 1i ˚K i ˚i ρi qZ 1 M : pZ ´ρ1i ˚Bi ˚Z qa q S : q ff a p and the trilinear term U HH A 1 " ˜`B i K λ `Bi λ˘ρ i ´ˆ B i Λ H U Λ H U ` B i Λ H D Λ H D ˙ρ i λ `1 M : a p S : p λ¸.

Trilinear terms:

A I " « B i K ŷI `Bi ŷI ´ B i Λ I Λ I ŷI ´ B i Λ I 1 Λ I 1 ŷI ´ B i Λ H I Λ H I ŷI ff ρi `1 M : a p S :
C p " ´2ζ p ``B i K ζp `Bi ζp ˘ρ i `1 M : ζp a q S : q C 1 p " 1 M ´"pB i ˚K ζq `Bi ˚ζ q qρ 1i ˚´ζ q‰ S : q a p C2 p " e K « M pM : q 2 `ρi ˚K i ˚i ρi ´2q `|M | 2 a q S : q ff a p .
6. U 3 term :

A κ " `Bi K κ `Bi κ˘ρ ˚i `´1 M : a p S : p ´3¯κ
The hard supersymmetric breaking terms are given by 209

V hard " |m 3 2 | 2 « ÿ I Q Ip q ϕ : I ϕ I S : q S p `Q1 r t S : p S p S : t S r `! ÿ I T Ip ϕ : I ϕ I S p `h.c. ) `!T 1 r S : p S p S r `h.c. ) ff `«! |m 3 2 | 2 E q `m: 3 2 M : λ U a q ) h U ¨hD S : q `h.c. ff `" |m 3{2 | 2 M ˆ1 `S: r a r M : ˙ap pS p `xS p yq `h.c. * ˆ«pS p `xS p yqpS : p `xS : p yq `ϕ: I ϕ I `! 1 a Λ H U Λ H D Z h U ¨hD `h.c. ) ff `«m : 3 2 " ´Dq e l ¨hD ẽ ´Dq d q ¨hD d `Dq u q ¨hU ũ `Dp q S p h U ¨hD `D1q U h U ¨hD `1 6 1 M : D κ U 3 a q `1 2 1 M : κU 2 pU ` U qa q * S : q `h.c. ff
The various terms in V hard are 1. ΦΦ : SS : ´term

Q Ip q " a p a q |M | 2 # " ρ 1i ˚K i ˚i ρi 1 ´2‰ `ρ1i ˚" B i ˚ΛI B i Λ I Λ 2 I ´Bi ˚Bi Λ I Λ I  ρi 1 + . 
2. ΦΦ : S + h.c.

T Ip " 1 M # " ρ 1i ˚K i ˚i ρi ´2‰ `ρ1i ˚" B i ˚ΛI B i Λ I Λ 2 I ´Bi ˚Bi Λ I Λ I  ρi + a p . 3. pSS : q 2 ´term Q 1 r t " a r q t |M | 2 " ρ 1i ˚K i ˚i ρi 1 ´2‰ . 
4. S 2 S : ´term + h.c.

T 1 r " a r M " ρ 1i ˚K i ˚i ρi ´2‰ . 
5. The D q I ´terms

D q I " 1 M : #« B i K ŷI `Bi ŷI ´ B i Λ I Λ I ŷI ´ B i Λ I 1 Λ I 1 ŷI ´ B i Λ H I Λ H I ŷI ff ρi 1 `ŷ I + a q 6. The D p q ´term D p q " 1 b Λ H U Λ H D m 3 2 |M | 2 « ´ˆ B i Λ H U Λ H U ` B i Λ H D Λ H D ˙pZ ´ρi ˚Bi ˚Z qρ i 1 ´2ρ 1i ˚Bi ˚Z `ρ i 1 B i Z ´ρ1i ˚ρ i 1 B i B i ˚Z `ρ1i ˚K i ˚i ρi Z ff a p a q 7. The D 1q ´term D 1q " 1 M : « λ `˜B i K λ `Bi λ ´´B i Λ H D Λ H D `Bi Λ H U Λ H U ¯λ ¸ρ i 1 ff a q 8. The E´term E q " 1 M : # ρ i ˚K i ˚i ρi 1 Z a Λ H D Λ H U ´2 ρ i ˚Bi ˚Z a Λ H D Λ H U ` ρi 1 B i Z a Λ H D Λ H U ´ ρ i ˚ρi 1 B i ˚Bi Z a Λ H D Λ H U ´1 b Λ H U Λ H D ˆ B i Λ H U Λ H U ` B i Λ H D Λ H D ˙ρ i 1 `Z ´ρi ˚Bi ˚Z ˘+a q . 9. The U 3 term D κ " ´Bi K λ `Bi λ¯ˆρ i 1 ´2λ 
The derivative with respect to the matter field takes the form: The derivative with respect to the hidden sector is given by 3{2 pI q `M 3 4 xB q ω 0 yqS a ˚a ´2 m3{2 pI q `M 3 4 xB q ω 0 yqxB z Λ a ˚a y `m 2 3{2 pdI q `M 3 4 xB q dω 0 yq Sa ˚a `m 1 3{2 pI q `M 3 4 xB q ω 0 y ¯S a ˚a `m 1 3{2 pI q `M 3 4 xB q ω 0 yqB z Sa Note that the formulas presented in the Subsection 4.4 can be directly obtained from those general results by taking : ω 0 pΦ, S, zq " ω 0 pΦ, zq , Λ a a ˚pz, z : q " δ a a ˚, xφ a y " xS p y " 0 .

B a V " M 3 4 e 1 2 ˇˇxzy ˇˇ2 ´m 1 3{2 xB a d z ω 0 y `m 3{2 " ´3xB a ω 0 y `Rb a xB b ω 0 y `Rb c xφ c B b B a ω 0 y `xS p B a B p ω 0 y m3{2 ˇˇ2 M 2 4 xφ a ˚yS a ˚a `eˇˇx zy ˇˇ2 ´M 2 
B z V " m 2 p pm 2 3{2 m1 3{2 ´2m
In our case, the relation Eq. E.2 become:

detpλ1 ´M q " detpλ1 ´M1 qdetpλ1 ´εM 2 ´ηP pλ1 ´M1 q ´1P t q .

with η " ε 2 . Writing for simplicity

A " ´1 λ M 2 ,
B " ´1 λ P pλ1 ´M1 q ´1 P t , the relation Eq. E can be rewritten as detpλ1 ´M1 qdetpλ1 ´εM 2 ´ηP pλ1 ´M1 q ´1P t q " λ n 2 detpλ1 ´M1 qdetp1 `ǫA `ηBq .

Using the identity detp1 `ǫA `ηBq "

n ÿ k"0 η k k! d k dη k detp1 `ǫA `ηBq ˇˇη "0
" detp1 `εAq ˜1 `ηTr pXq `1 2 η 2 ´Tr pXq 2 ´Tr `X2 ˘¯`¨¨¨¸(E.0) with X " B 1`εA , we have easily detpλ1 ´M q " detpλ1 ´M1 qdetpλ1 ´εM 2 q `Opε 2 q .

Taking the eigenvalues λ n of M 1 and εM 2 (see Theorem E.0.1), we then get:

detpλ n 1 ´M q " detpλ n 1 ´M1 qdetpλ n 1 ´εM 2 q `Opε 2 q " 0 `Opε 2 q which completes the proof.

Proposition E.0.2 Let λ n be the eigenvalues of M :

detpλ n 1 ´M q " 0 .

The eigenvalues of the matrix M are the eigenvalues of the matrix M 1 and εM 2 up to Opε 2 q contribution, λ n " λ n `Opε 2 q, n " 1, ¨¨¨, n 1 `n2 .

The pn `1q ˆpn `1q squared mass matrix can then be written in the following form:

M 2 " aI `A , with A " ˆrBs rCs rC : s rDs ˙,

where A is a block matrix and we introduce rBs, rCs, rDs, n ˆn, 1 ˆn and 1 ˆ1 matrices respectively:

rBs p q " bI p I q , rCs p " cI p , rC : s q " c ˚I q rDs 1 1 " d ´a .

The matrix A and aI commute so are simultaneously diagonalisable. Furthermore, looking to the n ˆn submatrix B of the matrix A in the S p ´space we have B " bI b I : where I is a vector and I : a covector of C n . Thus the kernel of B is pn ´1q-dimensional since the image of I : is one dimensional. Due to the specific form of B is is obvious that the vectors (1 ď p ă q ď n ´1) is a normalised eigenvector of B. Note that S and V ab are orthogonal.

To proceed to a change of basis we proceed in two steps. First we go from the canonical basis to the basis V 12 , V 21 , ¨¨¨, V n´1,n , S. Denote P the corresponding matrix which takes the form (in the S p ´z space) P " ¨Ī 2 0 0 ¨¨¨0 ẇhich only acts on the V 12 , ¨¨¨, V n´1n vectors in such a way that they form an orthonormal basis. Since the vector V is normalised and orthogonal to all V ab the matrix G only acts on the first pn ´1q´components, say V 12 , ¨¨¨, V n,n´1 and enables to obtain an orthormal basis of the kernel of B. We thus have U " GQ " QG 1 with G 1 " Q ´1GQ where now U is unitary. Thus we have in the new basis We now compute the orthornormal vectors of B obtained by the Gram-Schmidt process.

I 1 |I| 0 ´Ī 1 Ī3 0 ¨¨¨0
The computation of the orthonormal basis is done by induction. We start with the nonorthonormal basis of the kernel of B that we denote B " tV 12 , ¨¨¨, V n´1,n u. We denote B N " tW 1 , ¨¨¨, W n´1 u the orthonormal (not normalised) vecteurs. Pay attention that the orthonormalisation processe is done with the hermitian scalar product. For convenience we introduce the following notations:

I 12 " |I 1 | 2 `|I 2 | 2 1.
Step one take Finally the vectors pW 1 , ¨¨¨, W n´1 q are orthonormal. A nice check that these vectors belongs to the kernel of B is to check that these vectors are orthogonal to the eigenvectors 

W

H.2 Distributions of d z

We recall that the longitudinal impact parameter corresponds to (without taking into account the magnetic field)

d z " z ´pz p 2
T pxp x `yp y q with p T the transerse impulsion of the particle and px, yq the position of the displaced vertex. 

H.3 Distributions of transverse momentum p T

The distribution of the transverse momentum of the leading jet p T pjq can be found in Figure 6.13. The other distributions are shown below. 

H.4 Distributions of pseudorapidity |η|

The pseudorapidity is usually defined as:

η " ´log ´tan θ 2 with θ the angle between the impulsion of the particle and the beam axis. 

H.6 Other observables

The distribution of ∆R 1 is already shown in Figure 6.15. The other distributions (∆R 2 and α T already defined in Subsection 6. 
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 11 Figure 1.1: Évolution de la masse du boson de Higgs à une boucle m p1Lq h

Figure 1 . 2 :

 12 Figure 1.2: Différence de fine-tuning ∆ F T entre les modèles NMSSM et N2MSSM (Scan en m 0 rGeVs et m 1{2 rGeVs via le MCMC). Les incertitudes σ N ´N 2 ont étés obtenues via un fit de Crystal-Ball sur les distributions.

Figure 1 . 3 :

 13 Figure 1.3: Distance de vol corrigée des effets relativistes (βγcτ ) du squark stop en fonction de la masse du stop et du gravitino. Les deux lignes noires correspondent aux limites géométriques du trajectographe du détecteur CMS.

  .5), définie comme M ET " || M ET || " || ´ÿ p T visible || et la M HT (variable équivalente à M ET mais uniquement pour les hadrons, voir Figure 1.5) semblent être des variables intéressantes pour le système de déclenchement.
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 1415 Figure 1.4: Distributions de M ET pour m t " 1 TeV et m t " 1.4 TeV (le choix de m 3{2 de modifie pas la cinématique).
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 41 Chiral density and new hybrid variables `Θα , Θ 9 α

  b a pxφ a y `φa qS : p B b ω 0

4 B

 4 a ω 0 B a ˚ω 0 xpΛ ´1q a a ˚y¯.

Figure 4 . 1 :

 41 Figure 4.1: One-loop contribution on the mass of the field φ.

. 35 )

 35 The derivative along the S field 4.34 leads to a relation between I p and the covariant derivative d z I p : xB p V y " 0 ñ d z I p " 2 ξ3{2 I p @p " 1, . . . , n . (4.36)

4 p

 4 term in Eq. 4.60 is not reduced by xB 2

xd 2 z

 2 wy xwy positive automatically lead to |I| 2 ă 0. Numerical investigations reveal four different regions described by sgnp xd 2 z wy xwy q " ˘1 and sgnpzξ 3{2 q " ˘1 (i.e., all the regions with the sign of ξ 3{2 and xzy swapped are equivalent). The different regions are shown in Figure 4.2.
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 42 Figure 4.2: Allowed region by the constraints Eq. 4.83 and Eq. 4.84 as function of log 10 pξ 3{2 q and log 10 p xd 2 z wy xwy q. Upper-left: the inequality |I| 2 ě 0 is not satisfied in all the plane. The red color is the superposition of the two regimes.
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 243 (a) Evolution of log 10 `|I| 2 ˘(b) Evolution of log 10 `m2 d) Evolution of log 10 `sin 2 θ Evolution of several parameters as function of log 10 `|m 3{2 {p1 GeVq| ˘and log 10 `|ξ 3{2 | ˘for sgnpxd 2

  3 and Figure 4.4) is quite representative to the first part of the solutions. The light state Figure 4.3b has a mass between the TeV scale and the MeV while the heavier one Figure 4.3c remain at m 2 ζ 1 " 10 17 GeV 2 . The computation of the mixing angle Figure 4.3d shows us that the light state S 1 is mainly singlet. Finally, the magnitude of |I| 2 in

Figure 4 .

 4 Figure 4.3a allows to determinine the order of magnitude of each contribution in Eq. 4.85. Taking the highest possible value of |I| 2 « 10 40 GeV 2 , the factor a |I| 2 {m 2 p coming from the contribution Eq. 4.28 is approximately 10 ´16 while the second contribution gives |Iξ 3{2 | 2 {m 4 p « 10 ´32 . Taking the highest value of ξ 3{2 to boost the second contribution, we obtain respectively for the two factors 10 ´26 and 10 ´22 . Even though the purely hard contribution is suppressed in m 4p , high values of ξ 3{2 can then push this loop effect and exceed the superpotential contribution. However, as we can see in all the figures, increasing the values of ξ 3{2 must be coordinated with a reduction of the gravitino mass to pass the constraints. This leads to lower the mass m 2 S 1 and the parameters sin 2 θ and |I| 2 which reduce the loop effects. Moreover, taking too high values of ξ 3{2 is non-natural and generate a fine-tuning. The one-loop Higgs Boson mass is shown in Figure4.4a. As we can see from this evolution and the previous discussion, the effects are mostly nonexistent. Finally, note that the restriction for log 10 |ξ 3{2 | ă 6 is coming from the negativity of the squared mass m 2 S 1 where the constraint for high ξ 3{2 values corresponds to both |I| 2 ă 0 and m 2 S 1 ă 0.

Figure 4 . 4 :

 44 Figure 4.4: Evolution of m p1Lq h as function of log 10 `|m 3{2 {p1 GeVq| ˘and log 10 `|ξ 3{2 | ˘for two configurations.

Figure 4 .Figure 4 . 5 :

 445 Figure 4.5: Evolution of several parameters as function of log 10 `|m 3{2 {p1 GeVq| ˘and log 10 `|ξ 3{2 | ˘for sgnpxd 2z wyq " ´1, ρ " 0, sgnpm 3{2 q " 1, sgnpxzyq " ´1 and sgnpξ 3{2 q " 1.

Figure 4 . 6 :

 46 Figure 4.6: Evolution of m p1Lq h as function of xd 2 z wy and xzy for ρ " 0, ξ 3{2 " 10 5 and m 3{2 " 10 3 GeV. The white region is forbidden due to the restriction m 2 S 1 ą 0.

Figure 4 . 7 :

 47 Figure 4.7: Evolution of the one-loop corrected Higgs boson mass as function of log 10 `|m 3{2 {p1 GeVq| ˘and log 10 `|ξ 3{2 | ˘for several configurations with ρ ‰ 0 and using the solution xB 2 φ ω 0 y `.

ζ 1

 1 are equivalent to the case ρ " 0 with Figure4.3. The only difference comes from the lightest state m 2 S 1 which remains higher than the GeV scale.

( a )

 a Evolution of log 10 `|I| 2 ˘(b) Evolution of log 10 `m2 S 1

Figure 4 . 8 :

 48 Figure

Figure 4 . 9 :

 49 Figure 4.9: Evolution of m p1Lq h as function of xd 2 z wy and xzy for ρ " 100, ξ 3{2 " 10 5 and m 3{2 " 10 3 GeV. The white region is forbidden due to the restriction m 2 S 1 ą 0. This solution is obtained with xB 2 φ ω 0 y `and xB φ ω 0 y

Firstly, numerical investigation

  from Subsection 4.4.4 has shown zones of the parameters space with xzy « 4 ´5 leading to a one-loop Higgs boson mass of m p1Lq h « 125 GeV.

1 2 Sthe basis tH 1 SM , H 1 , S r u M 1 2 S " RpβqM 2 S R T pβq , Rpβq " ¨cos β sin β 0 ´sin β cos β 0 0 0 1 '

 2112201 in This basis has the advantage that only one Higgs boson gets a non-zero v.e.v. (xH 1

Figure 5 . 1 :

 51 Figure 5.1: (Taken from [62].) In the left: Upper bound on the lightest Higgs mass (with radiative corrections) in the NMSSM for m t " 178 GeV and m t " 171.4 GeV (respectively for thick full and dotted lines) as function of tan β. The dashed lines correspond to the MSSM case. The dotted and dashed lines are obtained with M A " 1 T eV , whereas the full lines are obtained with an arbitrary M A . The λ-couplings is taken as λ " 0.7. In the right: Upper bound of the lightest Higgs mass in the NMSSM as function of λ. The thick full (dotted) line is obtained for tan β " 2.2 and m t " 178 GeV with (without) radiative corrections where the thin full (dotted) line is obtained for tan β " 2 and m t " 171.4 GeV with (without) radiative corrections.
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 555 Figure 5.5: SUSY contributions to the anomalous magnetic moment of leptons a ℓ

Figure 5 . 6 :

 56 Figure 5.6: Evolution of ppX N EXT , X CEN T RE , σ X q with X CEN T RE " 200 for several values of σ X .

Figure 5 . 7 :

 57 Figure 5.7: Convergence of the penalty function X CEN in the N2MSSM with ∆m h " 3 GeV, ∆ X " 10 ´3 and σ X " 10 ´2 for the point m 0 " 950 GeV and m 1{2 " 1225 GeV. The second evolution corresponds to the zoomed-in red rectangle.

Figure 5 . 10 :

 510 Figure 5.10: Distribution of ∆ N 2M SSM F T for the cells p950 GeV, 1225 GeVq and p950 GeV, 775 GeVq. The histogram corresponds to the data where the red and blue lines are fits with a Crystal Ball and an Exponential Tail distribution, respectively.
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 511 Figure 5.11: Distribution of ∆ N M SSM F T for the cells p950 GeV, 1225 GeVq and p950 GeV, 775 GeVq. The histogram corresponds to the data where the red and blue lines are fits with a Crystal Ball and an Exponential Tail distribution, respectively.
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 514 Figure 5.14: Difference of the fine-tuning ∆ N M SSM F T

Figure 5 . 15 :

 515 Figure 5.15: Distribution of the difference ∆ N M SSM F T

Figure 5 . 16 :

 516 Figure 5.16: X σ -grid with an Exponential tail f ET fit.

Figure 5 . 18 :λ 2 1 `λ2 2 (

 51812 Figure 5.18: Results of the grid scan: λ (for the NMSSM, in red) and a λ 2 1 `λ2 2 (for the N2MSSM, in blue) as function of the second lightest Higgs boson mass.

Figure 5 . 19 :

 519 Figure 5.19: Results of the grid scan: distribution of the λ 1 and λ 2 values as function of the second lightest Higgs boson mass.
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 520 Figure 5.20: Results of the grid scan: universal gaugino mass m 1{2 (in red for the NMSSM and in blue for the N2MSSM) as function of the gluino mass.
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 521 Figure 5.21: Results of the grid scan: universal scalar mass m 0 (in red for the NMSSM and in blue for the N2MSSM) as function of the lightest squark mass minpm qq.
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 522 Figure 5.22: Results of the grid scan: universal scalar mass m 0 (in red for the NMSSM and in blue for the N2MSSM) as function of the heaviest squark mass maxpm qq.
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 61 Figure 6.1: Average flight distance of particles of the Standard Model in the particle frame [101].
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 62 Figure 6.2: Schematic presentation of the various signatures coming from the presence of long-lived particles [107].

  Two-loop correction to scalar mass
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 64 Figure 6.4: Loop corrections from GMSB model
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 65 Figure 6.5: Production of a stop t1 pair from quark-antiquark annihilation (LO QCD).

Figure 6 . 6 :

 66 Figure 6.6: Production of a stop t1 pair through gluon-gluon fusion (LO QCD).
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 67 Figure 6.7: Evolution of σppp Ñ t1 t1 q as function of m t1 using the PDF NNPDF30_lo_as_0130. The uncertainties are obtained by varying the factorisation and renormalisation scales µ F and µ R .
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 68 Figure 6.8: γβ-distribution of the stop squark with m t1 pGeVq P " 200, 800, 1400, 2000 ‰ .
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 69 Figure 6.9: Evolution of β as function of m t1
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 610 Figure 6.10: Mean flight distance of the stop squark t in the laboratory frame as function of the neutralino mass m χ 01 (with χ 0 1 " B) and the difference between stop and top mass m t ´mt for the various processes of Table6.2. The tracker volume corresponds to the region between the two black lines (between 4 cm and 100 cm). 170
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 611 Figure 6.11: Mean flight distance of the stop in the laboratory frame as a function of stop and gravitino mass.
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 612 Figure 6.12: Distributions of d 0 of the top quark for m t " 1 TeV and m t " 1.4 TeV (the choice of m 3{2 do not impact the kinematic).
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 613614 Figure 6.13: Distributions of the transverse momentum of the leading jet p T pjq (b-jet included) for m t " 1 TeV and m t " 1.4 TeV (the choice of m 3{2 do not impact the kinematic).
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 615 Figure 6.15: Distributions of ∆R 1 (∆R between b-quark and the closest quark) for m t " 1 TeV and m t " 1.4 TeV (the choice of m 3{2 do not impact the kinematic).

  6.11) with M SU SY replaced by a new intermediate energy scale much lower than m p m

  Kµ `Bi µ ˘ρ ˚i `´1M : a p S :

I

  ΦI `"Zpz, z : qH U ¨HD `h.c. ı and the superpotential W pz, S, Φq " m p " Ŵ0 pzq `Sp µ p Ŵ1 pzq ‰ `Sp ζ p pzq ´ye pzqL ¨HD E ´yd pzqQ ¨HD D `yu pzqQ ¨HU U `λpzqU H D ¨HU `1 6 κpzqU 3

p ŷIH 1 2K

 1 I being the Higgs that couples to the scalar Φ I as y I Φ I ¨HH I Φ I 1 . The notation B i ŷI is a shorthand notation for e B i y{ a Λ I Λ I 1 Λ H I .

4 4 p xB a ω 0 yxS : q y Īq `M 3 4 m 2 p 4 2 p 2 p 1 3{2 3 4 4 4 4 4 4
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where

  Īq is in the p´th line and ´Ī p in the q´th line are in the kernel of B so the not normalised and not orthogonal vectorsT pp`1 " Īp`1 S p ´Ī p S p`1 , p " 1, ¨¨¨, n´1constitute a basis of the the kernel of B and consequently are eigenvectors of M 2 with eigenvalue a. Next it is easy to see that the vector

  of B with eigenvalue b|I| 2 . Thus the vector S " I p |I| S p , (F.-9)

ẇhere

  the matrix Q acts only on the S´sector and not on the hidden sector z. Since the vectors V 12 , ¨¨¨, V n´1,n are not orthonormal, the matrix P (or Q) is not unitary. Next we introduce a Gram Schmidt matrix G (acting only on the S´space) on the form

1 ˙

 1 " ˆU : BU U : C C : U D Ȯf course we have V :BV " diagp0, ¨¨¨, 0, c|I| 2 q . matrix G 1 acts not trivially on the first n ´1 components we obtainM 12 "
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 2 Figure G.2: Mean flight distance of the stop squark t1 in the laboratory frame as function of the neutralino mass m χ 0 j and the difference between stop and top mass m t ´mt for the various processes of Table 6.2.
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 3123 Figure G.3: Mean flight distance of the stop squark t1 in the laboratory frame as function of the neutralino mass m χ 0 j and the difference between stop and top mass m t ´mt for the various processes of Table 6.2.
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 4 Figure H.4: Distributions of d 0 of the muons coming from the decay of top quark for the eight benchmarks.
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 56 Figure H.5: Distributions of d z of the top quark for the eight benchmarks.

Figure H. 7 :Figure H. 8 :

 78 Figure H.7: Distributions of d z of the leptons coming from the decay of top quark for the eight benchmarks.

Figure H. 9 :

 9 Figure H.9: Distributions of d z of the muons coming from the decay of top quark for the eight benchmarks.
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 10 Figure H.10: Distributions of the transverse momentum of the muons p T pµq for m t " 1 TeV and m t " 1.4 TeV (the choice of m 3{2 do not impact the kinematic).
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 1112 Figure H.11: Distributions of the transverse momentum of the electrons p T peq for m t " 1 TeV and m t " 1.4 TeV (the choice of m 3{2 do not impact the kinematic). 241

Figure H. 17 :

 17 Figure H.17: Distributions of total transverse energy T ET for m t " 1 TeV and m t " 1.4 TeV (the choice of m 3{2 do not impact the kinematic).

Figure H. 18 :

 18 Figure H.18: Distributions of the total hadronic transverse energy T HT for m t " 1 TeV and m t " 1.4 TeV (the choice of m 3{2 do not impact the kinematic).

Figure H. 19 :

 19 Figure H.19: Distributions of M HT for m t " 1 TeV and m t " 1.4 TeV (the choice of m 3{2 do not impact the kinematic).

Figure H. 20 :

 20 Figure H.20: Distributions of the variable α T for m t " 1 TeV and m t " 1.4 TeV (the choice of m 3{2 do not impact the kinematic).

Figure H. 21 :

 21 Figure H.21: Distributions of the distance between b-quarks and the second closest quarks ∆R 2 for m t " 1 TeV and m t " 1.4 TeV (the choice of m 3{2 do not impact the kinematic).

  

  

  

  

  

  

  

  

  

  " 115 GeV est la masse du boson de Higgs contenant les contributions à l'arbre et à boucle des termes doux, θ est l'angle de mélange dans la base tz, Su, m 2 ζ 1 et m 2 S 1 les états de masses liés aux champs z et S et ξ 3{2 , |I| 2 des paramètres de notre modèle.

		Lq	`1 16π 2 m 2 p	e |xzy| 2 ´m2 ζ 1 sin 2 θ `m2 S 1 cos 2 θ	¯´a |I| 2	`1 m 2 p	`4|ξ 3{2 | 2	´2˘| I| 2	ōù
	m	pT Lq h						

  .2 are defined through their representations under the group gauge G SM .

	name	particle	superpartner representation
	Qi		
	quarks & squarks		

  2 p q xW y " e |xzy| 2 {2 M 3 3{2 lower than M 1 and M 4 can then be obtained by assuming:

	4 m 2 p	xwy
	(see subsection 4.2.1). A gravitino mass m	

  A s " ˆfs p|I| 2 qrBs g s p|I| 2 qrCs g s p|I| 2 qrC : s h s p|I| 2 qrDs ẇhere f s , g s , h s denote some polynomial functions. One thus has TrrA s s " bf s p|I| 2 q|I| 2 `pd ´aqh s p|I| 2 q , i.e., a function of only |I| 2 . Using the constraint on the cosmological constant 4.31, we can then suppress the |I| 2 -dependency in the matrix. Since the eigenvalues can be written in terms of the invariants of the matrix (which are obtained from TrrA s s), the mass states are thus not function of the intermediate energy scale M 2,p and M 3,p . We can also show that M 2 can be expressed in a simpler form:

.44) The squared mass matrix A 2 is A 2 " ˆrBs.rBs `rCs.rC : s rBs.rCs `rDsrCs rC : s.rBs `rC : srDs rC : s.rCs `rDs 2 " ˜pb|I| 2 `|c| 2 b qrBs pb|I| 2 `d ´aqrCs pb|I| 2 `d ´aqrC : s p |c| 2 d´a `d ´aqrDs ¸, showing that A has the same block matrix structure of A up to multiplicative factors that are function of |I| 2 " ř p |I p | 2 . We can then conclude that A s (with s P N) is of the same form:

  cancels the

								M 4 4
	m 4 p suppression in 4.60, which make the subtracted positive term important and potentially
	leads to |I| 2 ă 0 for most values of parameters. One can recast the two equations (4.60) and (4.66) respectively in a simple form
	Axwy 2 ´pBxwy `Cq ě 0, Bxwy `C ě 0,	with :	A " M 2 4 B " 2m 2 p3ξ 2 3{2 ´1qp2ξ 3{2 ´xzyq 2 xB z B φ ω 0 y 2 p ξ 2 3{2 p3ξ 2 3{2 ´2q C " m 2 p ξ 2 3{2 . xd 2 z wy ,	,	(4.77)
	´B ă 0 and	´B ą 0 and 2A B `?B 2 `4AC ´C B	ă xwy ă or ă xwy ă	¯(4.78) ¯(4.79) B ´?B 2 `4AC 2A ´C B
	which corresponds to a width x∆wy of the allowed interval of
	x∆wy " sgnpBq	M 2 4 8m 2 p	p3ξ 2 3{2 ´1qp2ξ 3{2 ´xzyq 2 xd 2 z wy 3 ξ 2 3{2 p3ξ 2 3{2 ´2q 3 xB z B φ ω 0 y 2	`Op	M 4 4 m 4 p	q .	(4.80)

The coefficient B can be positive or negative while C and A are defined positive (since |ξ 3{2 | ą 1 ? 3 ). Recalling that |xwy| ! 1 we identify two possible ranges of values for xwy 5 :

  Φa uq " ÿ

		Kptzu, tS p u, t Φa uq "	ÿ i	z i z : i	`Sp S : p	`M 2 4 φ a φ :
	1 m 4 p	e	ř i	|xz i y| 2	`M 2 4 φφ : `Sp S : p ˘`4	ÿ i	|ξ 3{2i | 2 ´2˘I	r	Īt S r S : t ,
	and								
					p m 2 2	e	ř		

i

W piq pz i , tS p u, t Φa uq , a where the term W piq is only function of the field z i . In this context, the pure hard and the superpotential contributions extend to:

i |xz i y| 2

  .6) (see 3.102, 3.103, 3.104 and 3.105). In the MSSM and the NMSSM, we usually eliminate the soft-breaking mass terms of the scalar sector through the minimisation relations, i.e., m 2 H U , m 2 H S and m 2 S (for the NMSSM). Similarly, we will eliminate the four softbreaking mass terms tm 2 H U , m 2 H D , m 2 S 1 , m 2 S 2 u using 5.6. Note that there is still one softmass breaking term in our model which can not be eliminated, i.e., the singlet-mixing term1 2 m 2 S 12 `S1 pS 2 q : `S2 pS 1 q :

  .2. ˆ10 ´2 1.49 ˆ10 2 6.14 ˆ10 ´2 2.59 ˆ10 28 χ 2 CB {ndf corr. 1.64 ˆ10 ´2 1.15 ˆ10 ´2 4.37 ˆ10 ´3 3.07 ˆ10 ET {ndf corr. 1.27 ˆ10 ´2 2.02 ˆ10 ´2 4.34 ˆ10 ´3 2.60 ˆ10

		Cells α	p950, 1225q p950, 775q p550, 1225q p550, 775q 1.17 1.46 1.42 0.32
		x	796.18	384.09	832.47	366.04
	f CB	σ	86.66	69.40	94.39	36.38
		n	1.00	1.18	1.00	6.83
	NMSSM	χ 2 CB {ndf k	1.03 ˆ10 ´2 5.39 ˆ10 ´3 9.72 ˆ10 ´3 1.89 ˆ10 0.69 0.56 0.86 0.29	´2
	f ET	x σ	793.53 87.65	378.87 48.98	829.79 92.73	366.80 37.34
		χ 2 ET {ndf α	´2 25046.90 3.17 ˆ10 ´2 1.07 ˆ10 ´2 5.09 ˆ10 ´2 4.00 ˆ10 10.45 0.50 0.94
		x	543.10	250.05	549.40	256.00
	f CB	σ n	24.56 10.45	9.60 133.109	19.77 50.60	14.96 1929.71
	N2MSSM	χ 2 CB {ndf	1.64 ´1
		k	1.46	0.53	0.92	0.87
		x	543.02	250.87	549.38	255.13
	f ET	σ	24.37	12.46	19.78	13.68
		χ 2 ET {ndf χ 2	1.27 ˆ10 ´2 1.76 ˆ10 3 9.42 ˆ10 ´2	1.75

´3

Table 5.2: Results of the fits on the distributions ∆ N M SSM F T and ∆ N 2M SSM F T

  ET {ndf 1.19 ˆ10 ´2 7.89 ˆ10 ´1 9.34 ˆ10 ´3 1.48 ˆ10

	Cells α	p950, 1225q p950, 775q p550, 1225q p550, 775q 1.05 0.97 1.41 0.60
		x	245.11	135.08	268.01	107.15
	f CB	σ	83.17	58.60	100.90	43.90
		n	1.00	2.06	1.00	2.21
	χ 2 CB {ndf 6.57 ˆ10 ´3 1.66 ˆ10 ´1 4.44 ˆ10 ´3 1.10 ˆ10 k 0.455 0.729 0.91 0.378	´1
	f ET	x σ	233.2 73.67	134.5 58.78	266.8 100.94	103.5 42.78
	χ 2					

´1

Table

Table 6 . 3

 63 .3 from the results of Figure 6.11. m t " 1 TeV m t " 1.4 TeV βγcτ " 10 cm m 3{2 " 2.28 ˆ10 ´5 GeV m 3{2 " 5.73 ˆ10 ´5 GeV βγcτ " 30 cm m 3{2 " 3.94 ˆ10 ´5 GeV m 3{2 " 9.93 ˆ10 ´5 GeV βγcτ " 50 cm m 3{2 " 5.09 ˆ10 ´5 GeV m 3{2 " 1.28 ˆ10 ´4 GeV βγcτ " 70 cm m 3{2 " 6.02 ˆ10 ´5 GeV m 3{2 " 1.52 ˆ10 ´4 GeV

: Benchmarks definition.

Table 6 .

 6 m t " 1 TeV m t " 1.4 TeV 4: Mean values of some observables for m t " 1 TeV and m t " 1.4 TeV.

	xM ET y [GeV]	503.6	702.3	
	xT ET y [GeV]	1265.5	1585.8	
	xT HT y [GeV]	1117.5	1412.8	
	xM HT y [GeV]	489.7	679.0	
	xp T pj 1 qy [GeV]	581.0	785.8	
	% events in the tracker volume 2 top decay in the tracker volume	m t " 1 TeV cτ " 10 cm cτ " 30 cm cτ " 50 cm cτ " 70 cm 58.8 92.7 96.7 95.1
	1 top decay in the tracker volume	11.1	4.9	2.3	2.1

Table 6 .

 6 5: Number of events with top quarks decaying in the tracker volume for m t " 1 TeV. There is three different cases: the two tops coming from the stop squarks decay in the tracker volume, only one top quark decay in the volume or not any.

	% events in the tracker volume 2 top decay in the tracker volume	m t " 1.4 TeV cτ " 10 cm cτ " 30 cm cτ " 50 cm cτ " 70 cm 60.6 93.1 97.1 96.7
	1 top decay in the tracker volume	9.4	4.0	2.0	1.6

Table 6 .

 6 6: Number of events with top quarks decaying in the tracker volume for m t " 1.4 TeV. There is three different cases: the two tops coming from the stop squarks decay in the tracker volume, only one top quark decay in the volume or not any.
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  ¨¨¨, 0 ¯t .2.Step two take W 2 " W 1 `λV 23 imposing the W :1 W 2 " 0 gives λ. Rescaling W 2 leads to ´1 Ī3 , ¨¨¨, 0 ¯t .3.Step three. Since V 34 K W 1 , take W 3 " W 3 `λV 34 imposing the W : 2 W 3 " 0 gives λ. Rescaling W 3 leads to|I p | 2 , ¨¨¨, 0 ¯t .4. Final steps. The relation above can be easily extended and proceeding along the same lines we get for 3 ď k ď n ´1 |I p | 2 , ¨¨¨, 0 ¯t .

		1 " , 0, W 2 " ´Ī 2 I 12 , ´Ī 1 I 12 ´I1 I 12 , I 2 I 12 , W 3 " ´I1 I 12 , I 2 I 12 , I 3 I 12 , ´1 I 12 Ī4	3 ÿ p"1
	W k "	´I1 I 12	,	I 2 I 12	,	I 3 I 12	,	I 4 I 12	, ¨¨¨,	I k I 12	, ´1 Īk`1 I 12	k ÿ p"1

On peut supposer une invariance superconforme du modèle, ce qui impose alors la symétrie Z 3 du superpotentiel (voir[START_REF] Rausch De Traubenberg | A Supergravity Primer: From Geometrical Principles to the Final Lagrangian[END_REF])

Notons que le théorème de non-renormalisation n'est pas forcément applicable dans le cadre de modèles contenant des termes de brisures durs. Cela complexifie le calcul des RGEs.

Note that the gauge bosons must be treated with care.

The points 1)-4) of the Coleman-Mandula and 1)-4') of the Haag-Łopuszański-Sohnius theorem (see subsection

3.1.2) are the validity conditions of these theorems. Some conditions can be relaxed, leading to new sorts of symmetries (leading, for example, to higher-spin or superconformal algebra). This discussion is out of the scope of this thesis.

α pxqq of the spin-3{2

The transformation can be fully embedded in a single Super-Weyl transformation since the Weyl rescaling and the gravitino-shift commute.

The first line corresponds to the gaugino-matter-gravitino interaction, and the second line is the goldstino-gravitino mixing term. The third, fourth and fifth lines are the mass terms of the fermionic sector. The last line contains the gauge-matter interaction, the scalar potential V and L 4-fermions the four-fermions interactions. This lagrangian is invariant

But can be charged under an other gauge group G 1 , not coupling to the matter sector.

Other solutions can be obtained in the context of No-Scale supergravity model, see[START_REF] Ellis | No Scale Supersymmetric Guts[END_REF] [34][START_REF] Cremmer | Naturally vanishing cosmological constant in N = 1 supergravity[END_REF] 

GUT theory can also be reconstructed by considering gauge group which allows gauge unification such as SU p5q or SOp10q.

We can assume a superconformal invariance of the theory, which impose a Z 3 symmetry of the superpotential (see[START_REF] Rausch De Traubenberg | A Supergravity Primer: From Geometrical Principles to the Final Lagrangian[END_REF])

Without taking into account the S2MSSM solutions presented in 4.2, a No-Scale Supergravity solution has also been discovered where the vanishing of the cosmological constant is simply a geometrical property, see[START_REF] Ellis | No Scale Supersymmetric Guts[END_REF][34][35][9] 

Note however that quantum instability has been already pointed out on the conventional supergravity solutions, see[50][51] 

To be compared with the N2MSSM defined in chapter 5 in the case of Soni-Weldon solutions.

This is typical where the parameters in the superpotential Eq. 4.19 are no longer function of the hidden sector (for example, λpzq " λ).

In fact, divergences in the limit w Ñ 0 appears in the terms of order xB z B φ ω 0 y 3 and higher.

Even thought our analysis is based on the Z 3 -invariant N2MSSM, we have implemented the general superpotential of the N2MSSM.

The first grid scans for this preliminary analysis was performed with m 1{2 P r500 GeV, 1000 GeVs. The range of values for m 1{2 has been changed to m 1{2 P r750 GeV, 1250 GeVs to avoid this issue.

Many other models are also searched, e.g., GUT theory, composite models or extra-dimensional theory.

This statement is true only if the long-lived particle decays in the tracker volume.

MSSM with goldstino/gravitino couplings: https://feynrules.irmp.ucl.ac.be/wiki/goldstino

Note that this limit is in general model dependent an can be lowered to fully cover the modern analysis.

We assume that those constraints can be applied to long-lived particles.

A deeper analysis has shown that we are mainly in the context of the model of spectator quarks, i.e., quarks that are not part of the hard process do not impact the decay.

The definition of d z comes from internal codes of the CMS collaboration.

`M 5

Remerciements

firstly defining in 3.7.2.

The mass matrices obtained by the Sarah method has been compared by the ones presented in 3.7.2 and Appendix B and validated. [75]).

We define the NMSSM following the notations of the N2MSSM 2 :

.

The soft-breaking terms are equivalent to those of the N2MSSM not considering the S 2couplings. A comparison between Sarah/SPheno and NMSSMTools has been made under various benchmark points from the LHC NMSSM Subgroup 3 , leading to only a few per cent differences on the mass spectrum.

Note that the parameters-space of the NMSSM is a smaller dimensional space than for the N2MSSM (9 parameters for our case).

Method for the MCMC-scan

The method of the parameter-scan is reported here, as well as the various inputs for the program. The first point has been chosen by analysing the already known benchmark of the NMSSM and assuming a light singlet sector. This configuration allows a push-up effect on the Higgs sector (see subsection 5.1.2 for more information about the various ways to generate SMlike Higgs boson in the NMSSM) and is more attractive by giving a possible light scalar candidate for dark matter. The SM-like Higgs is then supposed to be the second lightest Higgs in the spectrum. The first point tp i u BEGIN is presented in the Table 5.1.

Parameter

tan β A 0 rGeVs λ i κ ijk µ ef f i rGeVs A λi rGeVs A κijk rGeVs Input 30 -1500 0.1 0.1 100 -200 -80 Variation σ i 0.1 Table 5.1: First point tp i u BEGIN for the algorithm. The parameter m 0 and m 1{2 are defined separately to produce a grid scan. The index i is introduced for the N2MSSMparameters. For the NMSSM, we set x i " x where x is a parameter.

We select m 0 and m 1{2 such that m min 0 pm min 1{2 q ă m 0 pm 1{2 q ă m max 0 pm max 1{2 q with a number of points N m 0 pN m 1{2 q in the scan. This permit a grid-scan on the pm 0 , m 1{2 qplane while the other parameters are obtained through the MCMC algorithm. For our scan, we set:

" 1000 GeV and N m 0 " 10; 2 The general NMSSM has been implemented for the generation. However, the Z 3 -invariant model will be used in the following, i.e., taking ξ F " 0 and µ 1 " 0.

3 https://twiki.cern.ch/twiki/bin/view/LHCPhysics/NMSSMBenchmarkPoints

We now conclude with a last remark. We can also check the calculus of observables that have not been restricted in the penalty function. In the Section 5.2.3, we have mentioned that the SPheno program computes the anomalous magnetic moment of the leptons a ℓ " 1 2 pg ´2q ℓ . Considering the latest measurement of the anomal magnetic moment of the muon [START_REF] Ibrahim | Cpviolation and the muon anomaly inn=1supergravity[END_REF][100], it can be interesting to analyse the distribution of the supersymmetric contribution to a µ in the NMSSM and in the N2MSSM. The measured deviation of 4.2σ corresponds to ∆a µ " a exp. Assuming the constraints mentioned in Subsection 5.3.2, we see that the N2MSSM framework allows a higher supersymmetric contribution on the anomalous magnetic moment a µ (potentially due to the new neutralino state). However, no values from those scans are coherent with the experimental measurement ∆a µ " p251 ˘59q ˆ10 ´11 [START_REF] Abi | Measurement of the positive muon anomalous magnetic moment to 0.46 ppm[END_REF]. Implementing this constraint on the penalty function could help to recover a valid SUSY contribution.

Toward a more complete analysis of the N2MSSM

All of those results represent a preliminary analysis on the N2MSSM. The spectrum generator obtained by the programs SARAH and SPheno allows to calculate all the mass where:

Summing on colour indices, the mean-value of matrix element can be written as:

The decay width is thus:

All the possible decays are presented in Table 6.1 and Table 6.2:

Values for V L and V R parameters depending on the process.

Note that some decay channels are forbidden due to the gauge invariance. From Table 6.2, the corrected flight distance can then be computed using Eq. 6.4 and Eq. 6.5 (see Figure 6.10 and in Appendix G).

Appendices

APPENDIX A

Conventions and Notations

We introduce the conventions and notations used in this manuscript.

Vector indices are written using letters from the middle of the Greek alphabet pµ, ν, ρ, . . . q whilst the beginning of the alphabet is devoted to describe spinor indices (pα, β, . . . q for left-handed spinors and p 9 α, 9 β, . . . q for right-handed spinors).

Latin alphabet is used for general superspace coordinates (M, N, Q, P, . . . ). The Lorentz indices in flat space are defined as untilded M " pµ, α, 9 αq whereas Einstein indices in curved space are taken as tilded, M " pμ, α, 9

αq.

The Minkowsky metric is given by:

We use the Van der Waerden notation for spinors. Left-handed (right-handed) Weyl spinors are written as ψ α ( ψ 9 α ). The indices are raised and lowered using the following conventions:

2 " ´1 .

Scalar products of spinors are also defined by:

APPENDIX C

Potential for Non-Soni-Weldon solutions: Giudice-Masiero-like & Renormalisable theory case

In the Subsection 4.2.2, the full calculation of the S2MSSM scalar potential has been done. We present in this appendix an equivalent calculation starting from a more general model inspired by Giudice & Masiero solutions. The results are then applied to a renormalisable theory and a S2MSSM-like model. Consider a Non-Soni-Weldon solution with fields content:

The fields in the hidden sector z i are taken dimensionless. The fields in the observable sector Φ a will be specified later on, and we consider only two fields in the S´sector.

C.1 The Giudice-Masiero case

We display the calculation of the scalar potential in a Giudice-Masiero like case [START_REF] Giudice | A natural solution to the µ-problem in supergravity theories[END_REF]. We assume that the Kähler potential and the superpotential take the form

Kpz, z : , S, S : , Φ, Φ : q " m 2 p Kpz, z : q `S: p S p `Φ:

Vanishing of the cosmological constant, minimisation equations and mass matrice of the S2MSSM

In this appendix we give the general form of the mass matrix for the general potential. We recall that the superpotential and the Kähler potential take the form W pz, S, r Φq " m pℓ pW 1,0 pzq `Sp W 1,p pzqq `W0 pz, r Φ, U 12 q `Sp W 0,p pzq , K " m 2 p zz : `S: p S p `Φ: a˚Λ a˚a pz, z : qΦ a .

with only one field z from the hidden sector. We use the definitions introduced in Section 4.2. The potential at the minimum is easily obtained from Eq. 4.22: 

APPENDIX E

Screening property of the mass matrix

We show in this subsection an interesting decoupling property of the mass matrix in the basis tz, S p , Φ a u. Let M 1 P M n 1 pRq, M 2 P M n 2 pRq where M 1 and M 2 are symmetric matrices and let P P M n 2 ,n 1 pRq. Set n " n 1 `n2 and consider a symmetric n ˆn matrix of the form

with ε " 0.

Proposition E.0.1 Let λ n , be the eigenvalues of the matrices M 1 and εM 2 defined as

We have

Proof. Taking a general matrix M defined by

with A, B, C and D some matrices, the determinant of M can be obtained using

Proof. In the limit ε Ñ 0, the eigenvalues λ n of the matrix Eq. E.1 are

Writing the eigenvalues as a power series in ε:

we can separate them in two different types: a n 0 ‰ 0 for n " 1, ¨¨¨, n 1 (defined as type-I ) and a n 0 " 0 for n " 1 `n1 ¨¨¨, n 1 `n2 (defined as type-II ). Using the relations Eq. E.2 and Eq. E.3, we have (i)

We first consider the case (i). By analysing the form of the determinant Eq. E.-3, we see that it is equivalent to a polynomial in λ, ε and η

In the case where λ are the exact eigenvalues Theorem E, then we can write

Note that the relation E.-3 is valid at all order of ε, i.e., all the coefficients of the polynomial E.-3 must be equal to zero. Following Equation E.-3 in the limit ε Ñ 0, we see that a 0 " 0 and so λpεq " ř 8 i"1 a i ε i . The index i k in Eq. E.-3 are then all different from zero and so

Using the relation α 1 `α2 `α3 ě n 2 , we have

Since α 1 `α2 `α3 ě n 2 , the lowest order in ε is n 2 which is only obtained for α 3 " 0 and i 1 " i 2 " ¨¨¨" 1, i.e., the term in ε n 2 contains only a 1 and no dependency in η. Using Eq. E.0 and Eq. E.-3, we deduce that the term in ε n 2 is detpλ1 ´εM 2 q. Since the relation E.-3 holds order by order in ε, we then get detpa 1 ε1 ´εM 2 q " ε n 2 detpa 1 1 ´M2 q " 0 .

In the first order of ε, λ gives the eigenvalues of εM 2 .

We must also check that the higher order in ε ℓ (ℓ ą n 2 ) are not only function of a 1 in such a way that possibles constraints that appear in higher order are still consistent with the result Eq. E. It is indeed the case. We define ℓ "

i k " 1 @k P t1, ¨¨¨, α 1 u and with α 1 , α 2 , α 3 satisfying α 1 `α2 `α3 ě n 2 . We assume that the same order is obtained for α 1 fixed and α 3 ´r, α 2 `r. We then obtain

The factor a 1 is then not the only one that appears for higher orders terms, which remain the result Eq. E true.

The method is the same for the case (ii). We introduce artificially a parameter r such that: detpλ1 ´M1 ´ηP t pλ1 ´εM 2 q ´1P q Ñ detpλ1 ´rM 1 ´ηP t pλ1 ´εM 2 q ´1P q .

From the Equation E.-2, we see in the limit ε Ñ 0 that a 0 ‰ 0. The determinant can also be written in a polynomial form

/ -for α 1 " 0 .

The lowest order in ε is zero for α 3 " 0 and i k " 0 @k " 1, ¨¨¨, α 1 with α 1 `α2 " n 1 . It is then independent of η. Cancel the lowest order of ε in Eq. E.-2 is then equivalent to detpa 0 1 ´M1 q " 0 Moreover, since the power of ε in Eq. E.-8 has the form

i k `2α 3 , the order 1 in ε is also given by α 3 " 0 and

" 1 (so i k " 0 @k except for one k ˚giving i k ˚" 1). The order 1 in ε is then given by ÿ

´1 0 ε and included in detpλ1 ´M1 q. Since the relation E.-2 is valid for all the order in ε, the order one in ε Eq. E must vanish. We have then:

However, since the relation Eq. F.-10 is polynomial in order n 1 in a 0 and the second equation in Eq. E corresponds to a polynomial of order n 1 ´1 in a 0 , they are then incompatible, leading then to a 1 " 0.

APPENDIX F

Eigenvalues and eigenvectors of the mass matrix in the tS p , zu basis

This appendix present the analysis of the structure of the mass matrix M in the hybrid/hidden subsector mentionned in 4.3.3 and the computation of their corresponding eigenvectors.

Due to the structure of the mass matrix M in the basis tS p , zu it is easy to obtain all eigenvalues and eigenvectors. We recall that the element of the mass matrix take the form

We first rewrite the mass matrix in a more general form by highlighting the I p dependencies:

V (see Eq[F.

-10]). And it is indeed the case. The next step is to normalise the vectors W k :

Mean flight distance of the stop squark t

In this appendix, we summarize the results on the flight distance of the stop squark in the laboratory frame in the process t1 Ñ tχ 0 1 . The following figures correspond to the analysis Section 6.5. 

APPENDIX H

Distributions of several observables for the analysis t Ñ tψ µ

We present all the distributions produced for the analysis of the long-lived process t Ñ tψ µ with NLSP stop and LSP gravitino in the MSSM with Gauge Mediated Supersymmetry Breaking (see Section 6.6).

H.1 Distributions of d 0

The distribution of the d 0 of the top quark can be found in Figure 6.12. The other distributions are shown below. We recall that the impact parameter corresponds to (without taking into account the magnetic field)

with pp x , p y q the components of the transerse impulsion of the particle and px, yq the position of the displaced vertex. It is a parameter of interest for the study of displaced processes. 

H.5 Distributions of global transverse observables

The distribution of M ET can be found in Figure 6.14. The other distributions are shown below.

We recall the various definitions for the total transverse energy T ET , the total hadronic transverse energy T HT and the missing hadronic transverse energy M HT : Mots-clés : supersymétrie, supergravité, model building, brisure de la supersymétrie par médiation gravitationelle, boson de Higgs, particules à long temps de vie Abstract Supersymmetry and supergravity extend the standard model by introducing a new symmetry between fermions and bosons. Experimental data imply that supergravity must be broken. Among several mechanisms of supersymmetry breaking, gravity mediated supersymmetry breaking is central in this thesis. These mechanisms have the main feature to generate the so-called soft SUSY breaking terms. Recently, new solutions have been identified, leading to the usual soft breaking terms together with additional hard breaking terms. These new solutions are characterized by a new singlet chiral superfield with a non-standard behaviour.

Along the line of these new solutions, two models with two singlet fields were identified: one leading to hard breaking terms called S2MSSM and one with only soft breaking terms called N2MSSM. In the S2MSSM, we study the effects of the hard breaking terms on the Higgs boson mass through radiative corrections. A comparison between the N2MSSM and the NMSSM through the fine-tuning of the electroweak scale is investigated.