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M. Orloff Jean Professeur, Clermont Université, Université Blaise Pascal
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et t’as dû arrêter ta thèse avant la fin. Je comprends très bien les raisons qui t’ont poussé vers
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Permettez-moi de remercier plus généralement toutes celles et ceux que j’ai rencontrées durant
ma vie de doctorant et qui, de près ou de loin, ont contribué à la réussite de mes travaux de
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sa disponibilité ainsi que la directrice de mon laboratoire Mmme Roy qui faisait partie de mon jury
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Résumé

Une très grande effervescence secoue le monde de la physique des particules depuis le lancement
du grand collisionneur de hadrons (LHC) au CERN. Cette énorme machine capable de faire se
collisionner des protons à des énergies égales à 14 TeV promet de lever le voile sur la physique
régissant les intéractions à ces échelles d’énergies. Ces résultats sont d’autant plus attendus que
l’on a acquis la certitude que le Modèle Standard de la physique des particules est incomplet et
devrait, en fait, être interprété comme la théorie effective d’une théorie plus fondamentale. Toute-
fois, depuis le lancement des expériences au LHC avec des énergies de 7 puis de 8 TeV aucun
signe de nouvelle physique n’a été découvert. Par contre, un énorme bond en avant a été franchi
avec la découverte d’une particule scalaire de masse égale à 125 GeV et dont les propriétés sont
relativement proches de celles du boson de Higgs telles que prédites par le Modèle Standard. C’est
dans ce contexte de forte émulation internationale que mon travail de thèse s’est inscrit.

Dans un premier temps, nous avons voulu explorer la phénoménologie associée au secteur des
neutralinos et charginos du modèle supersymétrique symétrique gauche-droit. Cette étude peut
être motivée par plusieurs raisons notamment le fait que leur caractère supersymétrique apporte
une solution au problème dit de la hiérarchie mais implique aussi l’unification des constantes de
jauge ainsi que l’explication de la matière noire. L’introduction de la symétrie entre les fermions
gauchers et les fermions droitiers permet, quant à elle, d’expliquer naturellement, via le mécanisme
dit de la balançoire, la petitesse de la masse des neutrinos mais aussi de répondre à plusieurs autres
questions non solubles dans le cadre du Modèle Standard. Nous concentrant uniquement sur le
secteur des charginos et neutralinos les plus légers, nous avons montré que ces modèles peuvent
être facilement mis en évidence dans les évènements multi-leptoniques en ce sens que les signatures
qu’ils induisent sont très différentes comparées à celles du Modèle Standard et de sa version super-
symétrique.
Dans un second temps, nous avons voulu explorer la phénoménologie associée aux particules dou-
blement chargées. La découverte de telles particules représenterait une preuve incontestable de
nouvelle physique mais soulèverait beaucoup de questions notamment le fait de savoir quelle théorie
décrit le mieux leurs intéractions. Dans notre analyse nous sommes partis du postulat qu’une telle
particule était détectée au LHC et avons essayé de donner quelques clés qui permettraient de
comprendre la théorie qui décrit le mieux cette découverte. Pour ce faire nous avons considéré
des particules doublement chargées scalaires, fermioniques ou vectorielles se transformant triviale-
ment, dans la fondamentale ou l’adjointe du groupe SU(2)L et avons écrit, pour chaque cas, le
Lagrangien effectif décrivant les intéractions de ce nouveau champ avec ceux du Modèle Standard.
Nous concentrant uniquement sur les évènements où la multiplicité de leptons dans l’état final est
au moins égale à trois, nous avons montré que les limites expérimentales pouvaient être facilement
contournées et qu’ainsi des particules doublement chargées avec une masse supérieure à 100 GeV
n’étaient pas encore totalement exclues. Nous avons aussi analysé les observables cinématiques
associées à chacun des cas envisagés et avons conclu que, en l’absence de tout autre signal de
nouvelle physique, il fallait combiner plusieurs variables cinématiques pour pouvoir discriminer de
manière claire entre les différentes possibilités.
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RÉSUMÉ

Un autre volet, complémentaire au précédent, de ma thèse a consisté à développer des modules
informatiques dans le cadre du programme FeynRules. J’ai ainsi participé au développement
d’une routine capable de calculer, automatiquement, les équations du groupe de renormalisation
au niveau de deux boucles associées à toute théorie supersymétrique renormalisable. Un autre
travail dans lequel j’ai pris une part importante a consisté à développer un générateur de spectre
dans FeynRules. L’idée a été de doter ce dernier d’un ensemble de routines capables d’extraire
les matrices de masse associées à n’importe quel Lagrangien automatiquement puis d’exporter
ces matrices sous la forme d’un code source en C++ capable de diagonaliser ces matrices et de
retourner dans un fichier SLHA les matrices de mélange ainsi que le spectre en masse.

Mots cls : Physique au-delà du Modèle Standard; Supersymétrie; Construction de modèles;
Approches top-down et bottom-up; Approches modèle indépendantes; Développement d’outils in-
formatiques.
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RÉSUMÉ
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Abstract

The field of high-energy physics has been living a very exciting period of its history with the
Large Hadron Collider (LHC) at CERN collecting data. Indeed, this enormous machine able to
collide protons at a center of mass energy of 14 TeV promises to unveil the mystery around the
physics at such energy scales. From the physicists side, the expectations are very strong as it is
nowadays a certitude that the Standard Model of particle physics is incomplete and should, in fact,
be interpreted as the effective theory of a more fundamental one. Unfortunately, the 7 and 8 TeV
runs of the LHC did not provide any sign of new physics yet but there has been at least one major
discovery in 2010, namely the discovery of a scalar particle with a mass of 125 GeV and which
properties are very close to those of the Standard Model Higgs boson. Since then, many questions
have come up as we now want to understand if it really is the Standard Model Higgs boson or if
it exhibits any deviations. It is in this peculiar context that my research work was carried.

In a first project, we, my supervisors, our collaborator and I, have wanted to explore the
phenomenology associated with the neutralinos and charginos sector of the left-right symmetric
supersymmetric model. Such an analysis can be motivated by several reasons such as the fact
that the supersymmetric nature of these models provides a natural explanation for the infamous
hierarchy problem, implies the unification of the gauge coupling constants at very high energy and
provides a natural candidate for dark matter. In addition to these nice features, the left-right
symmetry introduces a natural framework for explaining the smallness of neutrino masses but also
helps in addressing several other unresolved issues in the Standard Model framework. Only fo-
cusing on the lightest charginos and neutralinos decaying into one or more light leptons, we have
shown in our study that these models can be easily discovered in multi-leptonic final states as they
lead to signatures very different from those induced by the Standard Model or its supersymmetric
version.
In a second project, we have explored the phenomenology associated with doubly-charged particles.
The discovery of such particles would be an irrefutable proof of new physics but would also raise
the problem of knowing which model describes best their properties. Starting from the hypothesis
that a particle carrying a two-unit electric charge is discovered at the LHC, we have carried an
analysis which aim was to provide some key observables that would help in answering the latter
question. To do so, we have adopted a model-independent approach where the Standard Model
field content is extended minimally to contain a scalar, fermionic or vector multiplet transforming
either as a singlet, doublet or triplet under SU(2)L. The hypercharge of the latter field is chosen so
that the highest electric charge carried by its components is equal to two and the Standard Model
Lagrangian is extended to account for the new interactions. In our results, we have shown that
the experimental constraints could be evaded easily so that the new fields can have a mass at least
equal to 100 GeV. In addition, we have shown that, in the hypothesis that no other signal of new
physics exists, only a combination of several kinematical distributions can help in distinguishing
between the cases we have considered.
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ABSTRACT

Another part of my thesis, complementary to the phenomenology work, has consisted in de-
velopping computer programs that might be helpful for phenomenological studies. Working in the
framework of the Mathematica package FeynRules, I took part in the development of a routine
able to extract automatically the analytical expressions of the renormalization group equations
at the two-loop level for any renormalizable supersymmetric model. I have also been involved in
the development of another module of FeynRules able to extract automatically the analytical
expressions for the mass matrices associated to any model implemented in FeynRules and to
export these equations in the form of a C++ source code able to diagonalize the matrices and
store the mixing matrices as well as the spectrum in an SLHA-compliant file.

Keywords : Beyond the Standard Model phenomenology; Supersymmetry; Model building;
Top-down and bottom-up approaches; Model-independent approach; Development of computer
programs.
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Chapter 1

Résumé détaillé

En physique des hautes énergies, on peut tranquilement affirmer que toutes les particules et
intéractions connues (sauf la gravité) sont bien décrites par le Modèle Standard (SM). En ef-
fet, ce dernier dont la construction théorique repose sur des principes de symétrie s’est avéré très
robuste puisque toutes les expériences qui ont été conduites jusqu’à aujourd’hui ont pointé tout
au plus vers de simples extensions de ce modèle. En tout cas, aucune d’entre elles n’a conclu à un
réel besoin de changement de paradigme. Cette affirmation pose toutefois de sérieux problèmes.

Si aucune extension du Modèle Standard ne devait être découverte, ceci serait en confronta-
tion directe avec les résultats cosmologiques indiquant clairement que la matière dite ordinaire ne
représente en fait qu’environ 5% de la masse de l’Univers.

Le Modèle Standard de la physique des particules n’explique que les intéractions faibles, électro-
magnétiques et fortes ignorant de fait l’intéraction gravitationnelle. Aux échelles d’énergies jusqu’à
aujourd’hui explorées, négliger les effets de cette dernière par rapport aux autres est une approx-
imation tout à fait légitime dans le monde des particules fondamentales. Le problème apparâıt à
l’échelle d’énergie de Planck (1019GeV) où il est prédit que l’intéraction gravitationnelle devienne
aussi forte que les autres intéractions. À de telles énergies nous ne savons donc pas comment décrire
les intéractions.

Un autre problème du Modèle Standard réside dans le mécanisme de brisure de la symétrie
électrofaible. En suivant le méchanisme de Higgs-Brout-Englert [1, 2], toutes les particules du
Modèle Standard sont censées acquérir leurs masses à travers leurs intéractions avec un champ
scalaire fondamental, le boson de Higgs. Récemment, les colllaborations ATLAS [3] et CMS [4]
ont indiqué toutes les deux avoir découvert une particule scalaire avec une masse autour de 125 GeV
exhibant les mêmes propriétés que le boson de Higgs. Cette découverte nous permet évidemment
de mieux comprendre le mécanisme de brisure de la symétrie électrofaible mais le problème de la
hiérarchie s’en trouve ravivé. En effet, si les mesures confirmaient que c’est bien le boson de Higgs
tel que prédit par le Modèle Standard, sa masse est censée recevoir des corrections quantiques
quadratiquement divergentes induisant un problème de naturalité.

Quelques résultats expérimentaux montrent aussi clairement qu’on a besoin, tout au moins,
d’une extension du Modèle Standard. L’observation de l’oscillation des neutrinos est peut-être
l’un des arguments les plus forts puisqu’elle implique que ceux-ci ont une masse non nulle. La
mesure du moment magnétique anomale du muon a, quant à elle, montré une déviation légèrement
supérieure à 3 sigma. Ceci n’est évidemment pas suffisant pour établir une découverte mais c’est
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un résultat qui interpelle.

L’accumulation à travers les années de tous ces indices (parmi d’autres) a contribué à faire nâıtre
au sein de la communité des physiciens des hautes énergies de grandes attentes vis-à-vis du grand
collisionneur de hadrons (LHC) du CERN. Du côté théorique, le LHC a induit une forte activité de
recerche où théoriciens et phénoménologistes ont travaillé ensemble à imaginer de nouveaux modèles
et à produire des prédictions que l’on pourra comparer aux résultats expérimentaux. La résistance
du Modèle Standard face aux résultats expérimentaux jouant le rôle de guide en ceci qu’elle place
de fortes restrictions sur les théories réalistes puisque toutes les observations doivent pouvoir être
expliquées dans le cadre de ce nouveau modèle. Parmi les nouveaux modèles ou théories les plus
connues, on peut citer par exemple les théories de Grande Unification (GUTs) [5–7] dans lesquelles
toutes les intéractions de jauge du Modèle Standard s’unifient; les théories où la dimensionnalité de
l’espace-temps est étendue à un nombre supérieur à 4 [8–10]; les théories des cordes dans lesquelles
chaque champ est considéré comme la manifestation d’un certain mode de vibration d’une unique
corde; la supersymétrie qui étend les symétries de l’espace temps pour lier des champs de différentes
statistiques . . . etc.

Un vieux rêve en physique théorique est de pouvoir réaliser l’unification de toutes les intéractions
de jauge, c’est-à-dire, être capable d’expliquer avec la même théorie les intéractions faibles, électro-
magnétiques et fortes. Ce rêve provient de la volonté de trouver les symétries profondes qui
gouvernent notre Univers et au même temps de la conviction que plus le nombre de paramètres
libres est petit, plus prédictive est la théorie. Cette conviction est confortée par l’observation de
l’évolution de la valeur des constantes de couplage de jauge dans le même sens. Une célèbre ten-
tative d’unification a été faite par Georgi et Glashow en 1974 [11] où ils considèrent le plongement
du groupe de jauge du SM dans le groupe SU(5). En choisissant le bon mécanisme de brisure,
le groupe SU(5) peut en effet se briser dans SU(3)c × SU(2)L × U(1)Y par contre leur modèle
prédisant un temps de demi-vie du proton trop rapide, il a dû être abandonné dans sa forme
originelle.

Depuis, plusieurs autres tentatives ont été proposées où des groupes comme E6 ou SO(10),
plus gros que SU(5), étaint considérés. Considérer des groupes plus gros nécessitant forcément des
mécanismes de brisure de symétrie plus complexes, ces modèles ne sont pas minimaux comme le
premier. Un exemple intéressant dans le cadre de ce manuscrit est de considérer le groupe SO(10)
comme étant le groupe d’unification. Le mécanisme de brisure se fait alors en plusieurs étapes
faisant apparâıtre, lors de la première étape, deux groupes SU(2) [12]

SO(10) → SU(3)× SU(2)× SU(2)× U(1)× P → . . .

où P est le groupe de parité et les points représentent le reste des étapes menant au groupe de jauge
du SM. Ces deux groupes SU(2) peuvent être interprétés comme correspondant à SU(2)LetSU(2)R
impliquant alors une symétrie entre les fermions gauchers et les fermions droitiers.

La supersymétrie est certainement la plus populaire des extensions du Modèle Standard. Elle
est en fait la seule extension non-triviale du groupe de Poincaré (théorèmes de Haag-Lopuszanski-
Sohnius et Colman-Mandula) reliant les degrés de liberté bosoniques et fermioniques. Parmi les
avantages qu’induit la supersymétrie, les plus connus sont le fait qu’elle propose une solution au
problème dit de la hiérarchie et le fait que les constantes de couplage de jauge s’unifient à très
haute énergie. La réalisation minimale de la supersymétrie en physique des particules, c’est-à-dire
le Modèle Standard Supersymétrique Minimal (pour une revue sur le sujet voir, par example [13])
qui est obtenue en ”supersymmértrisant” le Modèle Standard est certainement l’un des modèles les
plus étudiés. Cette célébrité est dûe à la (relative) simplicité de ce modèle (encore cette recherche de
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1.1. TRAVAIL EN PHÉNOMÉNOLOGIE

minimalité) mais aussi à ses particularités phénoménologiquement intéressantes telle que sa capacité
à prédire l’existence d’une particule massive électriquement neutre intéragissant faiblement avec
les particules du Modèle Standard et donc pouvant être un bon candidat pour la matière noire. Le
coût de cette célébrité est qu’aujourd’hui ce modèle a été tellement bien étudié tant théoriquement
qu’expérimentalement que l’espace des paramètres encore autorisé est fortement réduit, surtout
dans la version contrainte de ce modèle (cMSSM). La dernière contrainte expérimentale vient de
la découverte même de la particule scalaire au LHC qui pose de sérieux problèmes de naturalité à
ce modèle et contribue donc fortement à réduire cet espace des paramètres et nous poussant, par
la même occasion, à aller explorer des modèles moins minimaux.

Durant mes trois années de thèse, mon travail s’est divisé en deux parties. Une première
facette de mon travail a consisté à réaliser des études phénoménologiques autour du modèle su-
persymétrique symétrique gauche-droit et des particules doublement chargées. Un second volet,
complémentaire au premier, a consisté à développer des outils informatiques utiles pour les études
phénoménologiques. Nous allons développer ces deux volets dans les quelques paragraphes qui
suivent.

1.1 Travail en phénoménologie

1.1.1 Étude du modèle supersymétrique symétrique gauche-droit

En essayant de joindre la motivation d’avoir une théorie prédisant l’unification des couplages
de jauge ainsi que la supersymétrie, mes directeurs de thèse, notre collaboratrice et moi-même
avons mené une étude phénoménologique sur le modèle supersymétrique symétrique gauche-droit.
Ces modèles caractérisés par un groupe de jauge plus large que ceux du Modèle Standard et de
son équivalent supersymétrique, prédisent un grand nombre de nouvelles particules fondamentales
scalaires et fermioniques induisant donc une phénoménologie très riche. Dans le papier que nous
avons publié récemment [14], nous avons investigué, dans le cadre d’une approche ”top-down”,
la phénoménologie que les charginos et neutralinos de ce modèles induiraient au LHC. Pour ce
faire, nous avons commencé par la construction du modèle lui-même. En effet, dans la théorie il
subsiste parfois des confusions quant à la définition des matrices générant les représentations pour
les champs appartenant à la représentation fondamentale de SU(2). Plus précisément, le groupe
de jauge de ce modèle étant

SU(3)c × SU(2)L × SU(2)R × U(1)B−L

où B-L est la différence entre les nombres baryonique et leptonique, les champs de jauge sont, en
termes de superchamps vectoriels

V3 = (8
˜
,1
˜
,1
˜
, 0) ≡ (g̃a, gaµ)

V2L = (1
˜
,3
˜
,1
˜
, 0) ≡ (W̃ k

L ,W
k
Lµ),

V2R = (1
˜
,1
˜
,3
˜
, 0) ≡ (W̃ k

R,W
k
Rµ),

V1 = (1
˜
,1
˜
,1
˜
, 0) ≡ (B̃, Bµ).
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et le contenu en matière en termes de superchamps chiraux est

(QL)
fmi =

(
ufmL
dfmL

)
= (3

˜
,2
˜
,1
˜
,
1

3
), (QR)fmi′ =

(
ucRfm dcRfm

)
= (3̄

˜
,1
˜
,2
˜
∗,−1

3
),

(LL)
fi =

(
νfL
lfL

)
= (1

˜
,2
˜
,1
˜
,−1), (LR)fi′ =

(
νcRf lcRf

)
= (1

˜
,1
˜
,2
˜
∗, 1),

δ1L = (1
˜
,3
˜
,1
˜
,−2) =



δ11L
δ21L
δ31L


 , δ1R = (1

˜
,1
˜
,3
˜
,−2) =



δ11R
δ21R
δ31R


 ,

δ2L = (1
˜
,3
˜
,1
˜
,+2) =



δ12L
δ22L
δ32L


 , δ2R = (1

˜
,1
˜
,3
˜
,+2) =



δ12R
δ22R
δ32R


 ,

Φa=1,2 = (1
˜
,2
˜
,2
˜
, 0) =

(
φ0a φ+a
φ−a φ

′0
a

)
, S = (1

˜
,1
˜
,1
˜
, 0).

Ici les indices f,m, i et i′ correspondent à des indices de saveur, couleur, SU(2)L et SU(2)R re-
spectivement; QL et LL représentent les superchamps chiraux contenant les quarks et leptons
gauchers du Modèle Standard; QR et LR quant à eux sont des superchamps chiraux contenant
des fermions de chiralité droite se transformant trivialement sous SU(2)L mais pas sous SU(2)R.
Les superchamps δ1{L,R} et δ2{L,R} contiennent les champs de Higgs nécessaires à la brisure de la
symétrie SU(2)L × SU(2)R alors que les superchamps chiraux Φa sont nécessaires pour la brisure
de la symétrie électrofaible. Les superchamps triplets de SU(2) peuvent se réécrire sous forme
matricielle plus adaptée pour la construction de Lagrangiens:

∆ =
1√
2
σaδ

a

Le contenu en champs fixé, le Lagrangien associé à ce modèle s’écrit simplement

L = Lgauge + Lchiral + Lint + VD + VF + Lsoft,

avec

• le lagrangien de jauge donné par

Lgauge = −1

4
V µν
k V k

µν +
i

2
(Ṽ kσµDµ

¯̃Vk −DµṼ
kσµ ¯̃Vk)

où k est un indice de jauge; V un champ vectoriel; V µν
k le tenseur de champs; Ṽ un fermion

de jauge et σµ = (σ0, σi) où σ0 est la matrice identité de taille 2× 2 et σi sont les matrices
de Pauli.

• Le terme Lchiral correspond aux termes cinétiques des champs de matière et leurs intéractions
avec les champs de jauge, il est donné par

Lchiral = Dµφ
†Dµφ+

i

2
(ψσµDµψ̄ −Dµψσ

µψ̄) + (ig
√
2 ¯̃V k · ψ̄iTkφ

i + h.c.)

où φ est un champ scalaire; Dµ une dérivée covariante; ψ un champ fermionique; Tk sont
les matrices générant les représentations des groupes de jauge et h.c. correspond au terme
hermétique conjugé.

• Le terme Lint correspond à la partie du Lagrangien décrivant les intéractions entre les champs
de matière, il provient directement du superpotentiel qui s’écrit, dans le cadre de notre
modèle, comme suit
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W = (Q̃L)
miy1Q(Φ̂)i

i′ (Q̃R)mi′ + (Q̃L)
miy2Q(Φ̂2)i

i′(Q̃R)mi′ + (L̃L)
iy1L(Φ̂)i

i′(L̃R)i′

+ (L̃L)
iy2L(Φ̂2)i

i′(L̃R)i′ + (ˆ̃LL)iy
3
L(∆2L)

i
j(L̃L)

j + (ˆ̃LR)i′y
4
L(∆1R)

i′

j′(L̃R)
j′

+ (µL + λLS)∆1L · ∆̂2L + (µR + λRS)∆1R · ∆̂2R + (µ3 + λ3S)Φ1 · Φ̂2

+
1

3
λsS

3 + µsS
2 + ξSS.

où Q̃L, Q̃R, L̃L et L̃R sont les composantes scalaires des superchamps QL, QR, TL et TR respec-
tivement. Les autres quantités sont définies comme suit

( ˆ̃LL)i = ǫij(L̃L)
j , ( ˆ̃LR)

i′ = ǫi
′j′ (L̃R)j′ ,

(∆̂2L)i
j = ǫikǫ

jl(∆2L)
k
l, (∆̂2R)i′

j′ = ǫi′k′ǫj
′l′(∆2R)

k′

l′ ,

∆1L · ∆̂2L = Tr(∆t
1L∆̂2L) = (∆1L)

i
j(∆̂2L)i

j , ∆1R · ∆̂2R = Tr(∆t
1R∆̂2R) = (∆1R)

i′

j′ (∆̂2R)i′
j′ ,

(Φ̂1,2)i
i′ = ǫi

′j′ǫij(Φ1,2)
j
j′ , Φ1 · Φ̂2 = Tr(Φt

1Φ̂2) = (Φ1)
i
i′ (Φ̂2)i

i′ .

• Les termes VD et VF sont les termes D et F , respectivement, du potentiel scalaire.

• Le Lagrangien de brisure douce de la supersymétrie est lui dicté, en partie, par la forme du
superpotentiel et son expression est égale à

Lsoft = −1

2

[
M1B̃ · B̃ +M2LW̃

k
L · W̃Lk +M2RW̃

k
R · W̃Rk +M3g̃

a · g̃a + h.c.
]

−
[
Q̃†m2

QL
Q̃L + Q̃Rm

2
QR
Q†

R + L̃†
Lm

2
LL
L̃L + L̃Rm

2
LR
L̃†
R − (m2

Φ)
ff ′

Tr(Φ†
fΦf ′)

+ m2
∆1L

Tr(∆†
1L∆1L) +m2

∆2L
Tr(∆†

2L∆2L) +m2
∆1R

Tr(∆†
1R∆1R) +m2

∆2R
Tr(∆†

2R∆2R) +m2
SS

†S
]

−
[
Q̃LT

1
QΦ̂1Q̃R + Q̃LT

2
QΦ̂2Q̃R + L̃LT

1
LΦ̂1L̃R + L̃LT

2
LΦ̂2L̃R + ˆ̃LLT

3
L∆2LL̃L + L̃RT

4
L∆1R

ˆ̃LR + h.c.
]

−
[
TLS∆1L · ∆̂2L + TRS∆1R · ∆̂2R + T3SΦ1 · Φ̂2 + h.c.

]

La construction du modèle est maintenant terminée et nous pouvons passer à l’étude du secteur
des charginos et neutralinos nous intéressant. Pour ce faire, nous avons d’abord construit quatre
scénarios d’étude de telle sorte à ce que dans deux cas les états propres de jauge sont aussi états
propres de masse et deux autres cas où les états propres de masse sont des vrais mélanges des états
propres de jauge. La figure 1.1 résume ces quatres configurations et donne aussi les masses des
différents états.

Ensuite, nous avons implémenté le modèle dans le programme FeynRules afin de profiter des
facilités qu’offre l’interface UFO. Le modèle UFO généré, nous utilisons le simulateur Monte Carlo
MadGraph 5 afin de calculer les largeurs de désingtégrations des neutralinos et charginos les plus
légers mais aussi pour générer les événements Monte Carlo partoniques simulant la production
de ces particules au LHC. Ces évévenements sont ensuite traités à l’aide du programme Pythia
8 pour simuler proprement les désintégrations, hadronisations et le “parton showering” (la sim-
ulation des phénomènes de la QCD est très importante pour le LHC). Enfin, nous devons aussi
prendre en compte le “jet-clustering” à l’aide du programme FastJet1 et utilisons le programme
MadAnalysis 5 pour analyser les événements ainsi produits et pouvoir les comparer au bruit de
fond du Modèle Standard et de sa version supersymétrique.

Les résultats de notre analyse montrent que le meilleur canal pour détecter des événements
provenant du modèle supersymétrique symétrique gauche-droit est celui où la configuration de

1Nous considérons un détecteur parfait.
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Figure 1.1: Dans ces figures sont montrées les décompositions des états propres de masse en fonction des états
propres de jauge. M1,M2L et M2R sont les masses des jauginos associés aux groupes U(1)B−L, SU(2)L et SU(2)R
respectivement
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1.1. TRAVAIL EN PHÉNOMÉNOLOGIE

l’état final contient au moins un lepton chargé léger. En effet, nous avons montré qu’imposer des
restrictions sur les variables cinématiques telles que l’énergie transverse manquante soit au moins
égale à 100 GeV, l’impulsion transverse du lepton le plus énergétique au moins égale à 80 GeV
et l’impulsion transverse du second lepton plus énergétique au moins égale à 70 GeV garantit une
prédominance du signal par rapport aux prédictions du Modèle Standard. De plus, ces mêmes re-
strictions ont été utilisées pour comparer notre modèle avec le Modèle Standard Supersymétrique
Minimal et montrer que, là aussi, les différences entre ces deux modèles étaient assez grandes pour
pouvoir les distinguer facilement.

Les particules doublement chargées au LHC

Dans le modèle présenté ci-dessus, le secteur du Higgs a ceci de particulier qu’il contient des
particules doublement chargées. En effet, si on reprend les composantes scalaires2 des champs se
transformant dans l’adjointe de SU(2) sous leur forme matricielle et qu’on détermine la charge
électrique de chacune des composantes, l’on trouve

∆1{L,R} =




∆−
1{L,R}√

2
∆0

1{L,R}

∆−−
1{L,R} −

∆−
1{L,R}√

2


 , ∆2{L,R} =




∆+
2{L,R}√

2
∆++

2{L,R}

∆0
2{L,R} −

∆+
2{L,R}√

2




où les exposants indiquent les charges électriques. Si de telles particules devaient être produites
au LHC, les traces qu’elles laisseraient seraient facilement mises en évidence de par leur charge
électrique. Cependant, une telle détection ne signifierait en aucun cas qu’on a découvert le modèle
décrit ci-dessus puisque les particules doublement chargées sont prédites par plusieurs extensions du
Modèle Stadard. Ainsi la question de savoir quel modèle décrit le mieux ces particules se poserait
immédiatement et seule une analyse précise des propriétés de ces particules permetteraient de don-
ner les clés pour les comprendre.

Dans chaque extension du Modèle Standard prédisant l’existence d’une particule doublement
chargée, cette dernière a des nombres quantiques différents. Par exemple, dans le modèle symétrique
gauche-droit non supersymétrique, les particules doublement chargées sont uniquement scalaires
et se transforment dans la 1

˜
ou la 3

˜
de SU(2)L alors que dans la version supersymétrique de ce

modèle l’on a des particules scalaires et fermioniques. Dans d’autres extensions du Modèle Stan-
dard, les particules doublement chargées peuvent même être des vecteurs. Pour pouvoir rester le
plus générique possible, dans notre publication [15], mes collaborateurs et moi-même avons juste-
ment construit des modèles effectifs partant du contenu en champ et du Lagrangien du Modèle
Standard et les étendant afin qu’ils contiennent une nouvelle particule doublement chargée ainsi
que ses intéractions avec les autres particules du Modèle Standard. Ainsi nous avons défini neuf cas
correspondant à une particule chargée scalaire, fermionique ou vecteur appartenant à un multiplet
se transformant sous SU(2)L comme un singlet, un doublet ou un triplet. Les hypercharges de
ces multiplets sont choisies de telle sorte à ce que la particule doublement chargée ait la charge
électrique la plus élevée. Dans le cas d’un multiplet fermionique se transformant dans la 2

˜
de

SU(2)L, il n’est pas interdit que sa composante dont la charge électrique est égale à 1 se mélange
avec les leptons du Modèle Standard; nous distinguerons dans ce cas les deux cas extrêmes où il
y a un mélange et où le mélange est inexistant. Enfin, par souci de minimalité nous avons choisi
d’inclure dans le Lagrangien des couplages non-renormalisables au lieu d’augmenter le contenu en
champs et avons interdit les désintégrations à l’intérieur d’un même multiplet.

2Le même raisonnement tient pour les composantes fermioniques
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1.1. TRAVAIL EN PHÉNOMÉNOLOGIE

Une première partie théorique de notre travail a consisté à calculer analytiquement les expres-
sions des largeurs de désintégration de ces particules doublement chargées ainsi que les expressions
des sections efficaces de leur production. Ceci nous a permis de dresser le tableau 1.1 ci-dessous
dans lequelles sont reportées les masses maximales admises pour chacun des cas considérés de telle
sorte à ce que la section efficace de production de ces particules menant à un état final avec au
moins trois leptons légers chargés soit au moins égale à 1 fb pour une énergie dans le centre de
masse de 8 TeV. Dans la seconde colonne de ce tableau est donné, pour chaque cas, le nombre de
leptons chargés légers maximal que l’on peut produire.

Masse maximale [GeV] Nombre maximale de leptons
Singlet Doublet Triplet Singlet Doublet Triplet

Scalars 330 257 350 4 4 5
Fermions (3 Gen) 555 661 738 4 4 4
Fermions (4 Gen) - 525 648 - 6 5

Vectors 392 619 495 4 4 4

Table 1.1: Dans ce tableau sont présentés les résultats résumant pour tous les cas simplifiés que nous avons considéré
dans notre étude la masse maximale que l’on peut atteindre pour que la section efficace liée à la production de ces
particules et leur désintégration en leptons chargés légers soit au moins égale à 1 fb. La seconde colonne correspond
quant à elle au nombre maximal de leptons que l’on peut espérer dans chaque cas.

Les distributions cinématiques étant les seules observables nous permettant d’avoir accès aux
propriétés des particules produites au LHC, nous avons procédé, dans une seconde partie de notre
étude à une simulation Monte Carlo pour chacun des cas considérés. Pour ce faire, nous avons fixé
tous les couplages à 0.1 et les masses des nouveaux multiplets ont été fixées à 100, 250 et 350 GeV
successivement. Pour cette analyse, par contre, aucune simulation du bruit de fond n’a été opérée
mais, forts de notre précédente étude, nous savions qu’avec au moins trois leptons légers chargés
dans l’état final, celui-ci était sous contrôle. Enfin, nous avons arrêté notre simulation Monte Carlo
à la hadronisation des leptons “tau” (effectuée par Pythia 6).

À l’aide du programme MadAnalysis 5, nous avons analysé plusieurs variables cinématiques
(impulsions transverses, énergie transverse manquante, distances angulaires) et avons pu conclure
que, en l’absence de toute autre indication de nouvelle physique, seule une analyse combinée de
plusieurs variables pouvait aider à distinguer entre les différents cas. Dans la figure 1.2 où de gauche
à droite sont présentés les cas singlet, doublet et triplet et de haut en bas les masses 100, 250 et
350 GeV on peut voir par exemple la distributions de l’impulsion du lepton le plus énergétique.
Dans cet exemple, si on considère le cas où la nouvelle particule a une masse de 100 GeV et se
comporte comme un doublet sous SU(2)L (graphique au centre de la première ligne) on voit que
les distributions pour les différents cas ne sont pas fondamentalement différentes. En revanche, si
la particule doublement chargée a une masse de 250 GeV et se transforme comme un triplet sous
SU(2)L (graphique tout à droite de la ligne du milieu) les différents cas mènent à des distributions
clairement distinguables.

Une limite claire de notre travail est introduite par le fait que nous n’avons mené aucune étude
sur les effets des détecteurs sur les distributions cinématiques. Il serait donc intéressant de pouvoir
continuer ce travail dans cette direction là mais aussi de le spécialiser dans le cas de modèles non
simplifiés.
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Figure 1.2: Évolution de la distribution de l’impulsion transverse quand les représentations et les masses des
nouveaux multiplets varient.
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1.2. DÉVELOPPEMENT D’OUTILS INFORMATIQUES

1.2 Développement d’outils informatiques

Les études en phénoménologie aujourd’hui reposent en grande partie sur l’utilisation de programmes
informatiques. Ceux-ci, en automatisant certains calculs très lourds voire impossibles à faire à la
main, sur une feuille de papier, nous facilitent grandement la vie, nous permettent d’être très
réactifs aux résultats du LHC et nous permettent aussi de publier des résultats plus précis (calculs
NLO, NNLO . . . etc). C’est donc naturellement que durant ma thèse, j’ai été impliqué dans le
développement de deux outils informatiques automatisant, pour l’un, l’extraction des équations
du groupe de renormalisation à deux boucles pour tout modèle supersymétrique renormalisable et,
pour l’autre, l’extraction et la diagonalisation des matrices de masses pour n’importe quel modèle
de physique au-delà du Modèle Standard et la sauvegarde de ces résultats dans un fichier compati-
ble avec le format SLHA. Dans les quelques paragraphes qui suivent, je présenterai un peu plus en
détails ces deux programmes mais ces deux programmes ayant été inclus dans le programme Feyn-
Rules [16–19] et ayant moi-même contribué au développemenet de ce dernier, je commencerai par
une petite introduction à ce programme.

FeynRules donc est un programme informatique écrit dans le langage de programmation
Mathematica capable d’extraire automatiquement les règles de Feynman associées à tous les
vertexes d’un modèle donné à partir d’un nombre d’informations minimal et de les exporter ensuite,
à travers des interfaces dédiées, vers plusieurs générateurs Monte Carlo différents .

En pratique, il est demandé à l’utilisateur de fournir dans un fichier modèle structuré les infor-
mations sur le groupe de jauge de son modèle, le contenu en champ ainsi que tous leurs nombres
quantiques, les définitions des paramètres du Lagrangien et le Lagrangien lui-même. Quelques
commandes suffisent ensuite, à partir d’une session Mathematica, à extraire automatiquement
toutes les règles de Feynman associées à ce modèle. Les interfaces d’exportation implémentées
dans FeynRules permettent ensuite de traduire ces vertexes dans un langage que les générateurs
CalcHep, FeynArts, MadGraph 5, Sherpa, UFO et Wizhard peuvent comprendre. Ceci
a pour intérêt, bien évidemment, de simplifier la tâche d’implémentation de chaque modèle dans
chaque générateur de spectre (les fichiers modèles suivent des conventions différentes) et de min-
imiser le risque d’erreurs. Le gain en temps est inestimable.

Le programme FeynRules a, au cours des années, beaucoup évolué offrant de plus en plus
de fonctionnalités. Il est maintenant possible de définir les modèles supersymétriques dans le for-
malisme du superespace; d’exporter dans le format UFO les modèles ce qui a pour avantage de
contourner les contraintes et limitations habituellement imposées par les autres formats de modèles.
On peut aussi citer le fait que FeynRules supporte maintenant les champs de Rarita-Schwinger
dont le spin est égale à 3/2 et calcule aussi automatiquement et analytiquement les largeurs de
désintégration de toutes les particules.

Le premier module que j’ai développé dans FeynRules, intitulé InSuRGE pour “model-
Independent Supersymmetry Renormalization Group Equations” consiste en un ensemble de rou-
tines capables d’extraire à partir d’un modèle implémenté dans le formalisme des superchamps dans
FeynRules les formules analytiques des équations du groupe de renormalisation à deux boucles
et ce pour n’importe quel modèle supersymétrique renormalisable. Ce module qui a fait l’objet
d’une publication dans la référence [20] a été testé pour le MSSM, le NMSSM et le LRSUSY et les
résultats sont en accord avec la litérature.

Le second module au développement duquel j’ai participé apporte à FeynRules la capacité à
extraire automatiquement et analytiquement les matrices de masse associées à tout modèle (super-
symétrique ou non) implémenté dans FeynRules. Les formules analytiques sont ensuite exportées
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1.2. DÉVELOPPEMENT D’OUTILS INFORMATIQUES

sous la forme d’un code source C++ pour que le programme ASperGe [21] pour Automated
Spectrum Generation les diagonalise et extraie les valeurs propres et matrices de mélange. Les
résultats sont ensuite sauvegardés dans un fichier texte compatible avec le format SLHA.

Pour être plus précis, il est demandé à l’utilisateur de déclarer dans le fichier modèle FeynRules
les mélanges entre les champs états propres de jauge et les champs états propre de masse qui en
résultent. Ainsi, le mélange des vecteurs de jauge B et W13, par exemple, associés aux groupes
U(1)Y et SU(2)L respectivement donnant lieu au photon et au boson vecteur Z doit être déclaré
comme

Mix["weakmix"] == {

MassBasis -> {A, Z},

GaugeBasis -> {B, Wi[3]},

MixingMatrix -> UG,

BlockName -> WEAKMIX},

où le terme weakmix sert à identifier le mélange en question; MassBasis sert à identifier la base
des états propres de masse; GaugeBasis sert à identifier les états propres de jauge; MixingMatrix
sert à identifier le nom de la matrice de mélange et, enfin, BlockName est utilisé par le code
numérique ASperGe pour sauvegarder les résultats au format SLHA4. Ce fichier est ensuite lu
par FeynRules et si l’utilisateur demandait le calcul de la matrice de masse il aurait pour résultat
la matrice

1

4

(
g′2v2 g′gv2

−g′gv2 g2v2

)
(1.1)

où g′ est la constante de couplage associée au groupe U(1)Y , g celle associée au groupe SU(2)L et
v la valeur moyenne dans le vide du boson de Higgs. Si l’interface vers le programme ASperGe
était utilisée, ce dernier retournerait une masse nulle pour le photon et une masse d’environ 91
GeV pour le boson Z.

3l’exposant correspond à la première composante du champ vecteur W .
4Il existe plusieurs autres options qui ont été détaillées dans la publication [21].
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Chapter 2

Introduction

In high energy particle physics, one can safely state that all the known particles and interactions
(but gravity) are well described by the Standard Model (SM) of particle physics1. Indeed, the
latter whose theoretical construction relies on symmetry principles, has shown very robust through
the decades as all the experiments that have been conducted until today (proton colliders, electron
colliders, neutrino experiments, astroparticle experiments) have at most shown hints towards its
extension. None of them however pointed clearly towards a real change of paradigm. The first
statement poses however at least two deep theoretical issues.

If no extension to the Standard Model was found this would imply the question to know how
to interpret the cosmological data indicating clearly that the “known particles” only represent a
tiny fraction of 5% of the mass of the Universe.

The Standard Model of particle physics only accounts for the weak, the electromagnetic and the
strong interactions and gravity is just ignored. At the energy scales that have been probed until
now, neglecting the effects of the latter with respect to the other interactions can be regarded as a
safe approximation in the realm of fundamental particles. The problem is that gravity is expected
to become more and more important with increasing energy until the Plank scale (1019 GeV)
where it is expected to induce effects at least as important as those induced by the other three
fundamental forces. At such scales we do not know how to describe the interactions.

Another problem of the Standard Model resides in the mechanism of electroweak symmetry
breaking. Following the Higgs-Brout-Englert mechanism [1, 2] all the Standard Model particles
are supposed to acquire their mass through their interaction with a fundamental scalar, the Higgs
boson. Recently, both ATLAS [3] and CMS [4] reported the discovery of a scalar field with a mass
around 126 GeV exhibiting the same properties as the Higgs boson. Though this discovery will
help us in better understanding the mechanism of electroweak symmetry breaking it also revives
the problem of the hierarchy. Indeed if this new scalar field is the one predicted by the Standard
Model, its mass is supposed to receive quadratically divergent corrections which induces thus a
naturality problem.

Some experimental results point also clearly towards extensions of the Standard Model. The
observation of neutrino oscillations is maybe the clearest of the latter as it implies that neutrinos
have a mass which is not taken into account in the SM. The measure of the anomalous magnetic

1At the time of writing.
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moment of the muon has shown a deviation slightly higher than 3 σ. This is not enough to claim
a discovery but clearly something is happening there.

The accumulation over the years of all these hints (amongst others) has contributed to rise in
the high energy physics community high expectations regarding the results the Large Hadron Col-
lider (LHC) experiment could bring. On the theory side the latter have contributed to triggering
an intense research activity where theorists and phenomenologists have worked together in order to
imagine and build new theories and make predictions testable at the LHC. However the resistance
of the SM to almost all the experiments conducted until now places stringent constraints on what
is usually called “Beyong the Standard Model (BSM) theories”. Indeed, if the physics at the TeV
scale remains to be discovered yet, the low energy physics is very well known due, for example,
to electroweak precise measurements [22]. The new theories are thus constrained to include as a
low energy effective theory, the Standard Model. Amongst the famous attempts to construct such
theories one can for example cite2 the Grand Unified theories (GUTs) [5–7] where all the SM gauge
interactions unfiy, extradimension theories [8–10] where space-time dimensionality is extended to
D > 4, string theory where particles turn out to be different excitation modes of a single string,
supersymmetry which extends the space-time symmetries to link fields of different statistics . . .
and so on.

An early dream in theoretical particle physics is to achieve the unification of all gauge inter-
actions, that is, being able to explain with a same theory the weak, the electromagnetic and the
strong interactions. This dream proceeds by the search for the deep symmetries that govern our
universe and at the same time the thought that the less number of free parameters we have, the
more predictive is the theory. On the experimental side, the running of the gauge coupling con-
stants, i.e., their evolution with energy, has been measured and has shown that they evolve in the
same direction. A famous attempt to realize such unification was made by Georgi and Glashow
in 1974 [11] where they achieved the embedding of the SM gauge group in SU(5). By a correct
symmetry breaking, the latter is then broken into the SM gauge group

SU(5) → SU(3)c × SU(2)L × U(1)Y

respecting thus the low energy limit constraint. However, their model predicts a too fast proton
decay and is thus ruled out in its original form.

This first attempt can be thought of as minimal and other models have considered even larger
groups such as E6 [23] or SO(10) [7,12]. Larger groups implying more envolved symmetry breaking
patterns, these theories reveal a non-minimal character. An example of interest to us, in the context
of this manuscript, is to consider SO(10) as being the unification group. The symmetry breaking
pattern of this group into the SM group reveals then, that at a certain energy, two SU(2) gauge
groups appear [12]

SO(10) → SU(3)× SU(2)× SU(2)× U(1)× P → . . .

where P is parity and the dots stand for the subsequent symmetry breakings leading to the SM
gauge group. These two SU(2) gauge groups can then be interpreted as SU(2)L and SU(2)R
leading thus a symmetry between left-handed and right-handed fermions.

Supersymmetry is certainly the most popular extension of the Standard Model. It is the only
possible non-trivial extension of the Poincaré group (Haag-Lopuszanski-Sohinus and Coleman-
Mandula theorems) linking bosonic and fermionic degrees of freedom. Amongst its attractive
features, the most cited ones are its ability to cure the hirearchy problem in an elegant fashion and

2alphabetical order
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the fact that gauge coupling constants unify at very high scale. Its minimal realization in particle
physics, the Minimal Supersymmetric Standard Model (for a review, see for example [13]) which
is achieved by “supersymmetrizing” the Standard Model of particle physics, is certainly one of the
most studied models in particle physics. This fame is due to both the simplicity of the model (still
that early dream of minimality) and the attractive phenomenological signatures it leads to such
as its ability to predict a neutral stable particle weakly interacting with the other fundamental
particles, i.e. dark matter. The cost of this fame has however contributed to narrowing down
significantly the parameter space of the model, especially in the case of the so-called constrained-
MSSM. The last experimental constraint comes from the discovery of the Higgs-like boson which
reduces significantly the available parameter space but most of the other experimental constraints
drop when considering non minimal models.

Joining both motivations for potential Grand Unified Theories and supersymmetry, I have been
envolved in a phenomenological study on the left-right symmetric supersymmetric models. These
models, exhibiting a larger group than that of both the SM and the MSSM predict a plethora of
new scalar and fermionic fundamental fields and lead hence to a very rich phenomenology. In a
recent paper Mariana Frank, my promoters and I have published [14], we have investigated, in a
top-down approach, the phenomenology charginos and neutralinos of left-right symmetric super-
symmetric particles would yield at the Large Hadron Collider. Focusing on final states where at
least one charged light lepton appears we have shown that the signal from these models can be
easily extracted from the Standard Model background by analyzing events where at least three
charged leptons are produced and by imposing requirements on some kinematical variables.

In another analysis we have published in [15], we have adopted a rather complementary ap-
proach. Starting from the observation that left-right symmetric models and other high energy
completions of the Standard Model can predict particles carrying a two-unit electric charge we
have decided to investigate the signatures these exotic particles would leave at the LHC. Such
an approach, often dubbed bottom-up approach, allows then to take into account several different
models in a simplified effective theory in order to lead a prospective analysis. In our paper, for
example, in order to take into account the various models predicting such particles, we have allowed
the latter to be either a scalar, a fermionic or a vector field transforming as a singlet, a doublet or
a triplet under the weak gauge group. We have then shown that to every case one could associate
a distinctive behaviour allowing thus for a proper discrimination between the models.

Finally, the predictions we have made in our analyses would not have been possible without the
use of automated tools. Indeed, the combination of both the complexity of the calculations due
to more and more sophisticated models and the necessity to be responsive in a field in constant
progress constrain the phenomenologists to make use of automated tools. In this context, I have
been involved in the development of two modules of FeynRules [16–19], namely InSuRGE [20]3

and ASperGe [21]4. The first one is an ensemble of routines able to extract automatically the
renormalization group equations for any renormalizable supersymmetric theory at the two-loop
level. The second one allows to derive automatically the mass matrices of any quantum field
theory implemented in FeynRules and to generate automatically a C++ source code able to
diagonalize these mass matrices and return the mass spectrum of the theory.

In this manuscript, I describe the above mentionned projects in the following order. In chapter
3, I present a brief and succint review on the construction of the Standard Model and on some
of its successes and shortcomes. The next chapter is then dedicated to the construction of super-

3The acronym stands for model Independent Supersymmetric Renormalization Group Equations.
4The acronym stands for Automated Spectrum Generation.
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symmetry and its minimal realization in particle physics, the Minimal Supersymmetric Standard
Model. The aim of this chapter is twofold as it will serve to derive some results that will be useful
for later use but also as an argumentation in favor of non-minimal supersymmetric models.

Chapter 5 will be dedicated to the study of the left-right symmetric supersymmetric model. In
this chapter, after reviewing briefly the non-supersymmetric case, we will tackle the core subject
and start building the model piece-by-piece. Once the Lagrangian obtained, we will perform an
analysis of the signatures the charginos and neutralinos of this model would yield at the LHC. The
conclusion of this chapter will be threefold as in addition to discussing the results, I will also use
it to motivate the work presented in the two next chapters 6 and 7. In the former, as a member
of the FeynRules collaboration, I briefly describe the FeynRules package and then move to the
description of the two modules InSuRGE and ASperGe. In chapter 7, I present the bottom-up

analysis we have conducted on the doubly-charged particles. Finally, in chapter 8, are gathered
concluding remarks and some open questions that might deserve some more interest.
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Chapter 3

The Standard Model of particle

physics

3.1 Construction and successes

Standard Model of particle physics [24–31] is one of the most tested and accurate theories in
physics. Its construction relies on the use of symmetries to describe the interactions amongst
particles. The symmetry group is a direct product between the Poincaré group P and the gauge
group G = SU(3)c × SU(2)L × U(1)Y

P ×G. (3.1)

The former describes the space-time symmetries (leading for example to spin) while the latter
describes the internal symmetries responsible for the electroweak and strong interactions. Particles
are classified following the representations to which they belong and form two big classes: fermions
and bosons. The former which further split into leptons and quarks have half integer spin and
describe the elementary constituents of matter while the latter which are spin-1 vector gauge
bosons and are the ones carrying the gauge interactions. The Higgs boson, which is a spin-0
particle, occupies a peculiar place in this picture. Indeed by minimizing the scalar potential,
the Higgs scalar acquires a vacuum expectation value and electroweak symmetry gets broken to
electromagnetism

SU(2)L × U(1)Y −→ U(1)e.m.

The field content of the theory is given in table 3.1 and before writing the Lagrangian, we introduce
our notations.

• The gauge group SU(3)c×SU(2)L×U(1)Y will be associated to the gauge coupling constants
gs, g and g′ respectively. The structure constants will be noted fabc.

• The field strength for a generic gauge field F a
µ will be written

F a
µν = ∂µF

a
ν − ∂νF

a
µ + gfa

bcF
b
µF

c
ν .

Note that the last term is only present for non abelian gauge groups.

• A generic covariant derivative is defined as follows

Dµ = ∂µ − igaT
avµ
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3.1. CONSTRUCTION AND SUCCESSES

Field Spin SU(3)c × SU(2)L × U(1)Y

Matter

L 1
2 (1

˜
,2
˜
,- 12 )

l̄R
1
2 (1

˜
,1
˜
,−1)

QL
1
2 (3

˜
,2
˜
, 16 )

ūR
1
2 (3

˜
,1
˜
, 23 )

d̄R
1
2 (3

˜
,1
˜
,− 1

3 )

Higgs boson φ 0 (1
˜
,2
˜
, 12 )

Vector Bosons

Bµ 1 (1
˜
,1
˜
, 0)

Wµ 1 (1
˜
,3
˜
,0)

Gµ
a 1 (8

˜
,1
˜
, 0)

Table 3.1: Field content of the Standard Model of particle physics in terms of gauge eigenstates.

where vµ is a vector field, g a gauge coupling constant and T a the matrix generating the
representation in which lies the field under consideration. For a field belonging to the fun-
damental representations of both SU(3)c and SU(2)L and has hypercharge Y , the covariant
derivative becomes

Dµ = ∂µ + igsT
aGaµ + ig

σa

2
Waµ + ig′Y Bµ

where T a = λa

2 , λa are Gell-Mann matrices generating the fundamental representation of
SU(3)c and σa are the Pauli matrices (see appendix A).

Finally, the Lagrangian of the Standard Model reads

LSM = −1

4
GaµνG

µν
a − 1

4
W a
µνW

µν
a − 1

4
BµνB

µν

+ i
(
Liσ̄µDµL̄i + liRσ

µDµ l̄R,i
)

+ i
(
QiLσ̄

µDµQ̄L,i + uiRσ
µDµūR,i + diRσ

µDµd̄R,i
)

− (ye)
i
jL̄Li · φ ljR − (yd)

i
jQ̄Li · φ djR − (yu)

i
jQ

†
Li · φ

† ujR

+ Dµφ
†Dµφ− µφ† · φ− λ(φ† · φ)2. (3.2)

where a refers to gauge indices, i, j to generation indices and the dot stands for an SU(2) invariant product.
Here, we have used Weyl fermions that is two-component fermions. In this notation, ūR is a right-handed
fermion and

(ūR)
† = uR

is a left-handed fermion. To avoid any confusion about the chirality of the field we use the “bar” sign to
distinguish chiralities, its presence indicating a right-handed chirality. This notation is introduced here
because of its utility in supersymmetry, however when moving to phenomenology using Dirac fermions
turns out to be more practical. In the latter notation, instead of

uiRσ̄
µDµūR,i

we would have written

Ū iRγµDµUR,i
where γµ are the Dirac matrices defined in function of the Pauli σ matrices:

γµ =

(
0 σµ

σ̄µ 0

)
;
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3.1. CONSTRUCTION AND SUCCESSES

we define UR as being the Dirac fermion whose right-handed component is ūR while its left-handed com-
ponent is zero

UR =

(
0

ūR

)
.

Finally, the confusion about the meaning of the conjugation is lifted by the number of components of the
field on which it acts.

The bosonic sector As stated above, by minimizing the scalar potential of the Standard Model one
finds that the Higgs scalar acquires a vacuum expectation value and the electroweak symmetry is broken.
We write thus:

〈φ〉 = 〈
(
φ0

φ−

)
〉 = 1√

2

(
v + h+ iA0

0

)
.

where h (resp. A0) is a CP even (resp. odd) real scalar. After diagonalizing the mass matrices, we find
that the gauge bosons W± and Z are the admixtures of the gauge eigenstates Bµ and Wµ

W±
µ =

1√
2
(W 1

µ ∓ iW 2
µ), Zµ = cos θwW

3
µ − sin θwBµ.

Their masses are given by

MZ =
1

2

√
g2 + g′2v, MW± = cos θwMZ

with the electroweak mixing angle (or Weinberg angle) θw defined as

tan θw =
g′

g
.

The photon Aµ rises also from the admixture of the gauge bosons eigenstates

Aµ = cos θwBµ + sin θwW
3
µ

and is obviously massless. This angle and the masses of the gauge bosons having been measured (see
ref. [32] and figure 3.1) at different experiments allow us to give an approximate value for the vev of the
Higgs field of 246 GeV.

Fermion sector In the quark sector, when the Higgs field acquires a vacuum expectation value, the
Yukawa couplings

−(yd)
i
jQ̄Li · φ djR − (yu)

i
jQ

†
Li · φ† ujR + h.c.

induce a mass term. To get the physical states one diagonalizes the matrices yd and yu by four unitary
rotations V u,dL,R such that:

Mf = V fL y
fV fR (

v√
2
)

where f = u, d. The Cabibbo Kobayashi Maskawa (CKM) matrix is a 3 × 3 unitary matrix and can be
parametrized by three mixing angles and a CP-violating phase.

Under the light of the results from neutrino experiments, it is nowadays acknowledged that neutrinos
do oscillate and consequently they have a tiny mass and do mix together. This implies that the field con-
tent of the Standard Model has to be extended to include right-handed neutrinos as gauge singlets so that
one can write mass terms for these particles. The mixing in the neutrino sector is then described by the
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) V PMNS matrix1. By convention, down-type (i.e. charged)
leptons are considered mass eigenstates and only the neutrinos have to be rotated. It is noteworthy that
the elements of these two mixing matrices, the PMNS and the CKM , are not predicted by the SM and
are thus free parameters to be measured (see [32]).

1for a review, the reader can have a look at the paper [35]
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3.2. TOWARDS EXTENSIONS OF THE STANDARD MODEL

(a)

ALEPH

DELPHI

L3

OPAL

LEP

91.1893±0.0031

91.1863±0.0028

91.1894±0.0030

91.1853±0.0029

91.1875±0.0021

common:  0.0017

χ2/DoF = 2.2/3

mZ [GeV]
91.18 91.19 91.2

(b)

Figure 3.1: Latest LEP results for the W and Z bosons masses compared to SM predictions (in yellow). The plot
for the W mass (left panel) was taken from ref. [33] and the one for the Z boson mass (right panel) was taken from
ref. [34].

The Standard Model of particle physics proved very successful and many of its predictions revealed
true. For example, the charm [26], bottom [36] and top quarks [36] and also the gluons [37–39] were
predicted theoretically before their experimental discovery. One can also cite the W and Z gauge bosons
masses which are in very good agreement with experimental measurements (see. fig.3.1) but also the Higgs
boson discovery which is at the moment of writing still compatible with Standard Model’s predictions [3,4].

3.2 Towards extensions of the Standard Model

Though very successfull in describing the fundamental interactions at low energy (. 140 GeV), there exists
strong theoretical motivations as well as some tension between predictions and experimental observations
pushing us to consider the Standard Model of particle physics as an effective theory of a more fundamental
one. Below is a small list of the known problems and open questions2.

Gravity, unification and all that Though successful in unifying electromagnetic and weak inter-
actions in the so-called electroweak force, the SM does not provide a unified framework in which all the
strong, weak and electromagnetic interactions unify. Besides, renormalization group equations which gov-
ern the evolution with respect to energy of the gauge coupling constants show clearly their non-unification
(see fig.3.2) which may be seen as a problem in this theory. On the other hand and more importantly,
gravity, the weakest of all known interactions, is totally ignored in this framework.

Families In the zoology of elementary particles, leptons and quarks are known to regroup in three3

different families. The Standard Model does not answer to the question why three.

2For a review of the Standard Model’s flaws see ref [40].
3Actually, a fourth generation of quarks and leptons is not ruled out by experiment but this goes beyond the

scope of this manuscript.
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3.2. TOWARDS EXTENSIONS OF THE STANDARD MODEL

Figure 3.2: Running of the gauge coupling constants of the Standard Model at the one-loop level. Here Q is the

energy in GeV, and the running starts at MZ = 91.18 GeV.

Neutrino masses The various neutrino experiments (solar, atmospheric, reactor and accelerator) have
provided strong evidences in favor of oscillating neutrinos. This fact implies that these peculiar particles
are massive but with very tiny masses which is in contradiction with the Standard Model in which they
are considered massless. Moreover, even though one wanted to introduce by hand a mass term for these
particles, one would have to add the right-handed neutrinos to the Standard Model field content. This issue
requires, at the minimum, an extension of the Standard Model which was built at a time where neutrinos
were thought to be massless.

Dark matter and dark energy It is nowadays recognized that the ordinary matter (baryonic) only
represents a tiny fraction (∼ 4− 5%) of the mass of the Universe; the remaining 95% is called generically
“dark matter” and “dark energy”. The former which represents around 25% of the mass of the Universe
has the property of interacting very weakly4 with the baryonic matter and is hence very difficult to detect.
The only possible candidate in the Standard Model to explain this5 mysterious particle is the neutrino but
its properties do not satisfy all the cosmological constraints (e.g., relic density). Dark energy concentrates
the most significant amount of mass as it represents 70% of the total mass of the Universe. Neither is it
explained.

The muon anomalous magnetic moment Though the Standard Model succeeded in passing
most of the experimental tests, there is at least one measurement where the tension between theory and
experiment is strong. The anomalous magnetic moment of the muon measured at the Brookhaven National
Laboratory (BNL) was shown to be [42]

(g − 2)µ
2 BNL

= (11659208.9 ± 6.3) · 10−10

which represents a discrepancy of 3.3σ with respect to the predicted value

(g − 2)µ
2 theo

= (11659182.8.9 ± 4.9) · 10−10.

4in the case where dark matter is a Weakly Interacting Massive Particle (WIMP). Other candidates do exist, for
a review one can have a look at ref. [41].

5One should keep in mind that dark matter could be made of different particles
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3.2. TOWARDS EXTENSIONS OF THE STANDARD MODEL

f

f

H H
yf yf

S

H H

Figure 3.3: One-loop radiative corrections to the Higgs squared mass du to a Dirac fermion f and a scalar S.

Of course no conclusion can be drawn from this result and complementary measurements have to be run
however one might consider this fact as a hint toward new physics.

Hierarchy problem Another naturality problem and probably the most famous of all Standard
Model’s flaws is the so-called hierarchy problem. In a few words one can summarize it as the ques-
tion to know why the µ parameter (see eq(3.2)) which has a dimension of mass in the Standard Model’s
Lagrangian and which value is (at tree-level)

|µ| = MH√
2

≃ 90 GeV, (with MH = 125 GeV)

has to be so small compared to the Planck scale (1019 GeV). This question is related to the fact that in the
framework of the Standard Model there is absolutely no symmetry protecting scalar masses from diverging.
In practice, one can, for example, compute the radiative corrections to the Higgs mass parameter µ. This
term receives contributions from the quartic Higgs couplings λ as well as from the Yukawa couplings
Higgs-fermion-fermion that we denote generically yf (see fig.3.3). These processes induce a correction of
order

(λ− y2f )Λ
2 (3.3)

where Λ is a certain cut-off which value is of crucial importance as the correction depends on its square.
If one considers the Standard Model valid up to the Planck scale than Λ should be of order 1019 GeV!
This implies that, to have a value of µ compatible with the experimental constraints, one needs either
λ = y2f or a huge amount of fine-tuning. The first possibility establishing the equality between quartic
boson couplings and the square of a boson-fermion coupling should be the consequence of a symmetry to
be well motivated; we will see that supersymmetry does exactly the job (see next chapter). The second
possibility is exactly the hierarchy problem also dubbed as fine-tuning problem.
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Chapter 4

Introduction to supersymmetry

The Standard Model of particle physics allowed to unify in a simple framework electromagnetic and weak
interactions and is actually one of the most tested theories in physics. Though very successful, its the-
oretical issues coupled with some experimental results are powerful indicators that this model has to be
considered as an effective theory of a more fundamental one. Actually, theorists have been trying to build
a realistic quantum field theory able to overcome these issues since early ’70s. String theory, technicolour,
extra-dimensional space-time are some of the alternatives that have been considered [43–45]. Supersymme-
try is also one of those beyond the Standard Model theories that have been studied. Its properties allowing
to solve (amongst others) in an elegant way the hierarchy problem have made of it one of the most famous
and studied theories in the last decades.

Indeed, though a number of no-go theorems concluding that direct symmetries between different spin
particles are in conflict with quantum field theory [46], the introduction of supersymmetry allows to achieve
this purpose through the use of Lie super-algebra instead of Lie algebra. As a consequence to this symme-
try between fermions and bosons, scalar and fermionic divergent loops do cancel each other as they involve
the same couplings but with a minus sign for fermionic loops. The hierarchy problem is thus solved. As
another theoretical motivation for supersymmetry one could also cite the fact that its locally invariant
version naturally encompasses gravity. Finally, from a phenomenology point of view, the minimal realiza-
tion of supersymmetry in particle physics, namely the Minimal Supersymmetric Standard Model (MSSM),
though exhibiting only a global supersymmetry provides a natural candidate for dark matter and predicts
the unification of the gauge coupling constants.

From the experimental side, though not excluded, supersymmetry has not been discovered yet, that is,
not a single scalar particle carrying the same quantum numbers than those of one of the known fermions
has been observed yet. This implies, at least, that supersymmetry is a broken symmetry and the super-
partners of the Standard Model particles are just too heavy for the energy range that has been probed at
collider expriments.

In this chapter we introduce all the ingredients to build a supersymmetric theory. In this scope, We
present in the first section the supersymmetric algebra which will allow us to build our first renormalizable
Lagrangian in the second section. After introducing the superspace formalism where all supersymmetric
quantities express naturally, we will build the most general renormalizable supersymmetric Lagrangian.
In the following two sections, we present some of the supersymmetry breaking mechanisms as well as
the renormalization group equations. Finally, in section 4.5, we present the minimal realization of super-
symmetry, the Minimal Supersymmetric Standard Model (MSSM), and argue in favour of the study of
non-minimal models.

This chapter is aimed to present the main results in supersymmetry therefore calculations will not be
carried out explicitely. However, a list of references is given when necessary and I used as guidelines the
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4.1. SUPERSYMMETRIC ALGEBRA

following two references [47,48] as well as the conventions listed in the appendix A.

4.1 Supersymmetric algebra

Special conventions for this section In mathematics, usually, conventions used for writing Lie
algebra (that is commutation relations) do not involve an explicit i whereas, in physics, they do. For
example, let Ãi|i=1...n be three operators obeying the Lie algebra and fab

c the structure constant of this
algebra. The commutation relation reads

In mathematics [Ãa, Ãb] = fab
cÃc,

In physics [Ã∗
a, Ã

∗
b ] = ifab

cÃ∗
c .

Thus if we have a unitary representation of the Poincaré group acting on a Hilbert space, operators Ã will
be hermitian while Ã∗ will be anti-hermitian. In this section, we will use mathematician’s conventions to
show the results but to recover the physicist’s notations it will be enough to apply the replacements:

Mµν → iMµν

Pµ → iPµ. (4.1)

Let us consider now a collection of fermionic Ψi and bosonic fields Φa whose dynamics are described
by the Lagrangian L. We consider two symmetries generated by B1

A and B2
A on the one hand, and by F 1

I

and F 2
I on the other hand. The two first generators act on fields without changing their nature

δAΦ
a = (B1

A)
a
bΦ

b , δAΨ
i = (B2

A)
i
iΨ

j

and are called bosonic generators. The two other generators F 1
I and F 2

I act on the fields by shifting their
spin by 1/2, that is by changing their nature:

δIΦ
a = (F 1

I )
a
iΨ

i , δIΨ
i = (F 2

I )
i
aΦ

a

and are by consequence called fermionic.
These conserved symmetries induce two conserved charges B̃A and F̃I whose actions on the fields are:

[Φa, B̃A] = δAΦ
a, [Ψi, B̃A] = δAΨ

i,

[Φa, F̃I ] = δIΦ
a, {Ψi, F̃I} = δIΨ

i,

where the δ were defined previously and {, } is the anti-commutator defined as

{Ψi, F̃I} = ΨiF̃I + F̃IΨ
i.

We can show that the bosonic and the fermionic charges B̃A and F̃I , obey the algebra

[B̃A, B̃B ] = fAB
CB̃C , {F̃I , F̃J} = QIJ

CB̃C , [B̃A, F̃I ] = RAI
J F̃J

where fAB
C , QIJ

C and RAI
J are some constants. This is exactly the so called Lie superalgebra. The latter

is defined as a Z2−graded vector space g = g0 ⊕ g1 where g0 operators are said bosonic and g1’s operators
fermionic.
Now, if we consider {Bi, i = 1, . . . , n} (n being the dimension of g0) a basis of g0 and {Fi, i = 1, . . . , m}
(m being the dimension of g1) a basis of g1 , the algebra g reads

• g0 is a Lie algebra: [B̃i, B̃j ] = fij
kB̃k.

• g1 is a representation of g0, i.e., [B̃i, F̃a] = Ria
bF̃b. It is thus a non trivial extension of }0.

• Composing two fermionic transformations leads a bosonic one {F̃a, F̃b} = Qab
cB̃c
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4.1. SUPERSYMMETRIC ALGEBRA

• The Jacobi relations are also satisfied

[
B̃i, [B̃j , B̃k]

]
+
[
B̃j , [B̃k, B̃i]

]
+
[
B̃k, [B̃i, B̃j ]

]
= 0,

[
B̃i, [B̃j , F̃a]

]
+
[
B̃j , [F̃a, B̃i]

]
+
[
F̃a, [B̃i, B̃j ]

]
= 0,

[
B̃i, {F̃a, F̃b}

]
− {[B̃i, F̃a], F̃b} − {F̃a, [B̃i, F̃b]} = 0,

[
F̃a, {F̃b, F̃c}

]
−
[
{F̃a, F̃b}, F̃c

]
+
[
F̃b, {F̃a, F̃c}

]
= 0.

(4.2)

Supersymmetry is a non trivial extention of the Poincaré algebra. It is generated by the generators of
the Poincaré algebra

g0 = {Mµν , Pµ, µ, ν = 0, . . . , 3}
for the bosonic part and by

g1 = (
1

2
, 0) ⊕ (0,

1

2
) = {Qα, α = 1, 2} ⊕ {Q̄α̇, α̇ = 1, 2},

where (Qα, Q̄
α̇) is a Majorana spinor

(Qα)
† = Q̄α̇.

The algebra is described by the (anti-)commutators

[
Mµν ,Mρσ

]
= ηνσMρµ − ηνσMρν + ηνρMµσ − ηµρMνσ,

[
Mµν , Pρ

]
= ηνρPµ − ηµρPν

[
Mµν , Q̄

α̇
]

= σ̄α̇µν β̇Q̄
β̇, {Qα, Q̄α̇} = −2iσµαα̇Pµ,

[
Mµν , Qα

]
= σµνα

βQβ ,

{Qα, Qβ} = {Q̄α̇, Q̄β̇} =
[
Pµ, Pν

]
=
[
Pµ, Qα

]
= 0. (4.3)

We clearly see that the combination of two supersymmetric transformations (Q) induces a translation
in space-time which is a bosonic operator.
Some remarks are in order here. These transformations induce naturally that a supersymmetric multiplet
must contain both fermions and bosons. Moreover, the operator PµPµ commutes with all the generators of
the algebra and is thus a Casimir operator. This ensures that the members of a same multiplet will carry
the same mass. A natural question arises as a consequence of these two assertions: how many fermionic
(bosonic, respectively) degrees of freedom are there in a supersymmetric multiplet? Let us assume that we
have N supersymmetry generators QIα , Q̄

α̇
I with (QIα)

† = Q̄Iα̇ and

{QIα, Q̄Jα̇} = −2iδIJσ
µ
αα̇Pµ, {QIα, QJβ} = 0, {Q̄Iα̇, Q̄Jβ̇} = 0. (4.4)

Let us also introduce the operator “fermionic number” (−1)N whose eigenvalues are −1 when acting on a
fermion and +1 when acting on a boson. We have

Tr[(−1)N{QIα, Q̄Jα̇}] = −2iδIJσ
µ
αα̇Tr[(−1)NPµ]

which, by virtue of the properties of the trace and the relation

(−1)NQIα = −QIα(−1)N

induces
−2iδIJσ

µ
αα̇Tr[(−1)NPµ] = 0.

This relation must hold for any value of the momentum so that the only solution left is

Tr[(−1N )] = 0.

In plain words, this means that we have as many fermions as bosons. This is known as the “fermion=boson”

rule. The number of fermionic and bosonic degrees of freedom depends on the number of supersymmetry
generators we allow. However, to build realistic field theories or at least renormalizable ones, one must
constrain the highest spin in a supersymmetric multiplet. For renormalizable theories, the highest spin in
the multiplet must be smaller or equal to one. In this case the number of supersymmetry generators cannot
be larger than four. The latter case, N = 4, is very interesting as it has been proven to be renormalizable
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and finite and is know as super Yang-Mills theory [48,49]. The multiplet in this case contains four bosonic
and four fermionic degrees of freedom. If we chose to ignore the renormalizability condition than we can
include gravity as it is carried by a spin-2 particle. In this case the number of generators cannot be larger
than eight in which case the multiplet contains 128+128 degrees of freedom. As for N > 8 cases, multiplets
will contain fields with spin ≥ 5

2
which cannot be consistently coupled to gravity.

Before concluding this section, I would like to state that equation (4.4) is not the most general. For
facility, we have made the assumption that there is no central charge in the theory that is we did not
consider the case

{QIα, QJβ} = ǫαβZ
IJ

where ZIJ is the central charge. In the sequel we will only focus on N = 1 supersymmetric theories as
they are the most interesting phenomenologically and restrain ourselves to the renormalizable ones.

4.2 Building a supersymmetric renormalizable Lagrangian

Now that the supersymmetric algebra is established, we can proceed to the building of a Lagrangian for
supersymmetric theories.

We shall start the discussion by describing the very first linear realization of supersymmetry introduced
by Wess and Zumino in 1973 [50]. We will argue afterwards that in the superspace formalism supersym-
metric quantities express naturally. In this formalism, we shall deduce the final form of the most general
and renormalizable supersymmetric Lagrangian.

4.2.1 The Wess-Zumino Lagrangian

Matter free Lagrangian Consider a multiplet consisting of two complex scalar fields φ and F and a
left-handed Weyl spinor ψ. Let an infinitesimal supersymmetric transformation be:

δǫφ =
√
2ǫ · ψ , δǫψ = −i

√
2σµǭ∂µφ−

√
2Fǫ , δǫF = −i

√
2∂µψσ

µǭ. (4.5)

where ǫ is a left handed spinor (Grassman variable). Combining two supersymmetric transformations leads
to:

[δǫ1, δǫ2]φ = δǫ1(δǫ2φ)− δǫ2(δǫ1φ),

= −2i[ǫ2σ
µǭ1 − ǫ1σ

µǭ2]∂µφ.[
δǫ1, δǫ2

]
ψα = δǫ1(δǫ2ψα)− δǫ2(δǫ1ψα),

= 2i[ǫ1σ
µǭ2 − ǫ2σ

µǭ1]∂µψ.[
δǫ1, δǫ2

]
F = δǫ1(δǫ2F )− δǫ2(δǫ1F ),

= −2i(ǫ2σ
µǭ1 − ǫ1σ

µǭ2)∂µF. (4.6)

A few remarks are in order here. First, to carry out properly the calculations one must use the
properties of the Pauli matrices and the formulas given in appendix A. Secondly, we see that for both
scalars φ and F the combination of two supersymmetric transformations induces a space-time translation.
The transformation laws given above preserve thus supersymmetry and we are now tempted to build our
first Lagrangian:

L0 = ∂µφ
†∂µφ+ iψ̄σ̄µ∂µψ + F †F,

which is essentially the sum of the free Lagrangians for the fields φ and ψ. The variational equation for the
field F is simply F = 0 it is nevertheless essential for the transformation properties as it helps in restoring
the equality between the number of scalar and fermionic degrees of freedom when off-shell as can be seen
from the count of the degrees of freedom in the chiral multiplet
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Field φ ψ F

Off-shell 2 4 2

On-shell 2 2 0

Finally, using the transformation laws given in (4.5), we can show that the variation of the Lagrangian:

δǫL0 = (∂φL)δǫφ+ (∂φ†L)δǫφ†

+ (∂∂µψL)δǫ∂µψ + (∂ψ̄L)δǫψ̄
+ (∂FL)δǫF + (∂F †L)δǫF †,

is simply equal to

δǫL0 = −
√
2∂µ
[
∂νφ

†ǫσν σ̄µψ − ∂µφ†ǫ · ψ − ψ̄ · ǭ∂µφ+ iψ̄σ̄µǫF
]
, (4.7)

which is a total derivative and thus implies that this free Lagrangian is invariant under supersymmetric
transformations.

Vector free Lagrangian Let us now consider the vector multiplet (Aµ, λ,D) associated to an abelian
gauge group and where Aµ is a vector, (λ, λ̄) a Majorana spinor and D a real auxiliary field. These fields
obey the following supersymmetric transformation laws:

δAµ = i(ǫσµλ̄− λσµǭ), δλ = iDǫ+
1

2
σµσ̄νǫFµν , δD = ǫσµ∂µλ̄+ ∂µλσ

µǭ. (4.8)

Following the same idea as in the previous paragraph, we can show that the free Lagrangian for this
multiplet is simply the sum of the free Lagrangians for Aµ and λ. An additional term is required for the
auxiliary field D but, as for the F term in L0,

L1 = −1

4
FµνFµν + iλ̄σ̄µ∂µλ+

1

2
D2. (4.9)

The equation of motion for D will be simply D = 0.

Interactions in the matter sector There are three main ingredients to construct a Lagrangian for
interacting fields

1. The product of two chiral multiplets is a chiral multiplet.

2. The F -component of a chiral multiplet transforms as a total derivative.

3. A Lagrangian density must have dimension 4 in mass.

Let us thus consider a collection of n chiral multiplets Φi = (φi, ψi, F i)i=1,...,n transforming as in (4.5) and
the holomorphic function W (φ) which we define to be:

W (φ) =
1

6
λijkφ

iφjφk +
1

2
µijφ

iφj + αiφ
i (4.10)

where λijk,mij and αi are complex. This is called the superpotential and we can show that if we define

Wi =
∂W

∂φi
, Wij =

∂2W

∂φi∂φj
,

then

Lint = −WiF
i − 1

2
Wijψ

i · ψj + hc, (4.11)

where hc stands for the hermitian conjugate, is invariant up to a total derivative:

δLint = i
√
2∂µ[Wiψ

iσµǭ −W ∗iǫσµψ̄i].
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We can now redefine our matter Lagrangian as

L = L0 + Lint (4.12)

and start eliminating the auxiliary fields F i and F †
i . Their equations of motion are given by:

∂Lint
∂F i

= −Wi + F †
i = 0 ,

∂Lint
∂F †

i

= −W ∗i + F i = 0.

Inserting these two results into our Lagrangian, we get:

L = ∂µφ
†∂µφ+ iψ̄σ̄µ∂µψ − 1

2
Wijψ

i · ψj − 1

2
W ∗ijψ̄i · ψ̄j −W ∗iWi.

The scalar potential is thus

VF =W ∗iWi

which appears to be a sum of positive terms. It is thus always positive and bounded from below.

4.2.2 Supersymmetry in superspace formalism 1

Superspace formalism is a very practical and usefool tool to reexpress supersymmetric quantities in a
compact and easy form. It has been introduced by A. Salam and J. Strathdee in 1974 [51] as a new approach
to build supersymmetric theories. In their paper they extend the usual space-time with coordinates xµ by
the adjunction of the (anti-commuting complex number) Majorana spinor (θα, θ̄α̇) and reexpress all the
supersymmetric quantities. In this section we will see how this can be achieved.

Supercharges and covariant derivatives

In Minkowski space, if φ(x) is an ordinary quantum field depending only on the coordinates xµ than we
can think of it as having been translated from xµ = 0

φ(x) = ex·Pφ(0)e−x·P

In superspace, we introduce the Majorana spinor (θα, θ̄α̇) as the superpartners of the space-time coordi-
nates. With these elements, the supersymmetry algebra can be integrated to the super-Poincaré group
with group elements defined by

G(x, θ, θ̄) = ex
µPµ+i(θαQα+Q̄α̇θ̄

α̇).

We then try to evaluate the right action and the left action of the generators on a point in superspace,

G(x, θ, θ̄)G(0, ǫ, ǭ) G(0, ǫ, ǭ)G(x, θ, θ̄).

To do so we first have to calculate the commutator

[θαQα + Q̄α̇θ̄
α̇, ǫβQβ + Q̄β̇ ǭ

β̇ ]

where (ǫ, ǭ) is the parameter of a supersymmetric transformation and (Q, Q̄) the supersymmetry generators.
We use the results of (4.3) and the properties

{Q, θ} = {Q, ǫ} = {θ, ǫ} = 0,

to find

[θαQα + Q̄α̇θ̄
α̇, ǫβQβ + Q̄β̇ ǭ

β̇] = −2i(θσµǭ− ǫσµθ̄)∂µ

which is, by no surprise, a translation in superspace. Finally, with the help of the Baker-Campbell-Hausdorff
formula

eAeB = eA+B+ 1
2
[A,B]

1for a more formal description of the superspace formalism, the reader can refer to [48, 51].
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if [[A,B], A] = [[A,B], B] = 0, we find

G(x, θ, θ̄)G(0.ǫ, ǭ) = ex
µ−i(ǫσµθ̄−θσµǭ)Pµ+i(θ+ǫ)·Q+iQ̄·(θ̄+ǭ),

G(0, ǫ, ǭ)G(x, θ, θ̄) = ex
µ+i(ǫσµθ̄−θσµǭ)Pµ+i(θ+ǫ)·Q+iQ̄·(θ̄+ǭ), (4.13)

showing that if we note

xµ → xµ + δL,Rx
µ , θα → θα + δL,Rθ

α , θ̄α̇ → θ̄α̇ + δL,Rθ̄
α̇

then the transformation laws read

δLx
µ = i(ǫσµθ̄ − θσµǭ) , δLθ

α = ǫα , δLθ̄
α̇ = ǭα̇,

δRx
µ = −i(ǫσµθ̄ − θσµǭ) , δRθ

α = ǫα , δRθ̄
α̇ = ǭα̇.

Finally, if we define QL,R and Q̄L,R as the supercharges corresponding to the left and the right action
respectively so that:

δL,Rx
µ = [i(ǫ ·QL,R+Q̄L,R · ǭ), xµ] , δL,Rθα = [i(ǫ ·QL,R+Q̄L,R · ǭ), θα] , δL,Rθ̄α̇ = [i(ǫ ·QL,R+Q̄L,R · ǭ), θ̄α̇],

we show that

QRα = −i(∂α − iσµαα̇θ̄
α̇∂µ) , Q̄Rα̇ = −i(−∂̄α̇ + iθασ

µ
αα̇∂µ),

QLα = −i(∂α + iσµαα̇θ̄
α̇∂µ) , Q̄Lα̇ = i(∂̄α̇ + iθασ

µ
αα̇∂µ). (4.14)

The definitions of the derivatives ∂α and ∂̄α̇ are given in appendix A.
We also define the supercharges Q = QL, Q̄ = Q̄L and the covariant derivatives

D = iQR, D̄ = −iQ̄R

and check the algebra:

{Qα, Q̄α̇} = −{Dα, D̄α̇} = 2iσµαα̇∂µ,

{Dα, Qα} = {D̄α̇, Qα} = {Dα, Q̄α̇} = {D̄α̇, Q̄α̇} = 0.

General superfield

In this new formalism, superfields will depend explicitely on θ and θ̄, we thus expand them in powers of
the latters

Φ = z(x) + θ · ξ(x) + θ̄ · ζ̄(x) + θ · θf(x) + θ̄ · θ̄g(x)
+ θσµθ̄Aµ(x) + θ̄ · θ̄θ · ω(x) + θ · θθ̄ · ρ̄(x) + θ · θθ̄ · θ̄d(x) (4.15)

where z(x), f(x), g(x) and d(x) are complex scalar fields, ξ(x), ω(x) are left-handed spinors while ζ̄ and ρ̄(x)
are right-handed spinors and Aµ(x) is a complex vector field. All in all, we have 16 complex bosonic degrees
of freedom and 16 complex fermionic ones.
To get the transformation laws of every component, we simply have to calculate

δΦ(x, θ, θ̄) = i(ǫ ·Q+ Q̄ · ǭ)Φ(x, θ, θ̄)
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4.2. BUILDING A SUPERSYMMETRIC RENORMALIZABLE LAGRANGIAN

and then regroup terms in powers of the Grassman variablethe Grassman variables dix A, one gets:

δz = ǫ · ξ + ǭ · ζ̄,
δξ = 2ǫf + σµǭ(Aµ + i∂µz),

δζ̄ = 2gǭ− σ̄µǫ(Aµ + i∂µz),

δf =
i

2
∂µξσ

µǭ+ ǭ · ρ̄,

δg = − i

2
ǫσµ∂µζ̄ + ǫ · ω,

δAµ = − i

2
ǫ · ∂µξ − iǫσνµ∂

νξ +
i

2
ǭ · ∂µζ̄ − iǭσ̄νµ∂

ν ζ̄ − ǭσ̄µω − ρ̄σ̄µǫ,

δω = −iσµǭ∂µg + i

2
ǫ∂µA

µ +
i

2
ǫσµνFµν + 2ǫd,

δρ̄ = iǫσµ∂µf − i

2
ǭ∂µA

µ +
i

2
σ̄µν ǭFµν + 2ǭd,

δd =
i

2
∂µωσ

µǭ− i

2
ǫσµ∂µρ̄. (4.16)

Chiral superfield

It is important to remark that D̄α̇ anticommutes with ǫ, ǭ, Q and Q̄. This implies that the constraint

D̄α̇Φ(x, θ, θ̄) = 0 (4.17)

is preserved by a supersymmetric transformation. Moreover, if one remarks that

D̄α̇y
µ = 0 and D̄αθ = 0

where yµ = xµ − iθσµθ̄, then the constraint (4.17) defines a chiral superfield Φ(x, θ, θ̄) such that

Φ(x, θ, θ̄) = Φ(y, θ) = φ(y) +
√
2θ · ψ(y)− θ · θF (y). (4.18)

This chiral superfield is thus composed of two complex scalar fields and a left-handed spinor. Following
the same path as for the general case and after some algebra, one finds the transformation laws for these
fields

δφ =
√
2ǫ · ψ, δψ = −

√
2ǫF − i

√
2σµǭ∂µφ, δF = −i

√
2∂µψσ

µǭ (4.19)

which reproduces equation (4.5) The next step in our way to constructing a supersymmetric Lagrangian
is to reproduce the results of (4.12). We investigate the product Φ†Φ by looking at its θ · θθ̄ · θ̄ component
which transforms as a total derivative under supersymmetric transformations. We expand Φ around xµ

Φ(y, θ) = φ(x)−
√
2θ · ψ(x)− θ · θF (x)− iθσµθ̄∂µφ(x),

+
i√
2
θ · θ∂µψ(x)σµθ̄ − 1

4
θ · θθ̄ · θ̄� φ(x).

and find that the Lagrangian reads

L0 = Φ†Φ|θ·θθ̄·θ̄ = ∂µφ
†∂µφ+

i

2
(ψσµ∂µψ̄ − ∂µψσ

µψ̄) + F †F, (4.20)

which is that of the matter free Wess-Zumino Lagrangian. Following the same path as in section 4.2.1, we
adapt the superpotential of (4.10) by promoting the fields there to superfields:

W (Φ) =
1

6
λijkΦ

iΦjΦk +
1

2
µijΦ

iΦj + αiΦ
i

where {Φi}|i=1...n is a collection of chiral superifleds. We deduce that W (Φ)|θθ transforms as a total
derivative and is thus a Lagrangian density. After carrying out the algebra, we find that the superpotential
can be reexpressed as

W (Φ) =W (φ) +
√
2θψi

∂W (φ)

∂φi
− θ · θ

[
F i
∂W (φ)

∂φi
+

1

2
ψi · ψj ∂

2W (φ)

∂φi∂φj

]
. (4.21)
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Finally, we obtain the superspace formulation of the Wess-Zumino Lagrangian:

LWZ = Φ†
iΦ

i
|θ·θθ̄·θ̄ +W (Φ)|θθ +W ∗(Φ†)|θ̄θ̄. (4.22)

As for the scalar potential, it appears after elimination of the auxliary fields that:

V (φ, φ†) =
∂W

∂φi
∂W ∗

∂φ†
i

.

Vector superfield

To get the vector superfield, one must first apply a reality condition to the general superfield of (4.15).
After renaming it to V and regrouping terms together, one gets

V = V †

V = C(x) + iθ · χ(x)− iθ̄ · χ̄(x)

+
i

2
θ · θ(M(x) + iN(x))− i

2
θ̄ · θ̄(M(x)− iN(x)) + θσµθ̄vµ(x)

+ iθ · θθ̄ · (λ̄(x)− i

2
σ̄µ∂µχ(x))− iθ̄ · θ̄θ · (λ(x)− i

2
σµ∂µχ̄(x))

+
1

2
θ · θθ̄ · θ̄(D(x) +

1

2
�C(x)), (4.23)

where M,N,D and C are real scalar fields, (χ, χ̄) and (λ, λ̄) are Majorana fermions and vµ is a real vector
field.
The superfield we get contains too many degrees of freedom which we try to eliminate via a gauge trans-
formation. Let Φ be a chiral superfield and let us apply the following gauge transformation

V → V + Φ+Φ† (4.24)

which preserves the reality of V . It induces:

C → C + φ+ φ†, χ → χ− i
√
2ψ, M + iN → M + iN + 2iF,

vµ → vµ − i∂µ(φ− φ†), λ→ λ, D → D.

The fields λ and D are gauge invariant and if we choose the chiral superfield such that

C = −(φ+ φ†), χ = i
√
2ψ, M + iN = −2iF

then we can eliminate the first components of V and recover the vector superfield in the Wess-Zumino
gauge:

VWZ = θσµθ̄vµ + iθ · θθ̄ · λ̄− iθ̄ · θ̄θ · λ+
1

2
θ · θθ̄ · θ̄D. (4.25)

The transformation laws for the vector superfield in this gauge are problematic as they lead to non-vanishing
transformation laws for the fields that we cancelled:

C = 0 → C′ = 0

χ = 0 → χ′ = −iσµǭvµ
M + iN = 0 → M ′ + iN ′ = 2ǭ · λ̄.

To have the transformation laws of the vector superfield in this gauge, we use the transformation laws of
the general superfield (4.16) to define a gauge transformation depending on the fields:

λ = ω +
i

2
σµ∂µχ̄, D =

1

2
d, vµ = Aµ.

It is then easy to find

δvµ = i(ǫσµλ̄− λσµǭ), δλ = σµνǫFµν + iǫD, δD = ∂µλσ
µǭ+ ǫσµ∂µλ̄. (4.26)
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To extract a Lagrangian density for the vector superfields, one might want to investigate the powers of
VWZ . We find that the powers of VWZ vanish for n ≥ 3

V 2
WZ =

1

2
θ · θθ̄ · θ̄vµvµ, V 3

WZ = 0

and no kinetic term appears for the fields vµ and λµ. We then define the spinorial multiplet

Wα = −1

4
D̄ · D̄DαV, W̄α̇ = −1

4
D ·DD̄α̇V (4.27)

which is clearly a chiral supermultiplet (D̄α̇(D̄ · D̄) = 0) and invariant under the gauge transformation
(4.24). To have its expression in terms of components, one must first introduce the new coordinate
yµ = xµ − iθσµθ̄ and y†µ = xµ + iθσµθ̄ and reexpress the covariant derivatives D and D̄:

D̄α̇y
µ = 0 ⇒ D̄α̇ = ∂̄α̇,

Dαy
µ = −2iσµθ̄ ⇒ Dα = ∂α − 2iσµθ̄∂yµ .

Finally, we use the vector superfield in the Wess-Zumino gauge

V (x, θ, θ̄) = V (y + iθσµθ̄, θ, θ̄) = θσµθ̄vµ + iθσν θ̄θσµθ̄∂νvµ + iθ · θθ̄ · λ̄− θ̄ · θ̄θ · λ+
1

2
θ · θθ̄ · θ̄D

and get

Wα = − i

2
(σµσ̄νθ)αFµν − iλα + θαD − θ · θ(σµ∂µλ)α.

W̄α̇ =
i

2
(θ̄σ̄νσµ)α̇Fµν + iλ̄α̇ + θ̄α̇D − θ̄ · θ̄(∂µλσµ)α̇. (4.28)

To construct a Lagrangian density out of the spinorial supermultiplet, we use the property of chiral
superfields telling that their F-component transforms as a total derivative under supersymmetric transfor-
mations. We compute then:

(WαWα)|θθ = −1

2
FµνFµν − i

4
(λσµ∂µλ̄− ∂µλσ

µλ̄) +
1

2
D2 − i

4
ǫµνρσFµνFρσ

and (W̄α̇W̄
α̇)|θ̄θ̄ which is just the complex conjugate of (WαWα)|θθ and find that it returns the Wess

Zumino free Lagrangian for vector fields:

LV =
1

4
(WαWα)|θθ +

1

4
(W̄α̇W̄

α̇)|θ̄θ̄,

LV = −1

4
FµνFµν +

i

2
(λσµ∂µλ̄− ∂µλσ

µλ̄) +
1

2
D2. (4.29)

Non-abelian gauge invariance and supersymmetry

On our way to the most general renormalizable Lagrangian for supersymmetric theories, we need now to
consider generalizing the formalism of non-abelian gauge theories to the supersymmetric case. To do so, let
us consider a set of chiral superfields Φi transforming according to an arbitrary unitary representation R
of a gauge group G, and a set of vector supermultiplets V a belonging to the adjoint representation of G. In
the case of a theory invariant under global transformations of the symmetry group G, the transformations
of the chiral multiplet are

Φ
′i = [eiΛ

aTa ]ijΦ
j (4.30)

or infinitesimally
δφi = iΛa(Ta)

i
jΦ

j

where the matrices Ta are the hermitian generators in the representation R of the gauge group G

[Ta, Tb] = ifab
cTc, Tr(TaTb) = τRδab, (4.31)
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fab
c and τR are real constant parameters. Parameters Λa are real constants but since constants are also

superfields, they can be considered as chiral superfields so that equation(4.30) is a superfield equation.
This transformation leaves unchanged the kinetic term in (4.22) but imposes the superpotential W (Φ) to
only contain group invariant quantities. The superfield in the linear term, for example, must be a singlet
under the group G.

When considering local gauge invariance, the parameters Λa(x) are no longer superfields. Hence, for
the last two transformations laws to be consistent with supersymmtry, one must allow the parameters Λa

to be complete left-handed chiral superfields, but then the kinetic terms for chiral superfields are no longer
invariant under (4.30) since Λa† 6= Λa. To restore invariance one must consider the vector supermultiplet

V = V aTa (4.32)

where V a† = V a. It transforms under gauge transformations as

e2gV → e2gV
′

= e−2giΛe2gV e2giΛ
†

(4.33)

where g is the gauge coupling constant and Λ = ΛaTa. This transformation is chosen to make the kinetic
terms

Lkin = [Φ†e−2gV Φ]θ·θθ̄·θ̄ (4.34)

locally gauge invariant. In this case, we need also to redefine the spinorial chiral multiplet as follows

Wα = −1

4
D̄ · D̄e2gVDαe−2gV , W̄α̇ = −1

4
D ·De−2gV D̄α̇e

2gV (4.35)

which in components read

Wα = ig(σµσ̄νθ)αFµν + 2gθ · θ(σµDµλ̄)α + 2igλα − 2gθαD,

W̄α̇ = ig(θ̄σ̄µσν)α̇Fµν + 2gθ̄ · θ̄(Dµλσµ)α̇ − 2igλ̄α̇ − 2gθ̄α̇D, (4.36)

where we have introduced the following quantities

F 0
µν = ∂µvν − ∂νvµ,

Fµν = F 0
µν + g[vµ, vν ],

Dµλ̄ = ∂µλ̄− ig[vµ, λ̄],

Dµλ = ∂µλ− ig[vµ, λ]

and let vµ = vaµTa to be a real vector field, (λ, λ̄) with λ = λaTa a Majorana fermion and g the coupling con-
stant associated with the gauge group. We can show that the transformation laws under a supersymmetric
transformation read

Wα → e−2igΛWαe
2igΛ, W̄α̇ → e−2igΛ†

W̄α̇e
2igΛ†

. (4.37)

Finally, gathering all the terms together, it is clear that the Lagrangian

L = [Φ†e−2gV Φ]|θ·θθ̄·θ̄ +
1

16g2τR
Tr(WαWα)|θθ +

1

16g2τR
Tr(W̄α̇W̄

α̇)|θ̄θ̄

+ W (Φ)|θθ +W ∗(Φ†)|θ̄θ̄ (4.38)

is the most general renormalizable Lagrangian in N = 1 supersymmetry. We see here how compact the
Lagrangian is in superspace formalism. If we assume no gauge singlet field is present in the theory, this
Lagrangian reads in components

L = −1

4
F aµνF

µν
a +

i

2
(λaσµDµλ̄a −Dµλ

aσµλ̄a) +
1

2
DaD

a

+ Dµφ
†
iD

µφi − i

2
(Dµψ̄iσ̄

µψi − ψ̄iσ̄
µDµψi) + F †

i F
i

− gDaφ†
iTaφ

i + i
√
2gλ̄a · ψ̄iTaφi − i

√
2gφ†

iTaψ
i · λa

− µij(φ
iF j +

1

2
ψi · ψj)− 1

2
λijk(φ

iφjF k + φiψj · ψk) + hc (4.39)
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where we have used

W (Φ) =
1

2
µijΦ

iΦj +
1

6
λijkΦ

iΦjΦk,

Dµφ
i = (∂µ − igvµ)φ

i, Dµψ
i = (∂µ − igvµ)ψ

i,

Dµφ
†
i = ∂µφ

†
i + igφ†

ivµ, Dµψ̄i = ∂µψ̄i + igψ̄ivµ.

The auxiliary fields D and F can be eliminated through their equations of motion, which leads to the final
form

L = −1

4
F aµνF

µν
a +

i

2
(λaσµDµλ̄a −Dµλ

aσµλ̄a) +Dµφ
†Dµφ

− i

2
(Dµψ̄σ̄

µψ − ψ̄σ̄µDµψ) + i
√
2gλ̄a · ψ̄Taφ− i

√
2gφ†Taψ · λa

− 1

2

∂2W (φ)

∂φi∂φj
ψi · ψj − 1

2

∂2W ∗

∂φ†
i∂φ

†
j

ψ̄i · ψ̄j − V (φ,φ†) (4.40)

where the scalar potential is defined as follows

V (φ, φ†) = F †
i F

i +
1

2
DaDa,

V (φ, φ†) =
∂W

∂φi
∂W ∗

∂φ†
i

+
1

2
g2(φ†T aφ)(φ†Taφ). (4.41)

Remark In more general theories, where we allow for non-renormalizable couplings such as supergravity,
the Lagrangian (4.38) can be extended to

L = Re
[
K(e−2gV Φ,Φ†)

]
|θ·θθ̄·θ̄ +

1

16g2
[
hab(Φ)(W

aαW b
α)|θθ + h∗

ab(Φ
†)(W̄ a

α̇W̄
bα̇)|θ̄θ̄

]

+ W (Φ)|θθ +W ∗(Φ†)|θ̄θ̄ (4.42)

where we have introduced

• a vector superfield K(e−2gV Φ,Φ†) depending on Φ, Φ† and V called the Kähler potential,

• a holomorphic function hab(Φ) depending on the chiral superfield Φ called the kinetic gauge function.

4.3 Supersymmetry breaking

As we have seen in the beginning of this chapter, supersymmetry implies that all members of a same
multiplet have the same mass which is not phenomenologically viable. Indeed, not a single scalar particle
with exactly the same quantum numbers than, for example, the electron has been detected so far. One
has thus to find a way to induce supersymmetry breaking and this must happen in such a way that all
supersymmetric particles are heavier than their Standard Model counterpart2.

In this section, we will describe qualitatively some mechanisms available to induce supersymmetry
breaking. First, we will see that the spontaneous breaking of supersymmetry induces the apparition of a
massless fermion field, the Nambu-Goldstone mode associated with this breaking. We will proceed then
to calculate the mass matrices in supersymmetry and describe the O’Raifeartaigh and Fayet-Iliopoulos
mechanisms. Finally, we will give the main ideas behind supergravity and gauge mediated supersymmetry
breaking. For a review on the subject, one might have a look at the two following reviews [52,53].

2Except in some cases where it is possible to have a scalar superpartner of a Standard Model particle lighter
than the latter.
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4.3.1 Goldstino

From equation (4.41), it is clear that to break supersymmetry spontaneously it is sufficient that one of the
auxiliary fields develops a vacuum expectation value (vev)

〈Fi〉 6= 0 and/or 〈Da〉 6= 0 (4.43)

where the indices i and a run over all the chiral and vector supermultiplets, respectively. The spontaneous
breaking of a global continuous symmetry always implies a massless Nambu-Goldstone mode with the same
quantum numbers as the broken symmetry. In our case, the broken generator is the fermionic charge Qα
so that the Nambu-Goldstone particle ought to be a massless neutral Majorana fermion [54]. To see how
this massless fermion rises in supersymmetry, let us assume that supersymmetry is broken and thus some
of the F and D terms acquire a vacuum expectation value. The interaction terms for left-handed fermions
in the lagrangian (4.40)

Lint = −i
√
2gφ†Taψ · λa − 1

2

∂2W (φ)

∂φi∂φj
ψi · ψj (4.44)

can be re-written as

−1

2

(
ψi i

√
2λa

)( Wij gT bkiφ
†
k

gT akjφ
†
j 0

)(
ψj

i
√
2λb

)
. (4.45)

We consider the following two constraints

1. Minimization of the scalar potential ∂V
∂φk = F †

iW
i
k + gφ†

jT
aj
k Da = 0,

2. Gauge invariance of the superpotential implying that δωW
∗ = ∂W∗

∂φ
†
i

δωφ
†
i = −iF iωaT ajiφ†

j vanishes.

We thus have F iT ajiφ
†
j = 0.

Equations above imply that the state ΨG

ΨG =
1√
2
〈F †
i 〉ψi +

i

2
〈Da〉λa (4.46)

is an eigenstate of the mass matrix (4.45) with a mass equal to 0.
Supersymmetry breaking vacuum is thus characterized by the condition (4.43) and the existence of a
massless fermion, the goldstino. There is also a useful sum rule that governs the tree-level squared masses
of particles in theories with or without supersymmetry breaking vacuum. Assuming that M0 is the mass
matrix for scalar particles, M 1

2
the mass matrix for fermions and M1 the mass matrix for vector fields,

we define the supertrace as

sTr(M2) = Tr(M2
0)− 2Tr(M2

1
2
) + 3Tr(M2

1). (4.47)

We proceed to the analysis of this equation and assume a spontaneously broken supersymmetry.

Scalars mass matrices We deduce from the lagrangian (4.40) that the scalar particles get their masses
from the quadratic terms in the scalar potential. The mass matrix can be written as

M2
0 =



〈 ∂2V

∂φi∂φ
†
j

〉 〈 ∂2V

∂φ
†
j
φ
†
i

〉

〈 ∂2V
∂φi∂φj 〉 〈 ∂2V

∂φjφ
†
i

〉


 . (4.48)

If we replace V by its value (4.41), note the Casimir

C(i)δk
j = Tr(T aT a)k

j

where T matrices are the generators in the representation R of the gauge group G in which lies the field
φ and assume 3

Tr(Ta) = 0,

3Phenomenologically, allowing for gauge anomalies i.e. Tr(Ta) 6= 0 for a U(1) group introduces quadratic
divergences and gravitational anomalies which is not desirable [55].
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it is easy to show that

Tr(M2
0) = 2WikW

∗ik + 2g2C(i)〈φiφ†
i 〉. (4.49)

Vector fields mass matrices The lagrangian (4.40) is here also the starting point for building the
vector fields mass matrices. Mass terms for these fields originate from the covariant derivatives Dµ acting
on the scalar fields and read

M2
1 =

(
2g2〈φ†

k〉TakiT bil〈φl〉
)
. (4.50)

The trace of this matrix simply reads

Tr(M2
1) = 2g2C(i)〈φ†

iφ
j〉. (4.51)

Fermion mass matrices Using the result (4.45), we deduce immediately the mass matrix for fermions

M 1
2
=

(
〈Wij〉 i

√
2gT bki〈φ†

k〉
i
√
2gT akj〈φ†

j〉 0

)
(4.52)

in the basis
(
ψi λa

)
.

Squaring the matrix and taking its trace returns

Tr(M2
1
2
) = 〈W ∗ijWji〉+ 4g2C(i)〈φ†

iφ
i〉. (4.53)

The mass formula Finally, the mass formula (4.47) becomes

sTr(M2) = 0 (4.54)

for any supersymmetric theory with an arbitrary vacuum, provided the absence of chiral anomalies.

The Fayet-Iliopoulos mechanism As seen in (4.43), a way to break supersymmetry is to consider
〈F 〉 = 0 while 〈D〉 6= 0. Such a pattern, is known as the Fayet-Iliopoulos mechanism and was presented in
ref. [56] in 1974. In this paper, they introduce a new term in the lagrangian

LF−I = ξD (4.55)

where D is the auxiliary field of a gauge supermultiplet V = (Aµ, λ,D) associated to an U(1) gauge group.
To analyze this supersymmetry breaking mechanism, let us consider the following superpotential

W = µΦ+Φ− (4.56)

where Φ± = (φ±, ψ±, F±) are two chiral superfields with charge ±e under the U(1) gauge group. The
scalar potential of this model is

V (φ+, φ−) =
1

2
(A2

+ +B2
+) +

1

2
(A2

−
+B

2
−
)(µ2

− eξ)

+
e2

8
(A2

+ +B2
+ − A2

− −B2
−)2 +

1

2
ξ2 (4.57)

where we have split the two complex scalars φ± =
(A±+iB±)√

2
. It is thus a sum of positive terms except for

the term in bold font whose sign depends on the difference µ2 − eξ.

• A first possibility is to have µ2 > eξ. In this case the scalar potential is positive and supersymmetry
is broken. However, the minimum is obtained for 〈A+〉 = 〈A−〉 = 〈B+〉 = 〈B−〉 = 0 which preserves
the U(1) gauge symmetry. In this configuration, the mass matrices give rise to two massive complex
scalars, a goldstino and two fermions. The masses are the following

mA1 = mB1 =
√
µ2 − eξ, mA2 = mB2 =

√
µ2 + eξ,

mψ2 = mψ3 = m, mψ1 = 0. (4.58)

This spectrum is obviously not acceptable phenomenologically as it implies that the superpartner of
the electron, for example, is lighter than the electron.
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• In the other case, µ2 < eξ, the minimum of the scalar potental is obtained for 〈A−〉 = 〈B−〉 = 0

and, after redefinition of the field φ+, 〈B+〉 = 0 and 〈A+〉 =
√

2(eξ−µ2)

e
. This setting, induces also

the apprition of a goldstino, two massive fermion fields, two scalar fields and two pseudo-scalar fields
(of which a Goldstone boson) with the masses

mA1 =
√

2(eξ − µ2), mB1 = 0, mA2 = mB2 =
√
2µ,

mψ2 =
√

2(eξ − µ2), mψ3 = 0. (4.59)

Neither in this configuration, no viable phenomenology can be found.

Finally, we conclude that Fayet-Iliopoulos supersymmetry breaking mechanism, though successful, cannot
accomodate a realistic phenomenology as it predicts automatically a scalar partner to the SM fermions
lighter than the fermion itself. This result generalizes to other forms of the superpotential. Nevertheless, it
is interesting to remark that in the second case, the minimum breaks supersymmetry together with gauge
invariance.

The O’Raifeartaigh mechanism The other way to break supersymmetry is to consider 〈F 〉 6=
0 and 〈D〉 = 0 and this is what O’Raifeartaigh did, one year after Fayet and Iliopoulos, in his paper [57].
In the latter, he comes to the conclusion that in order to break supersymmetry without involving any
vector superfield (〈Da〉 = 0), one needs at least three chiral superfields. One of them would develop a
vacuum expectation value while the others not. Let us investigate the phenomenological implications of
such a model by first writing down the superpotential

W = λΦ3 +mΦ1Φ2 + gΦ1Φ1Φ3 (4.60)

where Φ1,Φ2 and Φ3 are three chiral superfields. We also define the real scalars A and B such that

φj =
1√
2
(Aj + iBj)

and the real auxiliary fields f and g

F j =
1√
2
(f j − igj).

From (4.41), we deduce the equations of motion for the real and imaginary parts of the auxiliary fields

f1 = mA2 +
√
2g(A1A3 −B1B3) , g1 = mB2 +

√
2g(A1B3 −B1A3),

f2 = mA1 , g2 = mB1,

f3 =
√
2λ+

g√
2
((A1)2 − (B1)2) , g3 =

√
2gA1B1. (4.61)

We observe that if 〈F 2〉 = 0 then 〈F 1〉 is simulteneously zero but 〈F 3〉 = λ = 0 is not possible which
induces the breaking of supersymmetry. The question is now to know whether such a mechanism can lead
to a viable phenomenology. To do so, let us start first by plugging Fi values (4.61) into the scalar potential

V = F 1F †
1 + F 2F †

2 + F 3F †
3 ,

V =
m2

2
((A1)2 − (B2)2) + g2((A1A2)2 + (A1B3)2 + (B1B3)2)

+
√
2mg(A1(A3A2 +B3B2) +B1(A3B2 −A2B3))

+ (A1)2(λg +
m2

2
) + (B1)2(

m2

2
− λg)

g2

4
((A1)2 + (B1)2)2. (4.62)

We impose m2 ≥ 2λg to ensure that the scalar potential is bounded from below. We remark also that
if 〈A1〉 = 〈A2〉 = 〈B1〉 = 〈B2〉 = 0 then the scalar field φ3 can acquire an arbitrary vacuum expectation
value. For simplicity, we set

〈B3〉 = 0, 〈A3〉 = µ√
2g
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and derive the scalar mass matrix by generalizing (4.48) to the basis
(
A1 A2 A3

)

M2
S =



µ2 +m2 + 2λg mµ 0

mµ m2 0

0 0 0


 . (4.63)

This scalar squared mass matrix has a massless eigenvector and two massive scalars

m2
A1 = λg +m2 +

µ2

2
+

1

2

√
(2λg + µ2)2 + 4m2µ2, m2

A2 = λg +m2 +
µ2

2
− 1

2

√
(2λg + µ2)2 + 4m2µ2.

The pseudo-scalars squared mass matrix is obtained the same way, its eigenvalues are related to the previous
ones by substituting λ→ −λ,

m2
B1 = −λg+m2+

µ2

2
+

1

2

√
(−2λg + µ2)2 + 4m2µ2, m2

B2 = −λg+m2+
µ2

2
− 1

2

√
(−2λg + µ2)2 + 4m2µ2.

As to the fermion fields, starting from (4.52) we find in the basis
(
ψ1 ψ2 ψ3

)

Mψ =



µ m 0

m 0 0

0 0 0


 , (4.64)

with the eigenvalues

mψ1 =
1

2

√
µ2 + 4m2 +

µ

2
, mψ2 =

1

2

√
µ2 + 4m2 − µ

2
, mψ3 = 0,

exhibiting the goldstino which turns out to be the fermion from the chiral supermultiplet Φ3.
All in all, we see clearly that we have the hierarchy

mA1 > mψ1 > mB1 (4.65)

leading thus to a phenomenology that is not compatible with experimental observations.

4.3.2 Non-renormalization theorems

There exists other ways to break supersymmetry but they all imply the coexistence of two radically dif-
ferent energy scales, the electroweak scale and, for example, the Planck scale. It is therefore important to
study the behaviour of supersymmetric theories in such configurations. Indeed, in the Standard Model of
particle physics, such a discrepancy in the energy scales leads to the well-known hierarchy problem. Here,
we want to know how the parameters in the supersymmetric Lagrangian behave under renormalization.

Scalar masses In the Standard Model of particle physics, the photon mass is strictly equal to 0 because
of the U(1)em symmetry of the model. We say that the photon mass is protected by the U(1) symmetry.
Fermions’ masses are protected by the chiral symmetry. It is however broken but only leads to relatively
small masses with no quadratic divergencies. Finally, there is no symmetry to protect scalar masses from
quadratic divergencies unless one introduces supersymmetry. In the latter, the U(1) and chiral symmetry
are still there but there is also a symmetry between scalars and fermions (in unbroken supersymmetry).
Scalar fields “inherit” thus of the chiral symmetry and get their masses protected from quadratic diver-
gencies.
To see how it works, as divergencies arise from scalar self-couplings, it is sufficient to consider a theory
with only one chiral superfield Φ = (φ, ψ, F ) and no vector superfield obeying to the lagrangian (4.40).
Then, simply by splitting the complex scalar field into its real degrees of freedom

φ =
(A+ iB)√

2

42



4.3. SUPERSYMMETRY BREAKING
A/B

A A +

A/B

A/B

A A +

ψ

ψ̄

A A ∼ ln Λ

Figure 4.1: Feynman diagrams renormalizing the mass of the scalar A. The symbol A/B neans that either the
field A or B is in the loop and Λ is the cut-off

and writing down the Feynman diagrams renormalizing their masses (fig.4.1), we immediately see that
quadratic divergencies cancel out and we are only left with logarithmic ones which are much easier to
absorb in counterterms.

Other parameters in the lagrangian Now we move on to the parameters of the lagrangian. In
general, one writes

Lrenormalized = L+ Lcounterterms (4.66)

Historically, Grisaru, Siegel and Rocek were the first to study this problem in 1977 [58]. They established
the non-renormalization theorem stating that

• the superpotential needs not to be renormalized,

• neither the Fayet-Iliopoulos terms (4.55) provided that the U(1) generator is traceless.

• Gauge kinetic function needs to be renormalized at the one-loop level.

• Kähler potential must be renormalized to all orders.

N. Seiberg, based on string theory arguments by Witten in 1985, gave a quite elegant proof of this theorem
using the inner symmetries of the supersymmetric algebra [59,60]. Such theorems are of very big importance
in supersymmetric theories as they imply for example, that if a particle is massless at tree-level, than it
will remain massless at all orders of perturbation theory as long as supersymmetry is conserved. Moreover,
these theorems stabilize the mass spectra and allow the coexistence of extremely different energy scales [48].
These results are very important in supersymmetric theories as they allow us to consider supersymmetry
breaking mechanisms originating from more fundamental theories. The following paragraphs will give a
brief description of the ideas behind these mechanisms but not the detailed calculations which are beyond
the scope of this manuscript.4

4.3.3 Supergravity mediated supersymmetry breaking

In this mechanism [61–65], we suppose the coexistence of two sectors, the visible sector represented by
the chiral superfields Φi and the hidden sector represented by the chiral superfield Z. The physics in the
hidden sector is governed by supergravity (locally invariant supersymmetry) while the matter sector only
exhibits a global supersymmetry. The superpotential is

W (Φi, Z) =Wm(Φi) +Wh(Z). (4.67)

At the minimum of the potential, we suppose that only the scalar z acquires a vev. This induces the spon-
taneous breaking of supergravity and the apparition of a massless fermion field (the goldstino). The latter
is eaten by the gravitino which becomes then massive (super-Higgs mechanism). Finally, supersymmetry
breaking in the matter sector is induced through the coupling of the Z with φ via the Kähler potential
which generate the so-called soft-breaking terms. If the superpotential reads

W (Φ) = αiΦ
i +

1

2
µijΦ

iΦj +
1

6
λijkΦ

iΦjΦk

4If interested by the calculational details, the reader can refer to the book [47] where calculations are carried out
explicitely.
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then the soft breaking potential simply reads

Vsoft = αiη0φ
i +

1

2
B0µijφ

iφj +
1

6
A0λijkφ

iφjφk +m0φ
iφ†
j (4.68)

where η0, B0 and A0 are the linear, bilinear and trilinear universal soft breaking terms and m0 is the
universal scalar and gauginos masses. The gauge kinetic function hab(Φ) induces universal mass terms
m1/2 for the gaugino masses which completes the set of soft supersymmetry breaking terms.

4.3.4 Gauge mediated supersymmetry breaking

Here we assume that a gauge group, for example SU(5), is broken in a hidden sector and a singlet field
acquires a vacuum expectation value. The latter field, propagates the breaking of the gauge group to the
visible sector through its interactions with a messenger superfield. Finally, mass terms for the fields in
the visible sector and a splitting in mass between the components of a same supermultiplet are generated
which induces supersymmetry breaking.

The two mechanisms described here are not the only ones. Other solutions to the problem of super-
symmetry breaking have been considered such as the anomaly gauge mediated supersymmetry breaking
(AMSB) or extra-dimensional supersymmetry breaking (XMSB) [66]. In any case, it is always supposed
that supersymmetry breaking is induced by some mechanism at high scale (generally unification scale or
Planck scale) inducing, in the low energy limit, a new Lagrangian called the soft supersymmetry breaking
Lagrangian which reads:

Lsoft =
1

6
hijkφiφjφk −

1

2
bijφiφj − aiφi − 1

2
(m2)i

j φ̄iφj − 1

2
Mλ · λ̄+ h.c. (4.69)

These new parameters are related to the high energy ones through the renormalization group equations.

4.4 Renormalization group equations

Gauge couplings unification and supersymmetry breaking mechanisms are powerful hints for Grand Unified
Theory (GUT) or some other organizing principle such as string theory. From a phenomenology point of
view, that is if one only considers the low energy theory, these mechanisms induce a large number of free
parameters5 making thus supersymmetry a non-predictive theory. A possible way out is to study, with the
renormalization group equations, the relation between the high-energy principles where supersymmetry
breaking takes place and the low energy theory where experiments are held. By doing so, the number of
free parameters is reduced significantly and supersymmetry becomes very predictive.

Another motivation to study the renormalization group equations (RGEs) is the fact that they have a
generic form and can be applied for any renormalizable supersymmetric theory. Their analytic expressions
have been known for some time now (see for example [55,66–71]) but I thought it might be useful to provide
them here also. In the next section, where the simplest phenomenological realization of supersymmetry
is described, an example of application of these equations is given with an emphasis on the calculational
details.

Let us then set the context: following the same notations as above, we consider a general N = 1
renormalizable supersymmetric theory with gauge group G. The latter is supposed to be a direct product
of subgroups Ga. The chiral superfields (Φi)i=1...n contain a complex scalar φi and a two-component
fermion ψi which lie in the representation R of the gauge group. Matrices T a are the generators in the
representation R of the gauge group G and we introduce the quadratic Casimir invariant C(R) and the
Dynkin index τR:

(T aT a)ji ≡ C(R)δji

Tr(TATB) ≡ τRδ
AB (4.70)

5We will see later that, in the minimal realization of supersymmetry, the number of free parameters (more than
100) is essentially due to supersymmetry breaking parameters.
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In the case of a non-abelian Lie gauge group, we have

τR =

{
1
2

for the fundamental representation

2 for the adjoint representation

In the case of an SU(n) group, the quadratic Casimir invariant is simply zero but the Dynkin index is
defined as follows

τR = C Y 2 (4.71)

where Y is the U(1) charge and C is a constant whose value depends on the unification scheme chosen.

Finally, the equations that are reported here are taken from [70] and are thus expressed in the di-
mensional reduction scheme (DRED) with modified minimal substraction (DR) which does not violate
supersymmetry (for a pedagogical introduction, see [72]) unlike the dimensional regularization scheme
(DREG) [73] with modified minimal substraction (MS).

Indeed, as shown by Delbourgo and Prasad in [74], “the action associated with supersymmetric theories
in arbitrary dimensions 2l is not an invariant (and the associated spinor current is not conserved) except
for l = 2.”. The problem of this scheme is that if we extend the number of space-time parameters to 2l
then the number of spinor parameters is extended to 2l which results in either having a number of fields
depending on the number l in the Lagrangian or in having a supersymmetry-violating action. Siegel in
his paper [75] introducing dimensional reduction proposed to first carry-out the supersymmetric algebra
in 4 dimensions and then vary the number of space-time coordinates from 4 to d with d = 4 − 2ǫ < 4
(dimensional reduction). Though this procedure revealed some possible inconsistencies [76], Avdeev and
Vladimirov [77] concluded that dimensional regularization via dimensional reduction “secures manifest
supersymmetry of the quantum super Yang-Mills theories to all orders and a consistency of calculations
up to five loops”.

We note that the running couplings computed in MS will differ from those computed in DR by finite
one-loop corrections, and the β-functions will be different for the two schemes starting at the two-loop
level. A “dictionnary” has been provided by Martin and Vaughn [71] for translating couplings between the
two schemes including all finite one-loop radiative corrections.

The equations will be grouped into three categories: gauge coupling constants and gaugino masses,
superpotential parameters and their counter-parts in the soft-supersymmetry breaking lagrangian and
scalar masses. Furthermore, when not mentionned clearly, we will use the letters of the beginning of the
alphabet (a, b, c) to denote gauge indices while the letters of the middle of the alphabet (i, j, k . . . ) will
refer to indices running over all the chiral superfields.

4.4.1 Gauge coupling constants and gaugino masses

The renormalization group equations for the gauge coupling constants and the gaugino masses will be
noted generically

d

dt
pi =

1

16π2
β(1)
pi +

1

(16π2)2
β(2)
pi (4.72)

where t ≡ lnE, pi is the parameter to renormalize and β
(1)
pi and β

(2)
pi are the one-loop and two-loop beta-

functions associated to the parameter pi.

The β-functions for the gauge coupling constants are

β(1)
ga = g3a

[
τaR − 3C(Ga)

]
;

β(2)
ga = g3a

[
− 6g2a

(
C(Ga)

)2
+ 2g2aC(Ga)τaR + 4

∑

b

g2bτaRCb(R)

]
− g3aλ

ijkλijk
C(k)

d(G)
. (4.73)

where
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• the
∑
b is a sum over subgroups,

• λijk ≡ (λijk)∗

• d(G) is the dimension of the adjoint representation

• τaR is the Dynkin index summed over all chiral multiplets

• τaRCb(R) is the sum of the Dynkin indices weighted by the quadratic Casimir invariant.

The β-functions for the gaugino masses are

β
(1)
Ma

= g2a
[
2τaR − 6C(Ga)

]
Ma;

β
(1)
Ma

= g2a

[
− 24g2a(C(Ga))

2Ma + 8g2aC(Ga)τaRMa + 8
∑

b

g2bτaRCb(R)(Ma +Mb)

]

+ 2g2a

[
hijk −Maλ

ijk

]
λijk

Ca(k)

d(Ga)
. (4.74)

4.4.2 Superpotential parameters and soft supersymmetry breaking pa-

rameters

The renormalization group equations for the superpotential parameters are noted

d

dt
λijk = λijp

[
1

16π2
γ(1)k
p +

1

(16π2)2
γ(2)k
p

]
+ (k ↔ i) + (k ↔ j),

d

dt
µij = µip

[
1

16π2
γ(1)j
p +

1

(16π2)2
γ(2)j
p

]
+ (j ↔ i),

d

dt
αi = αp

[
1

16π2
γ(1)i
p +

1

(16π2)2
γ(2)i
p

]
. (4.75)

where the anomalous dimensions γ read

γ
(1)j
i =

1

2
λipqλ

jpq − 2δji
∑

a

g2aCa(i),

γ
(2)j
i = −1

2
λimnλ

npqλpqrλ
mrj +

∑

a

g2aλipqλ
jpq

[
2Ca(p)−Ca(i)

]

+ 2δji

[∑

a

g4aCa(i)τaR + 2
∑

a

∑

b

g2ag
2
bCa(i)Cb(i)− 3

∑

a

gaC(Ga)Ca(i)

]
. (4.76)

In these equations, C(i) always refers to the quadratic Casimir invariant of the representation carried by
the chiral superfield i while S(R) refers to the total Dynkin index summed over all of the chiral superfields.

Turning on to the RGEs associated with the trilinear supersymmetry breaking parameters, we write

d

dt
hijk =

1

16π2

[
β
(1)
h

]ijk
+

1

(16π2)2
[
β
(2)
h

]ijk
(4.77)
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with
[
β
(1)
h

]ijk
and

[
β
(2)
h

]ijk
defined as follows

[
β
(1)
h

]ijk
=

1

2
hijlλlmnλ

mnk + λijlλlmnh
mnk

− 2
∑

a

(
hijk − 2Maλ

ijk

)
g2aCa(k) + (k ↔ i) + (k ↔ j)

[
β
(2)
h

]ijk
= −1

2
hijlλlmnλ

npqλpqrλ
mrk − λijlλlmnλ

npqλpqrh
mrk − λijlλlmnh

npqλpqrλ
mrk;

+
∑

a

g2a

[
hijlλlpqλ

pqk + 2λijlλlpqh
pqk − 2Maλ

ijlλlpqλ
pqk

][
2C(p)− C(k)

]

+
∑

a

g4a

[
2hijk − 8Maλ

ijk

][
Ca(k)τaR − 3C(Ga)Ca(k)

]

+ 2
∑

a

∑

b

g2ag
2
b

[
2hijk − 8Maλ

ijk

]
Ca(k)Cb(k) + (k ↔ i) + (k ↔ j). (4.78)

The equation for the bilinear supersymmetry breaking parameters reads

d

dt
bij =

1

16π2

[
β
(1)
b

]ij
+

1

(16π2)2
[
β
(2)
b

]ij
(4.79)

where

[
β
(1)
b

]ij
=

1

2
bilλlmnλ

mnj +
1

2
λijlλlmnb

mn + µilλlmnh
mnj

− 2
∑

a

[
bij − 2Maµ

ij

]
g2aCa(i) + (i↔ j);

[
β
(2)
b

]ij
= −1

2
bilλlmnλ

pqnλpqrλ
mrj − 1

2
λijlλlmnb

mrλpqrλ
pqn

− 1

2
λijlλlmnµ

mrλpqrh
pqn − µilλlmnh

npqλpqrλ
mrj

− µilλlmnλ
npqλpqrh

mrj + 2
∑

a

λijlλlpq(b
pq − µpqMq)g

2
aCa(p)

+
∑

a

g2a

[
bilλlpqλ

pqj + 2µilλlpqh
pqj − 2µilλlpqλ

pqjMa

][
2Ca(p)− Ca(i)

]

+
∑

a

g4a

[
2bij − 8µijMa

][
Ca(i)τaR − 3C(Ga)Ca(i)

]

+
∑

a

∑

b

g2ag
2
b

[
2bij − 8µijMa

]
Ca(i)Cb(i). (4.80)

Finally, the renormalization group equations for the linear soft breaking parameter and the vacuun expec-
tation values vi have been taken from ref. [78] and read

dai

dt
=

1

16π2
[β(1)
a ]i +

1

(16π2)2
[β(1)
a ]i

(4.81)
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with

[β(1)
a ]i =

1

2
λilnλplna

p + αpλplnh
iln + µikλklnb

ln + 2λikp(m2)lpµkl + hiklbkl;

[
β(2)
a

]i
= 2

∑

a

g2aCa(l)λ
iklλpkla

p − 1

2
λikqλqstλ

lstλpkla
p − 4

∑

a

g2aCa(l)(λ
iklMa − hikl)λpklα

p

−
[
λikqλqsth

lstλpkl + hikqλqstλ
lstλpkl

]
αp − 4

∑

a

g2aCa(l)λjnl

[
µnlMa − bnl

]
µij

−
[
λjnqh

qstλlstµ
nl + λjnqλ

qstλlstb
nl

]
µij + 4

∑

a

g2aCa(l)

[
2λiklµkl|Ma|2 − λiklbklMa

− hiklµklM
†
a + hiklbkl + λipl(m2)kpµkl + λikp(m2)lpµkl

]
−
[
λikqλqsth

lstbkl

+ 8δji
∑

a

[
g4aCa(i)Tr[τaRm

2]− Ca(G)|Ma|2
]

+ hikqλqstλ
lstbkl + hikqhqstλ

lstµkl + λipq(m2)kpλqstλ
lstµkl + λikqλqstλ

pst(m2)lpµkl

+ λikp(m2)qpλqstλ
lstµkl + 2λikqλqsp(m

2)ptλ
lstµkl + λikqhqsth

lstµkl

]
. (4.82)

d

dt
vi = vp

[
1

16π2
γ(1)i
p +

1

(16φ2)2
γ(2)i
p

]
(4.83)

where the anomalous dimensions γ(1)i and γ(2)i are those of equations (4.76).

4.4.3 Scalar squared masses

The equations for renormalizing the squared scalar masses are

d

dt
(m2)ji =

1

16π2

[
β
(1)

m2

]j
i
+

1

(16π2)2
[
β
(2)

m2

]j
i

(4.84)

with

[
β
(1)

m2

]j
i

=
1

2
λipqλ

pqn(m2)jn +
1

2
λjpqλpqn(m

2)ni + 2λipqλ
jpq(m2)qr + hipqh

jpq

− 8δji
∑

a

|Ma|2g2aCa(i) +
∑

a

g2a(T
A
a )jiTr[T

A
a m

2];

[
β
(2)

m2

]j
i

= −1

2
(m2)liλlmnλ

mrjλpqrλ
pqn − 1

2
(m2)jiλ

lmnλmriλ
pqrλpqn − λilmλ

jnm(m2)lrλnpqλ
rpq

− λilmλ
jnm(m2)rnλrpqλ

lpq − λilmλ
jnr(m2)lnλpqrλ

pqm − 2λilmλ
jlnλnpqλ

mpr(m2)qr

− λilmλ
jlnhnpqh

mpq − hilmh
jlnλnpqλ

mpq − hilmλ
jlnλnpqh

mpq − λilmh
jlnhnpqλ

mpq

+
∑

a

g2a

[
(m2)liλlpqλ

jpq + λipqλ
lpq(m2)jl + 4λipqλ

jpl(m2)ql + 2hipqh
jpq − 2hipqλ

jpqMa

− 2λipqh
jpqM†

a + 4λipqλ
jpq |Ma|2

][
Ca + Ca(q)−Ca(i)

]

− 2
∑

a

g2a(T
A
a )ji (T

A
a m

2)lrλlpqλ
rpq + 8

∑

a

∑

b

gaag
2
b (T

A
a )jiTr[T

A
a Cb(R)m

2]

+ δji
∑

a

[
24g4a|Ma|2

(
Ca(i)τaR − 3C(Ga)Ca(i)

)

+
∑

b

g2ag
2
bCa(i)Cb(i)

(
32|Ma|2 + 8MaM

†
b + 8MbM

†
a

)]
.

(4.85)
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Note that in the above equations, the traces are over all of the chiral superfields and the C(r) are
the quadratic Casimir invariants for the irreducible representations of chiral superfields in the traces. The
terms which explicitely involve TAji vanish for non-abelian groups.

4.5 The minimal supersymmetric standard model

The easiest way to embody supersymmetry in particle physics consists in associating to every Standard
Model particle, a supersymmetric partner. In particular, to every fermion one would associate a scalar (the
sfermion) and to every boson a fermion whose name is made up from the addition of the boson name and
the suffixe -ino. We keep thus the same gauge group SU(3)c × SU(2)L × U(1)Y and the particle content
in terms of superfields reads

• Gauge sector

– V1 = (1
˜
,1
˜
, 0) associated to U(1);

– V2 = (1
˜
,3
˜
, 0) associated to SU(2);

– V3 = (8
˜
,1
˜
, 0) associated to SU(3).

• Matter sector

– Left-handed quarks Qi =

(
uL

dL

)
= (3
˜
,2
˜
, 1
6
);

– Left-handed up-type anti-quarks U i = (3
˜
,2
˜
,− 2

3
);

– Left-handed down-type anti-quarks Di = (3
˜
,1
˜
, 1
3
);

– Left-handed leptons Li =

(
νL

eL

)
= (1
˜
,2
˜
,− 1

2
);

– Left-handed charged anti-leptons Ei = (1
˜
,1
˜
,1
˜
).

In the sequel, the supersymmetric partners of the Standard Model particles will be denoted with a tilde
symbol; e.g. the scalar superpartner of the quark will be written Q̃L or ũL if we were speaking about
the up-type scalar quark. The number between brackets are the quantum numbers of the fields under the
gauge group. The index i = 1, 2, 3 is a flavor index running over the three families of quarks and leptons.
Auxiliary fields were omitted for simplicity. The superpotential being a holomorphic function, the Higgs
sector is composed of two chiral superfields Hu and Hd to give masses to both up-type and down-type
fermions as well as to avoid chiral anomalies.

• Hu = (Hu, H̃u) = (1
˜
,2
˜
, 1
2
) gives masses to the up-type fermion;

• Hd = (Hd, H̃d) = (1
˜
,2
˜
,− 1

2
) gives masses to the down-type fermions.

The most general superpotential for such a particle content is straightforward to obtain. It suffices to build
gauge group invariant products. For example, no linear term is allowed as no gauge singlet exists. The
superpotential is

W (Φ) = λ′′UDD + λ′Q · LD + λL · LE + µ′Hu · L
− yeL ·HdE − ydQ ·HdD + yuQ ·HuU + µHu ·Hd (4.86)

where we have omitted all the indices for clarity and noted by a dot the SU(2) invariant product.

The terms in the first line of the superpotential are problematic as they induce lepton and/or baryon
number violating processes. Such processes have not been observed experimentally and, more importantly,
the parameters λ′′ and λ′ induce a too short proton lifetime if not suppressed. It is thus common to
suppose the existence of a discrete symmetry, namely the R-parity which is a multiplicative quantum
number defined as (−1)3B−L+2S where B is the baryon number, L the lepton number and S the spin of the
particle. The conservation of the latter implies that at every vertex, the product of the R-parity number for
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all the fields involved is equal to +1. It is also remarkable that all Standard Model’s particles have R-parity
equal to +1 while their supersymmetric counterparts have −1 R-parity. This implies that supersymmetric
particles always appear by pair at vertices. Phenomenologically, when R-parity is conserved, the lightest
supersymmetric particle, dubbed the LSP, is also a stable particle. If the LSP is electrically neutral it can
be considered as a good candidate for dark matter. Finally, the superpotential of the R-parity conserving
minimal supersymmetric standard model (MSSM) is

W = yeL ·HdE + ydQ ·HdD + yuQ ·HuU + µHu ·Hd. (4.87)

Its lagrangian can be deduced simply from (4.38). One must however be careful to take into account the
behaviour of the various fields under the gauge group, for example the term (Φ†e−2gV Φ)θ·θθ̄·θ̄ reads for
left-handed quarks

Q†e−2 1
6
g′V1e−2gV2e−2gsV3Q (4.88)

where g′, g, gs are the coupling constants associated to the gauge groups SU(3)c, SU(2)L and U(1)Y re-
spectively.

As seen in section 4.3, supersymmetry has to be broken to account for the experimental constraints
on the mass spectrum and the hierarchies between particles. Certainly the most studied and explored
mechanisms to induce supersymmetry breaking in the MSSM are those inspired by supergravity with a
minimal (diagonal) Kähler potential. These scenarios imply an organizing principle at very high scale
leading to only three free parameters: the universal scalar masses m0, the universal gaugino masses m 1

2

and the universal trilinear soft-breaking couplings A0. The value of the bilinear soft breaking coupling B is
constrained by the minimization of the scalar potential to ensure a correct electroweak symmetry breaking
at low scale. as well as supersymmetry breaking but its sign remains as a free parameter. In this case, we
often speak of constrained minimal supersymmetric standard model (cMSSM).
Such mechanism is very interesting from a theorist point of view as it reduces drastically the number of free
parameters in the theory. Indeed, at the low scale, the minimal supersymmetric standard model counts
more than 100 free parameters mostly due to the soft breaking terms while at the high scale we only have
the 3 parameters above plus the sign of µ and the ratio of vacuum expectation values of the Higgs fields
tan β = 〈Hu〉

〈Hd〉
given, in general, at the Z-boson scale. The link between these two scales is ensured by the

renormalization group equations flow.

4.5.1 Example of calculation of the renormalization group equations

In this subsection, we will apply the generic formulas for the renormalization groupe equations given in
section4.4 to obtain the analytic formula of the two-loop RGEs for the gauge coupling constant g and the
Yukawa coupling yu introduced above.

The gauge coupling constant g
The general formula is:

d

dt
gi =

1

16π2
β(1)
gi +

1

(16π2)2
β(2)
gi

with

β(1)
ga = g3a

[
τaR − 3C(Ga)

]
;

β(2)
ga = g3a

[
− 6g2a

(
C(Ga)

)2
+ 2g2aC(Ga)τaR + 4

∑

b

g2bτaRCb(R)

]
− g3aλ

ijkλijk
C(k)

d(G)
.

At the one-loop level, only quantities coming from group theory are present. To calculate them, it is suffi-
cient to only consider the chiral superfields transforming non trivially under SU(2)L that isQ,L,Hu and Hd.
We have, thus:
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β(1)
g = g3

[
3× 3× 1

2︸ ︷︷ ︸
Q

+ 3× 1

2︸ ︷︷ ︸
L

+ 1× 1

2︸ ︷︷ ︸
Hu

+ 1× 1

2︸ ︷︷ ︸
Hd

− 3× 2︸ ︷︷ ︸
3C(Ga)

]
= 1

where the factor 1
2
is the Dynkin index in the fundamental representation of SU(2)L and 2 is the quadratic

Casimir invariant for SU(2)L in the adjoint representation. Some remarks:

• The left-handed quarks come under three different families and three different colors hence the factor
3× 3.

• We have three families of leptons, hence the factor 3.

• Finally, the Higgs fields only contribute with a factor of one.

At the two-loop level, calculations are a little more tricky so let us split the calculation into four steps:

1. The term −6g2a
(
C(Ga)

)2
simply returns, in our case,

−6g2(2)2 = −24g2

2. The second term, 2g2aC(Ga)τaR is just the quadratic Casimir invariant times the total Dynkin index
summed over all chiral superfields. It involves the same reasoning than above and returns

2g2C(Ga)τaR = 28g2

3. the last term in the brackets 4
∑
b g

2
bτaRCb(R) is the sum of the Dynkin Indices of all the chiral

superfields weighted by the quadratic Casimir invariant in the representation of every field. There
is also a sum over the gauge groups:

4τaR
∑

b

g2bCb(R) = 4g′2 × 3

5
× 1

2
×
[ 1

4︸︷︷︸
Hu

+
1

4︸︷︷︸
Hd

+ 3× 1

4︸ ︷︷ ︸
L

+ 3× 3× 1

36︸ ︷︷ ︸
Q

]

+4g2 × 1

2
×
[ 3

4︸︷︷︸
Hu

+
3

4︸︷︷︸
Hd

+ 3× 3

4︸ ︷︷ ︸
L

+ 3× 3× 3

4︸ ︷︷ ︸
Q

]

+4g2s ×
1

2
×
[
3× 3× 4

3︸ ︷︷ ︸
Q

]

4τaR
∑

b

g2bCb(R) =
9

5
g′2 + 21g2 + 24g2s

where the overal factor 3
5
multiplying g′ in the first line is the normalization of the hypercharge,

the factor 3
4
in the second is the quadractic Casimir invariant for the fundamental representation of

SU(2)L and 4
3
is the one for the fundamental representation of SU(3)c.

4. To get the last term, i.e. the one involving Yukawa couplings, one should pay attention to the fact
that an implicit sum running over all chiral superfields is understood for the indices i, j, k. The only
non-zero terms will be those involving the Yukawa couplings present in the superpotential (4.87)

g3aλ
ijkλijk

C(k)

d(G)
= 2× 1

3
g3
{
λL,Hd,EλL,Hd,E

( 3

4︸︷︷︸
Hd

+3× 3

4︸ ︷︷ ︸
L

)
+ 3× λQ,Hd,DλQ,Hd,D

(
3× 3

4︸ ︷︷ ︸
Q

+
3

4︸︷︷︸
Hd

)

+3× λQ,Hu,UλQ,Hu,U

(
3× 3

4︸ ︷︷ ︸
Q

+
3

4︸︷︷︸
Hu

)}

g3aλ
ijkλijk

C(k)

d(G)
= g3

[
2× Tr(yey

†
e) + 6× Tr(ydy

†
d) + 6×Tr(yuy

†
u)
]
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where the overall factor 2 is added to account for the permutations, the dimension of the adjoint
representation d(G) is equal to 3 in the case of SU(2)L hence the other overall factor 1

3
, 3

4
is the

quadratic Casimir invariant for the fundamental representation in our case and, finally the factor of 3
multiplying the quark Yukawa couplings are added to take into account the fact that these particles
carry a color index.

Adding all the contributions we get:

d

dt
g =

g3

16π2
+

9g′2g3

1280π4
+

3g2sg
3
w

32π4
+

25g5

256π4

− 3

128π4
Tr(ydy

†
d)−

3

128π4
Tr(yuy

†
u)−

1

128π4
Tr(yey

†
e)

The Yukawa coupling yu
We turn now to the Yukawa coupling yu whose running with respect to energy is given by the general
formula:

d

dt
λijk = λijp

[
1

16π2
γ(1)k
p +

1

(16π2)2
γ(2)k
p

]
+ (k ↔ i) + (k ↔ j)

with

γ
(1)j
i =

1

2
λipqλ

jpq − 2δji
∑

a

g2aCa(i)

γ
(2)j
i = −1

2
λimnλ

npqλpqrλ
mrj +

∑

a

g2aλipqλ
jpq

[
2Ca(p)− Ca(i)

]

+ 2δji

[∑

a

g4aCa(i)τaR + 2
∑

a

∑

b

g2ag
2
bCa(i)Cb(i)− 3

∑

a

gaC(Ga)Ca(i)

]

We choose to present here only the calculation of the one-loop anomalous dimension γ(1) as the calculation
of the second one involves quantities that we have already met. The Yukawa coupling yu involves the
superfields Q,Hu and U which allows us to re-write the above formula as follows:

d

dt
λQHuU =

1

16π2
λQHupγ(1)U

p +
1

16π2
λUHupγ(1)Q

p +
1

16π2
λQUpγ(1)Hu

p

where the index p runs over all chiral superfields. The first factor λQHupγ
(1)U
p returns:

λQHupγ(1)U
p = −1

2
λpijλ

Uij − 2δUp
∑

a

g2aCa(p)

where here also, an index appearing once as a subscript and once as a superscript is summed. From the
MSSM’s superpotential, we deduce that the only non zero terms are:

λQHuUγ
(1)U
U = −1

2
2× λQHuUλUHuQλ

UHuQ − 2
(
g2

4

9
+ g2

4

3
+ g2s

3

4

)

A few remarks are in order here. First, the overall factor of two is added to take into account the
permutations. Secondly one must pay attention to the index structure of this expression to know which
are free and which are summed. Let fi be a set of flavor indices, ci color indices and ij a set of SU(2)L
indices. We then re-write the expression with the indices explicit:

d

dt
λQc1,f1,i1

H
i2
u Uc2f2

= · · ·+ λQc1,f1,i1
H

i2
u Uc3f3

(γ
(1)U
U )c2f2c3f3

= · · · − λQc1,f1,i1
H

i2
u Uc3f3

λ
Uc3f3

H
i3
u Qc4f4

λU
c2f2Hui3

Qc4f4

−2
(
g2

4

9
+ g2

4

3
+ g2s

3

4

)
δc2c1 ǫ

i2
i1
δf2f1
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where dots stand for the other terms we did not include yet. The Yukawa couplings being diagonal in color
space and SU(2) products returning the totally antisymmetric tensor ǫ this formula reduces to:

d

dt
yu
f1
f2 = −2× yu

f1
f3y

†
u
f3
f4yu

f4
f2 − 2

(
g2

4

9
+ g2

4

3
+ g2s

3

4

)

where the new overall factor 2 is due to the δi3i3 appearing from the product of the two last λ couplings in
the second line. Applying the same procedure for the other coefficients, we find the formula governing the
evolution with respect to energy of the Yukawa coupling yu:

d

dt
yu =

1

16π2
yu
[
3Tr(yuy

†
u) + 3yuy

†
u + ydy

†
d −

16

3
g2s − 3g2 − 13

15
g′2
]

The trace appears from the term
1

16π2
λQUpγ(1)Hu

p

because the superfieldHu in γ
(1)Hu
p does not carry any flavor index, in other terms the flavor index structure

is:
λQf1

Uf2Hu(γ
(1)Hu

Hu
)f3f3 .

4.5.2 Status of the Minimal Supersymmetric Standard Model

Other supersymmetry breaking mechanisms have been applied to the MSSM to explore their phenomenol-
ogy. Be it gauge mediated (for a review see [79]) or anomaly mediated (see [80]), the most important
feature is that some unification mechanisms occur at high scale leading to a handful number of free pa-
rameters rendering these models highly predictive and easy to explore phenomenologically. The MSSM
brought to particle physics other theoretical successes among which we can cite the fact that its R con-
serving version provides a natural candidate for dark matter namely the lightest neutralino (admixture of
the superpartners of the W 3-boson, the wino, and the Higgs bosons, the Higgsinos). The renormalization
group equations also predict the unification of the gauge couplings at the one loop level and the hierarchy
problem is solved provided that the breaking of supersymmetry happens around the TeV scale. In fact
these successes, led to a very rich litterature about the MSSM and many predictions have been made.
Unfortunately, however, this model, in addition to its inability to explain some theoretical issues, is more
and more constrained on the experimental side.

Theoretical issues Though a natural candidate for dark matter arises in the MSSM, this is done
by supposing the discrete symmetry R-parity which may seem unnatural if one assumes the validity of
the MSSM until the grand unification scale. This is due to the fact that the couplings λ, λ′ and λ′′ are
not forbidden by supersymmetry. Moreover, it is somehow difficult to take into account the smallness of
neutrino masses in the framework of the minimal supersymmetric standard model and one is thus forced to
imagine new mechanisms to generate these masses [81]. Finally, in the process of “supersymmetrization”
of the Standard Model of particle physics, a CP violation problem appears namely the supersymmetric
CP problem, in addition to the Strong CP problem that is inherited from the Standard Model. These two
issues pose a fine-tuning issue.

Experimental constraints Though the Large Hadron Collider has been collecting data since early
2010, not a single superparticle (nor exotic) has been discovered yet. This led particle physicists to set
limits on the mass of the superparticles, pushing the spectrum of the MSSM higher and higher in energy
(see figure 4.2). The problem is that we are expecting the supersymmetric particles to have masses lying in
the range 100 − 1000 GeV so that the stop (scalar partner of the top quark) and the Higgsinos (fermionic
partners of the Higgses) do not have too large masses (. 1 TeV) to avoid too much fine tuning in the
Higgs sector. This is known as the naturalness problem or the little µ problem as it is directly linked to
the value of the µ parameter in the superpotential (4.87). The latter has to be of the order of 100 GeV and
the question is to know why this value is so far from the MPlanck. This constraint put together with the
recent discovery of a Higgs-like scalar [3,4] at the LHC reduces significantly the allowed parameter space.
Indeed, though the cMSSM predicts a Higgs boson mass lighter than around 135 GeV [82,83] setting the
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(a) (b)

Figure 4.2: CMS (left panel) and ATLAS (right panel) 2011 exclusion limits at the 95% CLs exclusion limits on
the (m0,m 1

2
) plane of cMSSM taken from. These exclusion limits (everything below the curves is excluded) are set

for a center of mass energy
√
s = 7TeV and 4.98 fb−1 of data for CMS and 4.7 fb−1 for ATLAS

Higgs scalar mass at 125 GeV turns out to be complicated. Indeed, the latter receives important one-loop
corrections from the top quark and its supersymmetric partner, the stop loops as can be seen from the
approximate one-loop formula for the Higgs mass

m2
h = m2

z cos
2 2β +

3m4
t

4π2v2

[
log
(M2

s

m2
t

)
+
X2
t

M2
s

(
q − X2

t

12M2
s

)]

where Ms =
√
mt̃1 t̃2

characterizes the scale of the two lightest scalar top quarks 1̃1 and t̃2 and Xt =
At − µ cot β characterizes the mixing in the stop sector with At being the trilinear soft supersymmetry
breaking parameter coupling the up-type squarks. This formula also indicates that to have a large Higgs
mass one needs either a large mixing in the squark sector or high scalar masses. The first option implies
that soft supersymmetry breaking terms are large but stop masses can be as low as few hunder GeV the
second option implies automatically multi TeV stop masses. The problem with these two options is that
either large At or large stop masses imply large fine tuning, at least in the cMSSM [84,85].

Supersymmetry status Since its theoretical construction, supersymmetry has been a very exciting
and promising field of research. Its ability to cure the hierarchy problem of the Standard Model as well as
the facility to be embedded in more fundamental theories (e.g. supergravity) and to provide a candidate for
dark matter have contributed to make of it one the most popular and studied alternatives to the Standard
Model.

However, the experimental limits which are pushing the sparticles (i.e. supersymmetric particles)
spectrum to high energies contribute to drastically narrow down the available parameter space for the
constrained minimal supersymmetric standard model. Though this version of the MSSM is not completely
dead yet [86,87], one is more and more pushed to explore other alternatives to this particular model. Be it
by choosing other supersymmetry breaking mechanisms like the gauge mediated one [88], by extending the
number of free parameters like in the so-called “phenomenological MSSM” [89] or by enriching the field
content like in the so-called NMSSM [90] and/or the gauge group, there is a huge number of alternatives
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one can study. However the attractiveness of these alternatives depends on both the solutions they bring
to the open questions of the MSSM and the number of questions they rise but also and maybe more impor-
tantly on how complicated they are. Indeed, if the number of free parameters in the MSSM (at least at low
energy) is already bigger than 100, one might reasonably think that for more complicated models we get
more free parameters. The calculational techniques get thus more complicated and equations impossible
to solve analytically (except in some very specific cases like in ref. [91]). One is thus forced to turn towards
automated tools to circumvent this complexity and do phenomenology.

In this scope, I present in the following section a phenomenological study of the left-right symmetric
supersymmetric model, a model by far not minimal and which leads to interesting phenomenology. Besides
highlighting the need of studying non minimal models and putting some limits on the possibility to discover
it, I will also use this chapter to emphasize the importance of automated tools and the big help they bring
to phenomenology. Almost as a consequence, the next chapter will be devoted to presenting an automated
spectrum generator generator developped during my thesis and which might be of big help in such studies.
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Chapter 5

The left-right symmetric

supersymmetric model

5.1 Left-right symmetry in particle physics.

The first models exhibiting a symmetry between left-handed and right-handed fermions appeared in the
early ’70s. At that time, theorists were looking for a solution to P and CP violation and introducing this
symmetry seemed to be a possible solution [92,93].

Through the years, a rich literature has emerged proving how interesting and exciting these models
could be. Indeed, assuming a symmetry between left-handed and right-handed fermions may lead to solving
the strong CP problem [94], explaining naturally the smallness of neutrinos masses through the tantalizing
seesaw mechanism1 [95–98] as well as providing a viable candidate for dark matter [99, 100]. It was also
found in ref. [101] that this class of models could predict gauge couplings unification. However, at least
one big problem was still there, compared to the Standard Model, namely the hierarchy problem.

Supersymmetrizing the left-right symmetric model offers a very elegant way to solve the hierarchy prob-
lem while keeping the non-supersymmetric version’s advantages. Cvetic̆ and Pati published in 1983 [102]
one of the first models “linking N = 1 supergravity with the minimal left-right symmetry”. Since then, a
rich literature emerged [103–108] and many nice features were brought to light. Some are common with
the non supersymmetric version such as the ability to solve the strong CP problem [105, 107, 109], easy
embedding of the seesaw mechanism [108,110] leading to sizeable lepton flavor violation effects compared
to the MSSM [111, 112]. Some others are specific to the supersymmetric case like the solving of the susy
CP problem and the existence of a vacuum state conserving R-parity [107].

From the experimental side this class of models is far from being excluded. The CMS collaboration
assuming exact left-right symmetry, i.e. equality between SU(2)L and SU(2)R gauge coupling constants
and a tiny mixing angle between SU(2)L and SU(2)R fields, used both runs of 2011 and 2012 to look
for an excess in the events over the SM background due to the leptonic decays of the gauge boson WR

associated the group SU(2)R. No excess was found and a limit of 2.9 TeV on the mass of the latter was
established. The ATLAS collaboration following an effective-Lagrangian approach used 14.3 fb−1 of data
acquired with a center-of-mass energy of 8 TeV in order to exclude the WR up to a mass of 1.84 TeV [113].

In this chapter we propose to lead an analysis of such models starting from the construction of the
model and pursuing the analysis until the Monte Carlo simulation. To this end, we write piece by piece all
the necessary ingredients to build the Lagrangian of this model and derive the mass matrices associated to

1This feature will be illustrated in the next sections.
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the neutralinos and charginos. The latter sector being very rich, we ocus in our Monte Carlo simulation
on the production and the decay channels of these particles and analyze the events leading to at least one
charged light lepton in the final state. This choice being justified by the fact that the Standard Model
background, overwhelming in the pure QCD regime becomes less and less dominant with an increasing
number of charged light leptons in the final state to finally vanish for high multiplicities. The aim of this
simulation will be twofold. First we will use the same selection criteria (large missing transverse energy,
hard leptons) usually present in analyses of supersymmetric models to show that they could be applied
successfully in the case of left-right symmetric supersymmetric models. Secondly, we perform, with the
same selection criteria, a comparison between our model and the Minimal Supersymmetric Standard Model.

This chapter is organized as follows. First we start in section 5.2 with a brief description of the
non-supersymmetric version to illustrate some of its appealing properties that we shall meet also in super-
symmetry and give some of the recent developments in this context. In section 5.3, we present the details of
the model building, derive the analytic expressions for the mass matrices of the charginos and neutralinos
and give the minimization equations derived from the scalar potential. In section 5.4, we describe the
phenomenological analysis we have performed and the results we have found. Finally, in section 5.6 we
give our conclusions together with some ideas for some future work.

Finally we draw the reader’s attention to the somehow similar study that was performed by Mohapatra,
Setzer and Spinner in 2008 and published in [114]. In the latter, the authors use a top-down2 approach
in the framework of a left-right symmetric supersymmetric where supersymmetry breaking is mediated
via gauge anomalies and give some qualitative signatures that could arise, but do not perform any Monte
Carlo simulation. Our study only focuses on the low energy phenomena but with a complete Monte Carlo
simulation of the Standard Model Background.

5.2 Non-supersymmetric left-right symmetric model

5.2.1 General considerations

The gauge group of the left-right symmetric model can be taken to be

SU(3)C × SU(2)L × SU(2)R × U(1)B−L (5.1)

where B − L is the difference between baryon and lepton number3. The gauge sector is then very easily
defined as it suffices to assign one vector multiplet for each direct factor of the gauge group i.e. multiplets
lying in the corresponding adjoint representation

SU(3)C → ga = (8
˜
,1
˜
,1
˜
, 0)

SU(2)L → WL = (1
˜
,3
˜
, 1
˜
, 0)

SU(2)R → WR = (1˜,1˜, 3˜, 0)
U(1)B−L → B′ = (1

˜
,1
˜
,1
˜
, 0)

where ga are the gluons. The electric charge is then defined using the Gell-Mann-Nishijima relation

Q = T3L + T3R +
B − L

2
. (5.2)

The matter sector is a little more complicated as it depends on the definition we give to left-right
symmetry. Indeed, while the known left-handed quarks and leptons remain the same as in the Standard
Model4 left-right symmetry can be defined in two ways. Originally (see for example ref. [93]), it was defined

2Here top-down means that they use the renormalization group equations to link high and low energy.
3For an interpretation of the U(1) see [115].
4that is left-handed fermions belonging to the fundamental representation of SU(2)L.
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as the parity operation supplemented by the exchange of the left and right SU(2) gauge groups. In this
case, the field content is

QL =

(
uL

dL

)
= (3
˜
,2
˜
,1
˜
,
1

3
), QR =

(
uR

dR

)
= (3
˜
,1
˜
,2
˜
,
1

3
),

LL =

(
νL

eL

)
= (1
˜
,2
˜
,1
˜
,−1), LR =

(
νR

lR

)
= (1
˜
,1
˜
,2
˜
,−1).

Another way to define the left-right symmetry is to use the charge conjugation. In this case, SU(2)R
doublets become

QR =
(
ucR dcR

)
= (3̄
˜
,1
˜
,2
˜
∗,−1

3
), LR =

(
νcR lcR

)
= (1
˜
,1
˜
,2
˜
∗, 1)

where the superscript c represents charge conjugation. The main difference between these approaches lies
in the chirality of the fermions. Parity transformation induces SU(2)R fermions to be right-handed while
charge conjugation leaves them left-handed. While from group theory arguments these two definitions may
seem equivalent, on the phenomenology side, however, they lead to different constraints on the Yukawa
couplings in the Lagrangian. Indeed, while parity induces

P :

{
QL ↔ QR

Φ ↔ Φ†
⇒ y = y†

charge conjugation leads to

C :

{
QL ↔ (QR)

c

Φ ↔ Φt
⇒ y = yt

where we have noted y a generic yukawa coupling and Φ a Higgs field. The authors of ref. [116] studied
the phenomenological differences between these two definitions and showed that it was easier to obtain a
WR, the charged gauge boson associated to SU(2)R, with a mass in the TeV range if one considered charge
conjugation as the left-right symmetry rather than parity. In the following, we choose charge conjugation.

5.2.2 Scalar potential

The Higgs sector is dictated by the symmetry breaking pattern of this particular model. Indeed, left-right
symmetry having not been observed yet, the only way to account for this experimental fact is to consider
that it has been broken at some high scale5 . The symmetry breaking pattern takes then the form

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

where U(1)Y represents the hypercharge group and U(1)em the electromagnetism group. The first step
can be accomplished in two ways: either using a doublet under SU(2)R or a triplet. Then we end up
with the standard electroweak group which breaking can be achieved using a bidoublet scalar field under
SU(2)L × SU(2)R. In the sequel, we set the Higgs sector to be

δR = (1
˜
,1
˜
,3
˜
, 2) =



δ1R

δ2R

δ3R


 , δL = (1

˜
,3
˜
,1
˜
, 2) =



δ1L

δ2L

δ3L


 , Φ = (1

˜
,2
˜
, 2
˜
∗, 0) =

(
φ0 φ+

φ′− φ′0

)
.

5One could also say that left-right symmetry is not a symmetry of nature.
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Remarks Two remarks are in order here. First, left-right symmetry makes “mandatory” the addition
of a triplet transforming non-trivially under SU(2)L. Secondly, it is useful to recall here the matrix
representation of triplet fields which is more convenient for building gauge invariant quantities in the
lagrangian. We define then

∆L,R =
1√
2
σaδ

a
L,R =

(
∆+
L,R ∆++

L,R

∆0
L,R −∆+

L,R

)
(5.3)

where σa=1...3 are the Pauli matrices and superscripts denote the electric charge of each field. In particular,
∆++
L,R define doubly charged scalars6 . The most general scalar potential describing the Higgs sector reads:

LHiggs = µ2
1Tr[Φ

†Φ]− λ1

(
Tr[Φ†Φ]

)2
− λ2Tr[Φ

†ΦΦ†Φ]− 1

2
λ3

(
Tr[Φ̂Φt] + Tr[Φ†Φ̂†t]

)2

− λ4Tr[Φ
†ΦΦ̂tΦ̂†t]− 1

2
λ5

(
Tr[Φ̂Φt]− Tr[Φ†Φ̂†t]

)2
− 1

2
λ6

(
Tr[Φ†Φ̂†tΦ†Φ̂†t] + Tr[Φ̂tΦΦ̂tΦ]

)

+ µ2
2

(
Tr[∆†

L∆L] + Tr[∆†
R∆R]

)
− ρ1

(
Tr[∆†

L∆L]
2 +Tr[∆†

R∆R]
2
)

− ρ2
(
Tr[∆†

L∆L∆
†
L∆L] + Tr[∆†

R∆R∆
†
R∆R]

)
− ρ3Tr[∆

†
L∆L]Tr[∆

†
R∆R]

− α1Tr[Φ
†Φ]
(
Tr[∆†

L∆L] + Tr[∆†
R∆R]

)
− α2

(
Tr[∆†

RΦ
†Φ∆R] + Tr[∆†

LΦΦ
†∆L]

)

− α3

(
Tr[∆†

RΦ̂
tΦ̂†t∆R] + Tr[∆†

LΦ̂
†tΦ̂t∆L]

)
. (5.4)

where we introduced the quartic Higgs couplings λi, ρi and αi and the bilinear couplings µ1 and µ2. For
gauge invariance, we also had to define

Φ̂i
i′ = ǫijǫ

i′j′Φjj′ , L̂Li = ǫijL
j
L, L̂i

′

R = ǫi
′j′LRj′ .

At the minimum of the potential, the neutral scalars acquire a vev which we suppose real

〈∆R〉 = 1√
2

(
0 0

vR 0

)
, 〈Φ〉 = 1√

2

(
v1 0

0 v′1

)
, 〈∆L〉 = 1√

2

(
0 0

vL 0

)
, (5.5)

and the scalar potential reads at the minimum

〈V 〉 = −λ1

4
(v41 + v′41 + 2v21v

′2
1 )− λ2

4
(v41 − v′41 )− 2λ3v

2
1v

′2
1 − 1

2
λ5v

2
1v

′2
1 − 1

2
λ6v

2
1v

′2
1

− α1

4
(v21v

2
L + v′21 v

2
L + v2Rv

2
1 + v2Rv

′2
1 )− α2

4
(v′21 v

2
L + v2Rv

′2
1 )− α3

4
(v21v

2
L + v2Rv

2
1)

− ρ1
4
(v4L + v4R)−

ρ2
4
(v4L + v4R)−

ρ3
4
v2Lv

2
R +

µ2
1

2
(v21 + v′21 ) +

µ2
2

2
(v2L + v2R). (5.6)

Minimizing the scalar potential gives the following values for µ1 and µ2

∂V

∂v1
= 0 ⇒ µ2

1 = λ1(v
2
1 + v′21 ) + λ2v

2
1 + 4λ3v

′2
1 + λ5v

′2
1 + λ6v

′2
1 +

α1 + α3

2
(v2L + v2R),

∂V

∂v′1
= 0 ⇒ µ2

1 = λ1(v
2
1 + v′21 ) + λ2v

′2
1 + 4λ3v

2
1 + λ5v

2
1 + λ6v

2
1 +

α1 + α2

2
(v2L + v2R),

∂V

∂vL
= 0 ⇒ µ2

2 =
α1

2
(v21 + v′21 ) +

α2v
′2
1

2
+
α3v

2
1

2
+ ρ1v

2
L + ρ2v

2
L +

ρ3v
2
R

2
,

∂V

∂vR
= 0 ⇒ µ2

2 =
α1

2
(v21 + v′21 ) +

α3v
2
1

2
+
α2v

′2
1

2
+ ρ1v

2
R + ρ2v

2
R +

ρ3v
2
L

2
. (5.7)

One important remark here is that if one combined the third and fourth conditions, one would get

vL × ∂V

∂vL
− vR × ∂V

∂vR
= vLvR(2ρ1 + 2ρ2 − ρ3)(v

2
L − v2R) = 0 (5.8)

6In chapter 7 is presented a study on these particles. One can also refer to the papers [117–120].
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which implies that either vL and/or vR is zero or vL = vR 6= 0 or the ρ couplings satisfy the relation
2ρ1 + 2ρ2 − ρ3 = 0.
On the one hand, it is obvious that the solution vR = 0 is ruled out since we need left-right symmetry
breaking. On the other hand, only a carefull study of the Yukawa lagrangian can help to dismiss the other
solutions.

5.2.3 The seesaw mechanism

The most general Yukawa lagrangian preserving the symmetries of our model reads after having removed
all the indices for clarity

LYukawa = Q̄cLy
(1)
Q Φ̂QR + L̄cLy

(1)
ℓ Φ̂LR + Q̄cRy

(2)
Q Φ†QL + L̄cRy

(2)
ℓ Φ†LL

+ ˆ̄LcLy
(3)
ℓ ∆LLL + ˆ̄LRy

(4)
ℓ ∆RL

c
R + h.c.. (5.9)

where the couplings y
(3)
ℓ and y

(4)
ℓ induce Majorana mass terms for neutrinos and the others, i.e. y

(1)
Q ,y

(1)
ℓ ,y

(2)
Q ,

induce Dirac mass terms for quarks and leptons.

To constrain the value of vL, we need to compute the masses of the neutrinos. To do so, let us introduce
gauge eigenstates

(
ν

N

)
=




νLe

νLµ

νLτ

νcRe

νcRµ

νcRτ




and the mass eigenstates

(
νM

NM

)
=




ν1

ν2

ν3

N1

N2

N3




where the subscripts 1, 2 and 3 stand for generation number. We also assume for simplicity that Yukawa
couplings are diagonal. The mass matrix is finally given by

√
2


 y

(3)
ℓ vL − v1y

(2)
ℓ

2

− v1y
(2)
ℓ

2
vRy

(4)
ℓ


 (5.10)

in the basis (ν,N) where all the parameters are supposed real for simplicity. The ratio v1
v′1

being constrained

by both the ratio at tree level of the top quark mass over the bottom quark mass mt

mb
and the K0 − K̄0

mixing, we consider simply that v′1 = 0. The eigenvalues of this matrix read

m1 =
vLy

(3)
ℓ + vRy

(4)
ℓ −

√
v21y

(2)2
ℓ + (vLy

(3)
ℓ − vRy

(4)
ℓ )2

√
2

,

m2 =
vLy

(3)
ℓ + vRy

(4)
ℓ +

√
v21y

(2)2
ℓ + (vLy

(3)
ℓ − vRy

(4)
ℓ )2

√
2

.

From these two eigenvalues, we do a Taylor expansion around vL
vR

∼ 0 and find

m1 =
vL
vR

y
(3)
ℓ

y
(4)
ℓ

m2 (5.11)
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WL

νi
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n

n

p

e−L

e−L

p

Figure 5.1: Feynman diagrams contributing to neutrinoless double beta decay due to the exchange of a left-
handed (light) neutrino. The same diagram exists for right-handed neutrinos by exchanging left-handed particles
by right-handed ones.

which clearly indicates a seesaw mechanism leading to a mass hierarchy depending on the ratio vL
vR

7. When
this ratio goes to zero, the mixing matrix becomes diagonal and no mixing rises between gauge eigenstates.
To perform a phenomenological study of this model, one can thus assume the hierarchy

v1R ≫ v1 ≫ v′1 ≃ vL = 0

and only keep the first and last equations from (5.7).

5.2.4 Status of non-supersymmetric left-right symmetry

As emphasized earlier, left-right symmetry has not been discovered at the LHC and one is pushed to put
limits from the latest available experimental data. In the case of parity, it was shown in [121] that the
neutron electric dipole moment imposes a huge constraint on left-right symmetry scale pushing the mass
of the WR to be at (10 ± 3) TeV thus out of reach of the LHC. In another paper published by Maiezza
et al. [116], it was shown that one could release the constraint from the neutron dipole moment by fine
tuning the QCD parameter θ̄ leading to a WR gauge boson with a mass as small as 4 TeV. In the same
paper, they also treat the case of charge conjugation and show that mWR can be lowered to 2 − 3 TeV
which makes it reachable by direct searches at LHC. These bounds are in agreement with the experimental
results presented in the introduction [122,123].

In any case, if discovered, this class of models will have, due to the Majorana mass terms for neutrinos,
spectacular signatures of lepton-number violation in the form of same-sign dilepton [116] and double-beta
decay [124] (see fig.5.1). Moreover, as seen in eq.(5.3), these models may predict doubly charged scalars
which would offer a very clean signature at the LHC (see ref. [120] and chapter 7).

5.3 Building a Left-right symmetric supersymmetric model

5.3.1 Some notations and conventions

In the sequel we assume the gauge group to be that of eq.(5.1)

SU(3)c × SU(2)L × SU(2)R × U(1)B−L. (5.12)

7Provided the ratio
y
(3)
ℓ

y
(4)
ℓ

is not very big.
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The coupling constants associated to this gauge group will be noted gs, gL, gR and gB−L respectively. The
fundamental representations for the gauge groups SU(3) and SU(2) will be spanned by Ta and σk

2
.

The lagrangian will be split into six parts

L = Lgauge + Lchiral + Lint + VD + VF + Lsoft, (5.13)

where we have introduced

• Lgauge the part of the lagrangian containing the kinetic terms for the gauge fields;

• Lchiral the part containing the kinetic terms for chiral superfields as well as matter-gauge interactions;

• Lint the lagrangian originating from the superpotential W of the theory and describing thus chiral
interactions;

• VD and VF the D and F contributions to the scalar potential;

• Lsoft the soft supersymmetry breaking lagrangian.

We shall also refer to the appendix B for the conventions and notations we chose. We use the Gell-Mann-
Nishijima relation to get the electric charge of every field

Q = T3L + T3R +
YB−L
2

where T3L, T3R and YB−L are the SU(2)L, SU(2)R and U(1)B−L quantum numbers.

5.3.2 Gauge sector

The gauge sector is quiet easy to determine as to every direct factor we associate one vector supermultiplet
lying in the corresponding adjoint representation

SU(3)c −→ V3 = (8
˜
,1
˜
,1
˜
, 0) ≡ (g̃a, gaµ),

SU(2)L −→ V2L = (1
˜
,3
˜
,1
˜
, 0) ≡ (W̃ k

L ,W
k
Lµ),

SU(2)R −→ V2R = (1
˜
,1
˜
,3
˜
, 0) ≡ (W̃ k

R,W
k
Rµ),

U(1)B−L −→ V1 = (1
˜
,1
˜
,1
˜
, 0) ≡ (B̃, Bµ).

(5.14)

The ˜ symbol denotes the fermionic partner of the gauge boson, and the numbers between brackets denote
the representations in which lie the various supermultiplets with respect to the gauge group (5.12).
Refering to the equation (4.40), the gauge lagrangian reads

Lgauge = −1

4
V µνk V kµν +

i

2
(Ṽ kσµDµ

¯̃Vk −DµṼ
kσµ ¯̃Vk) (5.15)

where V k is one of the gauge bosons in (5.14), Ṽ k is its fermionic superpartner, and V kµν and Dµ are the
field strength and the covariant derivative respectively that we define as follows

V kµν = ∂µV
k
ν − ∂νV

k
µ + gfij

kV iµV
j
ν ,

DµṼ
k = ∂µṼ

k + gfij
kV iµṼ

j . (5.16)

We have introduced the gauge coupling constant g and the structure constant fij
k associated with every

gauge group.
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5.3.3 Chiral lagrangian

The matter sector of the model is simply made of right-handed and left-handed quarks and leptons chiral
superfields which we define as follows8

(QL)
fmi =

(
ufmL

dfmL

)
= (3
˜
,2
˜
,1
˜
,
1

3
), (QR)fmi′ =

(
ucRfm dcRfm

)
= (3̄
˜
,1
˜
,2
˜
∗,−1

3
),

(LL)
fi =

(
νfL

lfL

)
= (1
˜
,2
˜
,1
˜
,−1), (LR)fi′ =

(
νcRf lcRf

)
= (1
˜
,1
˜
,2
˜
∗, 1), (5.17)

where the superscript c denotes charge conjugation, the index f is a generation index and m is a color
index.
The Higgs sector, just like in the non-supersymmetric version, is a little more complicated than in the
MSSM case and actually can be defined in two different ways following the desired effects. Indeed one can
choose to break the left-right symmetry with either Higgs doublets or Higgs triplets with respect to SU(2).
In the first case we define the following fields

h1L = (1
˜
,2
˜
, 1
˜
, 1) =

(
h+
1L

h0
1L

)
, h1R = (1

˜
,1
˜
,2
˜
, 1) =

(
h+
1R

h0
1R

)
,

h2L = (1
˜
, 2
˜
,1
˜
,−1) =

(
h0
2L

h−
2L

)
, h2R = (1

˜
,1
˜
,2
˜
,−1) =

(
h0
2R

h−
2R

)
.

where the superscripts denote the electric charges. To induce the desired symmetry breaking, the field
h1R and h2R acquire vacuum expectation values v1R and v2R. Their “left-handed” counterparts h1L and h2L

are introduced to restore parity in the lagrangian.

In the second case, the left-right symmetry breaking is induced by Higgs triplets acquiring a vacuum
expectation value. We introduce thus the four Higgs fields

δ1L = (1
˜
, 3
˜
,1
˜
,−2) =



δ11L

δ21L

δ31L


 , δ1R = (1

˜
,1
˜
,3
˜
,−2) =



δ11R

δ21R

δ31R


 ,

δ2L = (1
˜
, 3
˜
,1
˜
,+2) =



δ12L

δ22L

δ32L


 , δ2R = (1

˜
,1
˜
,3
˜
,+2) =



δ12R

δ22R

δ32R


 . (5.18)

We remind the reader of the matrix notation for these fields which is very convenient to build gauge
invariant quantities as well as to exhibit the electric charges of the different fields

∆1{L,R} =




∆−
1{L,R}√

2
∆0

1{L,R}

∆−−
1{L,R} −

∆−
1{L,R}√

2


 , ∆2{L,R} =




∆+
2{L,R}√

2
∆++

2{L,R}

∆0
2{L,R} −

∆+
2{L,R}√

2


 (5.19)

Finally, to induce electroweak symmetry breaking and give masses to both up-type and down-type fermions
we need two Higgs fields transforming non-trivially under SU(2)L × SU(2)R. We define thus

Φa = (1
˜
,2
˜
, 2
˜
, 0) =

(
φ0
a φ+

a

φ−
a φ

′0
a

)
, a = 1, 2. (5.20)

If one uses Higgs scalar fields lying in the adjoint representation of SU(2) than the most general gauge
invariant renormalizable superpotential preserves R-parity. This is a real advantage with respect to the

8see appendix B for conventions
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MSSM in which R-parity, when present, is put by hand. We thus choose the triplet fields instead of the
doublet fields. However, though explicit R-parity violation is forbidden in this case, it was shown in [104]
that such a setup induced automatically vacuum expectation values for the scalar partners of the neutrinos.
To elude this problem, we follow the same path as in [107] and introduce a new singlet field S in order
to have stable R-parity conserving vacua. It has also been shown in ref. [107], that such a setup can cure
both strong and supersymmetric CP problems

S = (1
˜
,1
˜
,1
˜
, 0).

Following the lagrangian in eq.(4.40), the kinetic and gauge interaction terms for chiral superfields read

Lchiral = Dµφ
†Dµφ+

i

2
(ψσµDµψ̄ −Dµψσ

µψ̄) + (ig
√
2 ¯̃V k · ψ̄iTkφi + h.c.) (5.21)

where a sum over all gauge groups is understood. The choice for the matrices Tk generating the represen-
tations of the gauge group depends on every field. The covariant derivative for the sleptons reads

(DµL̃L)
fi = (∂µL̃L)

fi − i

2
gLW

k
Lµ(σkL̃L)

fi +
i

2
gB−LBµ(L̃L)

fi,

(DµL̃R)fi′ = (∂µL̃R)fi′ +
i

2
gLW

k
Rµ(L̃Rσk)fi′ −

i

2
gB−LBµ(L̃R)

fi′ .

For the squarks

(DµQ̃L)
fmi = (∂µQ̃L)

fmi − igsg
a
µ(TaQ̃L)

fmi − i

2
gLW

k
Lµ(σkQ̃L)

fmi − i

6
gB−LBµ(Q̃L)

fmi,

(DµQ̃R)fmi′ = (∂µQ̃R)fmi′ + igsg
a
µ(Q̃RTa)fmi′ +

i

2
gRW

k
Rµ(Q̃Rσk)fmi′ +

i

6
gB−LBµ(Q̃R)fmi.

(5.22)

For the Higgs bidoublets it is defined as follows

(DµΦa)
i
i′ = (∂µΦa)

i
i′ −

i

2
gLW

k
Lµ(σkΦa)

i
i′ +

i

2
gRW

k
Rµ(Φaσk)

i
i′ . (5.23)

As for the triplets, one should differentiate between the triplet and the matrix representations

(Dµδ{1,2}L)
i = ∂µδ

i
{1,2}L + gLǫjk

iW j
Lµδ

k
{1,2}L ± 2gB−LBµ(δ{1,2}L)

i,

(Dµ∆{1,2}L)
i
j = (∂µ∆{1,2}L)

i
j − i

2
gLW

k
Lµ(σk∆{1,2}L)

i
j

+
i

2
gLW

k
Lµ(∆{1,2}Lσk)

i
j ± 2gB−LBµ(δ{1,2}1L)

i
j . (5.24)

In these equations care must be taking in writing the actions of SU(2)L and SU(2)R operators. Indeed
while the former act on the elements of the columns which defines thus a left action, SU(2)R operators act
on the elements forming the lines which defines the right action.

5.3.4 Interactions

With the chiral content described above, the most general gauge invariant superpotential inducing renor-
malizable interactions reads in terms of scalar fields (here Φ and ∆ are scalar fields)

W = (Q̃L)
miy1Q(Φ̂)i

i′(Q̃R)mi′ + (Q̃L)
miy2Q(Φ̂2)i

i′(Q̃R)mi′ + (L̃L)
iy1L(Φ̂)i

i′(L̃R)i′ + (L̃L)
iy2L(Φ̂2)i

i′(L̃R)i′

+ (ˆ̃LL)iy
3
L(∆2L)

i
j(L̃L)

j + (ˆ̃LR)i′y
4
L(∆1R)

i′

j′(L̃R)
j′ + (µL + λLS)∆1L · ∆̂2L

+ (µR + λRS)∆1R · ∆̂2R + (µ3 + λ3S)Φ1 · Φ̂2 +
1

3
λsS

3 + µsS
2 + ξSS. (5.25)
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Remarks Some remarks are in order here. First, to construct a gauge invariant Lagrangian, we have
introduced

( ˆ̃LL)i = ǫij(L̃L)
j , ( ˆ̃LR)

i′ = ǫi
′j′(L̃R)j′ ,

(∆̂2L)i
j = ǫikǫ

jl(∆2L)
k
l, (∆̂2R)i′

j′ = ǫi′k′ǫ
j′l′(∆2R)

k′

l′ ,

∆1L · ∆̂2L = Tr(∆t
1L∆̂2L) = (∆1L)

i
j(∆̂2L)i

j , ∆1R · ∆̂2R = Tr(∆t
1R∆̂2R) = (∆1R)

i′

j′(∆̂2R)i′
j′ ,

(Φ̂1,2)i
i′ = ǫi

′j′ǫij(Φ1,2)
j
j′ , Φ1 · Φ̂2 = Tr(Φt1Φ̂2) = (Φ1)

i
i′(Φ̂2)i

i′ . (5.26)

We also wanted to keep the number of parameters as small as possible. This led us to assume that the
bilinear terms as well as the linear term are equal to zero

µL = µR = µ3 = µs = ξs = 0. (5.27)

Motivated, for example, by a Z3-symmetry, this setup has the advantage to provide an explanation for
the µ terms through the vacuum expectation value vs of the scalar component of S. A Z3 symmetry,
when broken, has also the disadvantage to lead to the formation of domain walls [125,126]. This issue can
be eluded by supposing the existence of higher-dimensional, non-renormalizable, Planck-scale suppressed
operators in the superpotential far beyond the electroweak scale. In our study, we set vs much higher than
that of 〈∆0〉 9.

5.3.5 Soft supersymmetry breaking lagrangian

The soft supersymmetry breaking lagrangian is the sum of mass terms for both the gauginos (superpartners
of the gauge bosons) and the scalar fields and a part which is completely dictated by the superpotential.
We have thus

Lsoft = −1

2

[
M1B̃ · B̃ +M2LW̃

k
L · W̃Lk +M2RW̃

k
R · W̃Rk +M3g̃

a · g̃a + h.c.
]

−
[
Q̃†m2

QL
Q̃L + Q̃Rm

2
QR
Q†
R + L̃†

Lm
2
LL
L̃L + L̃Rm

2
LR
L̃†
R − (m2

Φ)
ff ′Tr(Φ†

fΦf ′)

+ m2
∆1L

Tr(∆†
1L∆1L) +m2

∆2L
Tr(∆†

2L∆2L) +m2
∆1R

Tr(∆†
1R∆1R) +m2

∆2R
Tr(∆†

2R∆2R) +m2
SS

†S
]

−
[
Q̃LT

1
QΦ̂1Q̃R + Q̃LT

2
QΦ̂2Q̃R + L̃LT

1
LΦ̂1L̃R + L̃LT

2
LΦ̂2L̃R + ˆ̃LLT

3
L∆2LL̃L + L̃RT

4
L∆1R

ˆ̃LR + h.c.
]

−
[
TLS∆1L · ∆̂2L + TRS∆1R · ∆̂2R + T3SΦ1 · Φ̂2 + h.c.

]
(5.28)

where we omitted all the indices for more clarity.

5.3.6 Hierarchies and simplifications

The symmetry breaking pattern for this model is exactly the same than that of the non-supersymmetric
left-right symmetric model and is given schematically by

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

At the minimum of the scalar potential, the neutral components of the scalar Higgs fields acquier a vacuum
expectation value:

〈∆1R〉 =

(
0 v1R√

2

0 0

)
, 〈∆2R〉 =

(
0 0
v2R√

2
0

)
, 〈∆1L〉 =

(
0 v1L√

2

0 0

)
, 〈∆2L〉 =

(
0 0
v2L√

2
0

)
,

〈Φ1〉 =




v1√
2

0

0 1√
2
v′1e

iα1



 , 〈Φ2〉 =




1√
2
v′2e

iα2 0

0 v2√
2





〈S〉 =
1√
2
vSe

iαs . (5.29)

9∆0 represents all the neutral components of the triplet fields.
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As in section 5.2.3, we find that requiring the seesaw mechanism as an explanation to neutrinos masses
and applying K − K̄0 mixing data constaints induces the same hierarchy in the vevs, that is

v{1,2}R ≫ v{1,2} ≫ v{1,2}L ≃ v′{1,2} ≃ 0. (5.30)

Also, as stated above, we take vs ≫ v{1,2}R. Finally the vev of the singlet field can be rotated away by
the mean of field redefinition; we hence consider the phase as equal to zero

αs = 0.

5.3.7 Scalar potential

The scalar potential of this model is given by the sum of the contributions of both the F - and D-term
and the soft supersymmetry breaking lagrangian Lsoft. In a general setup where the simplifications and
assumptions given above are ignored but keeping all the parameters real and shifting the neutral Higgs
fields by their vevs, the scalar potential reads at the minimum

V =
g2L
32

[
v21 − v22 + v′22 − v′21 + 2v21L − 2v22L

]2
+
g2R
32

[
v21 − v22 + v′22 − v′21 − 2v21R + 2v22R

]2

+
g2B−L
8

[
v21R − v22R + v21L − v22L

]2
+

1

2

[
m2

∆1R
v21R +m2

∆2R
v22R +m2

∆1L
v21L +m2

∆2L
v22L +mSv

2
S

]

+
1

2

[
(m2

Φ)
11(v21 + v′21 ) + (m2

Φ)
22(v22 + v′22 ) + 2Re

{
(m2

Φ)
21(v2v

′
1e
iα1 + v′2e

iα2v1)
}]

+
1

2

[∣∣∣µL +
1√
2
λLvs

∣∣∣
2

(v21L + v22L) +
∣∣∣µR +

1√
2
λRvs

∣∣∣
2

(v21R + v22R) +
∣∣∣µ3 +

1√
2
λ3vs

∣∣∣
2

(v21 + v22 + v′21 + v′22 )

]

+ Re

{[
BL +

TLvs√
2

]
v1Lv2L +

[
BR +

TRvs√
2

]
v1Rv2R −

[
B3 +

T3vs√
2

]
(v1v2 + v′1v

′
2)BSv

2
S +

T3v
3
S

3
√
2

+
√
2vSξS

}

+
1

4

[
λLv1Lv2L + λRv1Rv2R − λ3(v1v2 + v′1v

′
2) + λsv

2
s + 2

√
2µsvs + 2ξS

]2
. (5.31)

The minimization equations resulting from this scalar potential are given in the appendix B.

5.3.8 Mass matrices

As our study focuses on the chargino-neutralino sector of this model, we give here the related mass matrices
as well as the mass matrices for gauge bosons. For more compact expressions, we define

v2L = v21L + v22L, v2R = v21R + v22R, v2 = v21 + v22 , v′2 = v′21 + v′22 , vv′ = v1v
′
1e
iα1 + v2v

′
2e
iα2

µ̃L,R,3,S = µL,R,3,S +
1√
2
λL,R,3,Svse

iαs (5.32)

Gauge bosons Covariant derivatives for the Higgs fields defined in eq.(5.23) and eq.(5.24) give rise to
mass terms for gauge bosons when neutral Higgses are shifted by their vevs. Consequently, we get the two
mass matrices



Zµ

Aµ

Z′
µ


 =




1
4
g2L(4v

2
L + v2 + v′2) − 1

4
gLgR(v

2 + v′2) −gB−LgLv
2
L

− 1
4
gLgR(v

2 + v′2) 1
4
g2R(4v

2
R + v2 + v′2) −gB−LgRv

2
R

−gB−LgLv
2
L −gB−LgRv

2
R g2B−L(v

2
L + v2R)






W 3
Lµ

W 3
Rµ

Bµ


 ,

(
W+

W ′+

)
=

(
1
4
g2L(2v

2
L + v2 + v′2) − 1

2
gLgR(vv

′)∗

− 1
2
gLgR(vv

′) 1
4
g2R(2v

2
R + v2 + v′2)

)(
W+
Lµ

W+
Rµ

)
, (5.33)

with W±
{L,R}µ = 1√

2
(W 1

{L,R}µ ∓W 2
{L,R}µ). In the limit defined in equation (5.30), the first mass matrix

gives rise to a massless state that we identify as being the photon and two neutral gauge bosons with their
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masses given by

mZ = v2
g2Lg

2
R + g2B−L(g

2
L + g2R)

4(g2B−L + g2R)
, mZ′ = (g2B−L + g2R)v

2
R

The model breaking pattern is in two steps: first SU(2)R × U(1)B−L → U(1)Y induces the mixing of
W 3
Rµ and Bµ into a massless state B′

µ indentifed as the hypercharge gauge boson and a massive Z′ and
secondly SU(2)L×U(1)Y → U(1)e.m where the hypercharge field B′

µ mixes with the neutral W 3
Lµ into the

photon Aµ and a massive Z-boson. By consequence, we introduce two angles φ and θ which we define to
be

cosφ =
gR√

g2R + g2B−L

, sinφ =
gB−L√

g2R + g2B−L

.

cos θw =
gL√

g2R sin2 φ+ g2L
, sin θw =

gR sinφ√
g2R sin2 φ+ g2L

. (5.34)

We re-express the masses for the Z and Z′

mZ′ =
g2R

cos2 φ
v2R, mz = v2

g2L
4 cos2 θw

. (5.35)

Neutralinos and charginos All the partners of the gauge and Higgs bosons with the same quantum
numbers (electric charge and color representation) mix after breaking of electroweak symmetry to electro-
magnetism. The model we are considering contains twelve neutralinos whose mass matrix, expressed in
the basis (iW̃ 3

L, iW̃
3
R, iB̃, Φ̃

′0
2 , Φ̃

0
2, Φ̃

0
1, Φ̃

′0
1 , ∆̃

0
2L, ∆̃

0
2R, ∆̃

0
1L, ∆̃

0
1R, S̃), reads

Mχ0 =



−M2L 0 0
gLṽ

′
2

2
− gLv2

2
gLv1

2
− gLṽ

′
1

2
−gLv2L 0 gLv1L 0 0

0 −M2R 0 − gRṽ
′
2

2
gRv2

2
− gRv1

2

gR ṽ
′
1

2
0 −gRv2R 0 gRv1R 0

0 0 −M1 0 0 0 0 gB−Lv2L gB−Lv2R −gB−Lv1L −gB−Lv1R 0
gLṽ

′
2

2
− gRṽ

′
2

2
0 0 0 0 −µ̃3 0 0 0 0 −λ3ṽ

′
1√
2

− gLv2
2

gRv2
2

0 0 0 −µ̃3 0 0 0 0 0 −λ3v1√
2

gLv1
2

− gRv1
2

0 0 −µ̃3 0 0 0 0 0 0 −λ3v2√
2

− gLṽ
′
1

2

gRṽ
′
1

2
0 −µ̃3 0 0 0 0 0 0 0 −λ3ṽ

′
2√
2

−gLv2L 0 gB−Lv2L 0 0 0 0 0 0 µ̃L 0 λLv1L√
2

0 −gRv2R gB−Lv2R 0 0 0 0 0 0 0 µ̃R
λRv1R√

2

gLv1L 0 −gB−Lv1L 0 0 0 0 µ̃L 0 0 0 λLv2L√
2

0 gRv1R −gB−Lv1R 0 0 0 0 0 µ̃R 0 0 λRv2R√
2

0 0 0 −λ3ṽ
′
1√
2

−λ3v1√
2

−λ3v2√
2

−λ3ṽ
′
2√
2

λLv1L√
2

λRv1R√
2

λLv2L√
2

λRv2R√
2

2µ̃s




(5.36)

It also contains six singly-charged charginos whose mass matrix expressed in the (iW̃+
L , iW̃

+
R , Φ̃

+
2 , Φ̃

+
1 , ∆̃

+
2L, ∆̃

+
2R)

and (iW̃−
L , iW̃

−
R , Φ̃

−
2 , Φ̃

−
1 , ∆̃

−
1L, ∆̃

−
2R) bases reads




M2L 0 gL√
2
ṽ′2

gL√
2
v1 −gLv1L 0

0 M2R − gR√
2
v2 − gR√

2
ṽ′1 0 −gRv1R

gL√
2
v2 − gR√

2
ṽ′2 0 µ̃3 0 0

gL√
2
ṽ′1 − gR√

2
v1 µ̃3 0 0 0

gLv2L 0 0 0 µ̃L 0

0 gRv2R 0 0 0 µ̃R




(5.37)
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Finally, as seen earlier, using SU(2) triplets induces the apparition of doubly charged particles in the
theory. In the setup we chose, these exotic particles have the following mass matrix

(
µ̃L 0

0 µ̃R

)
(5.38)

5.4 Monte Carlo analysis

5.4.1 Automated tools and Monte Carlo simulation

As indicated in the introduction, in this analysis we want to use a Monte Carlo simulation in order to
extract the signatures that could be linked to processes from a left-right symmetric supersymmetric model.
To this end, we have implemented our model in FeynRules [16, 17, 19, 21] and taking advantage of both
the supersymmetry package [18] and the UFO interface [127] we have generated the necessary files for the
Monte Carlo event generator MadGraph 5 [128–131] to work. The latter is then used to calculate the
decay widths for all the particles relevant to our study (charginos, neutralinos and sleptons) but also to
generate the Monte Carlo events for the processes leading to the production of two gauginos. For the latter
step, matrix elements are convolved with the parton density set CTEQ6L1 [132] and set the center-of-mass
energy to 8 TeV.

The parton-level events that we have generated only contain supersymmetric particles in the final
states. It is then necessary to process them in order for these unstable particles to be decayed but also
for both the parton showering and hadronization to be performed properly. We choose the C++ package
Pythia 8 [133,134] to fulfill this task.

The last step before being able to analyze the generated signal events consists in reconstructing the jet
objects. To this end we use the package FastJet [135] through the interface provided by MadAnalysis 5
[136] and assume perfect reconstruction for both electrons and muons but allow for a b-tagging efficiency
of 0.6, c-jets mistagging of 0.1 and light-jets mistagging of 0.01. The cross sections associated to the signal
processes are then reweighted with a K-factor of 1.2. The latter is defined as

K =
σNLO

σLO

where σLO and σNLO are the cross sections calculated at the leading and the next-to-leading order, respec-
tively. This factor, when considering the production of the neutralino and chargino states in the context of
the MSSM is known to be equal to 1.2-1.25 after combining NLO calculations [137–140] together with the
resummation of the leading and next-to-leading logarithms to all orders [138–140]. Such calculations do
not exist in the context of the left-right symmetric supersymmetric model and, seen the masses involved
in our models, we take the value of 1.2 as the structure of the calculation is very similar in both models.

Finally we use the facilities provided by the MadAnalysis 5 package to analyze the events, assuming
an integrated luminosity of 20 fb−1 which corresponds to the amount of data acquired by the LHC during
the 2012 run.

5.4.2 Background simulation

To be able to present quantitative results, we have also simulated the main processes in the Standard Model
leading to final states with at least one lepton. When possible the cross sections have been normalized to
the next-to-leading order (NLO) and even to the next-to-next-to-leading order (NNLO) accuracy and were
convolved with the CT10 parton densities [141]. We classify these background events into six categories:

• Single top events, including the t−, tW− and s− channel topologies. These processes which corre-
spond to the production of a single top quark in conjunction with either other lighter quarks or a W
gauge boson may contribute to both the single-lepton and the dilepton channel when the W -boson

69



5.4. MONTE CARLO ANALYSIS

and/or the top quark decay leptonically. These events have been reweighted to an approximate
NNLO accuracy leading to the cross sections 87.2 pb, 22.2 pb and 5.5 pb for the t−, tW− and s−
channels respectively [142].

• Di-boson events include the production of a pair of W gauge bosons, a pair of Z bosons and the
associated production of a W and a Z boson. These events have been normalized to the NLO cross
sections 4.5 pb, 11.8 pb and 30.2 pb respectively as obtained using the package Mcfm [143]. In this
case, we did not simulate the fully hadronic decays of the gauge bosons as they are irrelevant for our
analysis.

• The production of a pair of top anti-top quarks can lead to final states with up to two leptons and
are thus to be taken into account. The events simulated have been normalized to the cross section
255.8 pb which includes full NLO predictions and genuine NNLO contributions as derived by the
package HATHOR10.

• W + jets regroups the processes where a W boson is produced together with jets. It contributes
to the background in the single lepton channel when the weak boson decays leptonically and its
cross section is taken to be 35678 pb as predicted by NNLO simulations done with the package
FEWZ [145]. Here also, we ignore the full hadronic decays of the gauge boson.

• Z + jets are also of interest to us as they lead to final states with up to two light charged leptons
in the final state. Ignoring the full hadronic decays of the Z boson, the associated cross section as
given by the FEWZ package is 10319 pb and our simulated events are reweighted consistently.

• Rare processes are those whose cross section is small compared to the processes cited above. This
background includes the production of a pair of top anti-top quarks in association with one or two
gauge bosons, a top quark with a Z-boson and another jet and processes where two pairs of top
anti-top quarks are produced. We use the Mcfm package to determine both values 0.25 pb and 0.21
pb for t t W and t t Z events, respectively. The other processes, i.e. t Z j, t t W W and t t t t are
associated to the cross sections 46 fb, 13 fb and 0.7 fb respectively as predicted by MadGraph 5.

Finally, we do not simulate multijet events because they require data driven methods but we are confident
that this background is under good control as in our analysis we only select events with large missing
transverse energy (MET) and hard leptons [146–148].

5.4.3 Setup for the analysis

Before moving to the analysis, let us summarize our setup. We have the following hierarchy amongst the
vacuum expectation values

vs ≫ v{1,2}R ≫ v1,2 ≫ v′1,2 ≃ v{1,2}L = 0.

We also suppose all the physical phases equal to zero

α1 = α2 = 0.

This setting decouples most of the neutralinos and charginos from the low energy theory and allows us to
only focus on the three lightest neutralinos and two lightest charginos. To reduce a little more the number
of free parameters characterizing the higgsino sector, we assume exact left-right symmetry which implies
the equality between SU(2)L and SU(2)R gauge coupling constants

gL = gR.

The latter equality should hold true at all energies as the renormalization group equations associated to
these parameters are exactly the same (see section 6.3). We also set generically all Yukawa couplings to a
value of 0.1, the ratio of the vevs of the bidoublets to one while that of SU(2)R triplets allows us to define
two scenarios:

tan β = 1, tan β̃ =
v2R
v1R

= 1 or 1.05.

Finally, only remain the gaugino soft breaking masses M1,M2L,M2R as free paremeters. To set their
values, we perform a scan over the paremeter space they span and only keep those possibilities where the
lightest supersymmetric particle is a neutralino ensuring thus a candidate for dark matter11. This scan

10NNNLO results have been made public recently [144] but we did not take them into account.
11Though not excluded, we will not consider in this work the case where the right handed sneutrino is the dark

matter candidate. See for example [108].
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Parameter Scenario I.1 Scenario I.2 Scenario II Scenario III

M1 [GeV] 250 250 100 359

M2L [GeV] 500 750 250 320

M2R [GeV] 750 500 150 270

mZ [GeV] 91.1876 91.1876 91.1876 91.1876

mW [GeV] 80.399 80.399 80.399 80.399

α(mZ)
−1 127.9 127.9 127.9 127.9

vR [GeV] 1000 1000 1300 1300

vs [GeV] 105 105 105 105

tanβ 10 10 10 10

tan β̃ 1 1 1.05 1.05

λL 0.1 0.1 0.1 0.1

λR 0.1 0.1 0.1 0.1

λs 0.1 0.1 0.1 0.1

λ3 0.1 0.1 0.1 0.1

Table 5.1: Summary of the numerical values we have used to construct our benchmark scenarios. Slepton masses
are set to 400 GeV for all the scenarios but for scenario II where we also consider the case where sleptons have a
universal mass of 200 GeV.

allowed us to split the possible scenarios into two categories, “pure” scenarios being those where mixing
matrices diagonalizing chargino and neutralino mass matrices are almost diagonal and “mixed” scenarios
where the mixing between gauge eigenstates is larger. For each category we choose two representative
scenarios each exhibiting a different hierarchy between the particles. All the numerical values are gathered
in table 5.1.

Two “pure” scenarios The first two scenarios presented schematically in figure 5.2 exhibit very few
mixings. In these two “pure” scenarios, dubbed SI.1 and SI.2, the lightest neutralino in both cases only
has a bino component while the decomposition of the second and third neutralino/chargino states depends
on the hierarchy between M2L and M2R.

Some general features can already be deduced from the spectrum we obtain. The unstable mass
eigenstates being pure (χ̃0

2 and χ̃±
1 are pure left-handed winos and χ̃0

3 and χ̃±
2 are pure right-handed winos)

their masses are equal to those of the winos. In scenario I.1, this degeneracy in mass imposes to the particles
χ̃0
2 and χ̃±

1 to only decay to the lightest neutralino and leptons while the two other “inos” χ̃0
3 and χ̃±

2 having
a mass larger than that of sleptons have longer cascade decays where sleptons are expected to be produced
and to decay into the bino state and charged leptons. In scenario I.2, where the hierarchy between the
winos is inverted, we expect all the heavy mass eigenstates (in contrast with the lightest neutralino) to
have long cascade decays involving sleptons and lighter neutralinos/charginos. However, one must keep in
mind that states in these two scenarios are “pure” and thus, due to the different helicities, no decay should
be expected from a pure left- (right-) wino to a right- (left-) wino.

Two “mixed” scenarios The two other scenarios we constructed, dubbed SII and SIII (see fig.5.3 for
flavor decomposition) allow for more mixings in the mass eigenstates. Scenario II, where the mixing is mod-
erate, has two pure left wino states (both second neutralino and chargino) the third lightest neutralino has
a non-negligible bino part while the lightest chargino is a pure SU(2)R wino. The last scenario, SIII, allows
the winos to appear in the flavor decomposition of all the neutralinos but the charginos which remains pure.
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Figure 5.2: Flavor decomposition and masses of the lightest neutralino and chargino states for our benchmark
scenarios I.1 (left panel) and I.2 (right panel) as defined in Table 5.1. The bino, SU(2)L and SU(2)R wino component
are presented in green, blue and gray, respectively, whilst the Higgsino component is shown in pink.
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Figure 5.3: Same as in Figure 5.2 but for our benchmark scenarios II (left panel) and III (right panel).
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In these two scenarios, due to the presence of bino parts in the heavy states, we expect more envolved
cascade decays where a heavy neutralino decays into a lighter chargino and a charged light lepton

χ̃3
0 → χ̃+

1 l̃−,

for example. However, as one can see from figure 5.3, the splitting in mass between the various mass
eigenstates is very small and one expects rather small branching ratios where a neutralino (chargino)
decays into another neutralino or chargino. In scenario SIII, due to R-parity conservation, we even expect
the particles χ̃0

2, χ̃
±
1 and χ̃±

2 to have vanishing two-body decays and tiny three-body decays.

Other masses We decouple all squarks and gluinos from the low energy theory as we are only inter-
ested in leptonic final states. This choice can be justified by the fact that renormalization group equations
evolution should push the spectrum of the latter particles to higher values due to the strong corrections.
Slepton masses are set to a universal value of 400 GeV for all scenarios. However, in the case of the
scenario SII, mass eigenstates being no heavier than 300 GeV cascade decays involving sleptons are thus
kinematically impossible. We hence construct out of the latter scenario two benchmarks, one with slepton
masses set to 200 GeV and one where they are set to 400 GeV.

Now all the numerical values are set, we can compute all the decay widths and cross sections associated
to the production and cascade decays of the gauginos. In tables 5.2 are gathered together the branching
ratios (left table) of the chargino and neutralino states to zero, one and two leptons and the cross sections
(right panel) expressed in femtobarns (fb) associated to the production of these new heavy states. Tables
5.3 present the same results but for the “mixed” scenarios. the main conclusion to draw from these tables
is that multilepton final states, i.e. those with more than two charged light leptons, are quiet difficult to
obtain, especially in the case of scenario III where particles decay preferably to jets and missing transverse
energy.
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M
O
N
T
E

C
A
R
L
O

A
N
A
L
Y
S
IS

Process n = 0 n = 1 n = 2

SI.1

χ̃0
2 → χ̃0

1 + n ℓ+X 0.57 0.08 0.35

χ̃0
3 → χ̃0

1 + n ℓ+X 0.14 0.15 0.71

χ̃±
1 → χ̃0

1 + n ℓ+X 0.22 0.78 0

χ̃±
2 → χ̃0

1 + n ℓ+X 0.22 0.78 0

SI.2

χ̃0
2 → χ̃0

1 + n ℓ+X 0.15 0.15 0.70

χ̃0
3 → χ̃0

1 + n ℓ+X 0.57 0.08 0.35

χ̃±
1 → χ̃0

1 + n ℓ+X 0.22 0.78 0

χ̃±
2 → χ̃0

1 + n ℓ+X 0.22 0.78 0

Process 7 TeV 8 TeV 14 TeV

SI.1

p p→ χ̃0
2χ̃

±
1 13.2 20.6 89.6

p p→ χ̃0
3χ̃

±
2 0.71 1.40 11.4

p p→ χ̃0
1χ̃

±
2 < 0.1 < 0.1 0.39

p p→ χ̃+
1 χ̃

−
1 2.90 4.61 21.2

p p→ χ̃+
2 χ̃

−
2 0.21 0.42 3.41

SI.2

p p→ χ̃0
2χ̃

±
1 10.2 16.3 76.0

p p→ χ̃0
3χ̃

±
2 0.98 1.86 13.8

p p→ χ̃0
1χ̃

±
1 1.16 1.67 5.88

p p→ χ̃+
1 χ̃

−
1 4.49 7.13 32.9

p p→ χ̃+
2 χ̃

−
2 0.21 0.40 3.14

Table 5.2: Tables summarizing the branching ratios of the various neutralinos and charginos states (left) and the cross sections (right) associated
to their production at the LHC running at a center-of-mass energy of 7, 8 and 14 TeV. Cross sections are expressed in femtobarns fb.
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M
O
N
T
E

C
A
R
L
O

A
N
A
L
Y
S
IS

Process n = 0 n = 1 n = 2

SII.200

χ̃0
2 → χ̃0

1 + n ℓ +X 0.57 0.08 0.35

χ̃0
3 → χ̃0

1 + n ℓ +X 0.26 0.13 0.61

χ̃±
1 → χ̃0

1 + n ℓ+X 1 0 0

χ̃±
2 → χ̃0

1 + n ℓ+X 0.22 0.78 0

SII.400

χ̃0
2 → χ̃0

1 + n ℓ +X 0.57 0.08 0.35

χ̃0
3 → χ̃0

1 + n ℓ +X 0.12 0.09 0.43

χ̃0
3 → χ̃±

1 + n ℓ+X 0.35 0 0

χ̃±
1 → χ̃0

1 + n ℓ+X 1 0 0

χ̃±
2 → χ̃0

1 + n ℓ+X 0.22 0.78 0

SIII

χ0
2 → χ0

1 + n ℓ +X 0.22 0 0.16

χ0
2 → χ±

1 + n ℓ+X 0.52 0.10 0

χ0
3 → χ0

1 + n ℓ +X 0.10 0 0

χ0
3 → χ0

2 + n ℓ +X 0.10 0.03 0.13

χ0
3 → χ±

1 + n ℓ+X 0.14 0.51 0

χ±
1 → χ0

1 + n ℓ+X 0.84 0.16 0

χ±
2 → χ0

1 + n ℓ+X 0.996 0 0

χ±
2 → χ0

2 + n ℓ+X 0.004 0 0

Process 7 TeV 8 TeV 14 TeV

SII.200

p p→ χ̃0
3χ̃

±
1 4999 6530 17490

p p→ χ̃0
1χ̃

±
1 3139 4085 10830

p p→ χ̃0
2χ̃

±
2 387 514 1452

p p→ χ̃0
2χ̃

±
1 0.83 1.09 2.88

p p→ χ̃0
3χ̃

±
2 < 0.1 < 0.1 0.11

p p→ χ̃+
1 χ̃

−
1 532 780 2851

p p→ χ̃+
2 χ̃

−
2 92.2 123 355.9

SII.400

p p→ χ̃0
3χ̃

±
1 5188 6776 18140

p p→ χ̃0
1χ̃

±
1 3255 4236 11230

p p→ χ̃0
2χ̃

±
2 387 514 1451

p p→ χ̃0
2χ̃

±
1 0.86 1.13 3

p p→ χ̃0
3χ̃

±
2 < 0.1 < 0.1 0.11

p p→ χ̃+
1 χ̃

−
1 572 838 3059

p p→ χ̃+
2 χ̃

−
2 92.2 123 356

SIII

p p→ χ̃0
2χ̃

±
1 99.6 137 433

p p→ χ̃0
1χ̃

±
2 93.6 128 393

p p→ χ̃0
1χ̃

±
1 28.5 39.3 125

p p→ χ̃0
2χ̃

±
2 26.7 36.6 113

p p→ χ̃0
3χ̃

±
2 13.0 19.0 69.2

p p→ χ̃+
2 χ̃

−
2 537 788 2887

p p→ χ̃+
1 χ̃

−
1 29.8 41.7 137

Table 5.3: Same as in table 5.2 but for scenarios II and III. Here symbols “SII.200” and “SII.400” refere to the benchmarks constructed out
of the scenario II where slepton masses are set to 200 and 400 GeV respectively. Cross sections are expressed in femtobarns.
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Process
Number of events in each channel

One lepton Two leptons Three or more leptons

LRSUSY scenarios

SI.1 221.8± 11.4 118.14± 9.61 99.85± 9.03

SI.2 156.6± 10.6 173.5± 10.9 139.4± 10.2

SII.200 30095± 162 41498± 186 1763.0± 41.8

SII 24550± 148 66329± 220 1987.0± 44.4

SIII 169.9± 13.0 42.72± 6.53 ≈ 0

Background processes

Single top 135590.2± 542.7 5543.6± 74.0 ≈ 0

Diboson 373640.79± 1033.88 67780.4± 451.27 5394.0± 83

t t̄ 248763± 628 35096± 181 ≈ 0

W+ jets 344732715± 13348 ≈ 0 ≈ 0

Z+ jets 21087970± 4351 22979668± 4518 ≈ 0

Rare 479.95± 37.7 133.36± 20.40 25.44± 9.25

Table 5.4: Number of events surviving and the related uncertaintities in each channel after having applied all the
selection criteria to make sure our events are detected.

5.4.4 Analysis and results

We now turn to the Monte Carlo analysis. Requiring only events where the final state contains at least
one charged lepton, we decided to subdivide our analysis following the number of charged leptons in the
final state. We hence present the results in the single-lepton, the dilepton and the multilepton12 channels.
The strategy we shall follow to enhance the sensitivity of our analysis to the signal, which is defined as the
ratio

S√
S + B

where S and B are the number of signal and background events, respectively; will be based on constraining
the values of some observables. Before proceeding, however, one must make sure that leptons and jets can
be detected by both the CMS and the ATLAS detectors. Consequently, for each of the following analyses,
we will require the leptons to have a transverse momentum (pT ) strictly larger than 10 GeV and the jets
to have a transverse momentum strictly larger than 20 GeV. Furthermore, we apply two isolation criteria
to make sure, first, that no jet object lies within a cone around an electron at an angular distance of 0.1
and then no lepton remains within a cone centered on the surviving jet objects and within a radius of 0.4.
Finally, we reject all events where a b-jet was tagged in order to reduce the background events coming
from the processes leading to the production of a top-quark. Signal events13 where we expect only lighter
quarks to be produced are also affected by this constraint as we allow for a non-vanishing mis-tagging rate
for the latter jet objects, however the loss is rather tiny. Finally, table 5.4 summarizes the number of events
we get after all the above selection criteria were applied and after selecting the events where the number
of leptons is equal to one, two and more.

One lepton channel We now try to extract the signal from the background when the final state
contains only one light charged lepton. From table 5.4 we see that in this channel the situation is rather
complicated as the scenarios that we have simulated induce a low number of events compared to the
Standard Model predictions. For the latter, most events (94%) come from the processes producing a
W boson and jet objects, followed by Z+jets events which only represent 5%. In order to reduce this
background we first concentrate on the transverse mass of the pair comprised of the charged lepton and

12From now on, multilepton will refer to a number of leptons strictly larger than two.
13Signal events refers to events coming from the decay of the charginos and the neutralinos.
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Figure 5.4: Distribution of the transverse mass of the pair lepton - MET before requiring the latter to be at least
equal to 200 GeV. Here the signal was superimposed to the distribution of the background.

the missing transverse energy which is defined as

M2
T =

√
2plT /ET [1− cos∆φl, /ET

]

where /ET is the missing transverse energy, ∆φl, /ET
is the angular distance, in the azimuthal direction

with respect to the beam and plT is the transverse momentum of the lepton. In the case where the lepton
and the missing energy originate both from a W gauge boson, the transverse mass is identified to that
of the latter and is hence small compared to the case where both the lepton and the missing transverse
energy originate from a supersymmetric particle. Figure 5.4 illustrates this fact and motivates the choice
to keep only events where this variable is larger than 200 GeV. This first requirement allows to divide
the background by 300 but does not allow our signal to rise yet and one has to turn now towards other
kinematical variables.

The next kinematical variable which we find useful to enhance the visibility of the signal is the trans-
verse missing energy carried by the undetected particles. From figure 5.5(a) where we plot the distribution
related to this observable (after the requirement on the transverse mass was applied) we see that back-
ground events peak around small values while the signal peaks at higher values. Requiring thus a missing
transverse energy at least equal to 100 GeV allows to furthermore reduce the background from the Stan-
dard Model by a factor ∼ 2.

Continuing our analysis, we find one more key observable we can constrain in order to reduce the
overwhelming background, namely the lepton transverse momentum. From the distribution depicted in
figure 5.5(b), we see that, as expected, leptons originating from our benchmarks are harder than those
produced by SM processes. We hence proceed to reject all the events where the lepton is softer than 80
GeV allowing us to further reduce the background events by a factor larger than 3.

All in all, with these simple requirements, though we succeeded in reducing the number of background
events by a factor of almost 1830, their number is still very high with respect to our benchmark scenar-
ios predictions. Moreover, it turns out that any additional requirement would decrease significantly the
number of signal events. However, scenario II in both benchmarks turns out to be rather interesting as
the significance of the signals compared to the Standard Model expectations is of 5.29 and 10.91 when the
universal slepton mass is set to 200 and 400 GeV respectively. In table 5.5 we give the number of events
expected for each scenario and the deviation it represents with respect to the Standard Model background.

77



5.4. MONTE CARLO ANALYSIS

 [GeV] TE
0 100 200 300 400 500 600

E
ve

nt
s

1

10

210

310

410

510

610

710
SI.1
SI.2

 = 400 GeV)
l~

SII (m
 = 200 GeV)

l~
SII (m

SIII
tt 

Rare
Single top
Diboson
Z+jets
W+jets

)1Single lepton production at the LHC (8  TeV , 2 0  fb

(a)

 ( l ) [GeV] 
T

p
100 200 300 400 500

E
ve

nt
s

1

10

210

310

410

510

610
SI.1
SI.2

 = 400 GeV)
l~

SII (m
 = 200 GeV)

l~
SII (m

SIII
tt 

Rare
Single top
Diboson
Z+jets
W+jets

)1Single lepton production at the LHC (8  TeV , 2 0  fb

(b)

Figure 5.5: Distribution of the missing transverse energy (left panel) before we required it to be at least equal to
100 GeV and distribution of the transverse momentum of the unique charged lepton just before the cut selecting
only events with leptons harder than 80 GeV.

Signal Background S√
S+B

Scenario I.1 79.07± 8.22

61447± 247

0.32± 0.08

Scenario I.2 46.76± 6.54 0.18± 0.06

Scenario II, ml̃ = 200GeV 1328.2± 36.3 5.29± 0.34

Scenario II, ml̃ = 400GeV 2778.3± 52.4 10.91± 0.48

Scenario III 26.54± 5.15 0.10± 0.05

Table 5.5: Table summarizing the number of events we find after all requirements were applied in the one lepton
channel. It is clear from these results that scenario SII is the most promising one compared to the other benchmark
points we have simulated.

Two leptons channel After selecting only events where the number of charged leptons is exactly
equal to two, we find that the situation is better for both benchmarks constructed out of scenario II and
for the scenario I.2 where the number of events increases with respect to one-lepton final states. For the
other scenarios, however, the number of events decreases. As to the background events, Z+jets events are
here dominant as they represent more than 99% of the background events.

This is a good news because these events are known to lead too few missing transverse energy in the
final states as can be seen on figure 5.6. We seize this opportunity and impose the constraint to only keep
events where the missing transverse energy is higher than 80 GeV which allows us to also reduce the other
background sources, i.e. t t̄ and diboson events. This constraint reduces the total background events by a
factor larger than 500.

After the latter requirement is applied, the situation is rather lukewarm. On the one hand, both bench-
mark scenarios constructed out of scenario II are expected to produce a number of events very close to
Standard Model predictions reaching a significance at least equal to 90; on the other hand scenarios I.1,
I.2 and III predict less events. Let us thus try to enhance the sensitivity of our analysis by considering
other observables.

Considering the leading lepton transverse momentum, we remark from figure 5.7(a) that its value in
the case of Standard Model processes is rather low compared to LRSUSY processes and one may thus
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Figure 5.6: Distribution of the missing transverse energy after having selected events containing exactly two
charged light leptons. One can see that scenario SII already displays a high number of events by contrast to scenario
SIII which, here also, seems to be disfavoured.

Signal Background S√
S+B

Scenario I.1 41.2± 6.8

1748.3± 41.7

0.97± 0.32

Scenario I.2 53.9± 7.7 1.27± 0.36

Scenario II, ml̃ = 200GeV 2610± 56 39.5± 1.2

Scenario II, ml̃ = 400GeV 2686± 57 40.3± 1.2

Scenario III 2.6± 1.8 0.06± 0.08

Table 5.6: Number of events we expect per benchmark point and the sensitivity of the LHC running at 8 TeV and
with 20 fb−1 of data if we required exactly two charged light leptons whose transverse momenta are larger than 80
GeV and 70 GeV and with at least 80 GeV of missing transverse energy. Scenario SIII remains invisible even in this
channel.

safely impose a minimum value of 80 GeV.

Finally we also consider the distribution of the second lepton present in this channel. From figure
5.7(b), one can see that the distributions induced by Standard Model processes are characterized by low
transverse momenta, contrary to those from LRSUSY. One exception for our supersymmetric signal is the
scenario III which predicts rather low values for this observable but the number of events being already
very low, we do not take this scenario into account and choose to require a next-to-leading lepton with a
minimum pT of 70 GeV.

The combined effects of these two constraints allows us to reduce the number of background events by
a factor larger than 20 but this however is not enough to improve the sensitivity of the analysis to scenarios
I.1, I.2 and III. In the latter case the number of events is even insignificant. The events from scenario II,
though reduced by an order of magnitude by the requirements on the lepton transverse momenta, now
predict a higher event rate with respect to the Standard Model. In table 5.6 we summarize these results.

From the above analyses, we can already draw some preliminary conclusions. Scenarios exhibiting a
moderate mixing in the gauge eigenstates seem to be the most favoured, leading to very high signal effi-
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Figure 5.7: Distribution of the transverse momenta of both the leading lepton (left panel) and the next-to-leading
lepton (right panel) in the two lepton channel. Leading lepton pT was drawn after the constrain on the value of
the missing transverse energy while the pT of the next-to-leading lepton was drawn after requiring a leading lepton
with a pT at least equal to 80 GeV.

ciencies. This result can be explained by the interplay of both the relatively large mass splitting between
mass eigenstates but also and more importantly by the low masses of the gauginos which lead to high
production cross sections.

Scenario SIII suffers from both a heavy spectrum leading to small cross sections and tiny mass splitting
which reduces furthermore the branching ratios into more than one lepton. Such a compressed spectrum
also imposes the decay products to carry small transverse momenta.

Multilepton channel In scenario SI.1 and SI.2, the branching ratios to one and two charged leptons
of some of the neutralinos and charginos ( χ̃0

3, χ̃
±
{1,2} for scenario SI.1 and χ̃0

2, χ̃
±
{1,2} for scenario SI.2) are

dominant which makes the multilepton channel promising. We thus consider now multilepton final states.

As expected, the simple fact of rejecting all events with less than three charged light leptons reduces
significantly the number of background events leaving only diboson (99% of the background events) and a
tiny fraction from rare processes. More satisfactory, all scenarios but SIII are now in good shape as SI.1
already has a significance of 1.3, SI.2 a signficance of 1.86, SII with low slepton masses has a significance
of 20 and finally benchmark SII with slepton masses set to 400 GeV has a significance of 23. Obviously,
we cannot state that scenarios SI.1 and SI.2 are visible yet but these first results are promising.

We thus proceed with the kinematical constraints. Following the same pattern as in the two lepton
channel, we start by the missing transverse energy. From figure 5.8, we can see that requiring this observ-
able to be higher than about 70 - 100 GeV should allow us to reduce significantly the background while
conserving a good amount of signal events. We choose the value of 100 GeV and reduce by consequence
the background by a factor of 7 enhancing the sensitivity of our analysis to scenario SI.1, e.g., by a factor
of 2, which is good but not enough.

Moving to the transverse momenta of both leading leptons, we find from figure 5.9(a) that the lead-
ing lepton arising from diboson processes has a mean value around 100 GeV while those from LRSUSY
benchmarks range from 110 for both scenarios constructed out of SII to 170 GeV in the case of scenarios
SI.1 and SI.2 . Choosing a rather conservative option with respect to both scenarios SII, we require this
observable to be at least equal to 80 GeV. Finally, we also consider the second (ordered by decreasing pT )
lepton transverse momentum and deduce from figure 5.9(b) a minimum value of 70 GeV.
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Figure 5.8: Distribution of the transverse missing energy when the selected events contain at least three charged
light leptons. We already see that scenario II is still the most promising but with a cut selecting only events with
MET higher than 100 GeV, one should be able to improve the sensitivity of our analysis to the other scenarios.
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Figure 5.9: Distributions of the transverse momenta of the leading and next-to-leading lepton. Histogram in the
left panel is drawn after the cut on the MET and that in the right panel is drawn after the cut on the leading
lepton’s pT .

With all these selection criteria, we succeed in achieving a sensitivity of 4.64 for scenario SI.1 and 6.98
for scenario SI.2. As to the benchmark points constructed from scenario SII, we find that the number of
events surviving all the selection criteria and requirements is higher than those from the Standard Model
background. Finally, scenario SIII did not pass the selection criteria asking for at least three charged
leptons which is certainly due to its compressed spectrum. In table 5.7, we summarize these results.

5.5 Discussion of the results

As expected before starting the analysis, the richness of the gaugino sector of left-right symmetric su-
persymmetric models does induce an enhancement in the number of events in the leptonic channels with
respect to the predictions from the Standard Model.

In our Monte Carlo simulation, we have built five benchmark scenarios where both mixing patterns
and hierarchies amongst the mass eigenstates were different in order to try draw some general features of
this class of models.
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Signal Background S√
S+B

Scenario I.1 65.4± 8.4

133.4± 11.5

4.64± 1.03

Scenario I.2 108± 10 6.98± 1.09

Scenario II, ml̃ = 200GeV 259± 18 13.1± 1.3

Scenario II, ml̃ = 400GeV 289± 19 14.1± 1.3

Scenario III 0 ≈ 0

Table 5.7: Number of events we expect per benchmark point and the sensitivity of the LHC running at 8 TeV and
with 20 fb−1 of data if we required three charged light leptons or more in the final state whose transverse momenta
are larger than 80 GeV and 70 GeV (for the leading and next-to-leading lepton, resp.) and with at least 100 GeV
of missing transverse energy. Here, just like in the previous channels, scenario III, due to the tiny cross sections and
the compressed spectrum does not yield a large number of events.

We start by the least promising one, that is scenario SIII. The latter was built in order to achieve a
large mixing in the mass eigenstates and thus have long cascade decays. We find it difficult, within our
setup, to produce hard leptons or multilepton states in the cascade decays of the charginos because of the
low cross sections due to the heaviness of the gaugino states but also to the compressed spectrum in the
mass eigenstates. However, the third neutralino is the heaviest and this is explained by the small part of
Higgsino present in its flavor decomposition as can be seen in figure 5.2. Allowing for larger parts of the
Higgsino in the flavor decomposition of both the neutralinos and charginos could therefore enhance the
cascade decays and the cross sections.

Scenarios I.1 and I.2 were constructed to illustrate scenarios where SU(2)L and SU(2)R gauge eigen-
states do not mix at all. The main difference between these scenarios is in the hierarchy amongst the mass
eigenstates which we find to depend on the hierarchy between the gaugino massesM1L and M2L. The mass
spectrum being rather high here also, we find that in order to achieve a high sensitivity for both scenarios
one needs to focus on the multilepton channels and demand large missing transverse energy together with
two hard leptons.

Finally, the most promising type of scenarios is that exhibiting both moderate mixing between the
gauge eigenstates and low masses. The combined effects of these spcificities induce then high cross sections
and allow both charginos and neutralinos to decay more often into one or two light charged leptons. For
both masses of sleptons, 200 and 400 GeV, we find that this scenario yields a rather high number of events
in all final states we have considered and a high sensitivity.

It is also noteworthy that both the selection criteria and constraints applied in the above analyses are
usually those used in the searches for supersymmetric models like the MSSM. Therefore it is interesting
to compare the MSSM to our benchmark scenarios in order to find the key observables one should use to
distinguish between these two scenarios. To this end, we have constructed three scenarios in the MSSM
(MSSM-I.1, MSSM-I.2 and MSSM-II) where the spectrum is similar to SI.1, SI.2 and SII with slepton
masses set to 400 GeV. We also include a comparison between the MSSM and LRSUSY in the case of
scenario II with slepton masses set to 200 GeV. We do not however compare the MSSM against scenario
SIII as the latter does not lead to any sizeable effect in leptonic final states.

To build the MSSM scenarios we start with the values of the parameters in snowmass point slope 1a
(sps1a [149]) and change the value of the soft breaking mass of the Higgs Hu in order to decouple the Hig-
gsinos. This results in decoupling one chargino and two neutralinos. We then use both mass matrices and
scalar potential minimization equations to set the values of the gaugino soft breaking masses M1 and M2

and the bilinear couplings µ and b. Just like we did in our benchmarks, we decouple the squarks and
gluinos and set the slepton masses to the value of 400 GeV. We then use the package ASperGe [21] to
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Scenario (M1, M2) [GeV] (mχ0
1
,mχ0

2
,mχ

+
1
) [GeV] LRSUSY (GeV)

MSSM I.1 (270, 506) (270, 500, 500) (271.4, 299.8, 499.8)

MSSM I.2 (270, 760) (269, 747, 747) (269.1, 749.7 , 749.7)

MSSM II (112, 254) (111, 250, 250) (111.3, 249.8, 249.8)

Table 5.8: Summary of the values for the gaugino masses we choose so that the spectrum of the two lightest
neutralinos and the lightest chargino be similar to those of the LRSUSY.
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Figure 5.10: Comparing the invariant mass (left) and the relative distance between the two leptons (right) in both
scenarios MSSM-II and SII. These two variables lead to clean differences between these two models.

generate the parameter card and use the same set of tools to obtain the Monte Carlo events. Table 5.8
summarizes the setting for the MSSM.

Note that for scenario MSSM-I.2, the first chargino and the second neutralino are taken to have the
same mass as the third neutralino and second chargino in scenario SI.2 from LRSUSY. This is due to the
fact that the second neutralino and the lightest chargino in the latter scenario are pure SU(2)R winos
which makes it difficult to accomodate their masses together with the constraint of decoupling. The same
constraint appear for scenario II. Furthermore, scenarios MSSM-I.1 and MSSM-I.2 are compared to their
LRSUSY equivalents SI.1 and SI.2 only in the three-or-more leptons channel.

Our events generated, we find that cross sections in the supersymmetric version of the Standard Model
are systematically lower than those involved in LRSUSY which is mainly due to the fact that the higgsino
and gaugino sector of left-right symmetric supersymmetric models is much richer. We also find that
applying the same requirements than in the multilepton case, i.e.

• reject any event with less than 80 GeV missing transverse energy;

• reject any event where the leading lepton has a transverse momentum smaller than 80 GeV;

• reject any event whose sub-leading lepton has a transverse momentum smaller than 70 GeV;

kills both benchmarks MSSM-II and MSSM-I.2 and we are only left with events coming from MSSM-I1.

In the histograms drawn in figure 5.10 is presented the comparison between both scenarios MSSM-II
and SII when the events contain exactly two charged light leptons. In the left corner, the distribution
corresponds to that of the invariant mass of the pair of charged leptons in the final state, while in the right
panel is presented the angular distance between the same pair of charged leptons.
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Figure 5.11: Distribution of the invariant mass (left) and of the angular distance between the leading and the
next-to-leading lepton (right) after selecting events with at least three charged leptons in the final state and having
applied all constraints described in the multilepton analysis. We see clear differences between both models compared
here.

The first remark one can make is that the number of events predicted by the MSSM in this setup is
much smaller than that of SII. Moreover, the shapes of the distributions are very different, the tails in the
case of the LRSUSY benchmarks extending to much higher values.

Turning on to the three lepton case, we find that after applying the same requirements than above, i.e.

• we reject any event with less than 100 GeV of missing transverse momentum;

• we reject any event where the leading lepton has a transverse momentum smaller than 80 GeV;

• we reject any event whose sub-leading lepton has a transverse momentum smaller than 70 GeV;

only remain the events from scenario MSSM-I.1. In figure 5.11, the same distributions than in the two-
lepton case are presented, that is, the invariant mass and the angular distance between the two leading
charged leptons in the final state. Here, as in the two lepton case, clear differences in both shapes and
number of events appear between the MSSM and LRSUSY model SI.1.
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5.6 Conclusion

In this chapter, we have seen how one can achieve a successful building of a left-right symmetric supersym-
metric model and deduce some general features characterizing the signatures induced by the production of
charginos and neutralinos from this model.

In the first part of this job, we have written every quantity entering the Lagrangian explicitely taking
care to properly write gauge invariant products. In particular, we have been careful in the definition of
the covariant derivatives where one should differentiate between the left action of SU(2)L operators and
the right action of SU(2)R operators. From this Lagrangian, we have calculated both mass and mixing
matrices of the chargino and neutralino fields and made some legitimate assumptions on the vevs hierarchy
to reduce the number of free parameters. Finally, we have set up four benchmark scenarios to find the
general behaviour of scenarios where the mixing in the gaugino sector is either maximal or not and where
the splitting in mass is more or less large.

In the second part of the analysis, we have used a Monte Carlo simulation to extract the phenomeno-
logical features of the model we considered. Using only general considerations based on the behaviour of
the Standard Model processes, we have determined a set of constraints for the final states with one, two
or more leptons that enhance the potential of discovery for such left-right supersymmetric models.

These constraints being generic in the sense that they are not specific to left-right symmetric supersym-
metric models, we have performed a comparison between the latter model and the MSSM. Constructing
benchmark scenarios in the latter corresponding to those we have analyzed, we find that the MSSM pre-
dicts systematically a much lower number of events when the final state contains at least two charged
light leptons. We also find that the transverse momenta of the leptons, the missing transverse energy,
the relative angular distance ∆R and the transverse mass of any pair of leptons could lead to significant
differences between both models allowing thus for easy distinction.

Of course our quantitative results hold in the limit where our hypotheses are satisfied, in particular
when the higgsinos are decoupled from the low energy theory. When the latter fields are present in the
flavor decomposition of the charginos and neutralinos, they lift the degeneracy between the mass eigenstates
and relaxing this hypothesis may lead thus to a less compressed spectrum especially in the case of scenario
SIII. This would enhance the decay rates and maybe lead to even richer multileptonic final states where
one can imagine cascade decays like

p p→ (χ̃0
3 99K l± l∓ l′± l′∓ χ̃0

1) (χ̃
0
3 99K l′′± l′′∓ l′′′± l′′′∓ χ̃0

1)

where 99K stands for the potential production and the decay of any intermediate unstable particle. However,
the qualitative results describing the general behaviour of the model should hold especially for final states
with high lepton multiplicity.
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Chapter 6

Spectrum generator

6.1 Automated tools in particle physics

As already stated in the previous chapters, we are nowadays at a turning point in particle physics his-
tory. The Large Hadron Collider, though now in an upgrade phase and thus not acquiring any data, has
accumulated a huge amount of collisions (20 fb−1 for 2012 run) that still needs to be processed in order
to find new signatures not predicted by the Standard Model of particle physics. These excesses over the
Standard Model predictions will probably not be easy to detect and only reliable and complete Monte
Carlo simulations of both Standard Model and other models processes will allow us to extract the new
physics signal from the experimental data.

Actually, to be complete, one needs to combine several tools in order to be able to have reliable
simulations that can be compared to the experimental results. In a few words, one starts with gen-
eral purpose event generators that automate the generation of parton level Monte Carlo events. Mad-
Graph [128–131,150,151], CalcHep/CompHep [152,153], Herwig/Herwig++ [154], Pythia [133],
Sherpa [155, 156], Whizard [157] are some of the public tools able to perform this task and store the
parton-level events in the so-called LHE format [158], a file format based on a XML-like structure. Pro-
ceeding with the simulation, one needs now to turn towards tools able to handle properly the integration of
the matrix-element hard processes. Tools like Pythia [133], Herwig/Herwig++ [154] or Sherpa [155,156]
provide the necessary algorithms for parton showering and hadronization and usually store the events in
either STDHEP [159] or HepMC [160] formats. Finally, jet clustering algorithms like those provided in
FastJet [135] and detector response simulation with PGS [161], or Delphes [162] must be carried out.
Detector level events are then stored in the LHCO format [163] and one can use a tool like MadAnalysis
5 [136] to carry his phenomenological analysis1.

In this quite complete scheme (see fig.6.1 for a schematic description), there is however a very impor-
tant step that we did not mention yet, namely, the implementation of the model we want to simulate in
the Monte Carlo generators. In practice, this means that one needs to define, in a format that is usually
specific to the Monte Carlo generator one wants to use, all the Feynman rules associated to all the vertices
of the model together with the numerical values of every parameter. This also means that if one wanted
to use several Monte Carlo tools at the same time in order for example to compare the results or overcome
the limitations of either one or the other tool, one would need to go through this task several times. This
is clearly not efficient and moreover error-prone and painstaking. Obviously, several models have already
been implemented in these Monte Carlo tools to avoid users all these steps but this generally concerns only
most studied models. For example, the Left-Right symmetric model as defined in the previous chapter
was not included in any of the public tools. To implement it in MadGraph 5 (the tool we have chosen to
carry out the simulation), we have made use of FeynRules [16–19].

1Actually, to be more precise, the MadAnalysis 5 package can be used at any level of the analysis.
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FeynRules, LanHep [164] and Sarah [165, 166] can be qualified as Lagrangian based tools, that is
they only need the basic information about the model under consideration such as the gauge group, the
field content and the Lagrangian. From these information they are able to compute automatically all the
Feynman diagrams and the associated rules and then, through dedicated interfaces, generate automatically
the necessary files for the general purpose Monte Carlo tools to work.

During my thesis, I have been envolved in the development of two modules in FeynRules. First of
them, takes full advantage of the superspace module included in FeynRules [18] in order to generate the
renormalization group equations at the two-loop level for any renormalizable supersymmetric theory. The
other one is a spectrum generator generator, that is a module able to extract the mass matrices auto-
matically from a Lagrangian, diagonalize them and return both mixing matrices and masses of the mass
eigenstates in an SLHA-like format [167,168].

This chapter is intended to give a description of these two modules, published in the proceedings of the
2011 Les Houches conference [20] and in the paper [21]. To this end, the first section will be dedicated to
a brief introduction to FeynRules; the second section will be devoted to the RGEs module and the third
section to how one can generate automatically the spectrum of his model.

Before concluding this introduction, I would like to draw the reader attention to the fact that a great
progress in automating NLO calculations has been achieved last years leading to including such precision in
Monte Carlo generators [169–172]. Finally, for a more detailed review of automated tools and for examples
of their use, the reader can refer to the papers [17,173,174].

6.2 Introduction to FeynRules

The idea behind the Mathematica package FeynRules is to facilitate the implementation of any new
quantum field theory into various Monte Carlo (MC) tools provided a Lagrangian and some basic inputs
have been defined. The package comes along with a set of various routines able to calculate some char-
acteristic quantities like the analytic formulas for the decays of particles, the mass matrices associated to
the model or the renormalization group equations in the case of a supersymmetric model.

In this section, we shall describe some general features of FeynRules starting from the implementation
of a model to the generation of model files for MC tools. For a detailed description of the package, the
reader can refer to [16–19].

6.2.1 Implementing a model in FeynRules

Implementing a new model in FeynRules is the very first step to achieve before starting using it. It goes
by the definition of the gauge group, the parameters and the fields following a structure based on lists and
rules

List1 = {

parameter1 == { option1 -> value1, option2 -> value2, ....},

...

}

In consequence, all the subgroups of the gauge group of the model are stored as elements of the list
M$GaugeGroups. For each entry of this list, a set of options has to be provided together with the corre-
sponding values. For example, the following declaration

M$GaugeGroups = {

SU2L == {
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Figure 6.1: Automated tools in high energy particle physics form a complete scheme connecting ideas to predictions.
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Abelian -> False,

CouplingConstant -> gw,

GaugeBoson -> Wi,

StructureConstant -> Eps,

Representations -> {Ta,SU2D},

Definitions -> {Ta[a_,b_,c_]->PauliSigma[a,b,c]/2}

}

}

can be used for the non-abelian gauge group SU(2)L. The options inform FeynRules on the abelian
nature, the coupling constant, the gauge boson, the structure constant and the representations associ-
ated with this gauge group. The latter information comes along with the associated index, here SU2D.
Finally the option Definitions is used to set the generator of the fundamental representation to be
PauliSigma[a,b,c]/2 i.e. the element (b, c) of the Pauli matrix σa divided by two. The generator in the
adjoint representation, that is iǫijk is generated automatically from the structure constants.

The indices have to be declared separately using the FeynRules dedicated functions IndexRange and
IndexStyle. In the case of the gauge group SU(2)L declared above one needs the following two lines

IndexRange[Index[ SU2W ]] = Unfold[Range[3]]; IndexStyle[SU2W, j];

IndexRange[Index[ SU2D ]] = Unfold[Range[2]]; IndexStyle[SU2D, k];

where the index SU2W (resp. SU2D) is set to run from 1 to 3 (resp 1 to 2).

Proceeding with the implementation, we now turn to the case of the parameters which have to be
gathered in the list M$Parameters. For example, the coupling constant gw used above can be declared as
follows

M$Parameters = {

gw == {

ParameterType -> External,

BlockName -> Gauge,

OrderBlock -> 2,

Value -> 0.663922,

Description -> "Weak coupling constant at the Z pole"

}

}

Here some important remarks are in order

• The option ParameterType specifies whether the parameter is External or Internal. In the first
case, it means that the parameter is considered as an input in the SLHA-format and consequently the
flags BlockName and OrderBlock corresponding to the block and the index, respectively, associated
to the parameter have to be provided. If not present, the block name is set to FRBlock and the index
set to a unique integer. In the case where the parameter is set to Internal, the block name and the
order block do not need to be defined anymore.

• Following from the separation between external and internal parameters, a very important rule to
follow is to first define all the external parameters and then the internal ones. Moreover, the internal
parameters have to be declared in such a way that a parameter cannot be defined in function of
another one appearing below in the list.

• The option Value is not mandatory. When provided, it can be a formulae written in terms of other
parameters or just a numerical value. If not provided, FeynRules assigns a default value of 1 to
the parameter.

• The option Description points to a description of the parameter.
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We now turn to the declaration of the fields for which two main classes exist depending on their nature.
If one is dealing with a supersymmetric theory and wants to use superfields than both lists M$Superfields
and M$ClassesDescription need to be defined. In any other case, only M$ClassesDescription is required.
In the latter, a unique class exists for every type of field:

• Dirac fermions F[_] == { option -> value, ... }

• Weyl fermions W[_] == { option -> value, ... }

• Scalars S[_] == { option -> value, ... }

• Vector bosons V[_] == { option -> value, ...}

As to the superfields case, one has to differentiate between chiral and vector superfields

• Chiral superfields CSF[_] == { option -> value, ... }

• Vector superfields VSF[_] == { option -> value, ... }

where the underscore stands for an integer.
Several values for option exist to define as precisely as possible the properties of the fields. Some of them
are given in table 6.1. A noteworthy point is that when dealing with non physical states, that is gauge
eigenstates, one should provide the mixing relations. For example, in the Standard Model, the gauge
bosons Bµ and Wµ mix to give rise to the photon, the neutral Z-boson and the charged W-boson. This
information can be entered in FeynRules as follows

V[1] == {

ClassName -> B,

Unphysical -> True,

SelfConjugate -> True,

Definitions -> { B[mu_] -> -sw Z[mu]+cw A[mu]}

},

V[2] == {

ClassName -> Wi,

Unphysical -> True,

SelfConjugate -> True,

Indices -> {Index[SU2W]},

FlavorIndex -> SU2W,

Definitions -> { Wi[mu_,1] -> (Wbar[mu]+W[mu])/Sqrt[2],

Wi[mu_,2] -> (Wbar[mu]-W[mu])/(I*Sqrt[2]),

Wi[mu_,3] -> cw Z[mu] + sw A[mu]}

}

where B and Wi are the gauge eigenstates and A, Z, W and Wbar are the mass eigenstates corresponding to
the photon, the Z boson, W− and W+ respectively. In section 6.4 we will see how this can be changed so
that FeynRules calculates by itself the mass matrices and thus the values for cos θw (cw in the example
above) et sin θw (sw in the example above).

Finally, only the lagrangian remains to be defined. To facilitate this task, it is of course possible to
use Mathematica built-in functions as well as a whole set of functions that has been made available in
FeynRules allowing to calculate the covariant derivatives, to expand contracted indices, to expand in
components a superpotential written in superfield language . . . etc. The example below shows how to write
the kinetic terms for the quarks and the up-quark-Higgs Yukawa interaction in the case of the Standard
Model

Lkinetic = I*QLbar.Ga[mu].DC[QL, mu];

LYukawa = yu[ff1, ff2] QLbar[sp, ii, ff1, cc].uR [sp, ff2, cc] Phibar[jj] Eps[ii, jj];

where DC is the symbol for the covariant derivative, Ga[mu] is the Dirac matrix γµ and Eps[ii,jj] the
totally antisymmetric tensor of order 2. In this example, QLbar is the symbol for the Dirac conjugate of
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Option Applicable to Description Example: Down-type
left-handed leptons

ClassName All fields
Mandatory

Gives a symbol by which a
field or a class of fields is
represented

ClassName->uq

ClassMembers All fields List containing all the
members of a class. If
only one member, by de-
fault it will be set to the
ClassName

ClassMembers->{e,mu,ta}

Unphysical All fields Boolean determining if
gauge eigenstate or not

Unphysical -> False

Indices All fields The list of indices carried
by the fields

{Index[Generation]}

QuantumNumbers All fields List of quantum numbers
carried by fields

QuantumNumbers->{Q -> -1}

PDG Physical fields List of the PDG-Ids for all
ClassMembers

PDG -> {11, 13, 15}

Chirality Weyl fermions &
chiral sueprfields

Sets the chirality of the
field

Chirality -> Left

Table 6.1: Some of the various options that exist in FeynRules to declare fields and set their properties properly

the left-handed quark Q, Phibar the complex conjugate of the Higgs field φ and ur stands for the right-
handed up-type quark. Note that, in FeynRules the declaration of the anti-fields is done automatically
i.e. if the left-handed quark QL is declared then automatically the symbol QLbar is created for the antiquark.

6.2.2 Available functionalities in FeynRules

In addition to Mathematica built-in functions, FeynRules is provided with a whole set of routines
allowing the user to calculate some characteristic quantities associated to his model. To make them
available the user has to load both the package and his model by issuing in a Mathematica session

<<FeynRules̀ ;

LoadModel["Model.fr"]

The first task of FeynRules being the calculation of Feynman rules, one cannot skip describing the
function FeynmanRules allowing to extract them. Thus, typing in the Mathematica session

feynmanrules = FeynmanRules[lag]

will result in the calculation of the Feynman rules associated to the lagrangian lag. If the latter is big, the
output generated by the command FeynmanRules[lag] might be too big and thus providing the option
ScreenOutput -> False may reveal helpful. More generally, if one wants to know the available options
associated to a certain function, it suffices to type in the Mathematica session

Options[function]
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Another function one could use is SelectVertices which takes as input the output from
FeynmanRules[lag]. This routine allows to select vertices containing a certain type of particles. For
example, if the user wants all the vertices in which the Z-boson represented by the symbol Z is involved,
he might type

SelectVertices[feynmanrules, Contains->{Z}]

The supersymmetry package included in FeynRules supports fully the superspace formalism and
provides thus routines to perform calculations in this particular formalism. For example, if we define QL

to be the chiral superfield associated to the left-handed quark in the MSSM, we can access

• all its components with the command SF2Components[QL],

• its θ2 component by typing Theta2Component[QL],

• the θ2θ̄2 component of the kinetic terms simply by typing
Theta2Thetabar2Component[CSFKineticTerms[QL]]

SolveEqMotionD, SolveEqMotionF are two other routines that reveal very useful in building supersym-
metric lagrangians as they solve the equations of motion for the D- and F-terms4.2.

Since version 1.8, new functionnalities have been added in FeynRules. It is now possible to calculate
all the 1 → 2 decay widths of the various fields in the model with the command

CalculateM2Decays[lag, ExtractFeynmanRules -> True]

spin- 3
2
fields are fully supported and a new NLO module is under development. For a detailed description

of these functions and some examples of their use, the reader can refer to the manual associated to this
version [19].

6.2.3 Interfaces

The FeynRules package is intended to facilitate the transition between the formal definition of a model
and its implementation in Monte Carlo generators. To this end, interfaces with CalcHep/CompHep [17],
FeynArts, MadGraph5, GoSam, Sherpa and Whizard [175] have been developed. All these interfaces
can be invoked in a similar procedure

WriteXXX[lag]

where the sequence of letters XXX takes one of the values CHoutput (CalcHep), FeynArtsOutput (Fey-
nArts), SHOutput (Sherpa), UFO (MadGraph5 or any other MC tool compatible with the UFO for-
mat [127]) or WOOutput (Whizard).

The UFO interface is a Python library that has been designed for flexibility. In a few words, this
format consists in storing the information on the particles, parameters and vertices of the model as a set
of Python objects, each of them being associated with a list of attributes related to their properties. The
power of such an object-oriented format is clear as there is no need anymore to constrain the Lorentz
and/or the color structure of the vertices.

Finally, to speed up the generation of model files one can use the routines WriteRestrictionFile[]

and LoadRestrictionFile[]. The first one, goes through all the parameters in the model looking for those
whose value is 0 and creates a file with these parameters. For example, if the CKM matrix in the quarks
sector is diagonal than the file generated by WriteRestrictionFile[] would look like

M$Restrictions = {

CKM[1, 2] -> 0,
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CKM[1, 3] -> 0,

CKM[2, 1] -> 0,

CKM[2, 3] -> 0,

CKM[3, 1] -> 0,

CKM[3, 2] -> 0

}

The LoadRestrictionFile[] is then used to load these restrictions and delete the zero values from the
lagrangian.

6.3 Renormalization group equations in FeynRules

As seen in section 4.4, renormalization group equations (RGEs) that govern the evolution of the parameters
of any supersymmetric renormlizable lagrangian can be derived from a set of general equations. These
equations are known to the second order and can be written under the form

∂p

∂t
=

1

16π2
β1 +

1

(16π2)2
β2 (6.1)

where p is the parameter to run between two energies E1 and E2, t = lnE and β1 and β2 are, respectively,
the 1-loop and the 2-loop coefficients of the beta function whose expressions are known and can be found
easily in the litterature [55, 66, 69]. This property of the RGEs has led several authors to writing pro-
grams able to extract them and run them between different scales to get the full spectrum of the theory.
Some softwares like SuSpect or SoftSusy only focus on the MSSM case but since a few years now the
Mathematica package SARAH is able to extract these equations at two loop level for any renormalizable
supersymmetric theory.

At the beginning of my thesis, we decided to develop our own routine able to extract automatically the
renormalization group equations at two-loop level for any supersymmetric theory implemented in Feyn-
Rules together with the 1-loop mass matrices. We would then have a full spectrum-generator generator
that, coupled to FeynRules, would reveal very powerful in the study of supersymmetric theories either
minimal or not. This work led us to the creation of two FeynRules modules InSuRGE2 for the extraction
of the RGEs and ASperGe3 for the mass matrices. In the following, we will first show how InSuRGE
works then we will focus on ASperGe.

6.3.1 Modifying the FeynRules model file

To allow InSuRGE to extract efficiently the RGEs, it is asked to the user to implement his model using
the superspace formalism4 and to follow a slightely different way of declaring the interactions in the su-
perpotential and their counterpart in the soft supersymmetry breaking lagrangian. We also added a new
option in the declaration of gauge groups.

Abelian groups Charges associated to abelian groups have to be normalized in function of the underly-
ing Grand Unified Theory. This choice depending on the user, we have added the option GUTNormalization

that takes as input the square of the normalization factor, to allow for a proper declaration. In the case of
the MSSM where the gauge group of the unified theory is SU(5), the normalization for the abelian group

U(1)Y is equal to
√

3
5
which can be entered in the model file as follows

2InSuRGE stands for Independant Supersymmetry Renormalization Group Equations.
3ASperGe stands for Automated Spectrum Generation.
4A detailed manual can be found in [18].
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U1Y == { ... , GUTNormalization -> 3/5}

where the dots represent any other option relevant for the declaration of the subgroup U(1)Y .

Interactions As seen in section 4.4, the derivation of the coefficients of the beta-functions requires the
computation of the multiplicity of each superfield. In order to allow FeynRules to perform this task
efficiently, both the superpotential and the associated soft supersymmetry breaking lagrangian must be
implemented using the function SUDot for SU(N)-invariant product of N superfields. Equivalently, one can
expand the SU(N)-invariant product by introducing explicitely an epsilon tensor which is represented by
the FeynRules symbol SUEps. Hence, taking the example of the MSSM, the µ-term of the superpotential
can be implemented in two ways

MUH SUDOT[HU[aa], HD[aa], aa]

MUH SUEps[aa,bb] HU[aa]HD[bb]

where MUH is the symbol associated to the µ-parameter and HU and HD the symbols associated to the Higgs
superfields Hu and Hd, respectively. As clear from the example, the SUDot function receives as arguments
the sequence of the contracted superfields with all indices explicit. The contracted SU(N) indices are
set to a single given value for all superfields, the latter being repeated as the last argument of the SUDot

function. In our example, it is labeld aa. The second line in the example, shows how one can re-write
the SU(2) product by introducing explicitely the antisymmetric tensor SUEps. As another example, the
up-type squark trilinear soft supersymmetry breaking interaction terms would be implemented as

-tu[ff1,ff2] URs[ff1,cc1] SUDot[QLs[aa,ff2,cc1], hus[aa], aa]

where URs and QLs are the symbols associated respectively to the left-handed anti up-squark and the
left-handed squark.

6.3.2 Generating the renormalization group equations

Once the model file adapted for the RGE-extracting routine, one has to load both FeynRules and his
model as usual. One has then access to several functions depending on the RGEs one wants calculated.
The main call to the routines can be done through the function

RGE[LSoft, SuperW, NLoop -> n]

where LSoft and SuperW are the Mathematica symbols associated to the soft supersymmetry breaking
lagrangian and the superpotential, respectively. The option NLoop tells InSuRGE at which level the user
wants the RGEs. Hence, the symbol n can take either values 1 or 2. The other available functions are
listed in table 6.2

6.3.3 Example of use: the left-right symmetric supersymmetric model

In chapter 5, we have introduced a top-down approach to the study of a left-right symmetric supersym-
metric model. For completeness and to illustrate the way InSuRGE works, we give here an example of
how to implement this model and calculate its renormalization group equations. For clarity purposes, we
only give in this subsection the 2-loop beta functions for the gauge coupling constants.

The superpotential of this model given in eq.(5.25), is

W = (Q̃L)
miy1Q(Φ̂)i

i′(Q̃R)mi′ + (Q̃L)
miy2Q(Φ̂2)i

i′(Q̃R)mi′ + (L̃L)
iy1L(Φ̂)i

i′(L̃R)i′ + (L̃L)
iy2L(Φ̂2)i

i′(L̃R)i′

+ (ˆ̃LL)iy
3
L(∆2L)

i
j(L̃L)

j + (ˆ̃LR)i′y
4
L(∆1R)

i′

j′(L̃R)
j′ + (µL + λLS)∆1L · ∆̂2L

+ (µR + λRS)∆1R · ∆̂2R + (µ3 + λ3S)Φ1 · Φ̂2 +
1

3
λsS

3 + µsS
2 + ξSS. (6.2)

It can be entered in the model file as follows
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Function Description

GaugeCouplingsRGE[LSuperW,NLoop-> n] Function to obtain the renormalization group
equations for the gauge coupling constants

GauginoMassesRGE[LSuperW,LSoft, NLoop-> n] Function to obtain the renormalization group
equations for the gaugino soft breaking masses

SuperpotentialRGE[LSuperW,NLoop-> n] Function to obtain the renormalization group
equations for the superpotential parameters

ScaSoftRGE[LSoft,LSuperW, NLoop-> n] Function to obtain the renormalization group
equations for soft supersymmetry breaking
terms but gaugino masses

RGE[LSoft,LSuperW,NLoop-> n] Calls all the above functions and returns the
RGEs for all the parameters of the lagrangian.

Table 6.2: List of all available functions included in the module InSuRGE. Symbols LSuperW and
LSoft stand for the superpotential and the soft supersymmetry breaking lagrangian, respectively.
The symbol n defines the order of the RGEs, hence its values are either 1 or 2.

SPLR = yq1[ff1,ff2] SUEps[iip,jjp] SUEps[ii,jj] QL[ii,ff1,cc1] H1[jj,jjp] QR[iip,ff2,cc1] +

yq2[ff1,ff2] SUEps[iip,jjp] SUEps[ii,jj] QL[ii,ff1,cc1] H2[jj,jjp] QR[iip,ff2,cc1] +

yl1[ff1,ff2] SUEps[iip,jjp] SUEps[ii,jj] LL[ii,ff1] H1[jj,jjp] LR[iip,ff2] +

yl2[ff1,ff2] SUEps[iip,jjp] SUEps[ii,jj] LL[ii,ff1] H2[jj,jjp] LR[iip,ff2] +

yl3[ff1,ff2] PauliSigma[aa,ii,kk]/Sqrt[2] SUEps[ii,jj] LL[jj,ff1] H2L[aa] LL[kk,ff2] +

yl4[ff1,ff2] PauliSigma[aa,ii,kk]/Sqrt[2] SUEps[ii,jj] LR[jj,ff1] H1R[aa] LR[kk,ff2] +

muL PauliSigma[aa,ii,jj] H1L[aa] SUEps[ii,kk] SUEps[jj,jjp] PauliSigma[bb,kk,jjp] H2L[bb] +

muR PauliSigma[aa,ii,jj] H1R[aa] SUEps[ii,kk] SUEps[jj,jjp] PauliSigma[bb,kk,jjp] H2R[bb] +

mu3 H1[ii,iip] SUEps[iip,jjp] SUEps[ii,jj] H2[jj,jjp] +

lamL SPF PauliSigma[aa,ii,jj] H1L[aa] SUEps[ii,kk] SUEps[jj,jjp] PauliSigma[bb,kk,jjp] H2L[bb] +

lamR SPF PauliSigma[aa,ii,jj] H1R[aa] SUEps[ii,kk] SUEps[jj,jjp] PauliSigma[bb,kk,jjp] H2R[bb] +

lam3 SPF H1[ii,iip] SUEps[iip,jjp] SUEps[ii,jj] H2[jj,jjp] +

1/3 lamS SPF^3 + muS SPF^3 + xiF SPF;

where

• symbols QL, QR, H1, H2, H2L, H1R, SPF correspond to the superfields QL, QR,Φ1,Φ2, δ2L, δ1R, S
respectively,

• PauliSigma represents the Pauli matrices σ

• yq1, yq2, yl1, yl2, yl3, yl4, lamL, lamR, lamS, muL, muR, mu3, muS, xiF are the couplings
y1Q, y

2
Q, y

1
L, y

2
L, y

3
L, y

4
L, λL, λR, λS, µL, µR, µ3, µS , ξS, respectively.
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The soft-supersymmetry breaking lagrangian given in eq.(5.28) is

Lsoft = −1

2

[
M1B̃ · B̃ +M2LW̃

k
L · W̃Lk +M2RW̃

k
R · W̃Rk +M3g̃

a · g̃a + h.c.
]

−
[
Q̃†m2

QL
Q̃L + Q̃Rm

2
QR
Q†
R + L̃†

Lm
2
LL
L̃L + L̃Rm

2
LR
L̃†
R − (m2

Φ)
ff ′Tr(Φ†

fΦf ′)

+ m2
∆1L

Tr(∆†
1L∆1L) +m2

∆2L
Tr(∆†

2L∆2L) +m2
∆1R

Tr(∆†
1R∆1R) +m2

∆2R
Tr(∆†

2R∆2R) +m2
SS

†S
]

−
[
Q̃LT

1
QΦ̂1Q̃R + Q̃LT

2
QΦ̂2Q̃R + L̃LT

1
LΦ̂1L̃R + L̃LT

2
LΦ̂2L̃R + ˆ̃LLT

3
L∆2LL̃L + L̃RT

4
L∆1R

ˆ̃LR + h.c.
]

−
[
TLS∆1L · ∆̂2L + TRS∆1R · ∆̂2R + T3SΦ1 · Φ̂2 + h.c.

]
(6.3)

which can be implemented as follows

LSoft := Module[{(*Mino,MSca,TriBil*)},

(*Gaugino mass terms*)

Mino = - Mx1*bblow[sp].bblow[sp] - Mx2L*wlow[s, gl].wlow[s, gl] - Mx2R*wrow[s, gl].wrow[s, gl]

- Mx3*gow[s, gl].gow[s, gl];

(*Scalar mass terms*)

MSca = -mH211*HC[h1s[ii, jj]]*h1s[ii, jj] - mH212*HC[h1s[ii, jj]]*h2s[ii, jj]

- mH221*HC[h2s[ii, jj]]*h1s[ii, jj] - mH222*HC[h2s[ii, jj]]*h2s[ii, jj]

- mH12*HC[h1Ls[ii]]*h1Ls[ii] - mH22*HC[h2Ls[ii]]*h2Ls[ii] - mH32*HC[h1Rs[ii]]*h1Rs[ii]

- mH42*HC[h2Rs[ii]]*h2Rs[ii] - ms2*HC[SPs]*SPs - mLL2[ff1, ff2]*HC[LLs[ii, ff1]]*LLs[ii, ff2]

- mLR2[ff1, ff2]*HC[LRs[ii, ff1]]*LRs[ii, ff2] - mQL2[ff1, ff2]*HC[QLs[ii, ff1, cc1]]*QLs[ii, ff2, cc1]

- mQR2[ff1, ff2]*HC[QRs[ii, ff1, cc1]]*QRs[ii, ff2, cc1]];

(*Trilinear and bilinear couplings*)

TriBil = TQ1[ff1,ff2] SUEps[iip,jjp] SUEps[ii,jj] QLs[ii,ff1,cc1]* h1s[jj,jjp]*QRs[iip,ff2,cc1] +

TQ2[ff1,ff2] SUEps[iip,jjp] SUEps[ii,jj] QLs[ii,ff1,cc1]* h2s[jj,jjp]*QRs[iip,ff2,cc1] +

TL1[ff1,ff2] SUEps[iip,jjp] SUEps[ii,jj] LLs[ii,ff1]* h1s[jj,jjp]*LRs[iip,ff2] +

TL2[ff1,ff2] SUEps[iip,jjp] SUEps[ii,jj] LLs[ii,ff1]* h2s[jj,jjp]*LRs[iip,ff2] +

TL3[ff1,ff2] PauliSigma[aa,ii,kk]/Sqrt[2] SUEps[ii,jj] LLs[jj,ff1] h2Ls[aa] LLs[kk,ff2] +

TL4[ff1,ff2] PauliSigma[aa,ii,kk]/Sqrt[2] SUEps[ii,jj] LRs[jj,ff1] h1Rs[aa] LRs[kk,ff2] +

BL PauliSigma[aa,ii,jj] h1Ls[aa] SUEps[ii,kk] SUEps[jj,jjp] PauliSigma[bb,kk,jjp] h2Ls[bb] +

BR PauliSigma[aa,ii,jj] h1Rs[aa] SUEps[ii,kk] SUEps[jj,jjp] PauliSigma[bb,kk,jjp] h2Rs[bb] +

B3 h1s[ii,iip] SUEps[iip,jjp] SUEps[ii,jj] h2s[jj,jjp] +

TL5 SPs PauliSigma[aa,ii,jj] h1Ls[aa] SUEps[ii,kk] SUEps[jj,jjp] PauliSigma[bb,kk,jjp] h2Ls[bb] +

TR5 SPs PauliSigma[aa,ii,jj] h1Rs[aa] SUEps[ii,kk] SUEps[jj,jjp] PauliSigma[bb,kk,jjp] h2Rs[bb] +

T3 SPs h1s[ii,iip] SUEps[iip,jjp] SUEps[ii,jj] h2s[jj,jjp] + 1/3 TS SPs^3 + BS SPs^3 + xiS SPs;

Return[MSca + Mino + TriBil + HC[Mino + TriBil]]

];

Finally, the normalization constant associated to the abelian group U(1)B−L is
√

3
16
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The renoramlization group equations for the gauge coupling constants at the 2-loop level are:
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6.4 Automated spectrum generation

Once the renormalization group equations generated automatically, the next step to achieve a full spec-
trum generator generator is the creation of a routine able to extract and diagonalize the mass matrices
automatically. Though this spectrum generator can only work with supersymmetric theories, generalizing
the mass matrices extraction routine to any lagrangian-based quantum field theory did not imply so much
effort. As a result, we have implemented in FeynRules a module able to extract analytically the tree-level
mass matrices for any quantum field theory. We also developped a C++ routine able to diagonalize these
mass matrices and to generate an SLHA-compliant file containing the results. This work was published in
january 2013 [21] and this section is dedicated to the description of the modifications we brought to the
FeynRules model file as well as how one can get the mass matrices and the numerical spectrum for his
theory.

6.4.1 Modifying the FeynRules model file

As seen in section 6.2, the only way to declare in FeynRules how fields mix is to use the option Definitions

for the gauge eigenstates and to write manually the value of every mixing matrix. To illustrate this we
gave the examples of the declaration of the gauge bosons WLµ and Bµ

V[1] == {

ClassName -> B,

Unphysical -> True,

SelfConjugate -> True,

Definitions -> { B[mu_] -> -sw Z[mu]+cw A[mu]}

},

V[2] == {

ClassName -> Wi,

Unphysical -> True,

SelfConjugate -> True,

Indices -> {Index[SU2W]},

FlavorIndex -> SU2W,

Definitions -> { Wi[mu_,1] -> (Wbar[mu]+W[mu])/Sqrt[2],

Wi[mu_,2] -> (Wbar[mu]-W[mu])/(I*Sqrt[2]),

Wi[mu_,3] -> cw Z[mu] + sw A[mu]}

}

98



6.4. AUTOMATED SPECTRUM GENERATION

where the mixing relations are given explicitely in function of the physical5 gauge bosons Zµ and the photon Aµ.
The latter are declared as follows

V[3] == { V[4] == {

ClassName -> A, ClassName -> Z,

SelfConjugate -> True, SelfConjugate -> True,

Mass -> 0, Mass -> {MZ, 91.1876},

Width -> 0, Width -> {WZ, 2.4952},

ParticleName -> "a", ParticleName -> "Z",

PDG -> 22, PDG -> 23,

PropagatorLabel -> "a", PropagatorLabel -> "Z",

PropagatorType -> W, PropagatorType -> Sine,

PropagatorArrow -> None, PropagatorArrow -> None,

FullName -> "Photon"}, FullName -> "Z"}

Here the mixing relations are easy and well determined however they may become very complicated when
considering more complex theories where mass matrices are not known at all. To facilitate the implementa-
tion of mixing relations, we decided to add a new class to the FeynRules model file dedicated to particle
mixings. Consequently, all mixing relations among the states can be declared on the same spirit as particles,
gauge groups and parameters after having been gathered into a list dubbed M$MixingsDescription

M$MixingsDescription == {

Mix["l1"] == { option1 -> value1, ...}

}

Each element of this list consists of an equality dedicated to one specific mixing relation. It associates
a label, given as a string (here "l1") with a set of Mathematica replacement rules defining the mixing
properties (option1 -> value1). As a first example, we can examine the case of W 1

L and W 2
L which mix

to give rise to the charged gauge bosons W+ and W− through the relation

W± =
W 1
L ∓ iW 2

L√
2

.

This mixing can be simply declared in FeynRules as follows

Mix["Wmix"] == {

MassBasis -> {W, Wbar},

GaugeBasis -> {Wi[1], Wi[2]},

Value -> {{1/Sqrt[2], -I/Sqrt[2]}, {1/Sqrt[2], I/Sqrt[2]}}

},

where W (Wbar) is the Mathematica symbol for W− (resp. W+). From this example it is clear that
the option GaugeBasis is used to declare the gauge eigenstates. The MassBasis option while used in this
example to declare mass eigenstates may take as attribute mass and/or gauge eigenstates. This possibility
allows the user to declare his mixings in two steps or more as will be illustrated in subsection 6.4.3. The
value of the mixing matrix being known, one can simply use the option Value to enter it. Finally, with
this declaration we have entered the relation

MassBasis = Value . GaugeBasis

where the dot stands for the usual matrix product.

Let us now consider the case of (W 3
L, Bµ) mixing which we suppose unknown for illustration purposes.

The declaration is as follows

5In this section, physical (unphysical) will refer to mass (gauge, resp.) eigenstate.
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Mix["weakmix"] == {

MassBasis -> {A, Z},

GaugeBasis -> {B, Wi[3]},

MixingMatrix -> UG,

BlockName -> WEAKMIX},

In this example where we supposed the mixing unknown, we introduced two new options namely MixingMatrix
and BlockName.

• The first one, MixingMatrix, is the symbol associated to the mixing matrix. It will be treated as
a FeynRules variable but the user will not have to declare it in the list M$Parameters. This task
will be done automatically by FeynRules which assumes that all mixing matrices are complex and
will thus split them into a real and a complex part. In our example, FeynRules will thus create an
entry for UG, RUG and IUG where RUG (IUG) is the real (resp. complex) part of UG6:

UG = RUG + I*IUG.

One exception to this rule is the case where the mixing matrix appears explicitely in the Lagrangian.
In this case, it is asked to the user to declare this mixing matrix as he would do for any other
parameter of the theory. As an example, one can cite the CKM matrix which relates the left-handed
down quark gauge eigenstates d0L to the mass eigenstates dL following the relation

d0L = VCKM.dL

and which appears explicitely in the Yukawa couplings of the Standard Model Lagrangian for exam-
ple.

• The option BlockName is used to declare the SLHA-block associated with the mixing matrix. The
latter being assumed complex, FeynRules will create automatically a block for the complex part.
In our example, the block WEAKMIX will be associated to the real part of UG that is RUG while the
automatically created IMWEAKMIX will be associated to the complex part IUG. It is important to
remark that this option is mandatory when MixingMatrix has been provided.

Before proceeding to the more specific cases of scalars and fermions, the attention of the reader is
drawn to the fact that the Lorentz indices have not been used in the declaration of the mixings. This is
a simplification that we have introduced, one is not obliged to provide Lorentz and spin indices as they
are the same for all fields involved in the mixing declaration. More generally, if some indices are irrelevant
i.e. if they are identical for all the involved fields, underscores can be employed to simplify the mixing
declaration. FeynRules will then refer to the indices declared in the fields declaration to restore them.

It is also to be noted that in the declaration of the parameters, for consistency reasons, the user should
not use the masses of particles he wants calculated. Hence, a check over the definitions of the parameters
is realized when generating the output for the ASperGe package to avoid such problems.

Scalars When neutral scalars are mixing, the gauge eigenstates might split into their real degrees of
freedom so that one scalar and one pseudoscalar mass basis are required. Consequently, to allow Feyn-
Rules to handle this case efficiently a set of two gauge bases is needed as well as two entries for each of
the options MixingMatrix, BlockName and Value. The convention in this case is that the first element of
those lists will always refer to the scalar fields while the second one is related to the pseudoscalar fields.
As an illustration, let us assume the complex scalar gauge eigenstates phi1 and phi2 which split into two
real scalars h1 and h2 and two pseudoscalars a1 and a2. Let us, moreover assume that the value for the
mixing matrix of the pseudoscalars is known while that for the scalars in unknown. The declaration for
this mixing reads

Mix["scalarmix"] == {

GaugeBasis -> {ph1, phi2},

6The prefixes R and I are added automatically by FeynRules.
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MassBasis -> {{h1,h2}, {a1,a2}},

MixingMatrix -> {US, _},

Value -> {_, ...}

}

The dots in the attributes for the option Value stand for explicit numerical value of the pseudoscalar
mixing matrix.

In this declaration, we illustrate another use of the underscores. Indeed, as assumed in the example,
only the mixing matrix for the pseudoscalars is known hence the use of the underscore in the attributes of
the option Value. It is there to tell FeynRules that the value of the scalar mixing matrix is not known.
The attributes for the option MixingMatrix also include an underscore but this time it is to tell FeynRules
that we do not want the mixing matrix for the pseudoscalars to be computed. More generally, an underscore
is used as an attribute of an option whenever we do not want that information to be computed.

Weyl fermions Declaring electrically neutral Weyl fermions is quiet straightforward as it resembles
that of gauge bosons: one attribute per option.
In the case of electrically charged Weyl fermions, the user may want to allow for two entries for all the
options GaugeBasis, MassBasis, MixingMatrix, Value and BlockName. As an example, one can cite
the case of charginos mixing in the left-right supersymmetric model studied in chapter 5. Let us note
chmw[i] ( chpw[i] ) the ith chargino with negative (resp. positive) charge, wowlp and wowrp (wowlm
and wowrm) would be the charged gauginos W̃+

L and W̃+
R (resp. W̃−

L and W̃−
R ). Finally the symbols

h1w, h2w, h1Lw, h2Lw, h1Rw and h2Rw stand for the higgsinos H̃1, H̃2, δ̃1L, δ̃2L, δ̃1R and δ̃2R respectively.
This mixing can be declared as follows

Mix["char"] == { MassBasis -> {{chmw[1],chmw[2],chmw[3],chmw[4],chmw[5],chmw[6]},

{chpw[1],chpw[2],chpw[3],chpw[4],chpw[5],chpw[6]}},

GaugeBasis -> {{wowlp,wowrp,h2w[1,2],h1w[1,2],h2Lw[3], h2Rw[3]},

{wowlm,wowrm,h2w[2,1],h1w[2,1],h1Lw[3], h1Rw[3]}}

BlockName -> {UMIX, VMIX},

MixingMatrix -> {UU, VV}

},

which corresponds to

(
W̃−
L W̃−

R H̃−
2 H̃−

1 δ̃−1L δ̃−1R

)
M




W̃+
L

W̃+
R

H̃+
2

H̃+
1

δ̃+2L

δ̃+2R




. (6.4)

Symbols UMIX (VMIX) are the SLHA-block names associated to the mixing of the negatively (resp. positively)
charged charginos that is to the mixing matrix UU (resp. VV)

Dirac fermions Finally, concerning the declaration of Dirac fermions, the choice is left to the user to
either provide both gauge eigenstates that form the Dirac fermion or only one gauge eigenstate letting thus
FeynRules take care of the chirality projection. In the first case, the attribute for GaugeBasis consists
of a list of two bases with the convention that the first list refers to the left-handed component while the
second one to the right-handed component. In both cases, the attributes for the options Value, BlockName

and MixingMatrix take two lists for both chiralities following the same convention as above.
We profit of the Dirac fermions case to introduce the last option one can use in the declaration of mixings.
As seen above, the relation for the mixing in the left-handed down-type quarks sector is given by

d0L = VCKM.dL
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which means that if one wants to implement this mixing following the convention

MassBasis = Value . GaugeBasis

one would need the inverse of the CKM matrix V −1
CKM. To circumvent this small problem, we introduced

the option Inverse which presence is only necessary when facing this kind of situation and whose attribute
can be either the boolean True or False or an underscore if relevant.

Vacuum expectation values In realistic new physics models, the ground state of the theory is non-
trivial and neutral scalar fields must be shifted by their vacuum expectation value. To allow for a proper
handling of the vacuum expectation values, it is asked to the user to gather them into the list M$vevs

following the structure

M$vevs == { {field1, vev1}, {field2, vev2}, ...}

where field1 and field2 refer to two gauge eigenstates and vev1 and vev2 to their respective vacuum
expectation values which, on the other hand, have to be declared as any other parameter of FeynRules
in the list M$Parameters.

6.4.2 Running the package

Once the model file adapted to allow for a proper handling of the mixings by our new routine, the user can
load both FeynRules and his model as usual. If FeynRules detects the lists M$MixingsDescription and
M$vevs it launches then some routines so that all the automatic declarations are accomplished. From the
user side four main functions become available namely ComputeMassMatrix, MixingSummary, WriteASperGe
and RunASperGe.

The function ComputeMassMatrix computes the tree-level mass matrices of the model. It takes as
argument the lagrangian and some options which are

• Mix which takes as attribute either one label of mixing matrix or more. If present, FeynRules
only computes the mass matrices associated to that/those label/labels, if not all mass matrices are
computed.

• Basis1 -> b1 and Basis2 -> b2 are two options that demand FeynRules to compute a mass
matrix associated to the two bases b1 and b2 where we suppose the mass term in the lagrangian as
follows

b†2 M b1

• ScreenOutput is an option that takes as attribute a boolean. If set to True, a whole set of information
is printed to the screen while computing the mass matrices. By default, it is set to True

The function MixingSummary which takes as argument a mixing label, prints to the screen all the in-
formation associated to the label that is the gauge basis, the mass basis, the SLHA-block, the symbol
associated to the mixing matrix, the mass matrix itself and the mixing matrix7.

As indicated in the beginning of this section, we have developped a C++ package ASperGe able
to diagonalize numerically the mass matrices generated by FeynRules and to export the results in an
SLHA-compliant format. The source files for this code are generated automatically by FeynRules, some
of them being model-dependent and the others model independent. To call this interface, it suffices to type
in the Mathematica session where FeynRules is loaded the command

WriteASperGe[lag, options]

7Some information might be not available depending on the options that were provided in the declaration of the
mixing under consideration.
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where options stands for the options Mix described above and the option Output which takes as attribute
the name of the output directory. Indeed, this command results in the creation of a directory whose name
is either the model name plus the suffix _MD or that provided as an attribute for the option Output. This
directory will contain all the source files, both model-dependent and model-independent, necessary for the
ASperGe package to diagonalize the mass matrices associated to the model under study.

Finally and before proceeding to the description of the content of the ASperGe package, let us note
that the routine RunASperGe[] that takes no argument is able to run the ASperGe package, read its
ouptut and update the parameters in FeynRules accordingly.

The model-dependent files Parameters.cpp included in the directory src and its related header file
Parameters.hpp included in the sub-directory inc contain all the information that allow to define the
parameters of the model and the mass matrices that have been computed. The file main.cpp which is at
the root of the generated directory contains the source code to initialize the mass matrices, to set the PDG
codes8 associated with the mass eigenstates of the matrix and the command to launch the diagonalization.
One last model-dependent file is created when launching the ASperGe interface, namely externals.dat

in the sub-directory input. This file is the SLHA-file created by FeynRules from the model file. It
contains all the numerical values for the external parameters, hence its name.

The model-independent files are all the other files present in the sub-directory src together with their
associated header files gathered in the sub-directory inc. These files contain all the routines to read the
input file, initialize all the parameters, diagonalize the mass matrices and generate the output. An im-
portant information to know when using the ASperGe package is that the diagonalization routines use
the GSL-library functionalities [176]. Though we allow for a non-standard installation, the library needs
however to be installed.

To run the C++ code, it is then sufficient to issue the following commands in a Shell:

cd <path-to-the-directory>

make

./ASperGe <input> <output> m1 m2 ...

where <input> and <output> are the input and the output file and the optional sequence m1 m2 repre-
sents the names of the mixing matrices to be computed. The final command results in the creation of two
files. The first one designated by <output> contains the results of the diagonalization while the second one
whose name is asperge.log is a log file useful when debugging. Note that m1 m2 are not mandatory and
if not provided, the package will just diagonalize all the mass matrices.

In our paper [21], we showed how one can achieve a successful implementation of the Standard Model,
the Two-Higgs-Doublet Model, the Left-Right Symmetric Model (non-supersymmetric) and the Minimal
Supersymmetric Model. Our results were compared with the litterature and turned out to be exact. We
have also been able to reproduce all the mass matrices of the LRSUSY model studied in the chapter 5.
In the following subsection, we present an example of use of the package in the case of the Left-Right
symmetric supersymmetric model.

6.4.3 Example of use

To illustrate how the full machinery works, from the implementation of a mixing until obtaining a numerical
spectrum let us get back to the example of the charginos in the left-right supersymmetric symmetric model
described in the previous chapter:

Mix["char"] == { MassBasis -> {{chmw[1],chmw[2],chmw[3],chmw[4],chmw[5],chmw[6]},

8As a convention, we have chosen to sort the PDG-Ids in such a way that the lowest one corresponds to the
lightest eigenstate of the mass matrix being digonalized.
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{chpw[1],chpw[2],chpw[3],chpw[4],chpw[5],chpw[6]}},

GaugeBasis -> {{wowlp,wowrp,h2w[1,2],h1w[1,2],h2Lw[3], h2Rw[3]},

{wowlm,wowrm,h2w[2,1],h1w[2,1],h1Lw[3], h1Rw[3]}}

BlockName -> {UMIX, VMIX},

MixingMatrix -> {UU, VV}

},

As stated above, the symbols wowlp,wowrp and wowlm,wowrm represent the fields W̃+
L , W̃

+
R and W̃−

L , W̃
−
R

respectively. In order for FeynRules to handle properly this mixing it is mandatory to first declare the
mixing between W̃ 1

L,R, W̃
2
L,R that gives rise to the charged winos and then declare the above mixing. This

procedure we call “chain-mixing” offers thus a flexible and efficient way to declare mixings going first from
gauge eigenstates to T 3 eigenstates and then from the latter to mass eigenstates. For the mixings we are
looking at, in addition to the mixing "char", we need thus the following lines in the model file:

Mix["2a"] == { MassBasis -> {wowl0,wowlp,wowlm}, GaugeBasis -> {wlow[3],wlow[1],wlow[2]},

Value ->{{I,0,0}, {0,I/Sqrt[2],1/Sqrt[2]}, {0,I/Sqrt[2],-1/Sqrt[2]}} },

Mix["2b"] == { MassBasis -> {wowr0,wowrp,wowrm}, GaugeBasis -> {wrow[3],wrow[1],wrow[2]},

Value ->{{I,0,0}, {0,I/Sqrt[2],1/Sqrt[2]}, {0,I/Sqrt[2],-1/Sqrt[2]}} }

where the symbols wlow and wrow represent the winos W̃L and W̃R respectively. An important remark to
keep in mind while proceeding to “chain-mixing” declaration is to declare all fields involved in the different
bases as regular fields.
This mixing implemented, we just need to add the information about the vacuum expectation values. This
is done with the following line in the model file

M$vevs = {

(*Bi-doublets vevs*)

{h1s[1,1], v1}, {h1s[2,2], vp1}, {h2s[1,1], vp2}, {h2s[2,2], v2},

(*vevs for matrix representations of triplets*)

{DeltaL10, v1L}, {DeltaL20, v2L}, {DeltaR10, v1R}, {DeltaR20, v2R},

(*‘‘Left-handed" triplets*)

{h1Ls[1],v1L/Sqrt[2]}, {h1Ls[2],I*v1L/Sqrt[2]},

{h2Ls[1],v2L/Sqrt[2]}, {h2Ls[2],-I*v2L/Sqrt[2]},

(*‘‘right-handed" triplets*)

{h1Rs[2],I*v1R/Sqrt[2]}, {h1Rs[1],v1R/Sqrt[2]},

{h2Rs[1],v2R/Sqrt[2]}, {h2Rs[2],-I*v2R/Sqrt[2]},

(*Singlet*)

{SPs, vs}

};

where symbols h1s, h2s, h1Ls h2Ls, h1Rs, h2Rs, SPs represent the scalar components of the super-
fieldsH1,H2, δ1L, δ2L, δ1R, δ2R and S respectively. The symbols DeltaL10,DeltaL20, DeltaR10, DeltaR20

stand for the scalar components of the matrix representations ∆1L,∆2L,∆1R,∆2R of the triplets9. Note
that in this declaration, we have the following relation among the vacuum expectation values

〈∆〉 = σa√
2
〈δa〉.

Once the mixing declared properly, both FeynRules and the model file loaded in the current Mathe-
matica session, it suffices to issue the command

ComputeMassMatrix[lag]

9In this case also one has to use the “chain-mixing” feature to first declare the relation between triplet and matrix
form and then use the matrix form for further mixings.
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Parameter Scenario I.1

M1 [GeV] 250

M2L [GeV] 500

M2R [GeV] 750

mZ [GeV] 91.1876

mW [GeV] 80.399

α(mZ)
−1 127.9

vR [GeV] 1000

vs [GeV] 105

tanβ 10

tan β̃ 1

λL 0.1

λR 0.1

λs 0.1

λ3 0.1

Table 6.3: Numerical values for the parameters in benchmark scenario of LRSUSY SI1

so that the mass matrix for charginos is computed. The result returned by FeynRules is that of eq.(5.37)
in chapter 5, that is




M2L 0 gL√
2
ṽ′2

gL√
2
v1 −gLv1L 0

0 M2R − gR√
2
v2 − gR√

2
ṽ′1 0 −gRv1R

gL√
2
v2 − gR√

2
ṽ′2 0 µ̃3 0 0

gL√
2
ṽ′1 − gR√

2
v1 µ̃3 0 0 0

gLv2L 0 0 0 µ̃L 0

0 gRv2R 0 0 0 µ̃R




To get the numerical spectrum of one of the scenarios of our phenomenological study presented in chapter
5, one issues in the Mathematica session the command

WriteASperGe[lag, Output->LRSUSY]

edits the file LRSUSY/inputs/externals.dat created automatically by FeynRules so that the input pa-
rameters are in agreement with those of the chosen scenario, compiles and runs

./ASperGe inputs/externals.dat output/out.dat

in a Shell. The output of the computation, written in the file output/out.dat can be further imported
in the FeynRules session with the command

ReadLHAFile[Input->"LRSUSY/output/out.dat"]

in order, for example, to create an implementation of the model in the various MC-tools interfaced with
FeynRules.

In the case of the benchmark scenario SI.1 chosen in the previous chapter, for which we remind the
setup in table 6.3, the output from ASperGe is in agreement with the values presented figure 5.2.
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6.5 Future developments

In this chapter, we have presented two packages that are running independently. The first one, focusing only
on supersymmetric theories, provides all the necessary routines to extract analytically the two-loop renor-
malization group equations for any renormalizable supersymmetric theory implemented in FeynRules.
The second one, extracts analytically the tree-level mass matrices for any lagrangian-based quantum field
theory (be it supersymmetric or not) and coupled to the ASperGe package provides a powerful tool to di-
agonalize numerically these mass matrices and use these results for further phenomenological investigations.

The final step before obtaining a fully working spectrum generator generator for supersymmetric the-
ories is to extend the mass matrices extraction routine so that it generates them at the one-loop level
and finally write a C++ routine able to run the RGEs, diagonalize the mass matrices, loop so that the
spectrum is as accurate as possible and finally generate the output. We also plan to develop a routine in
order to minimize the scalar potential and to be able to determine whether the spectrum is acceptable
or not. The algorithm describing this can be found in the SuSpect [177] or SoftSusy [178] manuals for
example and is put in fig.6.5 for completeness.
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Update L.E. inputs

L.E inputs
Run of gauge coupling

constants and Yukawas

H.E. inputs
Run all parameters

from H.E to L.E

Estimation of parameters

at low energy
Mass matrices

diagonalization

Is the spectrum

YES

NO

RESULTS

acceptable ?

Figure 6.2: Algorithm explaining simply how to get a reasonable spectrum by combining RGEs runnings and
mass matrices diagonalization. The main idea being to start from a set of input at both low energy (L.E.) and
high energy (H.E.) and to first run the RGEs from L.E. to H.E., apply the H.E. input values and then run-back to
L.E. to diagonalize the mass matrices. If the spectrum is acceptable (i.e. no tachyons and check for electroweak
symmetry breaking for example) the result is generated otherwise the input values at L.E. are re-calculated and the
calculations start over

.
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Chapter 7

Doubly charged particles

7.1 Motivations

At the Large Hadron Collider, searching for signals of new physics is for sure not a simple task, the back-
ground from Standard Model being very important especially in regions where the multiplicity of leptons is
low. In addition to this, signals from “new physics” processes can involve very low cross sections compared
to those of the Standard Model. One is thus pushed to seek for configurations where the Standard Model
predicts a low number of events to maximize the visibility of the deviation or for signatures that are not
predicted by the Standard Model at all. In chapter 5 for example, we have concluded that the multilepton
channel is certainly one of the best avenues to observe signals from a left-right symmetric supersymmetric
model. We have also mentionned that a certain class of these models, where left-right symmetry is broken
by Higgs fields belonging to the adjoint representation of SU(2)R, predicts the existence of doubly-charged
particles. The latter being absent from the field content of the Standard Model, their discovery would
definitely point toward an extension of the Standard Model. But which one?

Indeed, these particles do not appear exclusively in left-right symmetric models but are also predicted
in models like Little Higs models [179–181] or extra-dimensions [182–186]. The main difference between
these different cases resides then in the representations to which belong the doubly-charged particles1. For
example, in the case of left-right symmetry the doubly-charged particles are scalar fields transforming as
triplets under either SU(2)L or SU(2)R; while in its supersymmetric version these doubly-charged scalar
fields come together with their fermionic superpartners. Some other theories predict vector multiplets, i.e.
fields carrying a spin equal to one, where one of the components has a two-unit electric charge2. It is thus
easy to imagine that if a doubly-charged particle was to be discovered at the Large Hadron Collider, though
this would dismiss many beyond the Standard Model theories, many others would survive. To compare
with today’s situation, the discovery of a Standard Model Higgs-like scalar particle by both the CMS and
the ATLAS collaborations and the measurement of some of its couplings do not bring a clear answer on
whether this is the Standard Model Higgs boson or not but it does constrain the parameter space of the
various TeV scale models3.

In the case of doubly-charged particles, a certain number of studies have already focused on the phe-
nomenology these particles would induce if they were produced at the LHC (see for example [117,187,188]).
These studies have however always been carried in the context of a precise model and thus do not bring
any answer on how one could discriminate between various models. On the experimental side, both CMS
and ATLAS experiments have led searches on these exotic particles.

1Here we put apart all the other properties that might hint toward a particular model.
2The doubly-charged field can carry a higher spin and/or belong to a representation of SU(2) other than

1
˜
,2
˜
and 3

˜
.

3In section 4.5, we briefly discussed the consequences of such discovery on the MSSM’s parameter space.
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The CMS collaboration focused only on the cases where the doubly-charged field is a fermion or a
scalar. In both cases they find no excess over the Standard Model background and they use their data to
deduce lower bounds. For the first case, i.e. a doubly-charged fermion field, searches have been carried
with both runs of 2011 at a center-of-mass energy of 7 TeV and a luminosity of 5 fb−1 and 2012 one with
a center-of-mass energy of 8 TeV and an integrated luminosity of 18.8 fb−1. Assuming these particles to
only couple to the photon and the Z-boson through U(1) couplings and to have low decay rates (long-lived
particles), they excluded such fermions up to 685 GeV [189]. As to the scalar fields, often called doubly-
charged Higgs fields, searches were conducted assuming these particles to only decay into a pair of charged
leptons and led them to exclude masses up to 453 GeV in the most pessimistic case [190].

As to the ATLAS collaboration similar searches have been conducted. In the case of massive fermions
[191], the exclusion limit, based on a 7 TeV center-of-mass energy run and with 4.4 fb−1 of data, is set to
430 GeV while scalar fields are excluded up to 409 GeV. The latter exclusion limit is based on 4.7fb−1 of
data [192].

The main message to keep from the above considerations is that these doubly-charged particles are
far from being excluded yet, especially when they are promptly decaying particles and/or have different
branching ratios than what was hypothesized. Moreover no study provided the key observables to analyze
in order to discriminate between the various models predicting a doubly-charged particle. This chapter is
exactly intended to this aim.

In this analysis, we adopt a model-independent approach extending the field content of the Standard
Model minimally to include only a doubly-charged particle and its possible isospin partners. Consider-
ing scalar, fermion and vector fields lying in either the trivial, fundamental or adjoint representations of
SU(2)L, we construct effective Lagrangians with the only constraint to have gauge invariant interactions
but keeping the number of new parameters minimum. We then compute analytically the various cross
sections associated to the production of these new particles at the LHC running at a center-of-mass energy
of 8 TeV together with the analytical expressions for their decay widths (whenever possible). Focusing
only on final states with at least three charged leptons4 (this is in order to reduce the background from
Standard Model), we deduce from the analytical formulas the masses above which such final states would
be associated to cross sections smaller than 1fb, i.e. hardly visible with a luminosity of 20 fb−1. Finally,
from these bounds we choose three different values for the mass of the new state5 in each representation and
perform a full Monte Carlo simulation in order to find the key observables to differentiate the various states.

The chapter is organized as follows. In the next three sections we construct our effective models,
distinguishing between scalar, fermionic and vector fields and derive the analytic formulas for both the
cross sections and decay widths. In these sections, we shall also present a numerical analysis based on the
analytic formulas and derive the bounds on the masses for the signal to be observed at the LHC. In section
7.6, we proceed to the Monte Carlo simulation and present some kinematic observables that can help us
distinguishing between the various representations. Finally, concluding remarks are presented in section 7.7.

Before proceeding, we refer the reader to the chapter 3 for the notations and conventions related to
Standard Model’s quantities and to the appendix C for the definition of the Feynman rules related to the
vertices, propagators and more generally for all the useful definitions to carry out properly the computation
of the cross-sections below. Finally, we have used a semi-automatic approach for the computation of the
cross sections in the sense that Dirac matrices algebra that is needed to perform the latter calculations
have been performed by the package FeynCalc [193].

4In all this chapter “lepton” will refer only to the charged light leptons, i.e. the electron and the muon.
5In this study, we consider all the components of the new multiplet to have the same mass so that they only

decay into SM particles.
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7.2 Scalar fields

Doubly-charged scalar fields appear in various models of particle physics and may be motivated by the
seesaw mechanism for example. In this case they appear as components of a multiplet belonging to the
representation 3

˜
of SU(2)L [194–197]. The left-right symmetric models (either supersymmetric or not)

are a good example as they predict scalar triplet fields for both SU(2)L and SU(2)R. In the latter case,
i.e. when the doubly-charged scalar field belongs to an SU(2)R triplet, it transforms as a singlet under
SU(2)L. Doubly-charged scalar particles can also appear in Composite Higgs models like in the Littlest
Higgs model introduced in [179–181]. In the latter, the Higgs scalar fields are pseudo-Goldstone bosons
arising from the condensation of fermionic fields [198]. Finally, a scalar doublet with hypercharge 3/2 and
thus a doubly-charged component can also be invoked to explain the smallness of neutrino masses [199].

In our simplified model, to take into account these different possibilities, we add to the Standard
Model particle content three complex scalar fields φ, Φ and Φ belonging to the representation 1

˜
,2
˜
and 3

˜
of

SU(2)L respectively. We also choose their hypercharge so that the doubly-charged particle has the highest
electric charge. Using the matrix representation for the triplet field (defined in eq.5.3), we have:

φ ≡ φ++, Φi =

(
Φ++

Φ+

)
, Φi

j =




Φ+
√

2
Φ++

Φ0 −Φ+
√

2





with the hypercharges set to

Yφ = 2, YΦ =
3

2
, YΦ = 1

and the superscripts “0”, “+” and “++” stand for the electric charge of the various fields. The Lagrangian
of the Standard model is then supplemented with kinetic terms for these new fields

Lkin = Dµφ
†Dµφ+DµΦ

†
iD

µΦi +DµΦ
†
aD

µΦa + . . . , (7.1)

where covariant derivatives, dictated by gauge invariance, read simply

Dµφ = ∂µφ− 2ig′Bµφ, (7.2)

DµΦ
i = ∂µφ

i − i
3

2
g′BµΦ

i − ig
(σa)ij

2
ΦjW a

µ , (7.3)

DµΦ
a = ∂µΦ

a − ig′BµΦ
a + gǫab

cΦcW b
µ. (7.4)

The dots in the equation above stand for mass terms for these new fields. As a convention, we will use
the letters from the beginning of the alphabet (a, b, c) to represent indices in the adjoint representation of
SU(2)L while the letters from the middle of the alphabet (i, j, k) will stand for indices in the fundamental
representation of the latter.

Due to their peculiar electric charge and keeping the extension of the Standard Model minimal, doubly-
charged scalar fields are not allowed to decay into quarks. Setting L (lR, resp.) to be a left- (right-) handed
Dirac field6, the Yukawa Lagrangian reads

Lyuk =
1

2
y(1)φl̄cRlR +

y(2)

Λ
ΦiL̄ciγµD

µliR +
1

2
y(3)Φi

jL̄
c
iL

j + h.c. (7.5)

where the coupling (y(i))∣∣i=1,2,3
is a 3× 3 matrix in generation space. For clarity we have omitted flavor

indices but let both SU(2)L and chirality indices. The superscript c stands for charge conjugation. Finally,
the four-component spinor product ξcRλL being equal to zero for any fermionic field, we have used a higher-
dimensional operator suppressed by an effective scale Λ for the yukawa coupling y(2)of the doublet scalar
field Φ.

6Left- (right-) handed Dirac fermion stands for a four-component Dirac field whose left- (right-) handed part is
zero. As indicated in chapter 3, this notation is particularly suited for cross section calculations.
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7.2.1 Production cross-sections

We proceed now to the computation of the cross-sections associated to the production of our new doubly-
charged states. Starting from the Lagrangian in equations (7.1) and (7.5), we will restrain ourselves to the
processes which will eventually lead to at least three leptons in the final state. Before proceeding, let us
define some useful quantities:

• sW and cW will denote the sine and the cosine of the Weinberg angle, respectively

• Γp and Mp are the total decay width and the mass associated to the particle p

• ŝ is the partonic center of mass energy, x2
p =

M2
p

ŝ
and ŝp = ŝ−M2

p + iΓpMp the reduced kinematical
variables associated to the particle p.

• the electric charge eq, the weak isospin number T3q and the coupling strengths to the Z-boson
Lq = 2(T3q − eqs

2
W ) and Rq = −2eqs

2
W associated to the quark q

• CC and NC will denote the charged and neutral currents, respectively.

• The Källen function λ(x, y, z) = x2 + y2 + z2 − 2xy − 2xz − 2yz.

Finally, the use of the numbers 1, 2 and 3 as subscripts will help to distinguish the quantities associated
to the singlet, the doublet and the triplet cases.

From equation (7.1), we deduce that the multiplets can be produced either via neutral currents, that
is a Z boson or a photon decaying into a pair of doubly-charged particles, or charged currents in the case
where the multiplet is a doublet or a triplet of SU(2)L. In the latter case, the signal corresponds to the
decay of a W± boson into a doubly-charged particle and its singly-charged isospin partner. The cross
sections associated to the neutral current processes are

dσNC1

dt
=

4πα2ŝ

9

[
1− 4x2

φ++

] 3
2

[
e2q
ŝ2

− eq(Lq +Rq)(ŝ−M2
Z)

2c2W ŝ|ŝZ |2
+

L2
q +R2

q

8c4W |ŝZ |2
]
,

dσNC2

dt
=

4πα2ŝ

9

[
1− 4x2

Φ++

] 3
2

[
e2q
ŝ2

+
eq(1− 4s2W )(Lq +Rq)(ŝ−M2

Z)

8c2W s
2
W ŝ|ŝZ |2

+
(1− 4s2W )2(L2

q +R2
q)

128c4W s
4
W |ŝZ |2

]
,

dσNC3

dt
=

4πα2ŝ

9

[
1− 4x2

Φ++

] 3
2

[
e2q
ŝ2

+
eq(1− 2s2W )(Lq +Rq)(ŝ−M2

Z)

4c2W s
2
W ŝ|ŝZ |2

+
(1− 2s2W )2(L2

q +R2
q)

32c4W s
4
W |ŝZ |2

]
.

(7.6)

Those associated with the charged current processes are

dσCC2

dt
=

πα2ŝ

72s4W |ŝW |2 |V
CKM
ij |2 λ 3

2 (1, x2
Φ++ , x

2
Φ+) ,

dσCC3

dt
=

πα2ŝ

36s4W |ŝW |2 |V
CKM
ij |2 λ 3

2 (1, x2
Φ++ , x

2
Φ+) ,

(7.7)

where |V CKMij |2 is the square of the module of element i, j of the CKM matrix, as defined in chapter 3.
These processes are of interest to our study as they lead to final states with at least three leptons, the
doubly-charged scalar decaying into a pair of charged leptons and the singly charged into one charged
lepton as can be deduced from the Yukawa Lagrangian (7.5). In the case of the singlet and the doublet
fields, these processes are the only ones that lead to such final states but in the case of the triplet field
other production mechanisms and decay channels open when the neutral component acquires a vacuum
expectation value (vΦ). Indeed from the kinetic terms in equation (7.1), it is easy to see from the term

DµΦ
†
aD

µΦa

that the vertices illustrated in figure 7.1 become possible when the neutral component Φ0 acquires a
vacuum expectation value

Φ0 → 1√
2

[
vΦ +H0 + iA0

]

where H0 and A0 are its scalar and pseudo-scalar parts, respectively. These interactions may lead to final
states with three charged leptons or more, after accounting for the leptonic decays of both the Z and W
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Φ++

W+
µ

W+
ν

i
√
2 e2vΦ

s2
W

ηµν Φ+

W+
µ

Zν

−i e
2vΦ(1+s2W )√

2s2W cW
ηµν

Figure 7.1: Feynman diagram illustrating the interaction between the triplet scalar field and the weak gauge
bosons W and Z after the neutral component Φ

0 acquired a vacuum expectation value.

gauge bosons. The cross sections associated with the production of the charged components of the triplet
scalar field together with a weak gauge boson are given by the following analytic formulas

dσWΦ++

dt
=

π2α3v2Φ
18s6W ŝ

2
W

|V CKM
ij |2 λ 1

2 (1, x2
Φ++ , x

2
W )

[
λ(1, x2

Φ++ , x
2
W )

x2
W

+ 12

]
,

dσZΦ+

dt
=
π2α3v2Φ(1 + s2W )2

72s6W c
2
W ŝ

2
W

|V CKM
ij |2 λ 1

2 (1, x2
Φ++ , x

2
Z)

[
λ(1, x2

Φ++ , x
2
Z)

x2
Z

+ 12

]
.

(7.8)

Finally, we also consider the processes leading to the production of the CP even neutral scalar field
H0 as it can decay to final states with up to four charged light leptons through its couplings to the weak
gauge bosons. The production processes are hence

p p→ H0 Φ+, p p→ H0 H0 Z, p p→ H0 W±

and the corresponding cross sections are given by the analytic formulas:

dσH
0Φ+

dt
= |V CKM

ij |2 πα
2λ3/2(1, x2

Φ+ , x
2
H0)

72s4W |x̂Z |2
,

dσH
0Z

dt
=

π2α3v2Φ
9c4W s

6
W ŝ|ŝZ |2

λ
1
2 (1, x2

H0 , xZ)
2
[λ(1, x2

H0 , xZ)

x2
Z

+ 12
]
,

dσWH0

dt
=

π2α3v2Φ
36s6W ŝ

2
W

|V CKM
ij |2 λ 1

2 (1, x2
H0 , x

2
W )

[
λ(1, x2

H0 , x
2
W )

x2
W

+ 12

]
.

(7.9)

We draw the reader’s attention to the fact that even if the vacuum expectation value vΦ is constrained
to be small by the electroweak ρ-parameter as well as neutrinos masses; we, motivated by the case of
left-right symmetric models where there is no real constraint on the value of the equivalent vev vL (see
section 5.2.3 of the previous chapter), decided to not constrain its value.

7.2.2 Partial decay widths

We now turn to the calculation of the partial decay widths of our new charged states. According to the
Lagrangian of eq. (7.5), they all may decay to a pair of same sign leptons with the associated decay rates

Γ++
1,ℓ =

Mφ++ |y(1)|2
32π

[
1− 2x2

ℓ

]√
1− 4x2

ℓ ,

Γ++
2,ℓ =

MΦ++M2
ℓ |y(2)|2

8πΛ2

[
1− 2x2

ℓ

]√
1− 4x2

ℓ ,

Γ++
3,ℓ =

MΦ++ |y(3)|2
32π

[
1− 2x2

ℓ

]√
1− 4x2

ℓ .

(7.10)

The doubly-charged component of the triplet field, as seen above, can furthermore decay into a pair of W
gauge bosons with the width given by

Γ++
3,WW =

M3
Φ++α

2πv2Φ
4M4

W s
4
W

√
1− 4x2

W

[
1− 4x2

W + 12x4
W

]
. (7.11)
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The decays of the singly charged components of both the doublet and the triplet scalar fields are governed
by the formulas below:

Γ+
2,ℓ =

MΦ+M2
ℓ |y(2)|2

16πΛ2

[
1− x2

ℓ

]2
,

Γ+
3,ℓ =

MΦ+ |y(3)|2
32π

[
1− x2

ℓ

]2
,

Γ+
3,WZ =

M3
Φ+α

2πv2Φ(1 + s2W )2

8c2W s
4
WM

2
ZM

2
W

[
λ(1, x2

W , x
2
Z) + 12x2

Zx
2
W

]√
λ(1, x2

W , x
2
Z) .

(7.12)

Finally, the neutral component of the triplet multiplet is allowed to decay into a pair of weak gauge bosons
of a pair of neutrinos and the corresponding decay widths are:

Γ0
3,ZZ =

πα2M3
H0v

2
Φ

c2W s
4
WM

4
W

√
1− 4x2

W

[
1− 4x2

W + 12x4
W

]
,

Γ0
3,WW =

πα2M3
H0v

2
Φ

4s4WM
4
Z

√
1− 4x2

Z

[
1− 4x2

Z + 12x4
Z

]
,

Γ++
3,νν =

MH0 |y(3)|2

16
√
2π

.

(7.13)

7.2.3 Setup for the numerical analysis

Before moving into the analysis of the previous analytic results, let us first set the context.

• First, in order to determine the multiplicity of charged leptons in the final state, we account for the
decays of both the new states and those of the tau leptons and the weak gauge bosons taken from
the Particle Data Group review [32]. In the case of the tau lepton, its branching ratio into a charged
light lepton l, and two neutrinos, denoted ν generically, is set to

BR(τ → l 2ν) = 0.3521.

The W gauge boson can decay into either an electron, a muon or a tau together with the associated
neutrino. After accounting for the subsequent decay of the tau lepton into one of the charged leptons,
we find that the branching ratio of the W gauge boson into a charged light lepton is

BR(W → l ν) = 0.261307.

Finally, the branching ratio of the Z-boson into two light charged leptons is, after accounting for the
subsequent decay of the tau lepton into lighter leptons,

BR(Z → l+ l−) = 0.073.

In addition to this, one must also include the case where the Z-boson decays into a pair of tau leptons
and one of them decays subsequently into a lighter lepton while the other one decays hadronically.
This process is associated with the branching ratio

BR(Z → τ+ τ− → l± X) = 0.0156

where X stands for both hadrons and neutrinos.

• The center-of-mass energy is set to
√
s = 8TeV.

• Using the QCD factorization theorem, we convolve the partonic cross sections whose analytic ex-
pressions are given above with the universal parton densities fa and fb of partons a and b in order
to obtain the hadronic cross sections. These parton densities depend on both the longitudinal mo-
mentum fractions of the two partons xa,b =

√
τe±y and the unphysical factorization scale µF . The

hadronic cross sections read then

∫ 1

4 M̃2

s

dτ

∫ ln τ
2

− ln τ
2

dyfa(xa, µ
2
F )fb(xb, µ

2
F )σp(xaxbs)
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Parameter Numerical value

y(1), y(2), y(3) 0.1 · 1
Λ 1 TeV

vΦ 100 GeV

Table 7.1: Numerical values for the new parameters governing the production and the decays of
the doubly-charged scalar fields. Here 1 stands for the 3× 3 indentity matrix.

Figure 7.2: Evolution of the cross sections as a function of the mass of the new states for the
production and decay into three leptons or more for the scalar fields lying in the trivial (left),
fundamental (middle) and adjoint (right) representations of SU(2)L.

We employ the leading order set L1 of the CTEQ6 global parton density fit [132] which includes
five light quarks and we identify the factorization scale to be the average mass of the produced final
state particles M̃ .

• The CKM matrix elements are evaluated using the Wolfenstein parametrization. The corresponding
four free parameters are set to

λ = 0.22535, A = 0.811, ρ̄ = 0.131, η̄ = 0.345.

• Note that this setup will hold true when we discuss the analytic cross sections associated with the
production of doubly-charged fermionic or vector fields.

Finally, we set all the Yukawa couplings
(
y(i)
)∣∣i=1,2,3

to be diagonal matrices with eigenvalues equal to 0.1;

the energy scale Λ suppressing the effective coupling of the doublet field is set to 1 TeV and the vacuum
expectation value of the neutral component of the triplet Higgs field is taken to be equal to 100 GeV (see
table 7.1 for a summary of these values). As already mentionned, we do not allow the new states to decay
into each other and consider hence the components of a same multiplet to be mass degenerate.

7.2.4 Numerical analysis

The numerical setup being defined, we can now turn to the analysis itself. Focusing only on final states
with at least three light leptons, we want to know beyond which mass the number of events becomes too
small or, equivalently, the cross section is lower than 1 fb. In figure 7.2 are presented the evolution of the
cross sections for the scalar fields lying in the singlet (left panel), doublet (middle panel) and triplet (right
panel) representations of SU(2)L.

Scalar singlet and doublet fields In these cases thee scalar fields decay into either a pair of light
leptons or into a pair of tau leptons. The latter decaying into lighter leptons with a frequency of 0.35, the
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Figure 7.3: Contribution of the various processes into three- and four-lepton final states in the case
of a doubly-charged scalar belonging to a multiplet transforming as a triplet under SU(2)L. We
see that when the decays into the weak gauge bosons are open, the cross sections drop faster.

neutral currents leading to the pair production of these doubly charged scalars contribute to all the final
states with a number of leptons ranging from 0 to 4. In the case of the singlet field, in order to have a cross
section higher than the minimum one of 1fb, the mass of the new field must be smaller than ∼ 330GeV;
while the doublet field Φ must be lighter than ∼ 250GeV.

Scalar triplet fields In the case of the scalar triplet fields, the number of leptons in the final state can
be as high as five. Indeed if one considers the charged current process leading to the production of the the
doubly-charged state Φ++ together with the singly charged one Φ−. It is possible for both new particles
to decay into the weak gauge bosons Z and W which subsequently decay into light charged leptons as
illustrated in (7.14)

p p→ Φ++ Φ− →W+ W+ W+ Z → l+ l+ l+ l− l− ν. (7.14)

Though such signatures would be very clean as they are “Standard Model free”, they are associated with a
maximum cross section of 0.02 fb which is impossible to observe in the context of the 2012 run of the LHC
accomplished at a center-of-mass energy of 8 TeV and 20 fb−1 of accumulated data. Another interesting
feature to observe in this case is when the decay into the weak gauge bosons becomes kinematically allowed.
In the figures, this transition appears as a decrease in the cross section associated to the processes leading
to three or four leptons in the final state while that associated to five-lepton final states becomes non
zero. Actually this result depends on the size of the vacuum expectation value vΦ; the larger value it has
the more dominant the decays into weak gauge bosons become, as can be inferred from the decay widths
presented in eq.(7.11) and (7.10). This would lead to a decrease in the cross sections associated to three-
lepton and four-lepton finale state because the W and Z bosons decay more often hadronically. In our
case, we find that to have a measurable deviation at the LHC the doubly-charged scalar as a component
of a triplet scalar multiplet must have a mass below ∼ 350 GeV. For completeness, curves drawn in figure
7.3 represent the contribution of each process (pair production, production of Φ− Φ++ . . . ) to three- and
four- lepton signatures.

7.3 Doubly-charged fermion fields

Doubly-charged fermions also appear in various TeV scale models of particle physics. The supersymmetric
version of left-right symmetry predicts fermionic superpartners to the triplet scalar fields and thus doubly-
charged fermionic fields transforming either as triplets or singlets under SU(2)L. In extra-dimension models
including the custodial symmetry, doubly-charged fermionic fields are also present but they appear as dou-
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blets under SU(2)L [182–186].

Just like we did for the scalar case, we extend minimally the Standard Model Lagrangian to include a
new fermionic multiplet lying in either the trivial, the fundamental or the adjoint representation of SU(2)L.
Their hypercharge are chosen so that the doubly-charged particle carries the highest electric charge. Our
new fields are thus:

ψ ≡ ψ++, Ψi =

(
Ψ++

Ψ+

)
, Ψi

j =




Ψ+
√

2
Ψ++

Ψ0 −Ψ+
√

2




with

Yψ = 2, YΨ =
3

2
, YΨ = 1.

As usual, the kinetic terms for the above fields are expressed in terms of the covariant derivatives whose
expression are identical to those from eqs.(7.2)

Lkin = iψ̄γµDµψ + iΨ̄iγ
µDµΨ

i + iΨ̄aγ
µDµΨ

a + . . . . (7.15)

where, here also, we denote by dots the mass terms for the new fields. To allow for leptonic decays
two choices are possible depending on the number of both new parameters and new fields we want to
introduce. Keeping our extension of the Standard Model as minimal as possible, we restrain ourselves to
introduce only one extra fermionic state that we denote N at the cost of introducing non-renormalizable
four-fermion interactions in the Yukawa Lagrangian whose strengths are set by the values of the parameters
(G(i,j))∣∣i,j=1,2,3

. These interactions are then supposed to be suppressed by some cut-off energy scale Λ.

Supposing the N field to be a gauge singlet, as in sterile neutrino models, we write then the Yukawa
interactions for the fields ψ,Ψ and Ψ lying in the trivial, fundamental and adjoint representations of
SU(2)L, respectively

LF =
G(1,1)

2Λ2

[
l̄cRlR

][
N̄PLψ

]
+
G(1,2)

2Λ2

[
l̄cRlR

][
N̄PRψ

]
+
G(2,1)

Λ2

[
l̄cRΨ

i
][
N̄Li

]
+
G(2,2)

Λ2

[
l̄cRN

][
L̄icΨi

]

+
G(3,1)

2Λ2

[
L̄ciL

j
][
N̄PLΨ

i
j

]
+
G(3,2)

2Λ2

[
L̄ciL

j
][
N̄PRΨ

i
j

]
+ h.c. . (7.16)

In these equations we have omitted all generation indices and let PL and PR to be the chirality projectors,
that is

PL =
1− γ5

2
and PR =

1 + γ5

2
.

The other drawback due to the non-renormalizable interactions we have allowed here, is that the new fields
can only decay through prompt three-body decays into a pair of same sign leptons and a N field. Such de-
cay widths cannot be calculated analytically (no closed formulas exist yet) and to determine the branching
ratios (only quantity really useful when considering decay chains) we will make use of the MadGraph 5
package [128–131,150,151].

We now turn to the computation of the cross sections associated with the production of the new
fermionic fields. The kinetic terms given in the Lagrangian of equation (7.15) only allow for neutral and
charged current interactions. In the case of neutral currents, the production of a pair of doubly-charged
fermion fields is given by the following formulas
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=
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In the case where theW± gauge boson is the intermediate state, the only possible final states involving
the new fermionic fields are those where the singly-charged component is produced together with the
doubly-charged one. The cross sections for these processes read
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πα2ŝ

36s4W |ŝW |2 |V
CKM
ij |2

√
λ(1, x2
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7.3.1 Numerical analysis

As stated above, no closed formulas for three-body decays exist yet and we choose thus to use the Mad-
Graph 5 package to compute the branching ratios, after having implemented the model using the UFO
interface of the FeynRules package [127]. We find that all three new doubly-charged states, that is the
ones belonging to the singlet, the doublet and the triplet multiplets equally decay into electrons, muons
and taus:

BR(F++ → e+ e− N) = BR(F++ → µ+ µ− N) = BR(F++ → τ+ τ− N) ∼ 0.33

where F denotes any of the new fermionic fields. In the case of the doublet and the triplet multiplets, the
singly charged state exhibits the same property; that is

BR(F+ → e+ νe N) = BR(F+ → µ+ νµ N) = BR(F+ → τ+ ν−τ N) ∼ 0.33.

In both previous equations, we have denoted by F the new multiplets ψ,Ψ or Ψ.

The numerical setup being fixed as in section 7.2 we furthermore set the couplings G(i,j) to a unique
value of

G(i,j) = 0.1 · 1
where 1 is the unit 3 × 3 matrix while the energy scale for new physics is defined, as in the previous
section, to a value of 1 TeV. As to the singlet field N that we introduced in order for the decays of the new
fermionic fields into SM leptons to be allowed, we set its mass to a value of 50 GeV, in agreement with the
present experimental limits as given by the Particle Data Group review [32].

We find that in order to have sizeable effects on events with at least three charged light leptons, the
new fermionic field must lie under approximately 555, 661 and 738 GeV when it transforms as a singlet,
doublet or a triplet of SU(2)L, respectively. Following the same approach than in the previous case, we
plot in figure 7.4 the cross sections for the various final states.

7.4 Doubly-charged fermion fields and a four generation

Standard Model

In the case where the field content of the Standard Model of particle physics is extended by a fermionic
multiplet such as Ψ and Ψ introduced in the previous section, it is possible to envisage a mixing in the lep-
ton sector involving both SM’s leptons and the singly-charged component of either Ψ or Ψ. Theoretically,
this is made possible by the fact that after electroweak symmetry breaking, Ψ+ and Ψ+ have the same
quantum numbers as the charged leptons. Denoting the fourth generation lepton E′ in the case where we
have added the field Ψ to the theory and E′′ when the field content is extended with a triplet fermion field,
the mixing matrices, whose elements are à priori unknown read:




e′
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τ ′
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=M




e
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and




e′′

µ′′

τ ′′
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=M ′




e
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τ

Ψ+




.
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Figure 7.4: Evolution of the cross sections as a function of the mass of the new states for the
production and decay into three leptons or more in the context of the extension of the Standard
Model with a singlet (left panel), a doublet (middle panel) and a triplet (right panel) fermionic
field. These cross sections hold when the fermionic fields do not mix with SM leptons.

However, stringent experimental constraints exist from LEP, the measurements of the muon anomalous
magnetic moment, the leptonic flavor violating processes and from conversions nuclei. Taking into account
these limits, we consider the mixing to happen only between the tau lepton and the new field with a
maxiaml mixing angle:
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e

µ

τ
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. (7.19)

with

sτ = 0.99

7.4.1 Production cross-sections

We now turn to the derivation of the analytic expressions for the cross sections associated to the production
of the new states and leading to signatures with at least three leptons. As in the previous cases, such
signatures can be obtained by pair producing doubly-charged fermions. In this case the cross sections are
similar to those in eq.(7.17) for the doublet and the triplet fields:
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=
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Z)

4c2W s
2
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(7.20)

In contrast to the case where the new fermions do not mix with the Standard Model lepton, neutral
currents interactions producing a pair of singly-charged new fermion may lead to final states in which we
are interested. Indeed, due to the mixing angle we have introduced in eq.(7.19), interactions between a
Z-boson, a tau lepton and E′ or E′′ are possible allowing the latter to cascade decay into a maximum of
three charged leptons. We compute thus the cross sections associated to both the production of a pair of
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E′ (E′′) and the production of E′ (E′′) together with a tau lepton:
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Charged current interactions are also of interest to us, especially that now the new lepton field has a non
vanishing branching ratio to final states with up to three leptons. Computing the cross sections associated
with the latter processes for both the doublet and the triplet case, we find
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In the case where the Standard Model is extended by a field belonging to the adjoint representation of
SU(2)L, there are two more candidate processes that might contribute to the signatures with free or low
SM background. Indeed, the E′′ field being allowed to decay to three leptons its production in association
with the neutral component of Ψ becomes relevant to our study. The latter decaying to at most two
charged light leptons, processes

p p→ Ψ0 Ψ0, p p→ E′′ Ψ0 and p p→ τ Ψ0

may lead to five lepton signatures. The cross sections associated to these processes are
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7.4.2 Partial decay widths

Before analyzing the analytic formulas given above in order to determine the benchmark scenarios for our
Monte Carlo study, we need to compute the decay widths associated to the various fields involved in the
processes above. Starting with the doublet multiplet, we find that its doubly-charged component is allowed
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Figure 7.5: Feynman diagram associated to the process leading to a final state with six charged light leptons in the
case where the fourth lepton E originates from a fermion transforming either as a doublet or a triplet under SU(2)L.
In the latter case, though the cross section for pair producing the E′′ fields can be as high as 0.46 pb for a mass
of 100 GeV, the leptonic decays of the Z bosons together with that of the τ lepton make this process have a tiny
cross section which cannot be higher than 10−6pb. In the former case where E′ originates from a doublet multiplet,
the associated cross section can be as high as 0.16 fb when the mass is equal to 100 GeV, which though, not visible
within the 2012 run of the LHC, can become important with both increasing luminosity and center-of-mass energy.

to decay exclusively to a τ lepton and a W boson (we recall that the components of a same multiplet are
mass degenerate). Hence, its total decay width reads
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while that of the singly-charged component is the sum of the partial decay width into a tau lepton and a
Z boson and a tau-neutrino with a W boson

Ψ → τ Z, Ψ → ντ W.

The analytic formulas for these two decay processes are
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Finally, we also compute the decay widths associated to the components of the triplet field Ψ. We find
that the electrically non-neutral components have the same decay channels as Ψ++ and Ψ+
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Figure 7.6: Evolution of the cross sections for the model extending the SM with doubly-charged fermion fields
lying in either the fundamental or adjoint representation of SU(2)L and whose singly-charged component mixes
with SM leptons.

As to the neutral field Ψ0, it only decays through the interactions induced by the covariant derivatives,
that is

Ψ0 → τ+ W−

where here also we have ignored the coupling into the E′ as not allowed kinematically in our setup. The
total decay width for the neutral Ψ0 is hence
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7.4.3 Numerical analysis

We are now ready to analyze the bahaviour of the cross sections when the mass of the new states is varied.
In order to make the comparison easier between the two models, we gather in figure 7.6 the evolution of
all cross sections given above for the new fermionic state when the mixing with the SM leptons is allowed.
From the left corner to the right corner are presented succesively the cross sections for the multiplets lying
in the fundamental and adjoint representation. A few remarks are in order here.

• In the case where the new fermion that is added to the field content of the Standard Model transforms
as a triplet under SU(2)L, we find that though possible as outlined above, the cross section leading
to a six lepton final state is of the order of 10−6pb in the best case, that is a mass of 100 GeV.
This is because the only possible process leading to such a final state is that given by the feynman
diagram of fig.7.5 which requires the leptonic decays of both two Z bosons and two tau leptons.
Hence, though the maximum cross section obtained for a mass of 100 GeV is around 0.46 pb, the
tiny branching ratios into leptons of both the Z and the tau leptons render it negligible. In figure
7.6, the associated curve has been removed.

• The six lepton signature in the case of the SU(2)L doublet field is, on the contrary, much more
promising. Indeed, though under the limit of 1 fb which means that it is not observable within the
2012 run of the LHC and 20 fb−1 of accumulated data, with an increase in both the luminosity
and the center-of-mass energy it can lead to sizeable effect in a region where the background from
Standard Model is absent.
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• Finally, the three lepton signature is the one where the number of events is the highest and we find
that to have a cross section above 1 fb, the mass of the new states needs to be lower than 525 GeV
in the case of the doublet field and 648 GeV in the case of the triplet field.

7.5 Vector fields

Finally, we turn to the last setup we want to consider, that is doubly-charged vectors lying in either the
trivial, the fundamental or the adjoint representation of SU(2)L which can appear in theories with an
extended gauge group [200–203] or in composite and technicolor models [204–209].

Following the same steps as before, we build an effective Lagrangian in order to allow for the new states
to decay into the Standard Model fields. Guided only by gauge invariance and the constrain to keep the
extension minimal, we define the new fields as
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 . (7.27)

and use a gauged version of the Proca Lagrangian to write their kinetic and gauge interactions terms
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where, following our convention, a is an index in the adjoint representation of SU(2)L. We also introduce

the yukawa couplings
(
g̃(i)
)
∣∣i=1,2,3

allowing for the new vector fields to decay into charged and/or neutral

leptons:
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In this equation, we have introduced σµν = i
4
[γµ, γν ] where γµ are the Dirac matrices, and the new physics

energy scale Λ to suppress the dimension-four operators l̄cRσ
µνDν lR and (Vµ)

i
jL̄

c
iσ
µνDνL

j that identically
vanish.

7.5.1 Production cross sections

Turning to the analytic calculations, we start by calculating the cross sections associated to processes
leading potentially to signatures with more than two light charged leptons. We then compute the decay
widths of the various fields and finally analyze numerically the behaviour of these cross sections.

From the Lagrangian we have introduced, the only production modes of thew states allowed in our
model are those mediated by neutral and charged currents. In the first case, qq̄ scattering (where q is a
quark) leads through an intermediate Z boson, to the production of a pair of doubly-charged vector fields

q q̄ → V ++ V −−, q q̄ → V++ V−−, q q̄ → V++ V−−
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to which we associate the cross sections:
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ŝ2

− eq(Lq +Rq)(ŝ−M2
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]
,

dσNC2

dt
=

4πα2ŝ
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The other mode is triggered by the scattering of an up-type quark with an anti-down type quark leading,
through an intermediate W gauge boson, to the production of a singly-charged vector field together with
its doubly-charged partner:

ui d̄j → V ++ V −, ui d̄j → V++ V−, ui d̄j → V++ V−.

The analytic formulas associated to these processes read
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7.5.2 Partial decay widths

In this simplified model, they are quiet simple as the only decay modes allowed for the new vector fields are
dictated by the Yukawa Lagrangian given in equation (7.29). In other words, the doubly-charged compo-
nents of the new multiplets only decay into a pair of same-sign leptons while the singly charged component
decays into a charged lepton (tau or lighter) and the associated neutrino. The neutral component of the
triplet vector field is not considered as it decays exclusively into a pair of neutrinos which translate to
missing transverse energy at colliders. The associated decay widths for the various fields read
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MV ++M2
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(7.32)

7.5.3 Numerical analysis

For the numerical values, necessary to carry the calculations, we use the same setup as described in section
7.2 and let the Yukawa couplings diagonal with the eigenvalues 0.1; the scale for the new physics to be
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Figure 7.7: Evolution of the cross sections for three and four lepton final states as a function of the
mass of the new multiplet. From left to right are presented, succesively, the case where the vector
field lies in the trivial, fundamental and adjoint representation of SU(2)L. It is found that above
a mass of 392 GeV for the singlet, 620 GeV for the doublet and 495 GeV for the triplet the cross
section associated to three-lepton final states drops under the 1fb limit.

equal to 1 TeV and we assume mass degeneracy inside the same multiplet.

From the above considerations we see that when the doubly-charged particle is a heavy vector field,
one can expect at most four charged light leptons in the final state. Moreover, As can be deduced from
figure 7.7, where we have represented the evolution of the various cross sections leading to multilepton
final states in the case of the singlet (left), doublet (middle) and triplet (right) vector fields, the doublet
case is the one exhibiting the highest cross sections. Starting from well above 1 pb for a mass of 100 GeV,
it reaches the 1 fb limit only for masses higher than 620 GeV while the singlet and triplet fields reach the
same limit for the masses 392 GeV and 495 GeV respectively.

7.6 Monte Carlo simulation

7.6.1 Summary of the analytical results

The theorical study accomplished, we now want to investigate the kinematical distributions the various
processes envisaged in the previous sections would induce. Focusing only on finale states with a minimum
of three charged light leptons, we want to find the key observables that one might use to both know the
kind of distributions such models would yield but also to emphasize on the differences between the various
spin and isospin representations in order to distinguish them. Before proceeding let us first summarize the
results from previous sections.

In table 7.2, we summarize the various limits on the mass of the doubly-charged particle and its partners
that we have derived together with the maximum number of leptons expected for each representation,
ignoring however the six lepton final state induced by the fermion multiplet lying in the representation 3

˜of SU(2)L. We recall also the numerical values we have used:

• All Yukawa couplings are set to a unique value of 0.1 · 1.
• All new physics energy scales are set to 1 TeV.

• The new multiplets are considered mass degenerate forbidding thus decays inside a same multiplet

• In the case of leptons mixing with the singly-charged component of the doublet or triplet fermion
fields, we have assumed the mixing large in order to comply with the experimental constraints

cτ = 0.01.
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Maximum mass [GeV] Maximum number of leptons

Singlet Doublet Triplet Singlet Doublet Triplet

Scalars 330 257 350 4 4 5

Fermions (3 Gen) 555 661 738 4 4 4

Fermions (4 Gen) - 525 648 - 6 5

Vectors 392 619 495 4 4 4

Table 7.2: In this table are presented the summary results for all simplified models considered above. First three
columns under “Maximum mass” correspond to the maximum mass the new multiplet can have in order to yield a
cross section for three lepton final states at least equal to 1 fb. In the second part of the table are presented the
maximum number of light charged leptons in the final state one can expect for each model. Six lepton final states in
the case of the model in which the new multiplet belonging to the adjoint representation of SU(2)L mixes, through
its singly charged component, with SM leptons has not been taken into account as the associated cross section is
too low. Finally, the two sets of columns are disconnected, that is the limit on the mass only holds for three lepton
final states.

• Finally, in the case of the scalar triplet field, the neutral component is allowed to have a vacuum
expectation value of 100 GeV.

7.6.2 Setup for the simulation

In order to generate the Monte Carlo events necessary for the analysis, we follow almost the same pattern
than in the case of the left-right symmetric supersymmetric model presented in chapter 5. We start then by
implmenting the various Lagrangians in FeynRules in order to export the UFO model file to MadGraph
5 and use, therefore, the latter to generate the parton level events. Contrary to the tool-chain used
for the analysis of the left-right symmetric supersymmetric model, the parton level events generated by
MadGraph 5 only contain SM particles in the final states, in other words the new multiplets introduced
in our simplified models have been decayed. We then use the package Pythia 6 [210] to simulate the
decays of the various unstable particles produced by the decays of the new multiplets (e.g. W and Z gauge
bosons), parton showering and hadronization but let Tauola [211] handle the decays of the tau lepton.
Finally, the package MadAnalysis 5 is used for both its interface to the FastJet package in order to allow
for a proper reconstruction of the various obects and also for the analysis facilities it provides. Finally, the
selection criteria used in the LRSUSY study (see section 5.4) in order to ensure the reconstructed objects
are well isolated and above the pT threshold are used here also. In addition, we only select events with
at least three charged light leptons in the final state ensuring thus that the background from Standard
Model, which is not simulated here, is under control.

7.6.3 Differentiating between the various models

From table 7.2, we see that a five lepton state already helps to reduce the number of possible configurations
as only three models predict such final states. In the case of final states with six charged light leptons,
the possibilities are even more reduced as only remains the fermionic doublet field whose singly-charged
component mixes with the tau lepton. Now the questions we want to address are:

• How to characterize every configuration from some key kinematical distributions?

• How do these differences evolve with the mass of the various fields?

• Do those peculiar five and six lepton final states lead to sizeable effects with the rather conservative
hypothesis of an ideal detector?

To answer the first two questions, we construct out of our models three benchmark scenarios taking
the mass of the new multiplet to be equal to 100, 250 and 350 GeV successively. After analyzing various
distributions we find that, in general, differences are enhanced with increasing mass but the number of
events drops quickly. In the case of the scalar fields for example, the model leads to no visible event when
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the mass is set to 350 GeV, which is in agreement with table 7.2.

The convention we adopt from now on is that, from the left-hand side to the right-hand side are
represented successively the cases where the mass of the new multiplet is equal to 100, 250 and 350 GeV.
From the top to the bottom of the figure, representations are varied taking successively the value singlet,
doublet and triplet.

Angular distance ∆R Defined as

∆R =
√

∆φ2 +∆η2

where φ stands for the azimuthal angle with respect to the beam direction and η is the pseudo-rapidity;
the angular distance between two objects is found to lead to signficant differences, especially in tails of
the distributions. This is illustrated by the histograms in figure 7.8 representing the evolution of this ob-
servable for the pair leading-lepton next-to-leading lepton (ordered by decreasing transverse momentum)
when both the mass and the representation are varied.

For example, in the case of the scalar field, one remarks that events concentrate on rather small ranges
of ∆R while the fermion cases have broader distributions. The vector fields, when their mass is equal to
100 GeV, lead to a peculiar distribution as after a sharp increase in the number of events there is a visible
inflation of the curve before re-increasing again and reaching a peak around the value π. This behaviour
however disappears when increasing the mass.

In some other cases, however, the differences are not that clear as can be seen in bottom-left corner of
the figure. Therein, all models, apart from the vector field, exhibit the same behaviour.

Transverse momenta of the leptons We now turn to the transverse momenta of the charged light
leptons. We find that the transverse momenta of the three most energetic leptons lead to similar distribu-
tions, and choose to focus only on the leading one. Figure 7.9 illustrates the variation of the distribution
associated to this observable when both the mass and the representation changes.

As a first general remark, one sees from the figure that all distributions increase sharply peaking
approximately at the same value (for a given histogram), apart from the cases where the new field is a
singlet and has a mass of 250 or 350 GeV. One remarks also that, when the new field transforms as a
doublet under SU(2)L both the number of events and the tails are larger. The maximum being reached
for a vector field whose mass is equal to 100 GeV where the tail extends up to values of the pT larger
than 1 TeV. Finally, the doublet cases, i.e. when the new fields belong to the fundamental representation
of SU(2)L, is the one where comparisons are made easier. Be it for a mass of 100 GeV, 250 GeV or 350,
all the cases lead to quiet different distributions. The triplet cases, on the contrary, are more difficult to
disentangle.

Invariant mass Another variable that might help us in answering the first two questions is the in-
variant mass of the pair leading - next-to-leading lepton. Following the same convention as above for the
display of the histograms, we depict in figure 7.10 the variation of the invariant mass as a function of the
various parameters. Splitting the discussion line by line, we see that in the singlet case the differences
between the various spin states become larger with the mass, the worst case scenario being when the new
fields have a mass of 100 GeV. In the latter, however, the scalar and vector fields are quiet different from
the fermion model with a three generation of leptons Standard Model. For higher masses, scalar fields are
characterized by a clear peak around the mass of the new heavy doubly charged particle.

Turning to the doublet cases, we immediately remark the predominance of the vector fields amongst
all others. Here again, we remark that differences become more visible with an increasing mass but when
the new doublet field has a mass of 100 GeV it becomes impossible to distinguish between scalar and both
fermionic fields. The triplet fields leading to the distributions depicted in the last line of figure 7.10 seem
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Figure 7.8: Evolution of the angular distance between the leading and next-to-leading leptons when both the mass
(from left to right: 100, 250 and 350 GeV) and the isospin representation (from top to down: singlet, doublet and
triplet under SU(2)L) are varied. In these plots, “Fermion (3g)” represents the simplified model where the Standard
Model tau lepton does not mix with the new multiplet while “Fermion (4g)” represents the other case where the
mixing leads to four generations in the lepton sector. Apart from the peculiar behaviour of the vector field visible
in the 100 GeV column (left) and which disappears for higher masses no real general behaviour can be extracted
from this first serie of plots.
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Figure 7.9: Evolution of the transverse momentum distribution when both the representation and the mass of the
new states are varied.
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Figure 7.10: Evolution of the transverse momentum distribution when both the representation and the mass of
the new states are varied.
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to exhibit much less differences than in the other cases. More surprisingly, with an increasing mass the
differences seem to reduce except maybe for the case where the new fermionic multiplet does not mix with
the tau lepton whose tail is different from others’.

Five and six lepton final states As indicated in table 7.2, three models predict a fifth charged
light lepton in the final state. The model with a new fermion transforming as a doublet and whose singly-
charged component mixes with the tau lepton predicts even a sixth lepton. It was also found during the
general discussions about the evolution of the various cross sections that these events could be associated
with cross sections higher than 1 fb, for a given mass range, leading thus to potentially observable effects.
The numerical simulation however shows that all of them but the one predicting a sixth lepton, have a
fifth lepton whose transverse momentum is smaller than 10 GeV, not passing thus the selection criteria.
The model with the fermion doublet and a four-generation SM has a small number of events surviving to
the selection criteria but the pT remains very close to the threshold.

7.7 Conclusion and outlook

In this chapter we have presented a systematic and model independent study on the production of doubly-
charged particles at the LHC. Systematic because we have considered various types of doubly-charged
particles varying their spin and the isospin representation to which they belong independently. The only
constrain here having been to envisage only the most common representations allowing thus the doubly-
charged particle to be a scalar, a fermion or a vector field transforming as a singlet, a doublet or a triplet
under SU(2)L. Model-independent because we did not consider a specific model for each case but rather
constructed the Lagrangian only obeying to both constraints of gauge invariance and minimality, at the
cost of having non-renormalizable terms in the Lagrangian, for some cases.

From the Lagrangians, we have derived the analytic expressions for both the cross sections associated
with events leading eventually to multilepton final states (i.e. at least three leptons) and the decay widths
of the new fields. After a first numerical analysis, we have derived bounds on the masses of the new
particles in order for these processes to be visible in the context of the 2012 run of the LHC. Finally we
use these bounds and the fact that no real experimental limit exist on these doubly-charged particles to
construct three scenarios from each simplified model in order to analyze, in the framework of a Monte
Carlo simulation, the kind of observables one could consider to differentiate between various models of
doubly-charged particles.

In this context we have explored various kinematic variables and found that one could focus on the
angular distance between the leading and the subleading lepton, their transverse momentum and their
invariant mass in order to distinguish between the various models. The combined analysis of these observ-
ables helping sometimes to disentangle some very close scenarios. Finally, though final states with five or
six leptons are possible, we find that both cross sections and the momenta of the fifth and sixth lepton
hardly pass the 1fb and 10 GeV thresholds respectively.

A few questions remain however unanswered, calling thus for extensions of this work. For example,
one might wonder how these results are altered when moving from an ideal to a real detector? Another
interesting question, calling for a broader collaboration, would be to use the CMS and/or ATLAS data
in order to re-interpret them and eventually derive bounds holding for promptly decaying doubly-charged
particles.
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Chapter 8

Putting things into perspective

Considering the Standard Model of particle physics as an effective theory only valid at low energies is
nowadays a common belief. Since early ’70s, theorists have been trying to build new models in order to
answer the open questions of the Standard Model. However, not a single experiment of those that have
been conducted until now has been able to bring a clear answer to know which theory describes best the
fundamental interactions. The Large Hadron Collider which focuses all the hopes has already started to
reveal exciting results. The discovery of a Higgs boson of a mass of 126 GeV is a major breakthrough as
it helps us in better understanding the electroweak symmetry breaking mechanism. Though further work
is still needed to measure precisely the properties of this particle in order to know if it is the Standard
Model Higgs boson or not, the mass of this particle puts stringent constraints on the models of new physics.
In the context of supersymmetry, its minimal realization, the Minimal Supersymmetric Standard Model,
has concentrated a lot of attention. An enormous phenomenological work has thus been performed and
nowadays this model seems not to be in good shape, especially its constrained version. The discovery of the
scalar field for example rises many questions as we have seen in chapter 4. On the other hand, non mini-
mal supersymmetric models do not suffer from really stringent constraints and are thus not ruled out at all.

It is in this context that my first project has been conducted. The analysis presented in chapter 5
proposes to investigate in a top-down approach the production of charginos and neutralinos at the Large
Hadron Collider in the context of a left-right symmetric supersymmetric model. To this aim, we have we
have built the model from some simple considerations, lifted some ambiguities in the definitions of some
quantities relative to group theory and calculated the spectrum of the latter particles. In the second part
of the work, we have built four scenarios representative of the Model and performed a full Monte Carlo
simulation and a comparison with the Standard Model background. Only focusing on signatures where at
least one charged light lepton is present, we have found that left-right symmetric supersymmetric models
were very promising in final states with a multiplicity of leptons higher than two. For both the single lepton
and dilepton signatures, the results were somehow mitigated as only one of our scenarios predicted enough
events to be distinguishable from the background. We have also performed a comparison with the Minimal
Supersymmetric Standard Model and found that these two models had very different phenomenologies
which makes them easy to distringuish.

The technical details of the latter analysis show the importance of the automated tools in such analyses.
The theoretical calculations we have made to extract the spectrum of the model for example, could not be
carried analytically as the mass matrices for both the charginos and neutralinos were larger than 4 × 4.
As to the Monte Carlo simulation in order to have a feeling of the signatures such models could lead at
the Large Hadron Collider, it depends obviously on the use of computers. A top-down approach can also
rely, for a supersymmetric model like ours, on the use of the renormalization group equations. One then
starts with some unification considerations at very high scale and then make use of the latter equations to
know the low energy values of the parameters in the theory. Here also the use of a dedicated automated
tool can help in gaining in efficiency and responsiveness. These considerations have motivated the second
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part of my work in which I have participated in the development of two automated tools allowing, for the
first, to extract automatically the analytical expressions of the two-loop renormalization group equations
associated with any supersymmetric renormalizable model. As to the second module, it allows to derive
from a model that is implemented in FeynRules the analytical expressions for the mass matrices and to
generate automatically a C++ package able to diagonalize these mass matrices and return the spectrum
together with the mixing matrices.

The last project I have contributed to is a phenomenological study of particles carrying a two-unit
electric charge. This project has been initiated by the idea that such exotic particles that appear naturally
in left-right symmetric models can also appear in the context of other different models. The idea was
then to adopt a bottom-up approach starting from the signature (a doubly-charged particle is produced)
and to construct an effective theory able to describe the interactions of this particle. In order to be as
general as possible, we have allowed the new exotic particle to be a scalar, a fermionic or a vector field
lying in the trivial, fundamental or adjoint representation of SU(2)L. This has defined our nine effective
models. After analyzing the various production and decay modes of these particles, we have constructed
three benchmark scenarios in order to find the key observables one could focus on in order to distinguish
between the various doubly-charged particles. After analyzing the transverse momenta of the leptons, the
invariant mass and the angular distance of the the pair leading - next-to-leading lepton, we have found
that using only one of these variables could lead sometimes to ambiguous results while combining them
enhances the discrimination power.

I hope that these phenomenological excursions have triggered in the reader’s mind some interest in
this kind of non-minimal models. Indeed, contrary to the famous models like the Minimal Supersymmetric
Standard Model which parameter space is more and more constrained, non-minimal models are generally
less constrained and may lead to very interesting phenomenology. Speaking of phenomenology, I think that
several questions deserve some further investigations. For example, in the case of left-right symmetries, the
investigation of the link between the high energy considerations (unification of gauge coupling constants,
scalar masses universality. . . ) and the low energy signatures deserves more attention. In the case of the
doubly-charged particles, an obvious extension of this work would be to re-analyze the data acquired by
the Large Hadron Collider in order to see how constrained such particles could be. This would require
obviously a broader collaboration with experimentalists.
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Appendix A

Conventions

A.1 Generalities

In this appendix, we present the conventions that shall hold for the whole manuscript, except when stated
otherwise. The Minkowski metric ηµν and its inverse ηµν are given by

ηµν = ηµν = diag(1,−1,−1,−1).

Lorentz indices will be denoted by Greek letters, gauge indices, that is, indices in the adjoint representation
of a group G by latin letters of the beginning of the alphabet (a, b, . . . ), while those of the middle of the
alphabet (i, j, . . . ) will denote indices in the fundamental representation.

The Levi-Civita tensor is denoted ǫ and normalized to ǫ0123 = 1. If we define

ǫαβγδ = ǫµνρση
αµηβνηγρηδσ

then ǫ0123 = −1.

Pauli σ Matrices are

σ1 =

(
0 1

1 0

)
, σ2 =

(
0 −i
i 0

)
, σ3 =

(
1 0

0 −1

)
.

Care shall be taken to the position of the indices as σi = −σi. We also introduce

σµ = (σ0, σi), σ̄µ = (σ0,−σi)

where σ0 is a two by two identity matrix. We subsequently define the Dirac matrices γµ in the Weyl
representation as

γµ =

(
0 σµ

σ̄µ 0

)
.

The γ5 matrix reads then

γ5 = iγ0γ1γ2γ3 =

(
−1 0

0 1

)
.

These matrices satisfy
{γµ, γν} = 2ηµν

and we define

γµν =
1

3
[γµ, γν ]

where [, ] is the commutation operation.
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A.2 Two and four component spinors

Weyl spinors are written following van der Waerden notations

λL → λα, χ̄R → χ̄α̇

where λL (respectively χ̄R) is a left- (right-) handed spinor. Spinorial indices (noted with greek letters
α, β, . . . ) are lowered and raised by the mean of the totally antisymmetric tensor of rank two ǫ that we
define so that

ǫ12 = −ǫ12 = 1, ǫ1̇2̇ = −ǫ1̇2̇ = 1,

and
ǫαβǫ

βγ = δα
γ , ǫα̇β̇ǫ

β̇γ̇ = δα̇
γ̇

For the summation of the indices we take as a convention

λ · λ′ = λαλ′
α, χ̄ · χ̄′ = χ̄α̇χ̄

′α̇

. With these conventions, Dirac (ψD) and Majorana (ψM ) spinors are defined as

ψD =

(
λα

χ̄α̇

)
, ψM =

(
λα

λ̄α̇

)

with λ̄α̇ is the complex conjugate of the Weyl spinor λα. We also define the Dirac conjugate of a Dirac
spinor as

ψ̄D = ψ†
Dγ0

and the charge conjugate spinor ψcD as
ψcD = Cψ̄tD

where C is the charge conjugation matrix defined as

C = iγ0γ2.

Finally, we define σµν and σ̄µν as

σµνα
β =

1

4
(σµαγ̇ σ̄

νγ̇β − σναγ̇ σ̄
µγ̇β) and σ̄µνα̇β̇ =

1

4
(σ̄µα̇γσνγβ̇ − σ̄να̇γσµγβ̇)

A.2.1 Fundamental identities

Let ψ, λ and χ be three left-handed Weyl fermions. We have the following fundamental relations amongst
these fields

ψ · λ = λ · ψ, (ψ · λ)† = ψ̄ · λ̄;

σ̄µα̇α = σµββ̇ǫ
αβǫβ̇α̇;

ψ̄σ̄µλ = −λσµψ̄;
ψσµσ̄νλ = λσν σ̄µψ;

χα(ψ · λ) = −ψα(χ · λ)− λα(χ · ψ) (Fierz identity);

1

2
ǫµνρσσ

ρσ = −iσµν , 1

2
ǫµνρσσ̄

ρσ = iσ̄µν ;

σ̄µσν σ̄ρ + σ̄ρσν σ̄µ = 2(ηµν σ̄ρ + ηρν σ̄µ − ηµρσ̄ν);

σ̄µσν σ̄ρ − σ̄ρσν σ̄µ = 2iǫµνρσ σ̄σ;

σµαα̇σ̄
β̇β
µ = 2δα

βδα̇
β̇, σµαα̇σµββ̇ = 2ǫαβǫα̇β̇.

To carry the calculations in superspace, we let

θ and θ̄
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be the components of a Majorana spinor, define the derivation operations ∂α and ∂α̇ such that

{∂α, θβ} = δα
β , {∂̄α̇, θ̄β̇} = δα̇

β̇

the other anticommutators being equal to zero. The fundamental identities useful for the derivation of the
various equations presented in chapter 4 are

θαθβ = −1

2
θ · θǫαβ, θ̄α̇θ̄β̇ =

1

2
θ̄ · θ̄ǫα̇β̇ , θαθ̄α̇ =

1

2
θσµθ̄σ̄α̇αµ ;

∂ · ∂(θ · θ) = −4, ∂̄ · ∂̄(θ̄ · θ̄) = −4;

(ψ · θ) (λ · θ) = −1

2
(θ · θ) (ψλ), (θ · ψ) (θ̄ · λ̄) = −1

2
(θσµθ̄) (ǭσ̄µλ);

(θσµλ̄) (θ · ψ) = −1

2
(θ · θ) (ψσµλ̄), (λσµθ̄) (θ̄ · ψ̄) = −1

2
(θ̄ · θ̄) (λσµψ̄);

(λσµθ̄) (θ · ψ) = −1

2
(θσµθ̄) (λ · ψ)− (θσν θ̄) (λσ

µνψ);

(θσµλ̄) (θ̄ · ψ̄) = −1

2
(θσµθ̄) (λ̄ · ψ̄) + (θσν θ̄) (λ̄σ̄

µνψ̄);

(θσµθ̄) (θ · ψ) = −1

2
(θ · θ) (ψσµθ̄);

(θσµǭ) (θσν θ̄) =
1

2
(θ · θ) (θ̄ · ǭ)ηµν + (θ · θ) (θ̄σ̄µν ǭ);

(θσµθ̄) (θσν θ̄) =
1

2
(θ · θ) (θ̄ · θ̄)ηµν ;

σµαα̇θ̄
α̇ (θσν θ̄) =

1

2
(θ̄ · θ̄) σµαα̇σ̄α̇βθβ;

σµαα̇θ̄
α̇(θ̄ · λ̄) = −1

2
(θ̄ · θ̄)σµ

αβ̇
λ̄β̇;

θασµαα̇σ̄
µα̇βσρβγ̇σ̄

σγ̇γθγ = (θ · θ) Tr(σµσ̄νσρσ̄σ) = (θ · θ) (ηµνηρσ + ηρνηµσ − ηµρηµσ − iǫµνρσ);

ψσµν = −λσµνψ.

In the above equations, the brackets denote that all spinorial indices are contracted, e.g.

(θσµλ̄) = θασµαα̇λ̄
α̇.
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Appendix B

LRSUSY

B.1 Minimization of the scalar potential

∂V

∂v1L
= 0 = v1L

{
−m∆1L − µ2

L + g2B−L
v22L + v22R − v21R − v21L

2
+ g2L

2v22L + v′21 + v22 − v′22 − v21 − 2v21L
4

−λ2
L
v2s + v22L

2
−

√
2λLµLvs

}

+v2L

{
λL
2

[
cos
(
α1 + α2

)
λ3v

′
1v

′
2 + λ3v1v2 − λRv1Rv2R − 2

√
2µsvs − 2BL − λsv

2
s − 2ξS

]
− TLvs√

2

}
;

∂V

∂v2L
= 0 = v2L

{
−m∆2L − µ2

L + g2B−L
v21R + v21L − v22L − v22R

2
+ g2L

v21 + 2v21L − v22 − 2v22L − v′21 + v′22
4

−λ2
L
v21L + v2s

2
−

√
2λLµLvs

}

+v1L

{
−BL − TLvs√

2
+
λL
2

[
λ3v1v2 + cos

(
α1 + α2

)
λ3v

′
1v

′
2 − λRv1Rv2R − 1√

2
µsvs − λsv

2
s − 2ξS

]}
;

∂V

∂v1R
= 0 = v1R

{
−m∆1R − µ2

Rg
2
B−L

−v21L − v21R + v22L + v22R
2

+ g2R
v21 − 2v21R − v22 + 2v22R − v′21 + v′22

4

−λ2
R
v22R + v2s

2
−

√
2λRµR

}

+v2R

{
λR
2

[
λ3v1v2 − λLv1Lv2L + cos

(
α1 + α2

)
λ3v

′
1v

′
2 − µs

vs√
2
− λsv

2
s − 2ξS

]
− TR

vs√
2
−BR

}
;

∂V

∂v2R
= 0 = v2R

{
−m∆2R − µ2

R + g2B−L
v21L + v21R − v22L − v22R

2
+ g2R

−v21 + 2v21R + v22 − 2v22R + v′21 − v′22
4

−λ2
R
v21R + v2s

2
−

√
2λRµRv2Rvs

}

+v1R

{
λR
2

[
λ3v1v2 − λLv1Lv2L + cos

(
α1 + α2

)
λ3v

′
1v

′
2 −

1√
2
µsvs − λsv

2
s − 2ξS

]
−BR − TR

vs√
2
;
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∂V

∂v1
= 0 = v1

{
− (mΦ)

11 − µ2
3 + g2L

−v21 − 2v21L + v22 + 2v22L + v′21 − v′22
8

+ g2R
−v21 + 2v21R + v22 − 2v22R + v′21 − v′22

8

−λ2
3
v22 + v2s

2
−

√
2λ3µ3v1vs

}
− v′2

eiα2(mΦ)
12 + e−iα2(mΦ)

21

2

+v2

{
λ3

2

[
λLv1Lv2L + λRv1Rv2R − cos

(
α1 + α2

)
λ3v

′
2v

′
1 +

1√
2
µsvs + λsv

2
s + 2ξS

]
+B3 +

T3vs√
2

}
;

∂V

∂v2
= 0 = v2

{
− (mΦ)

22 − µ2
3 + g2L

v21 + 2v21L − v22 − 2v22L − v′21 − v′21 + v′22
8

+ g2R
v21 − 2v21R − v22 + 2v22R + v′22

8

−λ2
3
v21 − v2s

2
−

√
2λ3µ3vs

}
− v′1

e−iα1(mΦ)
12 + eiα1(mΦ)

21

2

+v1

{
λ3

2

[
2ξS + λLv1Lv2L + λRv1Rv2R + cos

(
α1 + α2

)
λ3v

′
1v

′
2 +

1√
2
µsvs + λsv

2
s

]
+B3 + T3

vs√
2

}
;

∂V

∂v′1
= 0 = v′1

{
− (m2

Φ)
11 − µ2

3 + g2L
v21 + 2v21L − v22 − 2v2L

2 − v′21 + v′22
8

+ g2R
v21 − 2v21R − v22 + 2v22R − v′21 + v′22

8

−λ2
3
v′22 + v2s

2
−

√
2λ3µ3vs

}
− v2

e−iα1(m2
Φ)

12 + eiα1(m2
Φ)

21

2

+v′2 cos
(
α1 + α2

)
{

− 1

2
λ3

[
λ3v1v2 + λLv1Lv2L + λRv1Rv2R +

1√
2
µsvs + λsv

2
s + 2ξs

]
+B3 +

1√
2
T3vs

}
;

∂V

∂v′2
= 0 = v′2

{
− (m2

Φ)
22 − µ2

3 − g2L
v21 − 2v21L + v22 + 2v22L + v′21 − v′22

8
− g2R

v21 + 2v21R + v22 − 2v22R + v′21 − v′22
8

−λ2
3
v′21 + v2s

2
−

√
2λ3µ3vs

}
− v1

eiα2(m2
Φ)

12 + e−iα2(m2
Φ)

21

2

+v′1 cos
(
α1 + α2

)
{
1

2
λ3

[
− λ3v1v2 + λLv1Lv2L + λRv1Rv2R +

1√
2
µsvs + λsv

2
s + 2ξs

]
+B3 + T3

vs√
2

}
;

∂V

∂α1
= 0 = v′1v

′
2 sin

(
α1 + α2

)
{
1

2
λ3

[
λ3v1v2 − λLv1Lv2L − λRv1Rv2R − 2

√
2µsvs − λsv

2
s − 2ξs

]
−B3 − 1√

2
T3vs

}

−i v2v
′
1

2

(
eiα1(m2

Φ)
21 − e−iα1(m2

Φ)
12
)
;

∂V

∂α2
= 0 = v′1v

′
2 sin

(
α1 + α2

)
{
1

2
λ3

[
λ3v1v2 − λLv1Lv2L − λRv1Rv2R − 2

√
2µsvs − λsv

2
s − 2ξs

]
−B3 − T3vs

1√
2

}

−i v1v
′
2

2

(
eiα2(m2

Φ)
12 − (m2

Φ)
21e−iα2

)
. (B.1)
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Appendix C

Doubly-charged particles

Keeping the same notations as in chapter 7, we list here all the Feynman rules we have used to carry
properly the calculations. For commodity, the output has been generated by the TeXInterface included
in FeynRules but we need to set the notations. Let a, b and c be three fields involved in a vertex with
the coupling iλ, This will be written as


a 1

b 2

c 3


 iλ

which corresponds to the following vertex where the arrows correspond to the direction of the momenta.

1
2

3

a

b

c

iλ

The numbers on the lines label the momenta and correspond to the numbers appearing in the notation
above. Therefore if the particle a carried the momentum p1 and the vertex depended on it we would have
instead of iλ something like

iλf(p1)

where f(p1) is a function of the momentum p1 of the particle a. Therefore, in the following all the indices
will carry a number in subscript. We will denote by si spin indices and µi Lorentz indices.
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C.1. FEYNMAN RULES FOR DOUBLY-CHARGED SCALARS

C.1 Feynman rules for doubly-charged scalars

C.1.1 Singlet scalar field case




γ 1

φ++ 2

φ−− 3


 2ie(p2

µ1 − p3
µ1)




l+ 1

l+ 2

φ++ 3


 iy(1) 1+γ5

2




φ++ 1

φ−− 2

Z 3


 − 2iesW

cW
(p1

µ3 − p2
µ3)

C.1.2 Doublet scalar field case




γ 1

Φ++ 2

Φ−− 3


 2ie(p2

µ1 − p3
µ1)




Φ− 1

Φ++ 2

W+ 3


 − ie√

2sW
(p1

µ3 + p2
µ3)




Φ++ 1

Φ−− 2

Z 3




icW e
2sW

(p1
µ3 − p2

µ3)− 3iesW
2cW

(p1
µ3 − p2

µ3)




l+ 1

l+ 2

Φ++ 3


 − y

Λ

[
/p1.

1+γ5

2
− /p2.

1−γ5
2

]




γ 1

Φ+ 2

Φ− 3


 ie(p2

µ1 − p3
µ1)




Φ+ 1

Φ− 2

Z 3


 icW e

2sW

[
p2
µ3 − p1

µ3

]
+ 3iesW

2cW

[
p2
µ3 − p1

µ3

]




l+ 1

νL 2

Φ+ 3


 y(2)

Λ /p1.
1+γ5

2
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C.1.3 Triplet scalar field case




γ 1

Φ++ 2

Φ−− 3


 2ie(p2

µ1 − p3
µ1)




l+ 1

l+ 2

Φ++ 3


 iy(3) 1−γ5

2




Φ− 1

Φ++ 2

W+ 3


 ie

sW

[
p1
µ3 − p2

µ3

]




Φ++ 1

W+ 2

W+ 3


 − i

√
2e2vΦ
s2
W

ηµ2µ3




Φ++ 1

Φ−− 2

Z 3


 icW e

sW

[
p1
µ3 − p2

µ3

]
+ iesW

cW

[
p2
µ3 − p1

µ3

]




γ 1

Φ+ 2

Φ− 3


 ie

[
p2
µ1 − p3

µ1

]




l+ 1

νL 2

Φ+ 3


 iy(3)√

2

1−γ5
2




γ 1

Φ+ 2

W+ 3


 ie2vΦ√

2sW
ηµ1µ3




Φ0 1

Φ+ 2

W+ 3


 − ie√

2sW

[
p1
µ3 − p2

µ3

]




Φ+ 1

Φ− 2

Z 3


 − iesW

cW

[
p1
µ3 − p2

µ3

]




Φ+ 1

W+ 2

Z 3


 ie2vΦ

[
1+s2W√
2cW s2

W

]
ηµ2µ3




νL 1

νL 2

Φ0 3


 − iy(3)√

2

1−γ5
2
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GENERATION SM




ν̄L 1

ν̄L 2

Φ0 3


 − iy(3)√

2

1+γ5

2




Φ0 1

W− 2

W+ 3




ie2vΦ
s2
W

ηµ2µ3




Φ0 1

Z 2

Z 3




2ie2vΦ
s2
W
cW

2 ηµ2µ3

C.2 Feynman rules for doubly-charged Fermions with a four

generation SM

C.2.1 Doublet fermion field case



Ψ−− 1

Ψ++ 2

γ 3


 2ieγµ3

s1s2




E′− 1

Ψ++ 2

W+ 3




icτe√
2sW

γµ3
s1s2




τ− 1

Ψ++ 2

W+ 3




iesτ√
2sW

γµ3
s1s2




Ψ−− 1

Ψ++ 2

Z 3


 ie

1−4s2W
2swcW

γµ3
s1s2




E′+ 1

E′− 2

γ 3


 −ieγµ3

s1s2




τ+ 1

E′− 2

γ 3


 2icτ esτγ

µ3
s1s2




E′+ 1

E′− 2

Z 3


 iec2τ

1+2s2W
2cW

γµ3
s1s2 − ies2τγ

µ3 .
[
1−2s2W
2sW

1−γ5
2

− sW
cW

1+γ5

2

]




τ+ 1

E′− 2

Z 3


 iecτsτ

1+2s2W
2cW

γµ3
s1s2 − iesτcτγ

µ3 .
[
1−2s2W
2sW

1−γ5
2

− sW
cW

1+γ5

2

]
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GENERATION SM




ν̄τ 1

E′− 2

W− 3


 − iesτ√

2sW
γµ3 . 1−γ

5

2

C.2.2 Triplet fermion field case




Ψ−− 1

Ψ++ 2

γ 3


 2ieγµ3

s1s2




E′′− 1

Ψ++ 2

W+ 3


 − icτe

sW
γµ3
s1s2




Ψ++ 1

τ− 2

W+ 3


 iesτ

sW
γµ3
s1s2




Ψ−− 1

Ψ++ 2

Z 3


 ie

1−s2W
sW cW

γµ3
s1s2




E′′+ 1

E′′− 2

γ 3


 −ieγµ3

s1s2




E′′− 1

Ψ0 2

W− 3


 icτe

sW
γµ3
s1s2




E′′− 1

Ψ++ 2

W+ 3


 − icτe

sW
γµ3
s1s2




E′′+ 1

E′′− 2

Z 3




ic2τesW
cW

γµ3
s1s2 − ies2τγ

µ3 .
[

1−2s2W
2sW cW

1−γ5
2

− sW
cW

1+γ5

2

]




τ+ 1

E′′− 2

Z 3


 icτ sτ esW

cW
γµ3
s1s2 − iesτ cτγ

µ3 .
[

1−2s2W
2sW cW

1−γ5
2

− sW
cW

1+γ5

2

]




ν̄τ 1

E′′− 2

W− 3


 − iesτ√

2sW
γµ3 . 1−γ

5

2




Ψ0 1

τ− 2

W− 3


 − iesτ

sW
γµ3
s1s2

143



C.3. FEYNMAN RULES FOR DOUBLY-CHARGED VECTORS




Ψ0 1

Ψ0 2

Z 3


 −ie 1−2s2W

cW
γµ3
s1s2

C.3 Feynman rules for doubly-charged vectors

C.3.1 Singlet vector field case




γ 1

V ++ 2

V −− 3


 2ie

[
p2
µ3ηµ1µ2 − p3

µ2ηµ1µ3 − (p2 − p3)
µ1ηµ2µ3

]




V ++ 1

V −− 2

Z 3


 2iesW

cW

[
p2
µ1ηµ2µ3 − p1

µ2ηµ1µ3 + (p1 − p2)
µ3ηµ1µ2

]




l+ 1

l+ 2

V ++ 3


 ig̃(1)

4Λ

[
γµ3(/p2 − /p1) + (/p1 − /p2)γ

µ3

]
1+γ5

2

C.3.2 Doublet vector field case




W+ 1

V− 2

V++ 3


 + ie√

2sW

[
p3
µ2ηµ1µ3 − p2

µ3ηµ1µ2 + (p2 − p3)
µ1ηµ2µ3

]




γ 1

V++ 2

V−− 3


 2ie

[
p2
µ3ηµ1µ2 − p3

µ2ηµ1µ3 − (p2 − p3)
µ1ηµ2µ3

]




V++ 1

V−− 2

Z 3




[
icW e
2sW

− 3iesW
2cW

]
(p2 − p1)

µ3ηµ1µ2 +
[
icW e
2sW

− 3iesW
2cW

]
(p1

µ2ηµ1µ3 − p2
µ1ηµ2µ3)




l+ 1

l+ 2

V++ 3


 ig̃(2)γµ3 .γ5

s1s2




l+ 1

νL 2

V+ 3


 −ig̃(2)γµ3 . 1+γ

5

2
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C.3.3 Triplet vector field case



γ 1

V++ 2

V−− 3


 2ie

[
p2
µ3ηµ1µ2 − p3

µ2ηµ1µ3 − (p2 − p3)
µ1ηµ2µ3

]




V− 1

V++ 2

W+ 3


 + ie

sW

[
p1
µ2ηµ1µ3 − p2

µ1ηµ2µ3 + (p2 − p1)
µ3ηµ1µ2

]




V++ 1

V−− 2

Z 3




[
iesW
cW

− icW e
sW
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cW

− icW e
sW

][
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µ1ηµ2µ3

]




l+ 1

l+ 2

V++ 3


 + ig̃(3)

4Λ

[
γµ3(/p2 − /p1) + (/p1 − /p2)γ

µ3

]
. 1−γ

5

2




γ 1

V+ 2

V− 3


 ie

[
p2
µ3ηµ1µ2 − p3

µ2ηµ1µ3 − (p2 + p3)
µ1ηµ2µ3

]




V+ 1

V− 2

Z 3


 iesW

cW

[
(p1 − p2)

µ3ηµ1µ2 − p1
µ2ηµ1µ3 − p2

µ1ηµ2µ3

]




l+ 1

νL 2

V+ 3


 ig̃(3)

2
√

2Λ

[
(p1 − p2)

µ3 − γµ3(/p1 − /p2)
]
1−γ5

2
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