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Résumé: Il y a pres de deux décennies, 'utilisation des modeles a dimensions supplémentaires pour résoudre le probleme de
hiérarchie des théories de jauge a regu beaucoup d’attention, grace a d’élégantes propositions: des dimensions supplémentaires
(DS) étendues et plates — le modele d’Arkani-Hamed-Dimopoulos-Dvali, ou ADD — ainsi que des DS courbées — le modele
de Randall-Sundrum, ou RS. Dans cette these, nous discutons plusieurs modeles inspirés de tels scénarios de dimension
superieure. Pour commencer, nous introduisons des éléments-clés de la théorie des champs en cing dimensions, et nous
montrons comment de tels scénarios apportent une réponse au probleme de hiérarchie. Ensuite, dans une premiere partie,
nous adoptons une approche “de bas en haut” et étudions plusieurs modéles contenant des fermions vectoriels (FV), prédits
génériquement dans les modeles de DS. Nous montrons qu’en ajoutant des quarks vectoriels (QV) au Modeéle Standard
(MS), on peut expliquer en méme temps les anomalies (i) d’asymétrie avant-arriere des quarks b (A%g) mesurée au Large

Electron-Positron collider (LEP) et (ii) de section efficace de production de tth mesurée au Large Hadron Collider (LHC).
En utilisant des rapports de taux de désintégration du Higgs, nous estimons aussi la sensibilité du LHC amélioré, le LHC a
haute luminosité, a la présence de QV. Puis nous considérons un modele & deux doublets de Higgs (2HDM), accompagné de
leptons vectoriels (LV) pour expliquer le mystérieux excés & 750 GeV observé au LHC fin 2015. Dans un modeéle similaire,
nous expliquons également ’'abondance de matiére noire (MN) dans I’Univers, notre candidat pour la MN étant un LV neutre,
stabilisé par une symétrie Zo appropriée. Dans une deuxiéme partie de la theése, nous nous penchons sur le scénario plus
concret des DS courbées dotées d’une symétrie custodiale dans I'espace a cing dimensions, qui protége le modeéle vis-a-vis de
larges corrections aux observables de précision électrofaibles. Dans ce cadre, nous interprétons tout d’abord la résonance a
deux bosons observée a 2 TeV au LHC comme étant une superposition de bosons de jauge de Kaluza-Klein, produits dans
le canal s. Dans un deuxiéme temps, nous étudions la phénoménologie du secteur scalaire du modele susdit, qui mélange le
boson de Higgs et le radion. En particulier, nous estimons la sensibilité du LHC et d’un futur collisionneur électron-positron
(PInternational Linear Collider - ILC) & la présence d’un radion, via la production de celui-ci en association avec un boson
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Abstract: Almost two decades ago, the paradigm of extra-dimensional models addressing the gauge hierarchy problem at-
tracted much attention through the elegant proposals of large, flat extra dimensions (EDs) — the Arkani-Hamed-Dimopoulos-
Dvali or ADD model — and warped EDs — the Randall-Sundrum or RS model. In this thesis, we discuss several models
inspired from such extra-dimensional scenarios. We start by introducing some key elements of field theory in five space-time
dimensions and showing how such scenarios provide a solution to the hierarchy problem. Afterwards, in a first part of this
work, we adopt a bottom-up approach and study several models containing Vector-Like Fermions (VLFs), which are typi-
cally predicted in ED frameworks. We show how adding Vector-Like Quarks (VLQs) to the Standard Model (SM) allows
one to simultaneously explain the anomalies in the (i) b-quark forward-backward asymmetry (A%g) measured at the Large
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a bulk custodial symmetry, which protects the model from large electroweak (EW) corrections. In this framework, we first
interpret the 2 TeV diboson bump observed at LHC in 2015 as a superposition of Kaluza-Klein (KK) gauge bosons produced
in the s-channel. Afterwards, we study the phenomenology of the mixed Higgs-radion scalar sector of the aforementioned
model. In particular, we estimate the sensitivity of the LHC and of a future electron-positron collider (the International

Linear Collider - ILC) to the existence of a radion via its production in association with a Z boson.
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Résumé en francais

Jusqu’au présent, le Modele Standard (MS) de la Physique des Particules est la théorie
décrivant le mieux la dynamique aux echelles subatomiques. Avec la découverte du boson de
Brout-Englert-Higgs, qui a été prédit pendant les années soixantes, découverte qui a eu lieu
au Grand Collisioneur Hadronique (Large Hadron Collider - LHC), le MS de la Physique des
Particules est finalement complet.

Plusieurs fois, des expériences dans le passé (i.e. Le Grand Collisioneur Electron-Positron
- LEP et Tevatron) et dans le présent (LHC) ont confirmé du point de vue expérimental les
prédictions théoriques du Modele Standard. Malgré cela, il y a des raisons a croire que le
Modele Standard n’est pas la théorie fondamentale qui décrive la Nature.

Du c6té observationel, le Modele Standard n’arrive pas a décrire les oscillations de saveur
des neutrinos, qui ont été mésurées dans le passée. Plus précisement, dans le cadre du MS,
les trois neutrinos sont de masse nulle, ce qui implique qu’ils ne peuvent pas osciller d’une
saveur a l'autre. Un autre défaut du MS en ce qui concerne la partie observationelle est relié
a la Matiere Sombre (MS) ou Matiere Noire. Des mésures cosmologique effectuées par le
satellite Planck indique que approximativement 27% du budget énérgetique de 1'Univers
est composé par la Matiere Sombre. Parmi le ~ 73% qui reste, seulement 5% est constitué
de matiére ordinaire/lumineuse, tandis que 68% restant est représenté par la encore plus
mysteriuse Energie Noire (i.e. Constante Cosmologique).

Le MS a aussi plusieures problemes d’origine théorique. Deux examples proéminents
sont (i) son inabilité d’inclure de maniére consistente une théorie quantique de la gravité et
(ii) le probéeme de 'hiérarchie. Dans le prémier cas, le probléme vient du fait que la théorie
de gravité d’Einstein est une théorie non-renormalizable: a chaque ordre en théorie des
perturbations, des nouvelles divergences apparaissent, qui impose 'introduction d’une infinité
de contre-termes dans le Lagrangian qui décrive la gravité. Or, étant donné que chaque contre-
terme doit étre fixé par une mésure expérimentale, on voit immédiatement 'impossibilité
d’inclure d’'une maniére consistente la gravité dans le MS: pour faire cela, on aurait besoin
d’une infinité des mesures expérimentales. Malgré cela, c’est possible d’interpreter les
collisions gravitationelles des particules si elles ont lieu aux énérgies beaucoup plus basses que
la masse du Planck, Mp;, qui est I’échelle énérgetique a laquelle la gravité devient fortement
coupleé.

Peut-étre le probléme le plus étudié du Modele Standard est le deuxiéme example donné
dans le paragraphe précedent, c’est a dire le probléme de ’hiérarchie de jauge. Ce problé
est relié aux corrections que la masse du boson de Higgs recoit au niveau quantique (au
niveau des boucles). Une maniére simple d’enoncer le probléme de I’hiérarchie est la suivante.
Considérons un boson scalaire générique S, ayant une masse M et plus lourd que le boson
de Higgs de 125 GeV h, qui couple au scalaire du MS avec un couplage g,. Si on fait un
"matching" & une boucle a I’échelle n = M entre le model Ultra-Violet (UV) contenant le
scalaire lourd et la théorie effective de champs (Effective Field Theory - EFT) avec S intégré,
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on trouve les correctons suivantes a la masse physique du Higgs:

2
2 ~ 2 9x 2
M, phys == M bare — CONSE X 167T2M , (1)

ou const est une constante numérique d’ordre 1 (la valeur de cette constante varie selon le
type d’interaction entre les deux scalaires, i.e. des vertex trilineaires/quartiques). Il y a
aussi des autres corrections, proportionelles a log(M/my), mais on a decidé de ne pas les
détailler car elles sont pas essentielles dans cette discussion. Si S est beaucoup plus lourd
que h, i.e. M > myp phys, la masse 'nue" my, pare doit étre de méme ordre de grandeur que M
(modulo ¢?/(167?)), mais tré finement reglée afin de reproduir la masse mésurée du boson
de Higgs. Cela represent 1'idée central dérriere le probleme de hiérarchie, qui est connu aussi
comme le proble de réglage fine du MS. Alternativement, dans une formulation moins précise,
le probléme de I’hiérarchie a ses origines dans la faibless des intéractions gravitationelles
par rapport aux autre intéractions fondamentales. De maniere équivalente, le probléme de
I’hiérarchie peut étre formule comme une simple questions: pourquoi 1’échelle électrofaible
est si basse par rapport a I’échelle de Planck, Mp;?

Pendant les dérnieres décades, le probléme de I'hiérarchie a recu beaucoup d’attention.
Cela est du au fait que chaque théorie qui propose une solution viable au probléme du réglage
fine du MS prédit, en principe, des nouvelles particules qui ne devraient pas étre beaucoup
plus lourdes que le Higgs mésuré, tel que il n’y a pas besoin de fines annullations dans
I’équation (1). Il y a, cependant, des théories qui ne respectent pas cet argument, comme le
'relaxion" et le mechanisme de "Higgsplosion".

Une théorie particuliérement populaire qui résout le probleme de I’hiérarchie est le
Modele Standard Supersymmétrique Minimal (Minimal Supersymmetric Standard Model -
MSSM). Dans le MS, les masses physique des fermions et des bosons de jauge regoivent des
corrections proportionelles & leurs masses nues, i.€. Mphys — Mpare X Mhbare 10g(M /M), qui
est une conséquence de la symmetrie chirale (de jauge) pour le cas des fermions (bosons de
jauge). D’une fagon similaire, la SuperSymmétrie (SuSy) offre un méchanisme de protection
pour le scalaire de Higgs. En MSSM, chaque particule du Modéle Standard est associée a son
superpartenaire, qui a les méme nombre quantiques que la particule originale, sauf le spin,
qui differe d’'une unité de 1/2 par rapport a celui de la particule du MS. Par conséquent, le
boson de Higgs est associé a son superpartenaire de spin-1/2, appellé le "higgsino'. Cette
dérniere particule est protégée par une symétrie chirale, qui, via SuSy, protége le Higgs aussi.

Une autre solution elegante au problem de I'hiérarchie est d’ajouter des dimensions
spatiales supplémentaires (extra-dimensions - EDs) a 1’éspace-temps quatre-dimensionel
habituel (espace Minkowski). Dans des modeles aux dimensions supplémentaire étendues
(plates), le MS se propage dans une variété 4-dimensionelle (4D), tandis que la gravité se
propage non seulement dans l’espace 4D, mais aussi au long des dimensions supllémentaires.
Par conséquent, la gravité est diluée dans le volume extra-dimensionel, ce qui, dans ce type
de modéles, explique pourquoi la gravité est si faible dans la description effective 4D. Comme
rémarque intéréssante, on mentionne que la SuSy et les dimesions supplémentaires sont des
elements indispensable dans des théories des Supercordes (Superstrings).

Une autre théorie aux dimensions supplémentaires qui résout le probléme de I'hiérarchie
est basée sur la proposition elegante de Randall et Sundrum. Les deux auteurs ont considéré
une construction geométrique avec une dimensions spatiale supplémentaire qui est courbée
et qui s’étend entre deux 3-branes (i.e. variétés 4D). La métrique non-factorizable et de
type Anti-de-Sitter (Ads) et I'espace-temps résultant est une "tranche' de AdSs, qui est
habituellement appellé le "bulk'. Les deux bords 4D (ou branes) de I'ED sont la brane
ultra-violet (UV)/Planck, avec une échelle unique de la gravité, egale a 1’échelle de Planck,

13



0.0

-0.1}
—0.2F
2 -0.4]
HL-LHC
—0.5¢ Indirect
Reach
—0.6 D)
-0.7

15 10 =5 0 5 10 15
mVLQ(TeV)

Figure 1 — Régions dans le plan [mvyLq, yvLg] pour les versions simplifiées des modeles A, B
et C, auxquelles une mesure précise de D, au HL-LHC, avec AD., = 1%, sera sensible.
Les autres parametres entrant dans le analyse sont discutées dans le troisieme chapitre.

et la brane infra-rouge (IR)/TeV, avec une échelle d’énérgie exponentiellement supprimée,
qui est proche de échelle du TeV. Dans un tel scénario aux dimensions supplémentaires, la
hiérarchie entre les échlles de Planck et electrofaible est expliqué d’'une maniére naturelle &
travers le facteur de courbure exponentiel entre les deux branes. Afin de résoudre le probleme
de I'hiérarchie de jauge, ce scenario a besoin d'un boson de Higgs localisé sur ou proche de la
brane TeV. Par conséquent, 'échlle typique de la brane TeV ((exponentiellement supprimée))
joue le role d’un "cutoft" pour les corrections quantique a la masse de Higgs.

Dans cette these de doctorat, on s’est concentré sur les aspects phénomenologiques des
modeles aux dimensions supplémentaires courbes. Dans les premiers chapitres, on a étudié
des modeles effectives inspirés des constructions aux dimensions supplémentaires. On appelle
ces modeles "effeives" car ils contiennent des Fermions Vecteurs (Vector-Like Fermions -
VLFs), qui peuvent étre réalisés comme des excitations Kaluza-Klein (KK), qui sont prédites
dans des théories aux dimensions supplémentaires. Ensuite, dans les dérniers chapitres, on a
considéré des scenarios plus concrets aux dimensions supplémentaires. Dans les deux parties,
les secteurs scalaires des modéles qu’on a considérés ont été au centre de nos études. Ces
secteures incluent le Higgs du MS, des nouveaux champs de Higgs lourds, qui apparaissent
typiquement dans des Modéles a Deux Doublets de Higgs (Two Higgs Doublet Models -
2HDMSs) ou dans le MSSM, et un scalaire plus exotique, appellé le radion. Dans des modéles
cing-dimensionels, c’est a dire a une seule dimension supplémentaire, le radion est un champ
scalaire associé a la fluctuation de la cingieme composante de la métrique. Egalement, le
radion joue un rdle dans la stabilisation de la longueur de la dimension supplémentaire.

Maintenant, on va discuter briévement chaque chapitre de cette these, en détaillant trois
résultats centrals qu’on a obtenu. Le premier chapitre représente une introduction générale
au sujet de cette thése, tandis que chaque chapitre suivant aura a son début une introduction
plus precise. Le deuxiéme chapitre est une discussion concise sur les modéles aux dimensions
supplémentaires en physique des particules. Ici, on introduise les dimensions supplémentaire
plates et courbes aussi.

Dans le troisieme chapitre, on propose plusieures extensions du MS aux Quark Vecteurs
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Figure 2 — Graphiques récapitulatifs comprenant toutes les contraintes discutées tout au long
du cinquieme chapitre. Chacun des trois panneaux de la figure fait référence a un régime de
valeurs différent de tan 8 (voir le texte principal pour plus de détails), indiqué en haut de
chaque panneau.

(Vector-Like Quarks - VLQ), ayant le but d’expliquer (i) 'anomalie de LEP pour la mésure
de 'asymmétrie avant-arriere de la production des quarks b, et aussi (ii) I’anomalie plus
récente, a 20, dans la section efficace de production associée d’'un boson de Higgs avec une
paire des quarks ¢, o(pp — tth). On analyse aussi la sensibilité du LHC a haute luminosité
(High Luminosity LHC ou HL-LHC) a la présence des VLQs.

Un des résultats centrales du troisieme chapitre est représenté dans la Fig. 1, qui montre
la sensibilité du HL-LHC a la présence des VLQs de charge éléctrique Q = 5/3,2/3 et
—4/3. Plus précisémment, les régions colorées de la Fig. 1 indiquent les regions auxquelles
une mésure tres précise de AD,,, atteignable au HL-LHC, sera sensible. Les deux axes
représentent la masse du VLQ, my1q, et son couplage Yukawa au Higgs du MS, yyr.q. AD.,,
est une observable définie dans le troisieme chapitre. Ce qui est remarcable et le fait que
I'observable AD.,., sera (indirectement) sensible aux masses des VLQs de l'ordre de 10 TeV,
tandis que les recherches directes des VLQs au HL-LHC atteigneront une sensibilité de
1.5 —2 TeV.

Le quatrieme chapitre est dédié¢ a une interpretaion de la mystérieuse resonance de
750 GeV observée dans le canal diphoton au LHC en 2015 (mais qui n’a pas été confirmée
par les données ultérieures). Dans notre interpretion, le role de la resonance de 750 GeV
est joué par un scalaire lourd provenant d’un Modele a Deux Doublets de Higgs, tandis que
son rapport de branchement en deux photons est augmenté par I'introduction des Leptons
Vecteurs (Vector-Like Leptons - VLLs) avec une chargé electrique non-nule.

Dans le cinquieme chapitre, on essaye d’expliquer 'abondance de Matiere Sombre dans
I’Univers en considérant un modéle similaire a celui du quatrieme chapitre. La différence
principale est le fait qu’on considére des VLLs neutres (sans charge electrique) aussi, dont
un est le candidat pour la matiére sombre.

Les résultats de I'étude fait dans ce chapitre sont résumés en Fig. (2). Ici, on met ensemble
les résultats de la phénoménologie de la matiere sombre avec les contraintes théoriques venant
des é du group de renormalization pour le couplage quartique des scalaiares, les contraintes
des testes de précision électrofaible, les limites venant des recherches aux LHC (surtout
(pseudo)scalaire lourd se désintegrant en 77), et contraintes venant des mésures a basse
énergie.

Les trois images de la fig. (2) montrent, pour trois régimes de valeurs de tan 3, i.e. basse
(1-7), modérée (10-20) et haute (40-45), dans le plan (my,,0%,,), les points du modele
reproduissant la densité relique correcte de la matiere sombre et satisfaisant les contraintes
listées ci-dessus.

Les résultats présentés sur la fig. (2) peuvent étre expliqués comme suit. Les distributions
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Figure 3 — Graphique récapitulatifs pour les recherches directes et indirectes du radion aux
trois étapes de fonctionnement de 'ILC (y/s = 250 GeV, 500 GeV, and 1 TeV), dans le plan
{&, my}, pour (gauche) A =4 TeV et (droite) A =5 TeV, avec mgx infini. La région bleue
couvre l'espace des parametres Higgs-radion estimé d’étre sondé par I'ILC par des recherches
directes de radion, tandis que la région rouge représente le domaine potentiellement sondé
par la mesure précise du couplage hZZ. Le domaine cyan est exclus par des contraintes
théoriques.

des points dans les trois panneaux de la figure semblent plutét similaires. Comme discuté
dans le troisiéme, en supposant que les VLLs puissent coupler aux deux doublets de Higgs,
la dépendance sur tan 3 des couplages de la matiere est réabsorbée dans la définition des
couplages eux-mémes. Nous remarquons néanmoins que les masses réduite du DM, c’est-
a~dire plus légeres qu’environ 400 GeV, deviennent progressivement désavantagées quand
la valeur de tan 8 augmente. Les limites venant de la détection directe sont en général
évitées si la densité relique est atteinte soit par des résonances en canal s, soit par des
annihilations impliquant des Higgses lourdes, en particulier ceux chargés, comme états finaux.
La premieére possibilité devient de plus en plus artificielle a des valeurs plus élevées de tan 3
car la réduction de la largeur de désintégration des états H/A nécessite un réglage fin dans
la difference |my, —ma g/2|. Ce probleme est partiellement évité en considérant des valeurs
assez élevées des masses de H et A. Le cas des annihilations en Higgs lourds est influencé par
plusieurs aspects, selon le type de 2HDM, c’est-a-dire le type I, le type II, lepton spécifique
ou "flipped". La configuration de type II est exclue pour m, inférieure a 400 GeV dans le
régime modéré de tan 3, et pour des masses considérablement plus grandes dans le régime
tan 3 élevé, par les recherches LHC dans le canal 77. Les valeurs de my4 inférieures a 400
GeV sont également exclues dans la configuration "flipped" pour tan g élevé. Ces contraintes
partiellement influencent les autres masses de Higgs car pour des valeurs modérés / élevés
de tan 8 les contraintes favorisent un spectre dégénéré pour les Higgs lourds. Dans le modele
de type II, la masse du Higgs chargé est cependant individuellement forcée de se situer
au-dessus d’environ 400 GeV par des contraintes provenant des processus a basse énergie.
Dans le sixiéme chapitre, nous considérons un modele aux dimensions suppementaires
courbes pour expliquer I'anomalie diboson a 2 TeV observée en 2015 au LHC (et, encore une
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fois, non confirmée par des données ultérieures). Notre candidat pour l'exces est en fait une
superposition de bosons de jauge de Kaluza-Klein (KK) presque dégénérés en masse, qui
sont prédits par le groupe de jauge étendu (custodial) que nous considérons.

Ensuite, dans le septieme chapitre, nous adoptons le méme modele qu’au chapitre
précédent, mais nous nous concentrons plutét sur la phénoménologie de son secteur scalaire,
qui inclut le Higgs et le radion. Plus précisément, nous calculons les couplages du Higgs et
du radion et estimons la sensibilité du LHC et d'un futur collisionneur linéaire (tel que ILC -
International Linear Collider) a la présence du radion.

Sur la figure 3, nous résumons sur un graphique unique les régions couvertes par les
trois possibles stages de fonctionnement ILC, respectivement a 250 GeV, 500 GeV et 1 TeV,
pour des résonances KK découplées (myx — 00) et pour deux valeurs du VEV du radion,
A = 4,5 TeV. Une analyse plus précise serait nécessaire pour évaluer de maniere consistente
ces performances, mais il est clair que 'I[LC peut creuser dans le scénario de radion avec une
excellente sensibilité.

Enfin, dans le huitieme chapitre, on résume les résultats et on donne un bref apercu.
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Chapter 1

Introduction

Up to date, the so-called Standard Model (SM) of Particle Physics [8-10] is undoubtedly the
most successful theory describing dynamics at the subatomic level. With the discovery of
the long-predicted Brout-Englert-Higgs boson [11-13] at the Large Hadron Collider (LHC)
in 2012 by the ATLAS [14] and CMS [15] collaborations, the SM of Particle Physics is finally
complete.

Time and again, past (i.e. LEP - The Large Electron-Positron collider, Tevatron) and
present (LHC) colliders have experimentally confirmed the theoretical predictions of the
SM. Nevertheless, there are reasons to believe that the SM is not the fundamental theory
describing Nature.

On the observational side, the SM fails to describe the neutrino flavour oscillations,
which have been measured in the past [16]. More precisely, in the SM, the three neutrinos
are massless, which implies that they should not oscillate from one flavour into another.
Another shortcoming of the SM regarding observation is related to the so-called Dark
Matter [17-20]. Cosmological measurements carried out by the Planck satellite [21] indicate
that approximately 27% of total energy budget of the Universe is made out of Dark Matter.
Among the rest of ~ 73%, only 5% is represented by ordinary, luminous matter, whereas the
remaining 68% is made out of the even more mysterious Dark Energy (i.e. Cosmological
Constant).

The SM also suffers from several problems of theoretical origin. Two prominent examples
are (i) its inability to consistently incorporate a quantum theory of gravity and (ii) the
so-called hierarchy problem. In the first case, the problem lies in the fact that gravity is a non-
renormalizable theory: at each order in perturbation theory, new divergences appear, which
mandate the introduction of an infinity of counter-terms in the renormalized Lagrangian
describing gravity. Or, each counter-term needs to be fixed by an experimental measurement,
meaning that one has to perform an infinity of measurements to make sense of gravity at
the quantum level, hence the impossibility to consistently incorporate quantum gravity in
the SM.!

Perhaps the most widely studied problem of the SM is the second example given in the
previous paragraph, namely the gauge hierarchy problem. It is related to the corrections
that the Higgs boson mass receives at the loop (quantum) level. A simple way of stating the
hierarchy problem is the following. Consider a generic scalar S with mass M, heavier than
the 125 GeV Higgs boson h, having a generic coupling g, to the SM scalar. If a matching
at one loop at the scale y = M is performed between the UV model containing the heavy

INevertheless, one can make sense of quantum gravitational particle collisions if they occur at energies
well below the Planck Scale Mp; by retaining only the leading order(s) in E/Mp;, where E is, for example,
the center-of-mass energy of the collision.
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scalar and the effective field theory (EFT) with S integrated out, one finds the following
corrections to the physical mass of the Higgs: 2

2

2 —~ 2 9x 2
M, phys == M bare — CONSE X 167T2M , (1.1)

where const is a number of order 1.> There are also other corrections proportional to
log(M /my,), but we choose to not display them as they are not relevant for the current
discussion. If S is much heavier than h, i.e. M >> my, phys, then my, pare has to be of the same
order as M (modulo g?/(167?)), but very precisely tuned in order to reproduce the much
smaller measured Higgs mass. This is the crux of the so-called gauge hierarchy problem,
which is also called the fine-tuning problem of the SM.*

In the last few decades, the hierarchy problem has received lots of attention. This is
because any theory which provides a viable solution to the fine-tuning problem of the SM
predicts, in principle, new particles that should be not much heavier than the measured
Higgs, such that no fine cancellations are needed in eq. (1.1).

One particularly popular theory addressing the gauge hierarchy problem is the Minimal
Supersymmetric Standard Model or MSSM [24]. In the SM, the fermion and gauge boson
physical masses receive corrections proportional to their bare masses, i.e. Mphys — Mbare X
Mbare 10g(M /m), which is a consequence of chiral (gauge) symmetry in the case of fermions
(gauge bosons). Similarly, Supersymmetry (SuSy) provides a protection mechanism for the
Higgs scalar. In SuSy, each SM particle is paired up with one so-called superpartner, which
retains the same quantum numbers as the original SM particle but whose spin differs by 1/2
with respect to the spin of the SM particle. Consequently, the Higgs boson gets paired with
its spin-1/2 superpartner, dubbed the Higgsino, from which the SM scalar “inherits”, via
supersymmetry, the protection that the Higgsino receives through chiral symmetry.

Another popular solution to the hierarchy problem is the addition of compact (i.e. finite)
extra spatial dimensions (EDs) to the ordinary 4-dimensional (4D) Minkowski space. In
models with large (flat) extra dimensions, the SM is confined to the usual 4D world, whereas
gravity propagates not only in 4D, but also along the extra-dimensions. As a consequence,
gravity gets diluted in the extra-dimensional volume, which is why, in such models, gravity
appears so weak in the effective 4D description. Interestingly, both Supersymmetry and
extra dimensions appear as ingredients in in Superstring theories.

A different extra-dimensional scenario addressing the hierarchy problem is based on an
elegant proposal by Randall and Sundrum [25]. The two authors considered a geometrical
setup with one additional warped spatial dimension, which extends between two branes (i.e.
4D worlds). The non-factorisable metric is of Anti-de-Sitter (AdS) type and the resulting
space-time is a so-called AdSs slice (or throat), which is referred to as the bulk. The two
4-dimensional boundaries or branes are the ultra-violet (UV) boundary (or the Planck
brane), with a (unique) gravity scale at the Planck scale, and the infra-red (IR) brane (or
the TeV brane), with an exponentially suppressed scale close to the TeV scale. In such a
higher-dimensional framework, the hierarchy between the electroweak (EW) and Planck

20ur argument follows the one from Adam Falkowski’s lectures, given in April-May 2017 at IPhT Saclay:
https://courses.ipht.cnrs.fr/?q=fr/node/167.

3This constant depends on whether one considers only hhSS or both hhS and hhSS couplings. In any
case, specifying the type of interactions between the two scalars is not important in this case.

4In a less precise formulation, the hierarchy problem has its origins in the relative weakness of the
gravitational interaction compared to other fundamental interactions. Equivalently, it tries to answer to the
following question: why is the electroweak scale much lower than the Planck scale, Mp;?

SThere are, however, exceptions to this statement, as, for example, the so-called relaxion mechanism [22]
or the recently proposed Higgsplosion scenario [23].
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scales is achieved in a natural way through the exponential warping between the two branes.
In order to solve the gauge hierarchy problem, such a scenario needs to have the Higgs boson
localized close to or at the so-called TeV brane. In this way, the (exponentially suppressed)
typical energy scale of the TeV brane acts as a cutoff on the Higgs mass corrections.

In this PhD thesis, we focus on phenomenological aspects of warped extra-dimensional
models. In the first chapters, we start from the “bottom” and study effective models that
are inspired from extra-dimensional constructions. We call these models effective in the
sense that they feature Vector-Like Fermions (VLFs), which can be realised as Kaluza-Klein
excitations predicted in higher-dimensional theories. Afterwards, in the final chapters, we
“climb towards the top” and consider more concrete extra-dimensional scenarios. Throughout
both parts, special attention is dedicated to the scalar sectors of the considered models. These
sectors comprise the SM Higgs, new heavy Higgs fields, which typically arise in Two Higgs
Doublet Models (2HDM) or in Supersymmetry), and a more “exotic” scalar, the so-called
radion. In 5D models, the latter appears as a scalar fluctuation of the 5th component of the
metric. Also, it plays a role in stabilizing the length of the extra dimension.

This thesis is organized as follows. The current chapter serves as a general introduction
for this work, whereas each of the upcoming chapters has a more precise introduction at
its beginning. Chapter 2 serves as a brief overview of extra-dimensional models in particle
physics. Here, we dedicate a short discussion to both flat and warped extra dimensions.
In chapter 3, we propose several Vector-Like Quark (VLQ) extensions of the SM with the
purpose of explaining both the forward-backward asymmetry in b—quark production at LEP,
Abs, but also the more recent 20 deviation of the cross section for the associated Higgs
production with top quark pairs at the LHC, o(pp — tth). We also analyze the sensitivity
of the High Luminosity LHC (HL-LHC) to the presence of VLQs. Chapter 4 is dedicated to
an interpretation of the putative 750 GeV diphoton excess observed at CERN in 2015 (but
discarded as a statistical fluctuation in 2016). The role of the 750 GeV resonance is played by
a heavy scalar coming from a Two Higgs Doublet Model (2HDM), while its branching ratio
to two photons is enhanced by introducing electrically charged Vector-Like Leptons (VLLs).
In chapter 5, we aim at explaining the Dark Matter (DM) abundance in the Universe by
considering a model similar to the one in chapter 4. The main difference is that we consider
also electrically neutral VLLs, one of which is a DM candidate. In chapter 6, we arrive at the
“top” and consider a concrete warped extra-dimensional model to accommodate the 2 TeV
diboson anomaly observed in 2015 at the LHC (and, again, not confirmed by subsequent data).
Our candidate for the excess is actually a superposition of nearly degenerate Kaluza-Klein
(KK) gauge bosons, which are predicted by the custodially-extended gauge group that we
consider. Afterwards, in chapter 7, we adopt the same custodially protected warped extra-
dimensional framework, but focus instead on the phenomenology of its mixed Higgs-radion
sector. More precisely, we calculate the relevant Higgs and radion couplings and estimate the
sensitivity of the LHC and of a future linear collider (such as ILC - the International Linear
Collider) to the presence of the radion. Finally, in chapter 8, we summarize our results and
give a brief outlook.
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Chapter 2

Extra Dimensions in Particle Physics

In this chapter, we summarize the basic properties of models containing extra dimensions.
We divide these models in two types, in correspondence with the flat or warped geometry of
the extra dimension (ED).

The idea that the space-time has more than 3 spatial dimensions dates from almost one
century ago, when T. Kaluza and O. Klein published their idea of unifying gravity and
electromagnetism in a five dimensional space-time [26,27]. However, as the other fundamental
interactions were discovered in the meantime, their elegant proposal became no longer valid.
In more recent times, the two Superstring Revolutions that took place during the last three
decades boosted the popularity of EDs. But, within Superstring Theory, there was no reason
to believe that the EDs would be visible at the energy scales of particle colliders. However,
with the proposal of the warped extra-dimensional (Randall-Sundrum or simply RS) [25]
and the ADD [28,29] scenarios, the possibility of having EDs whose effects could be visible
at colliders prompted the development of phenomenological model building in this direction.

As they have escaped detection up to date, extra spatial dimensions have to be funda-
mentally different from the conventional three spatial dimensions that we are acquainted
with. Such differences can be achieved if:

o the length R of the extra dimension is smaller than the typical energy scale probed at
colliders such as LEP or LHC, i.e. R < O(TeV™1);

o a subset of the particle spectrum is not allowed to propagate into the extra-dimensional
volume. For example, if only gravity propagates into the full extra-dimensional space-
time and the rest of the SM fields are confined to 4 dimensions [28], the typical bounds,
on R coming from experiments testing the inverse square law for gravity, are relaxed
to the order of 100 microns;

o the extra dimensions are strongly curved [25], which, roughly speaking, leads to a
localization of low energy physics towards the boundary of the extra-dimensional
volume, such that it appears to be four-dimensional.

We now proceed to summarizing the main features of flat and warped extra-dimensional
models.
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2.1 Flat Extra Dimensions

2.1.1 Introduction and Motivation

The paradigm of large, flat extra dimensions addressing the gauge hierarchy problem was
introduced in a series of papers in 1998 [28-30]. Such models are commonly referred to
as “ADD” models—the initials of the authors—or as “large extra dimensions”. In order to
explain the apparent weakness of gravity with respect to the other fundamental interactions,
the authors imagined a 4 + n-dimensional space-time, with n compact (i.e. finite) EDs, in
which gravity propagates freely. On the other hand, they considered the SM to live on a
3-brane, i.e. to be confined to a 4D world. Their solution to the hierarchy problem relied
on the following observation: as gravity can freely propagate in every space-time direction,
the 4D-confined fields would experience only a small fraction of the gravitational force. In
layman terms, gravity appears much weaker than the other interactions simply because it is
“leaking” in the extra-dimensional volume, whereas the other forces act only in 4D.

More precisely, ADD models suppose that the electroweak scale, mgy , is the only
fundamental short distance scale in nature, thus being the scale of gravity as well. To explain
the weakness of gravity, the authors take the radius of each of the n extra dimensions equal
to R, and then estimate the Newtonian potential at two distances, one much smaller and
the other much larger than R. For two test masses m; o separated by a distance r < R, the
4 4+ n-dimensional Gauss law dictates a potential of the form

1My 1

where Mpy44n) is the 4 4+ n-dimensional Planck scale. On the other hand, for separations
much greater than the size of the EDs, the gravitational flux lines are no longer able to escape
into the EDs, which leads to the recovery, at large distances, of the usual 1/r potential:

mi1me 1
Pl(44+n

Matching the long-distance potential with its ordinary Newtonian counterpart leads to an
effective 4D Planck scale Mp; given by

To solve the hierarchy problem, Mpj44.,) is taken to be of the order of mgy , which gives an
estimate on the typical size of the EDs:

1 TeV) 7 142
R~ 107""Tcm x (mEeW> = R~ 10" % eV x (In;ev\v/) : (2.4)

Clearly, the case n = 1 is experimentally excluded, as it would imply deviations from the
inverse-square law on interplanetary scales. However, for n > 2, modifications of gravity
appear only on distances not yet probed by experiment.

Although elegant, the ADD model has a conceptual problem: it explains the hierarchy
between the Planck and the EW scales by introducing a third scale, namely the inverse
radius of the EDs, R~!. For n = 2, for example, the inverse radius is of the order of meV,
which is far below mgp and thus reintroduces a hierarchy problem. For n ~ 30, R™! is in
the 100 GeV range, which indeed explains the hierarchy between Mp; and m gy ; nevertheless,
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minimality is lost for such a high value of n. For proposals of addressing this issue of ADD
models, see, for example, Ref. [31].

Even if flat extra dimensions have some difficulties in solving the gauge hierarchy problem,
such theories have many other interesting motivations. To start with, if one allows all the
SM fields to propagate in the extra-dimensional volume, then 4 4+ n-dimensional momentum
conservation implies KK number conservation in the 4D effective theory. Thus, in such
scenarios, dubbed Universal Extra Dimensions or UEDs [32], the lightest KK particle, if
electrically neutral, becomes a viable Dark Matter candidate [33]. Moreover, gauge (and
even Yukawa) coupling unification can be easily achieved in flat extra dimensions through
power-law running of the couplings [34,35]. Finally, we also mention that it is possible to
explain the SM fermion mass hierarchy [36] or the neutrino masses/oscillations [37,38] in
scenarios with flat EDs.

2.1.2 Kaluza-Klein Decomposition and Boundary Conditions

A central concept in theories with ED is the so-called Kaluza-Klein (KK) decomposition.
Simply put, as shown in the following, the KK decomposition phrases the effects of a 5D
theory in a 4D language.

For clarity, we consider the simple case where the ordinary Minkowski space-time is
extended by a flat, compact extra dimension of length L. We denote the coordinates as 2 =
(x*,y), with M =0, ...,3,5 labeling the whole 5D space-time and p =0, ...,3 only its 4D
submanifold. The metric of such a space is given simply as gy n = diag(+1, —1,—1, —1,—1).
Consequently, fields now depend also on v,

O(zt) — D(aH,y) (2.5)

Since the y dependence is on a compact support, y € [0, L], one can Fourier decompose
the 5D fields in the y variable, leaving thus the z, dependence in the coefficients of the
decomposition:

O (2, y) Z o (") g (2.6)

To anticipate, it is clear that each ¢, denotes a 4D field. On the other hand, solving for the
g" functions can only be done by considering a concrete theory. For simplicity, we take the
free action of a 5D real scalar field

/ d'z / dy [0,® 0" @] . (2.7)

Plugging eq. (2.6) into the action and integrating by parts with respect to y, we obtain

LY [ 0,6 9"~ M) (28)
n,m=0
where
L L
Ko = / dy " g™, My, = / dy Oy fmOy fr = MOy, + boundary term (2.9)
0 0

A particularly simple form of the action is achieved if the ¢g” functions are chosen to be
orthonormal:
Kom = 0nm, (2.10)
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which corresponds to canonically normalized kinetic terms for the ¢™ fields. Moreover, if the
g"’s are eigenfunctions of the operator 97, such that 92¢" = —m_,g", we have that

Mom = —Onm mi (no sum). (2.11)

Once boundary conditions for the field are specified, this is a Sturm-Liouville problem whose
solutions are orthonormal functions. Even if the algebra gets more involved, this point
remains valid also when considering a warped ED. In either case, we arrive at

S_;ngﬂmwww—mM%ﬂ. (2.12)

This is the action of an infinite tower of scalar fields with masses m,,. The particles arising
from the quantization of the ¢"=!(x) fields will henceforth be called Kaluza-Klein (KK)
modes/partners/excitations, and the functions ¢"=°(y) wave functions/profiles. The ¢°(z),
which usually corresponds to a SM particle, will be called the 0-mode. The expansion from
eq. (2.6) in mass eigenmodes and substitution into the action (2.12) is thus referred to as
KK decomposition.

In the example above, the only point left to discuss is the boundary term from eq. (2.9),
which, in explicit form, reads

L
1
boundary term = —3 > 19" 0,9™] (2.13)
n,m 0
The standard procedure is to set these terms to 0, which leaves two options:
®| =0 or 9P =0,9=0,L, (2.14)
Yo Yo

which correspond, respectively, to Dirichlet and Neumann boundary conditions (BCs).
From now on, the Dirichlet BCs will be referred to as “(—)” BCs, whereas the Neumann
counterparts will be referred to as “(+)” BCs. Thus, there are four choices of BCs for the
wave functions:

e (++) BCs: Neumann BCs at both y =0 and y = L.

- (+-)
e (—+) BCs: Dirichlet BCs at y = 0 and Neumann BCs at y = L;
‘()

(

The choice of boundary conditions has important consequences on the 4D theory resulting
after KK decomposition: among the 4 possibilities above, only (++) BCs allow to have
g°(y) # 0. In other words, a 5D field has a 0-mode only if it is assigned with (++) BCs; all
the other options for the BCS imply ¢°(y) = 0 and thus eliminate the 0-mode from the 4D
physical spectrum. Even if this example considers a 5D scalar, the point discussed in this
paragraph applies also to fermions and gauge bosons. There are, however, some fundamental
differences between 5D scalar and 5D fermions and gauge bosons.

In a 5D space-time, chirality cannot be defined (a simple way of seeing it is that all the
~ matrices are used to define the 5D Clifford algebra and there is none left to construct a
chirality operator), which means that all 5D fermions are Dirac. However, it is an established
fact that the 4D fermions from the SM are Weyl, i.e. chiral fermions. Fortunately, this
problem is solved by the boundary conditions.

BCs: Neumann BCs at y = 0 and Dirichlet BCs at y = L;

BCs: Dirichlet BCs at both y =0 and y = L.
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In fact, if one considers a 5D fermion W, its KK decomposition gives rise, as expected, to
two KK towers of Weyl fermions, one left-handed (¥ ) and the other right-handed (V). The
two towers are not completely independent, though: if we fix the type of boundary condition
at yo (=0 or L) for one tower, then, through the Euler-Lagrange equations evaluated at o,
the other tower is forced to have an opposite type of BC at yo. As an example, if we assign
(+4) BCs to Wg, then W automatically satisfies (——) BCs. As a consequence, because
of the BCs, the 4D theory contains only one chiral zero-mode, ¥%, whereas ¥9 is removed
from the physical spectrum. Thus, one is left with a 4D effective theory containing (also)
chiral fermions.

Nonetheless, both W7=!(z) and W' (x) fields remain in the 4D effective theory, as they
are not removed by BCs. These KK modes are the so-called “Vector-Like Fermions” (VLEs)
predicted by extra-dimensional theories. For a given n > 1, U} (z) and WV} (z) share the
same quantum numbers under, for example, the SM gauge group SU(3). x SU(2), x U(1)y.
Owing to this fact, the Dirac fermion ¥"(x) would thus have a purely vectorial coupling to
the W and Z bosons: hence the name vector-like. Therefore, in 5D theories, each 4D chiral
fermion, left- or right-handed, comes together with a KK tower of vector-like fermions.

We now turn our attention to 5D gauge bosons, Vy; = (V,,, V). Compared to 4D theories,
the new element that could raise questions is the 5th component Vi, which, if treated
inappropriately, could lead to the existence of a non-desireable light scalar zero-mode, V2 (z),
in the 4D effective theory. Again, the BCs come to the rescue: as for the fermions, assigning
a type of BCs to V, leads to an opposite type of BCs for V5. For example, choosing (++)
BCs for V,, would enforce (——) BCs for Vs, which in turn would remove VY (z) from the
effective 4D physical spectrum. As for the 4D scalars \@)"Zl(x), they are nothing else than
the longitudinal polarizations of the massive Vunzl(a:) vectors.

2.1.3 On the Non-Renormalizability of Extra-Dimensional Field
Theories

As opposed to the more conventional 4D quantum field theories (QFTs), theories in D > 4
dimensions do not have the property of renormalizability. In the early days of QFT, an
important difficulty (both conceptually and technically) was dealing with the infinities that
appeared when considering quantum corrections to the classical field theory. However,
Quantum Electrodynamics (QED), through its formidable success, proved that infinities
can consistently removed by absorbing them into the fundamental parameters of the theory.
This was the idea of renormalization, which was deemed to be an essential property of every
healthy QFT, and proving that the SM obeys this property brought 't Hooft and Veltman
the Nobel Prize in 1999.

Nevertheless, in the past decades, it was realized that non-renormalizable QFTs can be
sensible theories for describing low energy effects dictated by dynamics accessible only at
much higher energies. However, there is a price to pay for abandoning renormalizability: a
non-renormalizable theory can be valid only up to a certain cut-off energy scale, commonly
denoted by A, where new degrees of freedom come into play and the predictive power of
the theory is therefore lost. The most famous example in this sense is the Fermi theory for
beta decays [39], whose coupling constant Gz has the same dimensions as an inverse squared
energy. For a given scattering process involving the Fermi interaction, as long as the collision
energy E is much lower than the inverse square root of the Fermi constant, F*Gr < 1, the
Fermi theory gives a result in agreement with observation. This result follows simply from
naive dimensional analysis, which also tells us that, at energies approaching ~ G}l 2, new
degrees of freedom have to appear in order to cure the non-unitarity of the theory. Indeed
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this is the case: the Fermi theory is UV-completed by the W and Z bosons. Exactly the
same happens to theories involving flat or warped extra space-time dimensions: the 4D
effective theories resulting from integrating out the ED are valid up to a certain energy cutoff
A, beyond which the ED can no longer be treated classically, because a quantum theory of
5D gravity enters into the picture.

2.2 Warped Extra Dimensions

2.2.1 Introduction and Motivation

In the context of particle physics, the idea of warped extra dimensions was put forward by
Randall and Sundrum (RS) in two seminal papers published in 1999 [25,40]. In these papers,
it was shown that a slice of 5D anti-de-Sitter space, AdSs, is a dynamical solution to the
Einstein equations in 5D provided that

o two 3-branes exist at the boundaries of the ED and
o the two 4D (for each brane) and the 5D cosmological constant are suitably chosen.

Moreover, Randall and Sundrum showed that such a setup can solve the hierarchy problem
related to the UV sensitivity of the Higgs mass. Since then, warped ED model became very
popular in both the theory and phenomenology community. Interestingly, two years before
the RS model appeared, Maldacena conjectured [41] the famous AdS/CFT correspondence,
which says that that a weakly coupled theory living in AdSy is dual to a strongly coupled
4D conformal field theory (CFT).

Apart from the gauge hierarchy problem, there are several motivations for the RS model.
While in the original RS model the SM fields were confined on a 3-brane, it was soon
realized that allowing fermions and gauge bosons to propagate in 5D could provide solutions
to other problems of the SM. For example, both the flavour hierarchy [42] and neutrino
mass [43] problems can be solved if the SM fermions and gauge bosons propagate in the
bulk. Additionally, within the same setup, it was shown that Grand Unification can also be
achieved [44,45]. Furthermore, if an appropriate discrete symmetry is imposed in the ED, a
variation on the RS model can provide a suitable candidate for explaining the Dark Matter
abundance in the Universe [46].

2.2.2 The Randall-Sundrum Model as a Solution to the Gauge
Hierarchy Problem

In order to explain how the hierarchy problem is tackled in the RS model, we start by
considering a 5D space-time, where the usual infinite 4D space-time is extended by a finite
ED spanning the interval 0 < y < L. At the endpoints of the interval, there are two 3-branes
(4D worlds), which are commonly referred to as the Planck/UV /hidden brane at y = 0 and
the TeV /IR /visible brane at y = L. The 5D space-time between the two branes (0 < y < L)
is usually called the 5D bulk or simply the bulk. The classical action for this setup is given
by

S = Stuik + SpPianck + Stev (2.15)
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where the three pieces read

L
Shutk = /d4fl?/0 dy (ﬁbuuc + \/E(QMER - A)) (2.16)
. L
SPlanck - /d x/O dy (LPlanck - \/EAPlanck) 5(9) (217)
. L
Stev = /d 37/0 dy (ETev - \/§AT5V) 5(y - L) (2-18)

For the moment, since we are interested in the dynamics of the metric, we neglect the
back-reaction of the matter and gauge fields on the geometrical background and set Ly,
L pranek, and Lr.y to 0. In the previous equations, A is the 5D cosmological constant and M,
the fundamental scale of 5D gravity. Meanwhile, R is the 5D Ricci scalar and g = det(ga/n)-
Furthermore, Apjgner and Agey are the 4D cosmological constants, also known as the (brane)
tensions of the Planck- and TeV-branes, respectively.

Solving the 5D Einstein equations derived from the action above, the following expression
for the metric is found [25]:

ds® = gMNd:chxN = e’%ynw,dx“d:c” - dyzm (2.19)

where 7, = diag(+1,—1,—1,—1) is the 4D Minkowski metric, and, as before, y € [0, L].
The parameter k, which represents the curvature scale of the extra dimension, is given by

—A
k=\lom (2.20)

This validity of this solution requires an additional condition:

Apranek = —Apey = 24M2E, (2.21)

which has to be imposed in order to obtain a null effective 4D cosmological constant on the
TeV brane. In fact, eq. (2.21) hides a fine-tuning associated with the cosmological constant
problem, which is not addressed in the RS scenario.

Clearly, the solution for k£ is meaningful only if A < 0. While in the case A = 0 a flat
extra dimension is recovered, for A < 0 the 5D bulk 0 < y < L is a slice of 5D Anti-de-Sitter
space (AdSs), which is generally referred to as warped space. Note that, for a fixed value of
y, the metric respects 4D Poincaré invariance.

At an energy scale g much lower than the inverse length of the extra dimension, u < 1/L,
one can obtain the corresponding effective 4D theory by integrating over the extra dimension,
a procedure that is called dimensional reduction. To this end we insert the warped metric
(2.19) into the bulk action (2.16), and obtain for the curvature term

L L _
/ &'z /0 dy \/G2M3g" R, — / d'z /0 dy 2M3e=2 /"R, (2.22)

—As2
=M3,

where 77 = det(7,,) and R denotes the 4D Ricci scalar constructed out of g - Here,

ﬁuu = N + h/u/(x) (223)

is the four-dimensional metric containing the physical 4D graviton field, h,,(z), i.e. the
fluctuations around the Minkowski background metric 7,,. As a low energy effective field,
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h,. is independent of y. Thus, one can perform the y integral explicitly and obtain the
effective 4D Planck scale of gravity as a function of parameters of the 5D theory:

3 3

M3, = M, [1—e ] ~ M e kD> 1. (2.24)
k k

Bleary, Mp; depends very weakly on the size of the extra dimension, L, such that in the

limit kL > 1 the 4D effective scale of gravity is determined only by M, and k.

We now focus our attention on the matter Lagrangian on the TeV brane, Lr.y, and
determine the energy scales to which it is associated. Let us consider a fundamental scalar
H (the Higgs boson) living on the TeV brane and acquiring a vacuum expectation value
(VEV), (H) = v. Its effective 4D action reads

Sip = / d'e /= grev (40, H0,H — N(HTH — 2)?) (2.25)

with gbv = g"(y = L) = e*n | and grovy = det(grev) = e %*L. In order to have a

canonical kinetic term for H, we rescale it by e**, H — e**H, and thus obtain

GiD /d4x (U”VQHHT&,H — \NH'H - 6—2’“3@3)2) (2.26)

Higgs
Quite remarkably, the effective symmetry breaking scale is given not by vy, but instead by
v = e . (2.27)

This result has profound consequences: while the 4D effective gravity scale Mp; is fixed by
M, and k, but almost completely insensitive to the ED length L, the effective symmetry
breaking scale depends exponentially on L, as v is suppressed by the e *¥ factor with respect
to the fundamental scale vy. In order to avoid large hierarchies between the fundamental
parameters of the 5D theory, we assume that M., k,vg ~ O(Mp;). Given this choice, only a
moderate hierarchy, kL ~ 35, is needed in order to obtain

v~ 107% ~ O(1) TeV (2.28)

for the 4D effective scale of electroweak symmetry breaking.

Thus, the RS geometric construction provides an elegant solution to the hierarchy problem,
as it reduces the 16 orders of magnitude hierarchy between Mp; and the EW energy scale,
mpgw, to a mere hierarchy of ~ 35 between the curvature scale k of the ED and its inverse
length, 1/L. We emphasize the RS metric in eq. (2.19) is not an ad-hoc choice that leads to
the good result: it is in fact a solution to the 5D Einstein equation with a negative bulk
cosmological constant. A < 0, and suitably adjusted brane tensions, Apjuner and Arey .

However, the are two theoretical issues that remain unaddressed in this model. The first
one is related to how can one ensure the relation in eq. (2.21) between the 5D cosmological
constant and the two brane tensions. As hinted at before, the answer is that this relation
has to be imposed “by hand”, implying thus a fine tuning: it corresponds to the notorious
cosmological constant problem, which remains unsolved in the RS model. The second
theoretical issue concerns the stability of the ED length, L, against gravitational fluctuations.
Soon after the publication of the RS papers, it was shown that, indeed, the length of the ED
can be stabilized through the so-called Goldberger-Wise (GW) mechanism [47]. In short,
this mechanism relies on the presence of a bulk scalar, called the GW scalar, which has a
5D mass term and a different 4D potential on each brane. Consequently, the GW scalar
acquires a VEV on the IR brane, v;g and a different VEV on the Planck brane, vyy # vrg.
By a moderate hierarchy of order ~ 10 between k£ and 5D mass of the GW scalar and for
vuv/vrr = O(1), it is indeed possible to stabilize the ED length such that kL ~ 35.
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Chapter 3

Vector-Like Quarks: Explaining the
A%B and tth Anomalies and Prospects
from Higgs Precision Measurements

3.1 General Properties of Vector-Like Quarks

Vector-like quarks (VLQs) are spin-1/2 particles which transform as triplets under the SU(3)
color gauge group. Their name reflects the fact that both left- and right-handed chiralities
of a vector-like quark (or, more generally, fermion) transform the same way under the SM
gauge group, from which it follows that their coupling to a W boson is purely vectorial.
Owing to this fact, such new fermionic states do not lead to radiative breaking of gauge
symmetries through chiral anomalies.

Concerning fermionic extensions of the Standard model, vector-like fermions are the
only option which is not excluded by experiment [48-50]. In order to have an anomaly-free
theory [51,52], new chiral fermions should come in full families, identical to the ones in the
SM ("fourth family”). In turn, a fourth family of chiral fermions would couple to the Higgs
boson similarly to their SM counterparts, which would lead to a factor 3 enhancement with
respect to the SM [48-50] of the gluon-gluon fusion (ggF) production mechanism of the
Higgs boson. However, ggF has been measured at the LHC and the experminental result is
in good agreement with the SM prediction [53], meaning that a fourth fermionic family is
basically excluded. However, for a way around this argument, see, for example, Refs. [54,55].

Besides being triplets of SU(3)., vector-like quarks can carry various non-trivial quantum
numbers under SU(2);, and U(1)y, leading to conventional electric charges, such as 2/3
(top-like) or —1/3 (bottom-like), or more exotic ones, as, for example, —4/3 or 5/3. Moreover,
if the VLQs are embedded into isospin singlets, doublets, or triplets, they can couple to the
Higgs doublet and a SM quark through gauge-invariant and renormalizable Yukawa terms.
Furthermore, due to their vector-like nature, VLQs can possess bare mass terms of the type
mq;qr + h.c.. Upon electroweak symmetry breaking (EWSB), they can mix with the SM
quarks! and generate deviations in their couplings to other SM states.

A common assumption in models containing VLQs is that the new coloured spin 1/2
states mix only with third generation SM quarks. Besides simplicity and convenience, there is
also a theoretical motivation behind this assumption: because of the large Yukawa couplings
of the top and bottom quarks, one expects a closer connection between these states and

In the case where such a mixing is very small or even forbidden by, say, a Zs symmetry, the new quarks
can form exotic QCD bound states, similar to the so-called “R-hadrons” (QCD bound states involving
supersymmetric particles), which are searched for at the LHC [56].
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possible new physics related to EWSB. Suppressed mixing with the first two generations is
favoured also by experiment, since such a mixing pattern would avoid problems related to
precisely measured flavour observables (for a review, see Ref. [57]).

Several extensions of the Standard Model (SM) of particle physics, including some that
address the gauge hierarchy problem, predict the existence of VLQs. Such states arise, for
instance, as:

« Kaluza-Klein excitations in warped extra-dimension scenarios [25] (in the version
with SM fields in the bulk, which explains the fermion mass hierarchy - see for
example [42,43,58-61]);

« excited resonances in the context of composite Higgs models [62-65];
« partners of the top quark in little Higgs theories [66,67];
« additional states in the extended group representations of grand unified theories [68,69].

As their masses are expected to be in the vicinity of the TeV scale, these particles can
be produced at the Large Hadron Collider (LHC) and their search is therefore of prime
importance. For phenomenological analyses concerning VLQs, see [70-94] (for more specific
scenarios involving VLQs, see, for example, [95-98]).

At the LHC, direct experimental searches have imposed, almost independently of the
VLQ electric charge, the model independent bound myy,q 2800 GeV [99-101] on VLQ masses
from pair-production through strong interactions. There exist also indirect constraints on
the masses and couplings of these particles from electroweak precision tests (EPWT)-they
give, for example, radiative contributions to the so—called oblique corrections that affect the
W-boson mass my and the effective mixing angle, sin? 8y, [102,103]. In addition, through
their mixing with SM 3rd generation quarks, VLQs alter the properties of the heavy top
and bottom quarks. Therefore, strong constraints can be obtained, for example, from the
Z-boson decay into bottom quarks, Z — bb, as measured at the LEP ete™ collider at energies
close to the Z-pole [104,105]. Concerning Z — bb, VLQs are (together with KaluzaKlein
excitations of electroweak gauge bosons [106]) among the few possibilities that can provide an
explanation to the long-standing puzzle of the bottom quark forward-backward asymmetry,
Abg, whose value measured at LEP differs by ~ 2.5¢ from the SM expectation [107].

Indirect constraints on VLQs also come from the data collected on the 125 GeV scalar
particle that has been observed at the LHC [1,2,53]. Firstly, these new quarks contribute
to the loop induced Higgs couplings to pairs of gluons and photons, either through their
additional exchange in the triangular loops or when modifying the dominant top quark loop
contribution through mixing [108-112]. Secondly, the Higgs decay channels in the various final
states detected so far by the ATLAS and CMS collaborations, namely the h — vy, ZZ, WW
and eventually 777~ final states with the Higgs state dominantly produced in the gluon
fusion mechanism gg — h, set strong limits on VL(Q masses and couplings [1,2,53]. The
sensitivity in these leading Higgs production channels, supplemented by the one in the
Higgs—strahlung process, ¢q¢ — V' h, with the V' = W, Z boson decaying leptonically and the
Higgs state decaying into bb final states, will significantly improve as the LHC will reach
higher integrated luminosities.

At a later LHC stage, a very efficient indirect probe of VLQ effects would come from
associated Higgs production with top quark pairs, pp — tth, through a modification of the top
quark Yukawa coupling v, as the cross section is directly proportional to y?. Although the
sensitivity is still rather low, the combination of the data collected so far by the ATLAS and
CMS collaborations in this channel displays a ~2¢ deviation from the SM expectation [53]
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(the deviation is close to ~ 10 in the ATLAS data and is much larger, being at the ~2.10
level, in the case of CMS [1,2]). This excess in the production rate would correspond to
an enhancement of the top—quark Yukawa coupling v; by a factor ~1.4.2 Even if rather
premature, it is tempting to attribute this excess to the indirect presence of VLQs and this
should soon be confirmed or ruled out.

In order to introduce the notation and to fix some basic ideas, we will briefly discuss a
simple VLQ model, which contains, apart from the SM particle spectrum, a new charge 2/3
isosinglet VL.Q, which we shall denote by #':

trr ~ (3,123, (3.1)

where 3, 1, and 2/3 represent the SU(3)., SU(2)r, and U(1)y charges, respectively. Denoting
by Qr = (t b), the third generation (left-handed) quark doublet and by tg, bg the right-
handed top and bottom quarks, the most general gauge-invariant Yukawa Lagrangian of this
simple model becomes

L=Y,Q Htp+Y,Q,Htry + m¥,t), + h.c., (3.2)

+

where H = (ZO) represents the SM Higgs doublet, H = iowH* its charge conjugate, L/R

the left and right fermion chiralities, the Y’s dimensionless Yukawa coupling constants and
the m’s the VL masses of the new colored states. Upon EWSB, Hy — v’ 4+ h/+/2 and thus
the mass and Yukawa matrices in the interaction basis read:

(Y UM\ L1 (Y Y,
M_<O m) c_ﬁ<0 0). (3.3)

The resulting mass eigenstates are the SM-like top quark, which we shall denote as ¢;, and
a heavier quark t;. The mass eigenvalues my, , are the square roots of the eigenvalues of
MIM (or M MT). The Yukawa couplings in the mass basis are obtained by a biunitary
transformation C — Uy, C U},, where the unitary /rotation matrices U .r are determined from

Up MM UL = Up MIMUY, = diag (m?,m?). (3.4)

Also, the unitary matrices are related through U, M U}, = diag (my,,my,). In the current
simple case of only two fields mixing, assuming all the parameters from Egs. (3.2) and (3.3)
are real, the rotation matrices can be expressed in their usual form as

[ cosOrr sinfrpp
UL’R N (— sin GL,R COs 9L,R> ’ (35)

where 0, p are the mixing angles for the left (L) and right (R) chiralities. For the mixing of
more than two VLQs, the rotation matrices can still be expressed with the help of (several)
mixing angles, but, as the expressions of these matrices are not particularly illuminating,
we will not quote them here. The mass basis couplings are straightforwardly obtained by
matrix multiplication of the interaction basis coupling matrix with the unitary matrices from
eq. (3.5). For example, the Yukawa couplings in the mass basis are the entries of the matrix
product Uy, C U}, with C defined in eq. (3.3).

In this chapter, which is based on Ref. [116], we analyze the sensitivity of present and
future LHC Higgs data to the vector-like partners of the heavy top and bottom quarks. We

2For an alternative explanation of the tth excess, see Ref. [113]. Other explanations, similar to ours, can
be found in Refs. [114,115].
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consider several VL(Q representations under the SM gauge group, such that the obtained
scenarios can be embedded into various realistic high-energy frameworks. We first explore
the possibility that some VLQs modify the Yukawa couplings of the heavy top and/or
bottom quarks through fermion mixing and discuss the impact of this mixing on electroweak
observables, including those in Z — bb decays. We also analyze the constraints that can
be obtained from the LHC data on the observed Higgs particle. In particular, we focus on
constraints coming from the measured loop—induced Higgs couplings to gluons and photons,
as well as from the rates in the Higgs—strahlung production process followed by the decay
h — bb.

As a main outcome of this study, we provide a simultaneous explanation of the two
possible deviations from SM expectations in heavy quark observables: the pp — tth cross
section at the LHC and the A%y asymmetry at LEP. For the production rate o(pp — tth),
the increase of the top Yukawa coupling that is necessary to explain the ~ 20 excess has to be
compensated by a destructive interference between the top and the VLQ loop contributions
to the gg — h production and h — v decay rates®. Such an interpretation of the anomaly
in o(pp — tth) predicts VLQs with masses in the range of 1-1.5 TeV, which should thus be
directly produced at the current and future LHC runs.

Finally, we show that VLQs with masses up to ~ 10 TeV can be probed by measuring
precisely the ratios of the h— vy to h— ZZ* and h—bb to h— WW* production times decay
rates [117,118], which are free of the large theoretical ambiguities that affect the absolute
rates or the signal strengths [119-121] and which could be determined with a percent-level
accuracy the high—luminosity LHC option [122-124].

The chapter is structured as follows. In the next section, we introduce and describe
three VLQ models which could allow for an enhancement of the top quark Yukawa coupling
and, simultaneously, for a resolution of the A% puzzle. In Section 3, we summarize the
presently available constraints that can be set on VLQS, in particular from high precision
electroweak measurements LEP and from the LHC Higgs data. We then present in Section 4
our numerical results for each studied model and delineate the allowed parameter space for
the masses and couplings of VLQs that accommodates the anomalies in o(pp — tth) and
Ab. Finally, in Section 5, we discuss the sensitivity to VLQs that can be achieved at the
high—luminosity LHC through precision measurements of Higgs decay ratios. The results are
then summarized and discussed in Section 6.

3.2 Theoretical Models for the A%; and tth Anomalies

In this section, we discuss the simplest models that include vector-like quarks and start by
analyzing those which could accommodate the two possible anomalies in the heavy quark
sector, namely an increase of the pp — tth production cross section and a deviation of the
Abp asymmetry from the SM expectation. We focus on scenarios that lead to modifications
of the top quark Yukawa coupling, defined in the SM as y?™ =m; /v (when neglecting the
three SM generation mixing with respect to the top—VLQ mixing), m;= 174 + 1 GeV being
the measured top—quark mass [107] and v=1v"/2~246 GeV the Higgs vacuum expectation
value. The VLQs responsible for such modifications will be denoted as top partners, ¢/, t”, ...,
since they should have an electric charge () = 2/3 in order to mix with the top quark.

It turns out that the simplest SM extension, which would involve a single ¢ quark and

3Independently of the present excess in the pp — tth production rate, this study highlights the importance
of and provides a motivation for a direct measurement of the top quark Yukawa coupling, as the indirect
determination from the gg— h and h— ~~ processes might be differently altered by new physics.
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which was given as an example in the previous section, leads to a reduction of the top Yukawa
coupling with respect to its SM value. This conclusion holds for a ¢ embedded in a singlet, a
doublet or a triplet under the SU(2)y, group, because the mass matrix in the (¢,¢') field basis
has the same texture in each of the three cases and generates identical mixing angles. The
embedding of a single ¢’ component into a quadruplet or a higher SU(2)y, multiplet forbids
gauge invariant Yukawa couplings for the extra ¢’ and, hence, a -t mixing. Consequently,
one should include at least two extra top partners. The embedding of vector-like ¢', t” quarks
in two SU(2)y, singlets would lead to a mass matrix in the (¢,#,¢") field basis of the type
(from now on, we denote by ”Y” the interaction basis couplings and by ”y” the mass basis
couplings):
Yoo Y Y
Mt = 0 mq 0 3 (36)
0 0 mo

which turns out to have an insufficient number of free parameters to increase g, without
significantly altering the measured m; value. The same holds for two extra isodoublets, for
which the mass matrix is simply the transpose of M,. Therefore, in order to increase 1, the
minimal top sector should include one ¢ embedded in an SU(2);, doublet and one SU(2)y,
singlet, t”. Here, by minimal sector we understand scenarios with the least possible number
of heavy quark SU(2)p n-plets, with n < 3.

In the case of the forward-backward asymmetry A%y, one can use similar arguments to
construct a minimal sector. The main goal is to reduce the A%y tension with data through
tree-level changes of the Zbb couplings, induced by the mixing of the SM b—quark with
its VLQ partners (see next section). However, one should keep the ratio R, = I'(Z —
bb) /T(Z — hadrons) in agreement at the < 1o level with its SM value when the tree-level
Zbb coupling constants gy, and g, are modified. This problem has been studied previously
and a possible solution is to increase gy, by ~30% and to decrease the absolute value of g,
by ~1% with respect to their SM values [106, 125].

The need of such a large increase in the right-handed component of the Zbb coupling b,
gives an idea on the required minimal bottom—quark sector. In the interaction basis, the
coupling matrix of the Z-boson to the b—quark and its VL partners has the diagonal form

1 1 1
GY = diag(I{)) 5 + 5 sin’ I+ 5 5in” Oy, I+ 5 sin’ By, (3.7)
where I?Eg =0 and [3(1L) = —1 are the SM by, and b, isospin projections and [éi‘/?% stand for

the first and second VL left-handed /right-handed o’’s isospin projections. Rotating to the
mass basis by a unitary transformation U?%, one finds that, for the characteristic case of two
b’ states, the Zbgrbgr coupling becomes

. . 2 1 . L,
G%’H = Gbp = Z ]:g}% (Ufmi) + 3 sin? Oy = I?()}Q)’eﬁ + 3 sin? Oy, (3.8)
i=1
where [é}%eﬁc is the “effective isospin” of the SM bottom quark after mixing with its VLQ

partners. Thus, after b-b" mixing, the change in g, is equal to [é}%eﬁ, since Ié}%) =0. As

unitarity implies 3%, (U%,li)Q = 1, one concludes that the effective isospin of the SM b
quark is actually a weighted mean of the isospins of all the bottom—like quarks present in
the model. Since the measured values of A%y and R, point towards 1&3’85 > (, the minimal
model should contain one bottom-like VLQ with positive isospin and none with negative
isospin, which from the start excludes a (', b") doublet. (Less minimal models could contain
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additional b' quarks with negative isospins but non-significant mixings with the SM by field,
e Upy < 1)

Therefore, in the sense of the minimality mentioned above, experimental constraints in
the bottom sector favor a & VLQ embedded with a —% electric charge VLQ), q4/3, in a —%
hypercharge isodoublet,

y Y=-5/6
BL,R_< ) , (3.9)

q4/3 L.R

with the addition of a singlet 0”, which guarantees that there are enough parameters to
produce a significant deviation of the couplings to the Z boson [126]. The electric charge of
the multiplet components is fixed by the relation () =Y + I3 coming from the assumption
that the symmetry breaking occurs as in the SM. The hypercharge is fixed by the gauge
symmetry itself, which imposes the same Y value for the components of a given multiplet.
In addition, as the bottom sector measurements disfavor a (¢',5") doublet and the minimal
top sector imposes a t’ embedded in a doublet, one concludes that the ¢’ should pair up with
an exotic electric charge —i—g VLQ, gs/3, in an SU(2);, doublet,

Y=17/6
Trp= (qu)) . (3.10)
L,R

Along these lines, one can construct a minimal VLQ model, that we denote here as model
A, which addresses simultaneously the excess of the pp — tth cross section at the LHC and
the anomaly in the A%y asymmetry as measured at LEP. Besides the SM fields, model A
will have the following content:

Model A : TL,R? BL,R, tl[I/,R and b/I//,RJ (311)

where By, p and T}, p are the two isodoublets defined in egs. (3.9) and (3.10) respectively,
whereas b7 p and t] p are two isosinglets. Denoting the SM left-handed (t,b) doublet as
@1, the most general Lagrangian containing all possible terms invariant under the SM
SU(3)cxSU(2)r, xU(1)y gauge symmetry reads

L=Y,Q Htp+ Y, Q, Ht!, + Y,,TLHtr + Y, T Ht}, + Y., TRH
+ Yy, Q Hbg + Yy, Q. HVY, + Yy, BLHbr + Yy, BLHUV}, + Y, BRH )

+ my T Tr + mytity + ms B Bg + m451L/b}/{ + He., (3.12)
HT ~
where H = 70 represents the SM Higgs doublet, H = iooH* its charge conjugate, L/R

the left and right fermion chiralities, the Y’s dimensionless Yukawa coupling constants and
m’s the masses of the various VLQs.

Without loss of generality, the coefficients of the ;¢ and 7.t} terms can be rotated
away [127]. The Yukawa couplings for the first two generations of fermions are omitted in
the Lagrangian of eq. (3.12) as their mixings with the top-partners ¢',t” are expected to be
much smaller than the ¢t and t—t” mixings as a consequence of the larger mass differences.
Since the CKM angles [107] are typically small, the first two up—quark flavors naturally
decouple from the top quark. A similar discussion holds for the down—type quark sector and
the o', b components®.

4The t' or V' states could contribute to the severely constrained Flavor Changing Neutral Current (FCNC)
reactions which rely precisely on the whole SM set of Yukawa couplings for quarks. This issue, which leads
to a large number of parameters, is beyond our scope.
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The top Yukawa couplings and mass terms generated after symmetry breaking by the
Lagrangian of eq. (3.12) can be synthesized respectively in the htt Cibt, and ¥t Mk, terms
(the “t” superscript stands for “top”, while the 7" superscript stands for matrix transposition).
Within the interaction basis defined by ¢ = (¢,#,t”)7, the coupling and mass matrices read

L (Y 0, WY, 0 WY,
Ct = E Y;B 0 Y;54 s Mt = U,Y;gs mq 'U,th4 . (313)
0 Y, O 0 'Y my

In the mass basis (“m” superscript), one has C/* =U!C;(U%)", where the unitary matrices
U} are obtained by bi-diagonalizing the model dependent mass matrix, U M, (Up)" =
diag(my,, my,, my;). The argument stays the same for the b—quark sector, but with the
replacements t — b, m; — ms and my — my. As for the g and —% charged exotic partners,
their masses are given by |m;| and |ms|, respectively. The mass eigenstates are ordered by
increasing absolute value and thus, for example, the observed top quark (after mixing) will
be represented by t;, while the lightest bottom-like VL.Q will be denoted by b,.

We will show later that indeed, there is a region in the parameter space of this minimal
model where all the LEP and LHC constraints, as well as the constraints from the oblique
corrections that affect the W/Z propagators, are satisfied. However, for the sake of complete-
ness, we will also consider two other models that respect too the requirement of minimality
and pass the constraints mentioned above. The two additional models contain, besides the
SM fields, the VLQ multiplets enlisted below:

t” Y':_l/3

Model B : TL,R» BL,R; XL,R = b and t/I///,R' (314)

/
Qa3 L,R

This is simply a copy of the minimal model A with the replacement " — X, with the
top-like singlet from model A being renamed into t”’. The triplet is chosen such that the
isospin of b” is equal to 0, which, together with & having a positive isospin, solves the
Al discrepancy. Also, with the choice of this triplet, this model has the same number of
parameters as model A, namely 14.

Y=5/3
qs/3
Model C : TL,R7 BL,Ra ZL,R = (]:r)/3 , b/[I”R and tlﬁR. (315)
t//
L,R

Just as in the previous model, the top-like singlet gets the most primes, becoming t"”’. In
both models, the B and 7" VLQ doublets are the ones defined earlier in eqs. (3.9) and (3.10).

We close this general discussion by presenting the Lagrangians and the mass matrices of the
additional models B and C. We denote the interaction basis vectors as v = (¢,¢,¢",...)",
where ¢ stands for the quark type, namely b, ¢, gi/3 and gs/3, while (.. )T stands for the
matrix transpose operation. The Yukawa coupling matrices will not be written, since they
are obtained in a straightforward manner by differentiating the corresponding mass matrices
with respect to the Higgs VEV, v (recall that v = v'v/2).

Model B: the corresponding Lagrangian is given by
L=Y,Q Htr +Y,Q,HXg + Y, Q Hty + Y, TyHtr + Y, T Ht}
+ Y, TrHt} + Yy Q,Hbg + Yy, BLHbg + Yy, BLH Xg + Y, BRH X[,

i

+ my TLTR + mgyLXR + ms tLt% + m4§LBR + H.C., (316)
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For the top, bottom and —% electric charge quarks, the mass matrices are given by

vi}i}l 0 v’é/tQ vi}iit3 VYy 0 U’;’%z
. U Yy, mq UV Yig o / v'Y},
M. 0 0 my o |2MeT |V K vz |
0 Y, 0 ms 0 75 M2
_ my U/YI-B
Mys = (’U’YEM - ) . (3.17)

Additionally, the physical mass of gs/3 is given by |m1|. Note that, in the bottom quark
mass matrix from above, the V;,,Y,, and Y,, terms are divided by V2. The extra 1 / V2’s
are just Clebsch-Gordan factors arising from the direct product of the Higgs doublet with a

VL doublet into a triplet, i.e. the 3-representation from the group product decomposition
22=301.

Model C: the Lagrangian is given by

L=Y,Q Htr+ Y, Q HtY + Y, T Htp + Y, T HZr + Y, T HY
+ Y ZLHTp+ Y, TRH U] + Yy, Q Hbr + Yy, Q HV}, + Yy, BLH by
+ Yy, BLHV), + Yy, BRHYV] + my T Tr + mo Z1Zr + matyth
+ my BLBg + msb, b, + Hee, (3.18)

and the mass matrices for the ¢,b and g electric charge quarks are given by

V'Y, 0 0 'Y,
V'Y, my 'Y, VY
0 Y, my 0

0 Y, 0 ms

/ /
VY, 0 'Y,
/ /
, Mpy=| VY, my VY, |,
/
0 Y ms

Mt:

Mssz = vy : (3.19)
2

The novelty of this model is the appearance of an electric charge &

mass is given by |ms|. Also, the mass of gy/3 is given by [my].

exotic quark, gg/3, whose

w

3.3 Present Constraints on VLQ Properties

3.3.1 Bounds from the LHC Higgs Data

The first set of constraints that we consider is due to Higgs production and detection at
the LHC; for a review of the relevant processes see e.g. Ref. [128]. The data collected by
the ATLAS and CMS collaborations at 748 TeV c.m. energies in the main search channels,
namely the h — v, ZZ, WW, 77 detection modes with the Higgs boson produced in the
gluon (ggF) and in the vector boson (VBF) fusion channels plus the h — bb decay mode
with the Higgs produced in the ¢qg — Vh mode (Vh) with V' = W, Z, seem to be in good
agreement with the SM expectations [1,2,53]. One can thus use the signal strengths py x
in these Higgs detection channels, defined as the measured cross section times the decay
branching ratio relative to the SM prediction,

o(pp — h) BR(h — XX)
o(pp = h)sm  BR(h — X X)su’

Uxx = (320)
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to constrain possible effects of extra vector-like top and bottom partners which would impact
several of them.

The cross section for the gluon fusion mechanism ggF' is by far the dominant Higgs
production process at the LHC as it provides ~ 85% of the total Higgs sample before
kinematical cuts are applied. In the SM, the process is mediated by triangular top and (to a
lesser extent) bottom quark loops. VLQs that are top and bottom partners would affect
the ggF' production rate either through mixing, i.e. by modifying the ¢, b loop contributions,
or via their exchange in the loop. The various quark contributions to the loop-induced hgg
coupling are summarized below. °

Noting the Yukawa couplings for the VL mass eigenstates as y;, and y,,, (labeled by
i=1,2,...), the ratio of the ggF cross section over its SM prediction reads as

VL > LAl (my)] + X 1;3”1'/4 my, ?
o = S = = Al . ET( bm, (3.21)
Oask Al (my)] + Alr(m)|

where A[7(m)] is the form factor for spin 1/2 particles [128] normalized such that A[r(m) <
1] — 3 and A[r(m) > 1] — 0 with 7(m) = mj,/4m?. It is useful to use this large mass limit,
which is a reasonable approximation (except for the bottom quark), so that the first sum
from eq. (3.21) simplifies [129],

X Al ng) = 30 <o DM <o ogdet M (32)

my. my. 31)

i 7 i

i
A similar expression holds for the sum over the bottom quark states, with the difference
that, since the bottom form factor is almost zero, one has to add and then subtract its
contribution. Thus, we can write an approximate form for the ggF ratio from eq. (3.21):

2

0 0 Yb,
[lggr == ¥ 5 log det M; + E log det M, — | (3.23)

which can be used as a guide to stay in regions where the ggF rate is not too far from its
SM value. Nevertheless, in our numerical analyses, we use the exact expression of eq. (3.21).

The impact of VLQs in the hgg vertex can be probed essentially through the signal
strength in the h — ZZ* — 4¢* channel, which is among the most precisely measured ones
(we refrain here from adding the information from the h — WW* — 2¢2v search channel
that is affected by larger theoretical and experimental uncertainties). Averaging the Run 1
ATLAS and CMS measurements [1,2,53], one obtains® [1,2]

peomb) — 1171923 (3.24)

The loop induced h — vy decay mode bears many similarities with the ggF process. It
is mediated by top and bottom quark triangular loops but also receives a contribution from

5The discussion of the hy7y loop proceeds in a similar fashion, but with the strong coupling replaced by
the QED coupling, and with an additional loop contribution from the W boson. Also, the diphoton loop
coupling depends on the electric charges of the particles running in the loop.

6We will not discuss here the subtleties in the treatment of the theoretical uncertainties that are expected
to be at the level of 15-20% in this channel, referring the reader to Ref. [119,121,130] for a recent discussion
(note that the QCD corrections to the VLQ contributions to the ggF and h — v loop processes should be
approximately the same as for the top quark contribution; see Ref. [131] for instance). We also note that a
combination of the ATLAS and CMS Higgs results at the first LHC run [53] gives slightly different values for
the signal strengths in some channels; the difference is nevertheless so small that our analysis is unaffected.
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the W boson. In fact, the latter contribution is dominating and interferes destructively with
the one from the heavy SM quarks. Again, additional contributions come from VLQs, in
particular through their exchange in the hyvy vertex. Given their smaller electric charge,
VLQ bottom—quark partners barely contribute to the vertex but exotic VLQs with higher
electric charge, e.g. —i—% or —%, could more significantly affect the loop [110]. Run I ATLAS
and CMS data [1,2], when combined, give the even stronger constraint

plom?) =114 £0.18. (3.25)

Additional bottom-like VLQ partners would alter, besides the Zbb vertex, the hbb
coupling as well. Consequently, one should also enforce the constraint from the Higgs—
strahlung process with the Higgs boson decaying into bb. Combining the ATLAS and CMS
results [1,132], one obtains for this channel”

™) = 0.69 £ 0.29 . (3.26)

Note that here, the production cross section in the Vh process is not altered at tree level
by the presence of VLQ and only the h — bb branching ratio is affected. In fact, this
branching ratio, ~ 60%, is the dominant one [133]. It controls the total decay width and
therefore enters in all the other Higgs branching ratios and hence all signal strengths. We
will thus simultaneously include the various effects and impose the three constraints from
lz7, vy and iy, at the same time, ignoring the other signal strengths that are less stringently
constrained [1,2,53].

Finally, we will also consider the signal in the associated pp — tth production channel
for which the combined ATLAS and CMS measurement [1,2,53]

comb
pign = 2.234041 (3.27)

exhibits a ~ 20 excess compared to the SM value, that is very tempting to attribute to new
physics. The experimental value for the pyy, signal strength assumes SM Higgs decay rates,
a feature that is consistent as the decays modified by VLQs such as the h — bb and h — vy
modes will be separately tested here to be close to their SM values.

In our discussion, this deviation will be attributed to an enhancement of the top quark
Yukawa coupling as a result of mixing with VLQ partners. However, because the non-SM-like
y; coupling would also affect the top—quark contributions to the hgg and hvy~y vertices, one
could compensate the y; enhancement by another (negatively interfering) contribution due
to VLQ exchanges in the loops as these effective couplings seem to be in agreement with the
SM prediction.

3.3.2 Constraints from High Precision Tests

There are also indirect constraints on VLQs from high precision electroweak data. First,
for the third generation quark sector, there are tree-level corrections induced by the ¢t/
or b-b' mixings directly on the ¢ or b vertices but, because of the heaviness of t' states,
the value for the CKM matrix element Vj, [107] including quark mixing is expected to be
SM-like. In addition, there are radiative corrections to the gauge boson vacuum polarization
functions induced by the exchange of VLQs [134,135]. These can be cast into the so—called
“oblique” parameters S, T and U [102] that must lie inside the lo regions induced by a
long list of electroweak precision observables [107]. Three crucial observables, the W boson

"Here, the theoretical uncertainty is small and the error is largely dominated by the experimental one.
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mass My, the leptonic partial width I'(Z — #¢) and the longitudinal polarization and
forward-backward asymmetries for leptons that give sin? 6y, play a prominent role [107].
Given the fact that none of our considered models exhibit an explicit custodial symmetry,
it is a non—trivial question whether they will respect these oblique parameter constraints.
Also, trying to impose custodial symmetry, as in Ref. [126], would not be a valid solution,
since a strong mixing between the SM quarks and the VLQs is needed to explain the pypy
enhancement. Moreover, such a symmetry would require a high number of VLQ multiplets,
which goes against the idea of minimality.

We will analyze the 20 excursions of the correlated S and T values (with the usual
assumption that U = 0), obtained for our models, from the experimental values of the two
parameters, which are given by

S|y—o = 0.06 £ 0.09 and T|y_o = 0.10 & 0.07, (3.28)

with a correlation coefficient of 0.91 [136]. We find that the theoretical prediction for the S
parameter typically does not deviate too much from its central value, while 7" has a very high
sensitivity to the addition of VLQs. Disentangling the deviations of the observable 7' that
are due to mixing effects or to the VLQ loop contributions is rather difficult in practice. In
particular, the mixing effects between (at least) three states are very cumbersome to handle;
they can be treated only numerically and one then needs to resort to a scan approach as will
be done in our analysis.

The other set of constraints comes from Z — bb decays at LEP. For the experimental [107]
and theoretical [107,137] values of the ratio of partial widths R, and the asymmetry Ab%g,
one has the following:

RI™P) = 0.21629 + 0.00066 vs R"™ =0.2158 & 0.00015, (3.29)
AREP) — 00992 £ 0.0016 vs  AYSM = 0.1029 + 0.0003. (3.30)

As already mentioned in several instances, the models that we consider address the Ay
anomaly. They can be realized within concrete warped extra-dimensional [125] or their dual
composite Higgs scenarios [138,139]. Indeed, in model A, the VLQs could be interpreted
as Kaluza-Klein excitations of SM quarks in extra-dimensional scenarios. The presence of
Kaluza-Klein excitations of the bottom quark would induce b-b" mixing and thus corrections
to the Zbb couplings that affect A%y and R,. Furthermore, extra # modes would be
simultaneously added to enhance the top quark Yukawa coupling. These t’' states would
then typically have a negative SU(2)y, isospin, as explained in Section 2. Such a ¢’ isospin
arises in several embeddings in a SU(2)p, x SU(2)gr custodial symmetry gauged in the bulk
which allows a protection with respect to all electroweak precision data [125,138-140]. In
other words, the extra-dimensional scenarios that comply with the S, T constraints could
naturally predict an enhanced y; coupling and a smaller value for A%y, at least from the
point of view of the field content and their gauge group embedding.

Note that since we are considering a unique set of VLQ fields and not a replica per
generation, it means that the so-called custodians (¢, ¥, ...) for the first two quark (and three
lepton) SM generations would decouple, which can be realistic in such frameworks [125,139].
Higgs data imply then large masses for the Kaluza-Klein excitations of gauge bosons and
the Higgs sector would essentially feel only the effects of the VLQs (custodians) from the
various effective A—C models.
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3.3.3 Other Constraints

Apart from the constraints coming from the LEP and LHC, one should also incorporate
various constraints concerning the eigenmasses of the physical states and their couplings
to the scalar Higgs field. First, one should reproduce the observed top and bottom quark
masses. However, since we are neglecting the mixing between the 3 flavors and also the
running from the VLQ mass down to the heavy quark pole masses m; and m;, we will allow
for an uncertainty for both eigenmasses. In the case of the top quark ¢;, we require its mass
to lie between 157 and 191 GeV, which represents a 10% excursion from the measured value
of my, ~ 174 GeV. As for the bottom quark by, we impose for its mass a value between 3
GeV and 5 GeV.

Indeed, as the Cabibbo-Kobayashi-Maskawa (CKM) matrix is close to the identity matrix,
the simplest theoretical quark mixing configuration corresponds to having both rotation
matrices for the up and down quark sectors close to identity as well, with a similar assumption
for the matrices of the right-handed sector, for simplicity. Since the deviation of the CKM
matrix from identity (its off-diagonal elements) is between less than 1% and ~ 20% [107],
one can expect deviations of order 10% in these up and down rotation matrices. Hence,
the top quark mass could be affected by a correction of this order. Such mixing effects can
induce an even larger uncertainty for the bottom quark due to its mass being closer to the
light generation ones.

Besides, the running effect between the VLQ and the top quark pole masses could be of
order ~ 10% [141,142], depending on the considered model. The bottom quark mass can be
even more affected due to its proximity to the QCD scale, Agcep.

Second, one should take into account the mass constraints coming from direct searches
for VLQs at the LHC. Up to date, the most severe bounds on the VL masses come from
the ATLAS experiment and are as follows:

— for a top-like VL partner, my;, > 950 GeV for BR(ty — ht1) = 1 [100];
— for a bottom-like VLQ, my, > 813 GeV for BR(by — Wt;) =1 [100];
— for a +§ charged VLQ, ms3, > 840 GeV for BR(gs/3, — Wt1) =1 [99];
— for a —% charged VLQ, myys, > 770 GeV for BR(qa/3, — Wby) =1 [99].

To be conservative, we have considered for each type of VLQ the decay branching ratio
values that give the most stringent lower bound on their eigenmass.

However, since it contains an electric charge ~|—§ VLQ, model C needs an additional
discussion. At LHC, there are no dedicated searches for such a resonance, but the authors of
Ref. [143] have recast the LHC exclusion limits for an electric charge % VLQ giving same—sign
dilepton final states into the bound mg/3 > 940 GeV at 95% CL. In our analysis, this is the
limit that we will use.

Besides one g VL quark, model C contains two % VLQs, which in general are not
degenerate in mass. Given this situation, one must reinterpret the mass exclusion limits on
z; g top partner. Supposir‘lg that the heavier 5/ 3 charge partner decays always to the lighter
3 VLQ (plus a Z or a Higgs boson) and knowing that BR(gs/3 — gs/3 + W) = 1, one can
infer a lower bound on the mass of the electric charge g partner. A conservative bound can
be obtained by considering that mg/3 ~ ms/3, ™~ ms3, (mass differences of O(myy ), thus
negligible), which, together with the previous assumption, amounts to multiplying by a factor
3 the QCD pair-production cross section of the charge 5/3 states. This assumption gives the
most conservative bound because, by minimizing the masses of the VLQs, we maximize their
production cross section. Reinterpreting the search for electric charge 5/3 colored resonances
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from Ref. [99] in this way, we obtain, in the particular case of model C, the conservative
bound ms,3 2 1 TeV at 95% CL.

Finally, to make our predictions reliable at leading order in perturbation theory, we
impose a perturbativity bound on the Yukawa couplings in the mass basis. Using naive
dimensional analysis, we thus enforce the conservative constraint max (|y;;|) < v/4r for all
four types of quarks, namely top, bottom, g4/3 and g¢s5/3 states.

3.4 Numerical analysis

We now present our numerical results on the constraints on VL(Q masses and couplings from
current data. We first summarize the approximations that we use when enforcing the various
constraints from the Higgs signal strengths as defined in eq. (3.20) and as measured at the
first run of the LHC, eqs. (3.24)—(3.26). As discussed previously, on the production side, the
additional VLQs alter only the ggF production mechanism. On the other hand, they do not
affect the hV'V couplings that enter in the subdominant VBF and Vh processes. Since the
ggF process is responsible for most of the Higgs production cross section at the LHC, we
assume that, in both the SM and in our VLQ models, one simply has o(pp — h) ~ o(gg9 — h)
for all signal strengths, with the exception of the h — bb decay. In the latter case, the
production mode is instead the Higgs-strahlung process which should be SM-like. Moreover,
we consider that only the decay h — bb, which has the largest branching ratio, is modified in
the presence of the VLQs (h — 77 is also modified, but this decay has a negligible branching
ratio). Indeed, the other decay mode that involves third generation quark couplings, namely
h— gg, has a small branching ratio and is expected to be close to its SM value, as the vertex
is tested directly via the production process. Thus, we consider that the modification of the
total decay width of the Higgs boson, which enters in all signal strengths, comes only from
the altered hbb vertex.

Considering model A, we present in the left—hand side of Fig. 3.1 the constraints that
we obtain in the [Y;,,Y;,] plane. The solid black and grey lines delineate, respectively, the
domains where the signal strengths pzz and ji,, respect the LHC measurements given in
eqs. (3.24,3.25), at the 1o level. The black dashed lines delineate the areas in which the
constraints from the oblique parameters S and T are satisfied at 1 and 20, with U = 0,
while at the right of the red line, the top quark mass is reproduced within an uncertainty
of £10% (the lower value does not appear in this frame). The regions excluded by the
non-perturbativity of the Yukawa couplings or by too low VLQ masses are included but their
impact in also not shown in the figure. Finally, the region in which the top quark Yukawa
coupling 1;, needs to be enhanced so as to explain the observed excess in the tth production
rate relative to the SM prediction is given by the blue lines: the lines for u,;y = 2.87 and
g = 1.62, which correspond respectively to the +10 and —1o deviation of the experimental
value as given in eq. (3.27), as well as the central value uygy = 2.23, are shown.

Turning to the bottom sector, we display in the right—hand side of Fig. 3.1 the regions
in the [Y,, Y3,] plane where the various experimental (and theoretical, as we also include
the perturbativity of the couplings) constraints are satisfied. Apart from imposing no more
than 1o deviation compared to the SM for the measured values of the A%y asymmetry
(purple lines) and the Ry ratio of widths (green lines), we allow for the bottom quark mass
to take values between 3 and 5 GeV (to account for the neglected effects of running and
flavor mixing), a constraint that is not displayed in the figure as it is satisfied in the entire
plane. Also not displayed, the LHC constraint on the py, signal strength is compatible with
data at the 1o level in the whole plane (the experimental central value given in eq. (3.26)
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Figure 3.1 — In the contextzaof model A, the domains in the [Yi,, Yy, ] plane c?% the Yukawa couplings
in the top sector (left plot) and [Y3,, Y3, of the Yukawa couplings in the bottom sector (right plot)
in which the various experimental constraints are satisfied at the 1o level. The constraints discussed
in the text but not displayed (such as the one from the perturbativity of the Yukawa couplings and
the lower limits on the VL(Q masses) are satisfied in the entire planes. The regions complying with
all constraints are highlighted by the orange crosses.

is ~ 1o smaller than the expectation in the SM). This is not the case of the pzz and fi,,
constraints which, as in the top sector case, are depicted by the solid black and the solid
gray lines respectively. Here, the additional constraints on the mass of the VL. bottom—quark
partners from direct LHC searches play an important role. Naturally, the constraints on the
top quark mass m,, and the signal strength p;, do not appear in the plot as they essentially
depend on parameters from the top sector (likewise, the constraints from A%y and Ry, do not
appear on the left plot of Fig. 3.1 as they also do not depend on the top sector parameters).

In Fig. 3.1, the regions with the orange crosses are the ones that are compatible, at
the 68% confidence level (95% CL for for S and T'), with all considered constraints. In
the bottom sector plot, we fix the Y}, and Y}, interaction basis parameters at Y;, = —1.45
and Y, = 4.32, while in the top sector plot we take Y}, = —3.15 and Y,, = —1.08. The
values of the other parameters of the considered model A that appear in the Lagrangian
of eq. (3.12) are given by Y;, = —0.98, V;, = 3.05, V;, = 3.81, Y, = —0.02, ¥}, = —2.2,
Yy, = —0.05, for the Yukawa couplings and m; = 1.77 TeV, my = 1.61 TeV, mg = —0.85 TeV
and my = —5.69 TeV for the VLQ masses.

The outcome of the discussion is that, indeed, there is a set of parameter values for which
the observed excess in the tth production cross section and the measured departure from
the SM of the A% asymmetry are both accommodated. In addition, for the same set of
parameter values, both the LHC Higgs data and the EW precision measurements at LEP
are satisfied. As already mentioned, this is a rather non-trivial result. As the masses of the
majority of the VLQs that result from the fit lie in the range between 1 and 2 TeV, this
scenario is currently being tested at the LHC through the direct production the additional
VLQ states.

The same considerations apply for models B and C: we show in Fig. 3.2 and Fig. 3.3
respectively the impact of the various constraints in the [Y;,,Y;,] (left plots) and [Y3,, Y3, ,]
(right plots) planes. The regions in which (i) the b—quark related constraints my, , A%g, Ry, i,
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Figure 3.2 — The same as in Fig. 3.1 but in the context of model B.

(ii) the t-quark related constraints my,, i, (iii) the general constraints fi,., pizz, (iv) the
EW constraints from S and 7', and (v) the LHC lower bounds on the VLQ masses are
satisfied at the 1o level (20 for S&T), i.e. the allowed regions, are again highlighted by
orange crosses. We have also enforced the perturbativity of all Yukawa couplings and the
impact of this constraint is now visible in the plots: the dark coloured areas are those where
at least one Yukawa coupling in the mass basis is larger than /47 in absolute value. Also,
we imposed the direct exclusion limit on the VLQ mass m;, > 813 GeV [100]. One constraint
is particularly important in the two models B and C, namely the h — v signal strength,
as both models contain VLQs with high electric charge, —% and g, which could lead to
important contributions to the hy~y vertex. Note that in the left plot of Fig. 3.3, only the
line for the —1o value of the tth rate is displayed as we have selected the areas in which the
top Yukawa coupling is sufficiently enhanced to accommodate the observed excess. Moreover,
one can see that in the bottom sector plot of model C (right plot of Fig. 3.3) there are two
disjoint regions where all the phenomenological constraints mentioned above are satisfied.
Although they are situated roughly symmetrically with respect to the Y;, = 0 line, their
shapes are different. This shows that, with all the other parameters fixed, flipping the sign
of Y}, is of physical importance. Indeed, such a transformation changes the value of det My,
which enters directly in the rate expression for the loop-induced ggF mechanism and A — vy
decay (as described earlier)).

In the two models, the values of the various parameters appearing (and defined) in
eq. (3.17) for model B and eq. (3.19) for model C and not shown in the planes are as
follows. In model B, we have: Y;, = —0.98,Y,, = 0.68, Y,, = —3.6, Y}, = 4.4, Y,, = 0.019,
Yy, =147, Y, = 0.28, Y, = 0.17, m; = 1.42 TeV , my = 1.1 TeV, mg = —2.32 TeV and
my = 1.5 TeV, with Y}, = 1.61 and Y}, = 0.23 in the top sector plot (left) plus Y;, = —3.22
and Y;, = —1.21 in the bottom sector plot (right). In model C, we have: Y;, = —1.01,
Y, = —1.19, Y, = —5.61, Y}, = —4.03, Y}, = 3.81, Y, = 0.024, Y}, = 0.5, Y, = 1.75,
Yy, =0.64, Y, =0.02, my = —4.8 TeV , my = —3.12 TeV, m3 = 1.11 TeV, my = 1.5 TeV and
ms = 1.1 TeV, with Y, = 0.52 and Y}, = 1.75 in the top sector plot (left) plus Y;, = —4.59
and Y;, = —4.51 in the bottom sector plot (right).

We observe from the three sets of plots Figs. 3.1-3.3 that the allowed regions in the [V;,, ¥3,]
and the [Y3,, Yy, »,] planes are rather sizeable. Nevertheless, other choices of the remaining
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parameters do not allow to significantly increase those domains. In general, besides S and
T, the most important constraint in the top sector come from enforcing the enhancement of
the tth rate without significantly altering the top quark mass. Simultaneously respecting
these two constraints calls for a strong mixing with the extra quarks, which translates into
larger Yukawa couplings Y;,, with ¢ = 1,2,3,.... As a consequence, the allowed regions
are driven close to the areas ruled out by non-perturbativity, with the highest Higgs—VLQ
couplings reaching values typically higher than 3 (for model C, the allowed region and the
area ruled out by non-perturbativity are adjacent). Another possibility of enhancing the
mixing would be to lower the VLQQ mass parameters m;, but this approach fails, since it leads
to VLQ masses that are too low and experimentally excluded. Concerning the bottom sector,
the strongest constraints come clearly from the LEP observables A%y and Ry, which are
measured at the per mille level, as well as from the S and T oblique parameters, measured
(indirectly) also at LEP.

Note that our choice for presenting the results (Figs. 3.1-3.3) in the the [Y},,Y?,] and the
[Ys,, Vb, 0,] Planes was only for illustration, as any other choice would have been equally valid.
Nonetheless, when searching for the allowed regions, we varied all the parameters involved
in our models. Even though the parameter space of each of our models has a dimensionality
larger than 10, varying by a significant amount the couplings Y}, ,, and/or the VLQ mass
parameters m; that we kept fixed in the plots would have restrained the starred regions,
where all the constraints are satisfied. Thus, is was not possible to decrease the large values
of some of the interaction basis couplings, which were Y}, ;. > 3. Nevertheless, we remind
the reader that the displayed regions involve only perturbative couplings in the mass basis.

Interestingly, the considered models predict the existence of top, bottom (¢ and by
eigenstates) and even exotic partners around the TeV scale, to which the LHC Run II might
be sensitive. While model B predicts 7 VLQs with masses < 2 TeV, models A and C both
predict 4 VLQs with masses < 2 TeV. Such states will be thus accessible through direct
production at the upgraded LHC.

Another feature that can be noticed from the plots is the fact that in the allowed regions,
the top quark mass attains rather large values, usually above 185 GeV, while the tth signal
strength has a value around 1.65, which is approximately 1o below its central value, 2.23. In
fact, the considered VL(Q models can more closely reproduce simultaneously the measured
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top mass m; ~ 174 GeV and a higher value of the tth signal strength, typically i, ~ 2
(i.e. only ~ 0.30 away from the central value), but at the expense of having S and T values
outside their 20 ranges. One can argue that S and 7', which are measured with a higher
accuracy than the Higgs couplings, could be also sensitive to the presence of other sources of
new physics, such as extra gauge bosons that appear in many scenarios with VLQs®, allowing
to increase the range of validity of the Yukawa couplings with the data in Figs. 3.1-3.3.

Note that the three VLQ models that we consider improve the discrepancies in A% not
only on the Z—pole but also off the Z—pole. For instance, in model A, for the allowed region
of the parameter space in the lower part of Fig. 3.1, the x? function of the fit of all the
asymmetry measurements is reduced from yZ,; ~ 33 down to typically X%/LQ ~ 15.

To summarize the discussion of this section, we present in Fig. 3.4 a “summary plot”
containing, for each considered model, the predicted values of ¢; = |y, /yP™| and my, (upper
plots) plus ¢, = |y, /yp™| and my, (lower plots), where yg, is the Yukawa coupling (in the
mass basis) of the (); mass eigenstate, i.e. the observed top and bottom quarks, and y%M
is the SM prediction (the two values are equivalent in the interaction or mass basis if no
fermion mixing is present). Thus, ¢; and ¢, measure the relative departure from the SM of
the Yukawa couplings of the top and bottom quarks. As already mentioned throughout the
chapter, my, (mp,) represents the mass of the lightest top-like (bottom-like) VLQ in each of
the three obtained models. For completeness, we also quote, for the allowed regions in each
model, the typical masses of the lightest electric charge ) = —%, %, % VLQs:

o In model A, ms/3, = |mq| ~ 1.77 TeV and my3, = |ms| ~ 0.85 TeV;

« In model B, ms/3, = |my| ~ 1.42 TeV and myy3, ~ 1.07 — 1.1 TeV;

e In model C, mg/3, = |m2| ~ 3.12 TeV, ms/3, = 2.95 -3 TeV, myy3, = |m4| ~ 1.5 TeV.
Note that, in this model, the bounds mentioned in Section 3.3, mg/3 > 940 GeV and
ms3 > 1 TeV, are both respected.

In the figure, the varied parameters and their corresponding variation ranges are Y;, €
[—1.6,—1.2],Y;, € [4,4.6] and Y}, € [2,4], Y3, € [0.7,1.2] for model A, Y}, € [-34,-3], Y}, €
[—1.4,—1] and Y}, € [1,2], Y}, € [0, 1] for model B, plus Y;, € [-5,—-4.2], Y}, € [-5.5, —3.5]
and Y, € [—0.8,0.8], V3, € [1.3,2.2] for model C. These intervals cover roughly the allowed
regions in Figs. 3.1-3.3 and, for each model, the remaining parameters are fixed at the same
values as in these figures. Obviously, the Yukawa couplings with “¢” and “b” subscripts
correspond respectively to the top and bottom sectors.

The two quantities ¢; and ¢, are defined as absolute values as the sign of the Yukawa
couplings in the mass basis is not physical. Instead, the signs of y;, /my, and vy, /my, are
of physical relevance since such ratios appear directly in the loop-mediated gg — h and
h — ~~ amplitudes. For example, in the h — 7y process, a negative y;, /my, ratio would
mean that the top quark loop amplitude would interfere constructively with the W-loop
amplitude, leading to an increase of I'(h — ~7) with respect to the SM value. In principle,
this is possible in general VL(Q scenarios but it is not the case in our chosen models. In the
regions where all phenomenological constraints are satisfied, we find that in the three models
Y, /My, 1s positive, as in the SM, but slightly higher as a result of the enhancement of the
top Yukawa coupling. Depending on the model, the new VLQ mass eigenstates propagating

8This is for instance the case in extra—dimensional models where one would have Kaluza—Klein excitations
of gauge bosons and top and bottom quark partners. These could contribute to the S and T parameters but
not to the Yukawa couplings. Note that the A%B puzzle can be solved by contributions from both extra
bosons and/or extra fermions, as discussed in Refs. [106,125].
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Figure 3.4 — Regions in the [c, my,| plane (upper plots) and the [cp, msp,| plane (lower plots) where
all the phenomenological constraints enlisted in the previous section are satisfied. The varied
parameters and their corresponding ranges for the three models are given in the text.

in the loop interfere either constructively or destructively with the top quark exchange.
Nevertheless, their contribution to the triangular loop is modest since their masses are rather
large and their couplings to the Higgs boson are small, being induced only through quark
mixing”.

As a final remark, there is no complete cancellation between the effects of the enhanced
top Yukawa coupling and the contribution of the new VLQ states in the triangular loop.
Instead, it turns out that in each of the models that we have considered, the gluon fusion
cross section is increased by 10-15% compared to the SM value. Meanwhile, relative to its
SM value, the diphoton partial width is suppressed by 1 — 2% in models A and B, whereas
in model C it is enhanced by ~ 15%. However, these slight deviations from the SM are
below the experimental accuracy on the signal strengths measured by the ATLAS and CMS
collaborations [1,2, 53].

3.5 Testing VLQs through Higgs Precision Measure-
ments

We now discuss the sensitivity on VLQs that could be achieved at the upgraded LHC with
Vs = 14 TeV center of mass energy when 3000 fb~! of data will be collected, the so—called
high-luminosity option of the LHC (HL-LHC). We start with a discussion of the observables
that can be measured with high precision in this case.

9The Higgs-VLQ couplings are given by the diagonal entries of the mass basis Yukawa matrix, Ytion -
These entries are zero in the interaction basis so that the mass basis couplings are mixing-induced.
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3.5.1 Precision Higgs Observables at High—Luminosity

Compared to /s = 8 TeV, the Higgs production cross sections at /s = 14 TeV are
enhanced by a factor of approximately 2.5 in the case of gluon fusion, 2 in the case of
Higgs-strahlung and 5 in the case of associated tth production. The statistical uncertainties
on the measurement of the signal strengths values pxx for the various processes listed in
Section 3.1 and obtained at /s = 7+8 TeV with ~ 25 fb~! data, will be thus significantly
reduced at this LHC upgrade. For instance, in the ggF mode, the statistical error which is
presently the largest uncertainty will be reduced by a factor v/300 ~ 15 with 3000 fb~! data,
and would lead to a precision of the order of 1-2% in the case of the p., and pzz signal
strengths and 3-5% in the case of j,. The smaller systematical uncertainties could also be
reduced so that one could hope that the total experimental errors would be reduced to the
few percent level, in agreement with the ATLAS and CMS projection at /s = 14 TeV with
3000 fb~! data [123,124].

The theoretical uncertainties that affect the production cross sections (which are at
the level of 5% in the ggF and 5% in the Vh cases for instance) and the decay branching
ratios (which are presently of order 5% in most channels) would turn then to be the largest
source of uncertainty and would limit the interest of these measurements if they are not
significantly reduced. Nevertheless, one could construct ratios of observables that are free of
these uncertainties. In particular, the ratio of production times decay rates [117,118]

p o ow—=h=ryy) | T(h= )
Y T x\ )’
olpp—>h—2Z7Z*) T(h— ZZ¥)
b olag— Vh—Vbb)  T(h— bb)
Y o(qg = V> VWW*) — T(h > WW#)’

(3.31)

(3.32)

will be free of all these theoretical uncertainties (including also possible ambiguities in the
Higgs total decay width that affect all the branching ratios), provided that the fiducial cross
sections for the processes in the numerator and in the denominator are measured within
the same kinematical configurations. The two observables will be then limited only by the
experimental error and, in particular, the statistical one (at least for D,,). At the HL-LHC,
one expects that accuracies of the order of

AD., ~1% and ADy =~ 5% (3.33)

could be achieved. The decay ratios above, which measure only the ratio of Higgs couplings
squared gy, would be then extremely powerful tools to indirectly probe new physics effects
and, in particular, those of heavy VLQs of the third generation.

Another Higgs decay ratio which could also be very useful in general is D, = I'(h —
77)/T'(h — WW*), with the Higgs state produced in the ggF+1j and VBF modes. However,
we will ignore it in our discussion, since the VLQs that we are analyzing here do not affect
the hr7 and hV'V couplings and will thus have no impact in this context.

Finally, the signal strength in the associated Higgs production with top quark pairs,
pp — tth, is also important in the context of VLQs. At the HL-LHC, both the ATLAS
and CMS collaborations expect a measurement of the cross section o(pp — tth) with an
experimental accuracy of the order of 15% [123,124]. This error is largely dominated by the
statistical one. In addition to that, the process, which is known at NLO in the QCD and
electroweak couplings [144-147], is affected by a theoretical uncertainty of about 15-20%
from the variation of the renormalisation and factorisation scales and from the parton
distribution functions and the value of a,. This leads then to a total uncertainty of about

47



30%. Nevertheless, it has been advocated that considering the ratio of cross sections for
associated tth and ttZ boson production'®, Cy; = o(pp — tth)/o(pp — ttZ), will also
significantly reduce the theoretical uncertainties to the level of ~ 5% [148]. One would then
have a total error on the ratio at the level of 15% when combining the ATLAS and CMS
measurements at HL-LHC.

Hence, the ratio Cy is expected to be affected by a much larger error than the D,
and even Dy, ratios, thus reducing its capacity to probe tiny VLQ effects. For this reason,
although providing a complementary information as it is exclusively sensitive to the ¢t — ¢/
mixing, we will not include this ratio in the rest of our VLQ analysis.

3.5.2 Probing VLQs Using the Higgs Decay Ratios

Using the D, and Dy, decay ratios, with the total uncertainties given in eq. (3.33) and
their projected central values equal to their SM values, we now estimate the sensitivities
that could be achieved on VLQs at the HL-LHC. In this analysis, it would be useful to
simplify to a certain extent the previously considered models in order to keep the discussion
as transparent as possible but still at a rather general level. We will thus make the following
three simplifying assumptions.

First, since we would like to study the new physics effects only and not the mixing effects
between the SM and the physics beyond it, we will assume the VLQs to decouple from the
top and bottom quarks, thus leaving the latter’s couplings to the Higgs boson SM-like. This
is a good approximation in general since the VLQs that we are investigating have masses well
above the electroweak scale and, thus, are supposed to mix weakly with the SM states. At
this stage, we will no longer attempt to explain the LHC hint for an increased top Yukawa
coupling nor the anomaly in the A% asymmetry. We will thus allow the new physics that
we are considering to communicate with the SM only via the Higgs boson, an assumption
which guarantees that the models which we are investigating comply with the currently
available phenomenological constraints'’. For all the other phenomenological constraints,
in particular for the electroweak oblique observables S and 7', we assume the same central
values and errors as presently (we thus ignore for simplicity some potential improvement
such as the one that would come from a better measurement of the W boson mass at the
LHC). The constraints from reproducing the measured top and bottom quark masses and
from the perturbativity of the Yukawa couplings, as well as the lower bounds on the masses
of the VLQs (which might be improved by the time of the HL-LHC if no signal is found, but
will be superseded by the limits that will be obtained in our analysis) will also be assumed
to be the same.

Second, to focus as much as possible on the effect of a single VL.QQ and not consider the
cumulative contribution of several ones (for instance in the contributions to the h — v or
gg — h loop processes), we will retain for each model only two vector-like multiplets and
decouple completely the others. The reason for keeping two multiplets and not only one is
that, in the absence of mixing between VLQs and SM quarks, at least two VL(Q fields are
needed to have interactions of the new color triplets with the Higgs boson. This interaction
with the Higgs field generates, after electroweak symmetry breaking, a mixing term between
the two vector—like fields. However, to still concentrate on the effect of a single VLQ, we
consider the VL. mass parameter of one of the two multiplets to be larger than the other

1ONote that in our models, both the tth and ttZ vertices will be affected via top quark mixing with the
VLQs, so that their ratio Cy; would not probe solely the tth vertex.

Note that there exist also model-building justifications for such a decoupling of the SM and new physics
effects, such as symmetries forbidding the Yukawa coupling terms between SM fields and VLQs.
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(this guarantees a small effect of the heavier VLQ in the loop induced hyy and hgg vertices
for instance). Nevertheless, at the same time, this mass splitting significantly reduces the
Yukawa coupling of the lighter VLQ as a result of mixing factors. In this case, only a one
percent measurement of the D, ratio could signal the new physics effects. Our goal will be
simply to estimate the power of high—precision measurements in the Higgs sector to probe
heavy VLQ states with small couplings to the Higgs bosons.

Finally, also for simplicity reasons, we will assume that the two possible Higgs—VLQ-VLQ
couplings in the interaction basis are equal, which means that, in the same basis, the VLQ
mass matrices are symmetric. The latter have the simple texture

Myrq = ( T;”Y w ) . (3.34)

In this expression, m (M) is the lighter (heavier) VL(Q mass parameter, while my is, up to
a possible Clebsch—Gordan factor, equal to v'Y (as the highest multiplet we consider is a
triplet, 1/4/2 is the only possibility for a Clebsch-Gordan coefficient). In each model, M will
be fixed to a high value, while m and Y will be treated as variable parameters.

In the three discussed models, the various multiplets that we retain and their impact
on the D, ratio and hence on the hyy loop are as follows (as already stated, VLQ states
are also exchanged in the loop induced ggF production mechanism but the production rates
cancel in the D, ratio):

+ In model A, (gs/3,t') is the lighter doublet, with mass parameter m, while the heavier
VL field (with the larger mass parameter M) is the ¢” singlet. Both top quark partners
will enter in the hvy~y loop and affect the amplitude.

« In model B, the (¥, q4/3) doublet is the lighter multiplet while the heavier one is the
"V, q, /3) triplet. Here, the main actors will be the exotic q4/3 states, while the
bottom—quark partners would generate a tiny effect on the triangular Higgs—diphoton
loop, of order (Qem(g/3)/Qem(b))?* = 16 times smaller than the contribution of the
electrically charged —4/3 quarks.

+ For model C, the (gs/3,t') doublet has a mass parameter m and the (qg/g,qg/:)),t”)
triplet, a mass M. Here, the main contribution will be that of the exotic g5/3 states.
The contribution of the the top quark partners is approximately %(Q{, 13/ Qop)? == 4.42

times smaller than that of the gs3 states (1/v/2 is a Clebsch-Gordan).

In each of these cases, the eigenmass of the lighter VL(Q will be denoted by my1q, and
its coupling (in the same mass basis) to the Higgs boson by yyvLq. These two quantities are
deduced from the diagonalization of the matrix in eq. (3.34). Due to the fact that M > m,
one has myLq ~ m and yyLq ~ —vY?/(M — m). We consider only Y < 5 because, for
Y = 5, at least one of the four Yukawa couplings in the mass basis becomes non-perturbative,
i.e. greater than ~ v/4w. Moreover, while we allow m to attain both negative and positive
values, M is chosen to be positive for all the models, since only the relative sign of the two
parameters is physical. The values of M for each model are taken such that the largest
resolvable myr,q is roughly half of M, which avoids too much feedback in the h — v+ loop
from the heavier VLQ and thus isolates, to some extent, the contribution to D, of the
lighter VLQ.

For the case of the hbb vertex, which can be probed directly in the measurement of the
h — bb partial width, the discussion concerning the Dy, decay ratio will be even simpler. As
the hbb vertex is unaffected in the absence of mixing, we will consider here a non-vanishing
mixing between the b quark and its VL partners. In turn, we will consider only bottom-like
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Figure 3.5 — Regions in the [mv1q, yviq| plane for the simplified versions of models A, B and C,
to which a precise measurement of D, at the HL-LHC, with AD. = 1%, will be sensitive. The
other parameters entering the analysis are discussed in the text.

VLQs since only such states affect the hbb coupling through b-¥ mixing. For simplicity,
we shall study the case of only one bottom-like VL partner &’. The choice of the SU(2)y,
representation of the b extra quark will be qualitatively irrelevant due to similar mass matrix
textures (the only quantitative difference could come from various Clebsch-Gordan factors,
depending on the SU(2);, embedding of ). Thus, a single picture could be representative of
all three considered models. By minimality, we shall take the b’ as a singlet under SU(2)y,,
which, together with the SM b quark, will lead to a mass matrix given by

M, = ( o ) , (3.35)

with my, , = v'Y1 2. We shall denote by y, the Higgs-VLQ coupling in the mass basis and
by my the bottom-like VLQ) eigenmass, both being obtained from the bi-diagonalization of
the mass matrix in eq. (3.35).

In the analysis, we will treat Y5 and M, defined in eq. (3.35), as variable parameters. The
remaining parameter, Y7, also appearing in eq. (3.35), will be expressed in terms of Y5 and
M by demanding that m;, the observed b quark mass, is reproduced. Since M > my, , in
most of the interesting part of the parameter space, we have, to a very good approximation,
my & my, (1 —m§, /2M?), which can easily be inverted in order to re-express Y; as a function
of Y5 and M. For this purpose, the value of the bottom quark mass in our numerical analysis
will be taken to lie between the MS value m,(MS) ~ 4.18 GeV, and the on-shell value
mp(1S) ~ 4.65 GeV [107], with a mean value m;, = 4.43 GeV. Apart from this constraint,
we shall enforce the perturbativity condition of the mass basis Yukawa couplings, y < /4,
and the LHC bottom-like VLQ exclusion limit, my > 813 GeV [100].

We display in Fig. 3.5, for the simplified versions of models A-C, regions in the plane
[mvLqQ, Yyvrg) to which a precise measurement with AD.., = 1% will be sensitive. In this
figure, we have assumed that the future central experimental value of D, would be equal
to its SM prediction. The choices for the heavy VL(Q mass parameters are M4 = 15 TeV,
Mp = 25 TeV and My = 28 TeV. For each model, the ranges of the parameters are
m € [—15,15] TeV and Y € [0,5]. The lower boundary of each region is given by the Y =5
curve, which typically marks the transition to the non-perturbativity regime, while the upper
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Figure 3.6 — Regions in the [my,yy| plane for the a simplified VLQ model to which a precise
measurement of Dy, at the HL-LHC, with ADy, = 5%, will be sensitive. The other parameters
entering the analysis are discussed in the text.

boundary is dictated by the AD.. = 1% condition. The region defined by |myrq| < 0.8 TeV,
delimiting the third boundary, is excluded by direct VLQ searches.

It might seem peculiar that in Fig. 3.5 we show also negative values of the VL(Q mass,
myrq. However, this is just a matter of convention: only the yy1q/mvLq ratio enters in the
expression of D.,, (see eq. (3.21) for the comparable structure of the ggF loop amplitude).
Consequently, we have plotted only negative values for yyiq, while letting myrq have any
sign. Thus, the left half of Fig. 3.5 corresponds to taking both yy1,q and myrq positive.

Also, it is interesting to note in Fig. 3.5 the asymmetry of the regions with respect to the
myrq = 0 axis. This is due to the fact that, in the case of my1q > 0, the interference of
the lighter VLQ with its heavier counterpart is destructive, while for myrqg < 0 the exact
opposite happens. Thus, the (absolute) values of yyiq that can be probed are higher in the
case of myrq > 0.

Similarly, we present in Fig. 3.6 regions of the [my, yy| plane to which a 5% accuracy
measurement of Dy, will be sensitive. In this figure, we have assumed, as in the case of D,
that the future central experimental value of Dy, would be equal to its SM prediction. Here,
the ranges of the parameters are M € [0.5,6] TeV and Y}, € [0,6]. The lower boundary of
the obtained region is determined by the ADy, = 5% condition, while the upper right one
signals the passage to non-perturbativity. The upper left boundary delimits the zone where
the observed bottom quark becomes too light, whereas the left boundary shows the lower
limit my < 0.8 TeV from direct searches of b-like VL partners.

Figs. 3.5 and 3.6 constitute our main prospective results and one can see that VLQ
masses up to several TeV can be probed. With the precise measurement of D.. top partners
with masses up to 5 TeV can be resolved in the loop, while exotic quarks (with Qen, = —g, %)
with masses as high as ~ 13 TeV are probed. Meanwhile, a 5% error in the measurement of
Dy, can be sensitive to the presence of bottom-like VLQs with masses up to ~ 5 TeV. It is
interesting to observe the complementarity between the two measurements: while with D,
one can efficiently resolve multi-TeV scale top and exotic VL partners, very heavy bottom
VL partners can be probed through Dy,.

As expected, D, is more sensitive to the VLQs with higher electric charge that occur in
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models B and C. The mass limits above are much higher than the ones obtained from direct
VLQ searches which, even at the HL-LHC, would only reach the 2 TeV range [123]. It may
be surprising that the mass reach for the g4/3’s of model B is higher than the one for the
q5/3’s of model C, but the explanation is simple. As it is visible from the figure, model C
has a lower sensitivity on myr,q but for a lower coupling yvr,q. The relative smallness of the
couplings in model C has two reasons: on the one hand, the Yukawa couplings for model
C are suppressed by a Clebsch-Gordan factor of 1/ V2 and, on the other hand, the mass
parameter M is larger in model C (M ~ 28 TeV) than in model B (M ~ 25 TeV), which
leads to a smaller mixing between the two VLQs and hence a smaller coupling for the lighter
ones to the Higgs boson.

We should also mention that, in the D, discussion, for models B and C, the oblique
parameters S and T are well within 20 for all values of m and Y not excluded by non-
perturbativity or by direct searches of VLQ)s. The situation is not as good in model A, where,
for myrq < 3 TeV, S and T deviate by more than 30. However, since we are interested in
knowing the highest possible VL mass that can be resolved in the A — v loop, this is not a
serious problem. The case of Dy, is similar to the one in model A: for my 2 3 TeV, S and T
are within 20 from their central values.

3.6 Summary and Discussion

In this chapter, we have analyzed in the sensitivity of present and future LHC Higgs data to
heavy vector-like partners of the top and bottom quarks that appear in many extensions of
the SM, such as warped extra dimension scenarios and composite Higgs models. Working in
an effective approach and considering several VLQ representations under the SM gauge group,
we have thoroughly investigated three models that simultaneously address the longstanding
puzzle of the forward-backward asymmetry A%y at LEP and the recently observed deviation
of the pp — tth production cross section at the LHC from its SM value. On the other hand,
the three models fulfill all other experimental and theoretical constraints, in particular those
coming from the electroweak precision measurements and from the LHC data in the Higgs
decay and main production channels.

We have used the principle of minimality as a guide to select representative examples
of the t' and & multiplets, which should be related through their contributions to the
highly constrained electroweak precision data and address the two aforementioned anomalies.
Among the multiplets that involve ¢', ' and VLQs with exotic electric charge, one has, for
example, t', b singlets, (gs/3,1'), (V', qa/3) doublets and/or (¢',b', qu3), (gs/3,q5/3,t") triplets.
These states mix with the SM top and bottom quarks and modify their Yukawa and gauge
couplings. In addition, they would contribute to the loop induced gg — h production and
h — ~v~ decay processes. For instance, the mixing with the additional states in the bottom
sector allows for a sufficiently large increase of the Zbrbg coupling to explain the A%
anomaly. At the same time, an enhancement of the htt Yukawa coupling by a factor up to
~ 1.4 can occur, which would instead explain the ~ 20 apparent increase of the cross section
o(pp — tth) at the LHC. The rates for the loop induced processes would stay SM-like due
to either small VLQ contributions or compensating effects between fermion mixing and loop
contributions. Interestingly, the considered models predict the existence of VLQ with masses
in the range 1-2 TeV that might be discovered at the current Run II of the LHC with a c.m.
energy of 13 to 14 TeV.

In a second part of the chapter, we left aside the anomalies in the asymmetry A% and
the cross section o(pp — tth) and focused instead on the VLQ mass scale that could be
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probed in the future by precision measurements in the Higgs sector at the high—luminosity
LHC option. In this context, the ratios of the partial widths of the h — vy vs h — ZZ* and
h — bb vs h — WW* decay modes, D, and Dy, would play an important role as they can
be determined with an accuracy at the level of, respectively, AD.., = 1% and ADy, = 5%.
Assuming the worst-case scenario in which the new physics scale would lie far above the
electroweak scale and all other measured observables would appear to be SM-like, we have
shown that, in some simplified VLQ frameworks, the precise measurement of the two decay
ratios would probe VLQs with masses above the multi-TeV range. In particular, VLQs
contributing to the the Ay loop vertex or altering at tree-level the hbb coupling would be
visible at the HL-LHC if the mass scales are ~ 5 TeV for top and bottom partners and up
to ~ 13 TeV for VLQs with higher electric charge, such as —% or g These mass values are
much higher than those attainable in direct VLQ searches at the LHC in the present [99-101]

or even in the future [123,124].
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Chapter 4

Interpretations for the LHC Diphoton
Excess: Two Higgs Doublets and
Vector-Like Fermions

4.1 Generalities of Two Higgs Doublet Models

4.1.1 Introduction and Motivation

Out of the many possible extensions of the Standard Model, a particularly simple one is the
scalar extension called the Two Higgs Doublet Model (2HDM). As their name suggests, the
new feature of 2HDMs with respect to the SM is the presence of a second Higgs doublet,
which has the same quantum numbers as its usual SM counterpart.

An appealing feature of 2HDMs is the fact that they preserve, at tree level, the value of
the p parameter at 1:

_ My _ 1 (4.1)
P= cymy '
In other words, 2HDMs do not violate custodial symmetry at tree level. For multiplets of
general isospin I acquiring a VEV, this statement does not always apply. The particular
cases for which tree-level custodial symmetry is preserved is the addition of multiplets with
I=0,1/2 (i.e. singlets and doublets) acquiring a VEV.!

One of the main motivations of 2HDMs is the fact that they are a generalization of
the scalar potential that one encounters in the Minimal Supersymmetric Standard Model
(MSSM). In the MSSM, having only one scalar doublet would lead to an anomalous gauge
symmetry: the fermionic superpartner of the Higgs boson, the higgsino, would render the
U(1)y and SU(2)., gauge symmetries anomalous. In order to cure this problem, one has to
introduce a second Higgs doublet, the resulting extra higgsino cancelling the anomaly caused
by the first one.

Introducing another Higgs doublet could also increase the amount of CP violation
(CPV) with respect to the SM (in fact, this was the motivation behind the first proposal of
2HDMs [149]). A well studied problem of the SM is its inability to explain the mechanism
that generates the baryon asymmetry in the universe (BAU), which proceeds through CP-
violating interactions. More precisely, one has only one CP-violating phase in the SM, namely
the one in the CKM matrix. Adding a second Higgs doublet increases the number of quartic

IThe case of isospin multiplets with no VEV is trivial, since they do not contribute to p at tree level.
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couplings in the scalar potential, some of which could carry a complex phase, thus increasing
the amount of CPV and allowing for an explanation of the BAU.

Even if 2HDMs appear as simple extensions of the SM, they nevertheless possess a rich
phenomenology. In the following, we briefly summarize the most important features of
2HDMs. For a more extensive review we refer instead, for example, to [150].

4.1.2 The Scalar Potential and The Mass Eigenstates

The two doublets are both color singlets and have a hypercharge equal to 1/2 %, and they
can be parametrized as follows:

+
Hio = b2 ~ (1,2)_1/2, 4.2
12 <\% (v1,2 + p12 + Z¢122)> (1,2) 1/2 (4.2)

where v; are the VEVS, p;, ¢Z, and ¢i are, respectively, the neutral CP-even, neutral CP-odd,
and charged interaction eigenstates. The most general potential that one can write for the
two scalars is

V(H,, Hy) = m? HI H, + m2,H} H, — (m§2 HiH, + h.c,)
+ AQl (HIH1)2 + A; (H%HQ)z + s (HUH) (HIH) + Ao (H{H) (HH)

+ [A; (BIH,) + X (HIH) (H{H) + X (HYH:) (H{H,) + h,c,] C43)

Out of the total of 10 mass parameters and quartic couplings appearing in the scalar potential,
m2, and A5 67 are complex, whereas the others are real. In the following, we will not consider
CP violation, meaning that we will take all the parameters to be real.

General 2HDMs feature tree-level flavour-changing neutral currents (FCNCs), which are
absent in the SM and would impose very tight constraints on 2HDMs. The standard way to
avoid this shortcoming of 2HDMs is to impose a Zy symmetry under which, by convention,
Hy is odd and Hj is even. Imposing such a symmetry results in the vanishing of A\g and \;
terms from the scalar potential in Eq. (4.3). Nevertheless, this symmetry is softly broken
by the —m?2,H; Hy term in the potential. The presence of this term is necessary in order to
comply with direct searches of new Higgs states: setting it to 0 would imply that the extra
scalars should be close in mass to the 125 GeV scalar, which would be in strong tension with
experiments (see, for example, the bounds on MSSM heavy scalars derived in Ref. [151]).

Concerning the physical spectrum of 2HDMs, a straightforward degree-of-freedom count-
ing shows that the mass eigenstates resulting after mixing are the following:

o two CP-even scalars, h and H, with H being, by convention, heavier than h. Throughout
this thesis, we assume that h corresponds to the 125 GeV scalar discovered in 2012 at
the LHC.

e one CP-odd scalar, A, and a neutral Goldstone boson, which becomes the longitudinal
polarization of the Z boson;

« one electrically charged scalar, H*, plus a charged Goldstone boson, which is eaten by
the W boson.

2The convention used for hypercharge is Y = Q — I, where Q is the electric charge and I? the third
component of weak isospin.
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We now introduce the mass matrices for the three types of scalars, assuming that \¢ = A7 = 0,
as follows from imposing the Zs symmetry that forbids tree level FCNCs. The mass matrix
for the CP-even scalars is given by

(4.4)

2 v 2 2
mi, 2 + \v?  —miy + )\345111212)
Y
v

2 _ v
M CP—even — ( ! v

2 2 2

with Agy5 = A3 + Ay + A5. By definition, « is the mixing angle that diagonalizes the CP-even
mass matrix, the resulting eigenmasses being m;, < my. In the CP-odd and charged sectors,
the mass matrices are similar:

2 2 2 2
m () —V102g 2 ma V5 —V109
Mep oaa =525 .2 M= 5= 4.5
CP—odd 1}% +U% — V105 U% ) + U% —i—U% — V109 U% ) ( )
where the physical pseudo- and charged scalar masses are given by, respectively:

2 2 2y [ Mis 2 2 N
my = (v] + v3) ( —2)\5> . mi = (v] +v3) ( —)\4—)\5> . (4.6)

U1V2 V1V2

As expected, both the CP-odd and charged scalar mass matrices have a null eigenvalue,
which corresponds to the neutral and charged Goldstone bosons that are eaten by the Z and
W= gauge bosons. Both mass matrices are diagonalized by a rotation of angle 3, which can
be expressed in its more familiar form as

v

tanf =tg = 2. (4.7)

U1
The tan § parameter plays an important role in 2HDMs, as it determines, together with the
angle «, the couplings of the physical scalars to the SM fermions and gauge bosons.

4.1.3 Scalar Couplings to Fermions and Gauge Bosons

As stated in the previous subsection, the transition from the interaction basis (Hy, Hy)? to the
mass basis (h, H, A, H*) depends on two mixing angles, a and 3. Throughout all this work
we will assume to be in the so-called alignment limit, i.e. « ~ 3 — 7/2. This is a reasonable
assumption since, in most scenarios, as also shown in fig. 4.1, only small deviations from the
alignment limit are experimentally allowed. In this limit, the A boson becomes completely
SM-like. A second relevant implication is that the couplings of the second CP-even Higgs H
with W and Z bosons are zero at tree level, being proportional to cos(/5 — a)) (analogous
tree-level couplings for the A boson are forbidden by CP conservation). For a more detailed
treatment of the alignment limit, we refer the reader to e.g. Refs. [152-156].

The couplings of the SM fermions with the Higgses are described by the following
Lagrangian:

—cRh = X PL[eTrh+ €T fH = i€k frs A

f=u,d,!

2
- \?/: (@ (M P+ ma€4 Pr) dHT +miyplpH +heel, (4.8)
where the parameters 5}; .4 depend the couplings of the SM fermions with the two
doublets H; 5. Motivated by the non-observation of flavour-changing neutral currents

(FCNCs) we consider four different sets of 5}’; 1.4 corresponding to four 2HDM models, i.e.
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Type-1, Type-11, lepton specific and flipped, featuring the absence of tree-level FCNCs [150].
The values of the £’s for theses four flavour-conserving types of 2HDMs are listed below in
table 4.1.

The Yukawa couplings of the SM fermions are dictated exactly by the choices of 5 and
of the 2HDM type. In all four types, the up-type quarks couple to Hs. In order to couple
an SM fermion to Hy, the right-handed said fermion should be odd under the Z, symmetry
under which H; is odd as well. For Type-I, no SM fermions couple to Hy, whereas for type-II,
down-type quarks and leptons couple to H;. A lepton-specific 2HDM features only leptons
coupling to Hy, while in a flipped 2HDM only the down-type quarks couple to H;.

’ \ Type I \ Type 11 \ Lepton-specific \ Flipped ‘
&l cofsp— 1 Ca/Sp — 1 Co/Sp — 1 Ca/sp — 1
&l cafsp—1 —Sa/cp — 1 Ca/Sp — 1 —Sa/cp — 1
& Ca/sp — 1 —Sa/cp — 1 —Sa/cg — 1 Ca/sp — 1
& | safss = —t5' | safss = —t5' | sa/ss = —t5' | sa/ss — —t5'
£ | safsp = —t5 cafcs = tg | safsp— —ty' | cafcg—ts
&y | sa/ss — —t5 CofCp — g CofCp — g Sa/Sg — —tgl
55 tlgjl ty' tf;il ty'
¢d —t; ts —t; ts
A —t5' ts ts —t5'

Table 4.1 — Couplings of the Higgses to the SM fermions as a function of the angles a and j3,
in the alignment limit where (8 — a) — 7/2.

4.2 A Diphoton Resonance at 750 GeV?

At the end of 2015, it was reported that the approximately 4 fb=! of data, delivered in LHC
run with a center of mass energy of 13 TeV, hinted at the presence of a resonance that
decays into two photons, with a mass of about 750 GeV and a width of ~ 50 GeV [157,158].
The local significance of this signal was only at the 3¢ level in the case of the ATLAS
collaboration and slightly less for the CMS collaboration. Hence, it was likely that this
excess of data was simply yet another statistical fluctuation which would be washed away
with more data. Indeed, this was the case: the 2016 data discarded the resonance as a
statistical fluctuation [159,160]. Nevertheless, in the absence of any firm sign of the long
awaited new physics beyond the SM, it was interesting to contemplate at that time that the
effect was indeed due to a new resonance. This is, in fact, the subject of this chapter: our
interpretation for the 750 GeV “resonance”; as outlined in Ref. [161].

Let us start by briefly sketching the various possibilities for such a resonance and
considering its spin—parity quantum numbers. The observation of the v signal rules out
the option that it comes from the decay of a spin—1 particle by virtue of the Landau—Yang
theorem [162,163]. This leaves the spin 0 and spin > 2 possibilities. A graviton-like spin—2
is extremely unlikely since it has universal couplings and it should have also decayed into
other states such as WW, ZZ, dileptons and dijets which have not been observed up to very
high masses [164, 165]. The most likely possibility for the resonance particle is thus to have
spin—0.

Furthermore, the resonance should be Higgs—like and couple only very weakly to light
quarks as, if produced in ¢g annihilation, it should have already been observed at the
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Figure 4.1 — Constraints in the (cs_q,t3) plane on the four types of flavour-conserving
2HDMs, coming from Higgs signal strength measurements [1,2]. The signal strengths we
have considered are ji,, (red), pzzww (grey), and pup, -~ (blue).

first LHC run with /s = 8 TeV and 20 fb~! data. Indeed, for a 750 GeV resonance, just
considering naively the ¢g parton luminosities for a given c.m. energy, there should be
an increase of only a factor of 2.5 for the production rate when moving from 8 to 13 TeV
c.m. energy [166]. Instead, if the resonance is produced in gg fusion, the jump in cross
section would be a factor of 4.5 so that the collected data sets at /s = 8 and 13 TeV would
be equivalent. Note that there was an ATLAS search for a two-photon scalar resonance
performed at /s = 8 TeV [167] but it did not extend beyond the scale of 600 GeV. CMS
searched also for diphoton resonances [168] and observed a slight excess of about 20 at a
mass of 750 GeV. The present diphoton excess is, thus, not a complete surprise.

In this chapter, we explore the possibility that the diphoton events originate from the
decays of the heavy neutral CP—-even and CP-odd Higgs particles that are present in
two Higgs doublet models [150, 169] and, in particular, in their minimal supersymmetric
incarnation, the MSSM [169,170]. We show that to achieve such a strong diphoton signal,
additional particles should contribute to the loop induced production and decay processes
and we investigate some scenarios with vector-like quarks and leptons that occur in many
extensions of the Standard Model (SM) [78,109,171]. We show that indeed, vector-like
leptons can account for the observed signal without altering the properties of the lightest A
boson.

4.3 The Diphoton Rate in 2HDMs and the MSSM

As presented in the previous section, the 2HDM is a straightforward extension of the SM
that involves additional Higgs states. Another theory predicting new scalars is the minimal
supersymmetric extension of the SM (MSSM), whose scalar sector is a type II 2HDM, but
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with the interesting feature that supersymmetry imposes strong constraints on the parameters
and only two of them, e.g. tan 8 and m4, are independent. This is true not only at tree
level but approximately also at higher orders if the constraint m;, = 125 GeV, which fixes
the important radiative corrections to the Higgs sector [170], is enforced; this is the so—called
hMSSM discussed recently [151,172]. Because the LHC Higgs data indicate that h state is
SM-like [173] and that the pseudoscalar Higgs boson should be rather heavy [6,7], one is also
in the so—called decoupling limit, where one has cos(f—«a) ~ 0 and my ~ my+ = ma > my.
This simplifies considerably the phenomenology of the model.

In this section, we consider both the MSSM in the decoupling limit and the 2HDMs of
type I and II in the alignment limit; a departure from these limits (in particular alignment)
by 10% , i.e. being close to the upper bound cos?( — ) & 0.1 indicated by LHC Higgs
data [173] does not significantly change our discussion. In the latter case, we assume in
addition that the CP—even H and CP—odd A states are approximately degenerate in mass,
my &~ my, as is the case in the MSSM. Hence, the 750 GeV diphoton resonance consists
of both the H and A bosons. As motivated below, we specialize in the low tan 3 region,
and more precisely to tan S & 1, which allows for strong Yukawa couplings of the top quark.
The possibility of extremely large Yukawa for bottom quarks requires large tan 5 values (for
type II 2HDMs), tan 8 2 30 and even 50, which for me ~ 750 GeV, ® = H, A, are excluded
by the ® — 717~ searches performed at the run I of the LHC [6,7]. Hence, only the top
quark Yukawa coupling is kept in our following discussion and all other Yukawa couplings
are considered to be negligible.

Let us now discuss the decays of the two Higgs resonances. In the configuration that we
have chosen, with large Higgs masses and low tan /3 values, the only relevant tree level decay
of the ® = H, A bosons is into top quark pairs with a partial width [128]

2
(= #) = “ 0 (6 ma 57" (1.9)

where 3; = (1—4m?2/m32)"/? is the quark velocity and pg = 3 (1) for the CP-even (odd) Higgs
boson. In principle, the decays of the two resonances into two photons also proceeds through
the top—quark loop only (for the CP—even H state, we ignore the W-loop contribution;
there are also small charged Higgs contributions to be discussed shortly), but we allow for
additional contributions of new fermions that we explicit later. The partial decay widths are
given by [128,169]

2

Grao®mi|4
- 2 ggfbAib/2(7—t) + Afew (410)

H® =) = o Vars

The form factors A<11>/2(7_f) which depend on the variable 7, = m3,/ 4m?c are the only place
in which the H and A states behave differently. They are shown in Fig. 4.2. While the
amplitudes are real for mg < 2my, they develop an imaginary part above the kinematical
threshold. At low Higgs masses compared to the internal fermion mass, me < 2my, the
amplitudes for a scalar and a pseudoscalar® states reach constant but different values
A{{/2<Tf) — 4/3 and A‘f‘/2(7'f) — 2 (in fact these limits are attained quickly as soon as
me < 2my and are almost exact for my 2 mg). The maximal values of the amplitudes occur

at the kinematical threshold mg = 2my, where one has Re(AﬁQ) ~ 2 and Re(Af/z) ~ 5 for
the real parts. For a resonance with a mass me &~ 700 GeV, one has 7, &~ 4 for the top quark

3Note that when including the QCD corrections to the quark loops, there is a Sommerfeld enhancement
of the amplitudes near threshold which is significant in the case of the pseudoscalar Higgs boson. Outside
this threshold the QCD corrections are very small; see Ref. [131].
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Figure 4.2 — The form factors A‘ll’/2 of the Higgs—gg and Higgs—y~ fermion loops in the case
of the CP-even (left) and CP-odd (right) Higgs particles as a function of 7; = mg /4mj7.
The smaller form factor for spin—0 particle exchange in the H case is shown for comparison.

and this leads to values for the form factors of Re(A{‘;Q) ~ 3 Im(Af, 72) & 5 in the CP-even
case and Re(Al/z) 2 Im(Al/Q) ~ 2 in the CP-odd case.

Assuming that there are no new physics contributions to the ®vv loop besides that of
the top quark, the branching ratio of the decay ® — 7~ is simply given by

L(®—~yy) o md |A(1D/2\ . m3 1
BR(® ~ ) _ > e ~ 10~ 411
(@ == TG 50 " 5w g m? BT (4.11)

and does not depend on tan 3. For me ~ 750 GeV, one obtains fractions BR(A — v7) ~
7 x 107% and BR(H — ~v7y) ~ 6 x 107% and total decay widths, with T'® ~ T'(® — tt), of
'~ 32 GeV/tan? 3 and T4, ~ 35 GeV/tan? 3 [133,174]. To arrive at a total width of
~ 50 GeV as experimentally observed, one thus needs tan 1. Hence, besides requiring
the equality? mpg =~ m 4, one should not allow for new H/A decay channels in order to not
increase this total width. In fact, even if the total width issue could be ignored, tan 3 values
much smaller than unity, say tan 5 <1/3, should be avoided in order to keep a perturbative
top quark Yukawa coupling. We will thus stick to tan 5 ~ 1 in our analysis.

In a similar way, the cross section for ® production in the dominant gluon—gluon fusion
process is proportional to the Higgs decay width into two gluons which is given by [128,169]

2
Gra’mj,

U(gg — (I)) X F<(I) — gg) 64\/_ 3 £<I> 1/2<Tt) + Anew (412)

First, one notices that the production cross section at /s = 13 TeV for a SM-like Higgs
boson of mass my = 750 GeV is o(Hgy) ~ 0.85 pb [151,172] and that in our case, one has
o(H)/o(Hsm) = cot® 8 and o(A)/o(Hsar) = cot? f x |Af)y /AL, |* ~ 2cot? B as the form
factor is different in the CP—odd case. One obtains then for the cross section times branching
fraction when the two channels are added (the numbers are for the hMSSM),

> o(g99 — @) x BR(® — v7) &~ 1.5 x 107 cot* 3 [fb] (4.13)
®

4Note that if we assume the AMSSM with m 4 &~ 750 GeV, this leads m g =~ 765 GeV for tan 3 ~ 1 [151,172];
in a 2HDM, the H/A masses can also be different. A significant my — my4 difference will make the observed
resonance wider, which is not our interest here, so we assume equal masses also in 2HDMs.

60



to be compared with a cross section of O(101fb) observed by the ATLAS collaboration.

Thus, for tan § =~ 1, we are more than two orders of magnitude away from the diphoton
signal and, even if we allow for tan § ~ 1/3, we are still more than an order of magnitude
below. Very large additional contributions are thus needed.

An important remark is that if the enhancement of the diphoton signal has to come
from the production cross section, then we would have a large rate for gg— ® — ¢t that is
constrained from the search of resonances decaying into top quark pairs at the 8 TeV LHC.
Indeed a 95% confidence limit of o(gg — ®) x BR(® — tt) < 1 pb [175,176] has been set
and, since at this energy one has o(gg— H+A) ~ 0.5cot? 8 pb and BR(® — tf) ~ 1, tan
cannot take values much smaller than unity. This leads to the important conclusion that
the two orders of magnitude enhancement needed to accommodate the observed diphoton
resonance in our context should essentially come from the ® — ~v decay.

Nevertheless, let us briefly consider slight departures from our tan 3 ~ 1 choice. For
instance, tan 3 < 1/4/2 would violate the limit from the search of ¢ resonances at the /s = 8
TeV LHC, while values tan 8 = /2 would reduce by more than a factor of two the ® total
decay width so that the possibility I'e & 45 GeV hinted for by ATLAS cannot be explained
anymore (this would also call for an additional enhancement of the gg — ® — ~+ rate by a
factor 2 2). Hence, tan  values close to unity are strongly favored in our scenario. Note
again that for such values of tan 3, the b—quark and 7-lepton Yukawa couplings are so small
that there is no difference in practice between Type I and II scenarios, as in both cases, the
t-quark Yukawa coupling is the same.

Although obviously unlikely, we nevertheless considered the various additional contri-
butions that can affect the &y and ®gg loops in the minimal versions of 2HDMs and the
MSSM and checked that such a huge enhancement cannot be obtained (this is clearly also
the case for the lightest h boson as it has recently been discussed in Ref. [118]).

A first contribution to the ®7~ loops which can be considered is that of a charged
Higgs boson in the case of H (because of CP—invariance there is no AHYH~ coupling)
given by A% = gyyrpy-(mi,/m%.) x Al (tg+). The form factor A is smaller than the
fermionic one, as shown in Fig. 4.2. In the MSSM, as my+ ~ my and gyg+g- = O(1), the
contribution is negligible. Even in a general 2HDM, although gpp+y- is not fixed and can
be made relatively large, the H* contributions are also very small®.

In the case of the MSSM, additional contributions are provided by supersymmetric
particles running in the loops. The contributions of the charginos in ® — v are in general
small if we are above the mg 2 2m,+ thresholds that are needed to keep the total decay
widths of the resonances small. But also for small chargino masses, BR(® — ~+) cannot
be enhanced by more than a few ten percent®. There are also contributions of sleptons and
squarks to the CP—even H — ~~ decay and squarks to the gg — H production; the CP-odd
A state does not couple to identical sfermions and there is no contribution at lowest order.
Here again, the Higgs—sfermion couplings are not proportional to sfermions masses and the
contributions, .A < X7 9ufig/ m x Al (77), are damped by powers of m2 leading to small
loop contrlbutlons for sufﬁc1ently heavy sfermions. This is particularly true in the slepton
case where the dominant contribution due to light stau’s cannot be enhanced by strong

SFor mpy= ~ 160 GeV which satisfies the constraints set at the 8 TeV LHC [107], the form factor is small
and negative giving a destructive interference with the top contributions. Instead, the contribution can be
increased by sitting close to the mg+ = %m@ threshold so that AL reaches it maximal value, Re(A) ~ 1.5
and Im(A{') ~ 1 for 7 ~ 1. Still these values are too small and the damping factor m$, /m?%.. too strong
and even for extremely large gy g+ -, the contributions stay modest.

6For the choice of SUSY parameters tan 8 = 1, My = —p = 200 GeV which leads to Xli with masses close
to the experimental bounds m,+ ~ 100 GeV [107], and maximally coupled to the H/A states, one makes

only a 25% and 10% change of the H — vy and A — 7 branching ratios respectively [133,174].
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couplings for the low tan § values that we are considering here.

Finally, squarks and particularly relatively light top squarks can make significant contri-
butions to H — v and gg — H. In the MSSM, however, for the low tan 8 values that we are
considering, the stops (which contribute to the radiative corrections that enhance the lighter
h boson mass) should be extremely heavy for m;, = 125 GeV to be reached. Even if by some
means one can accommodate this mass values with light stop (e.g. by invoking an additional
singlet-like Higgs as in the NMSSM or by incorporating some additional particles to increase
the radiative corrections to the h mass) it is difficult to increase o(gg— H)x BR(H —~7)
significantly”. In fact, in general, when the SUSY contributions are large, they are also large
in the case of the lightest h boson [118] which is unacceptable as its couplings have been
measured to be SM-like.

Therefore, it is difficult to enhance the production cross section and the v+ decay
branching ratios of the MSSM H and A bosons to a level close to what is experimentally
observed, even if extreme configurations for the superparticle masses and couplings are
chosen. Other more radical measures are needed and we discuss them now.

4.4 Introducing Vector—Like Quarks and Leptons

In order to increase significantly the Higgs couplings to gluons and/or photons, one could
consider the contributions of new heavy fermions to the triangular loops®. These fermions
should have vector-like couplings to the electroweak gauge bosons in order to avoid generating
their masses through the Higgs mechanism only and then cope with the the LHC Higgs
data®. Vector-like fermions appear in many extensions of the SM and recent discussions
have been given in Refs. [78,109,171]. In our analysis, we do not rely on any specific model
(as e.g. Ref. [179]) and simply adopt an effective approach in which the properties of these
fermions are adjusted in order to fit our purpose.

In addition to the two Higgs doublets, for which we still assume the alignment limit and
the mass equality my ~ m4, we first consider vector-like quarks (VLQs) with the following
minimal Lagrangian describing their Yukawa couplings in the interaction basis:

b / t Z /
o ]y 0 t 1 Yr, ( vatpa—d3 13 "

/ / - o
4 m1< Z) <Z> +om T+ m bgb;g} + he, (4.14)
L R

where we have coupled the top- and bottom-like VLQs similarly to the SM top and bottom
quarks in a Type-I1 2HDM, i.e. to the Hy and H; doublets, respectively. Such representations
of the VLQs make possible the presence of Yukawa couplings invariant under the SM gauge
symmetry, hence including also terms mixing the VLQs with SM quarks. However, this
mixing would represent only a higher order correction to the main enhancement effect of
interest; we have therefore omitted for simplicity such Yukawa couplings in the Lagrangian

"For instance, assuming mi, ~ mg, & %m g ~ 350 GeV in order to maximize the A amplitude, one
obtains a factor of ~ 2 enhancement of o(g9 — H) x BR(H — 7). Instead, for a trilinear stop coupling
Ay~2 TeV that strongly enhances the coupling gp7 7, o< m;As, one obtains a more modest change [133,174].

80ne can of course consider also the introduction of scalars, such as doubly charged Higgs bosons from
see-saw mechanisms [177,178] for instance, but we will not consider this option here.

9The easiest option would have been the introduction of a fourth generation of fermions, which could
have increased both the gg — H/A cross section and the H/A — ~v decay rates by an order of magnitude
each. This is nevertheless ruled out by the observation of the light h state with SM—like couplings [48-50].
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of eq. (4.14). The key point here is that, to fulfill gauge invariance, at least two vector-like
multiplets need to be introduced in order to generate direct VLQ Yukawa couplings that
are not suppressed by SM-VLQ mixing angles. This allows to have significant VL.QQ loop
contributions.

Similarly to VLQs, one can introduce Vector-Like leptons (VLLs) in the model. The
VLLs are subject to weaker direct mass bounds [180-182] than the ones of order 1 TeV on
the VLQ masses [79,100,183,184]. For the particle content, an interesting possibility would
be to introduce several replica of vector—like lepton doublets and singlets

= _ —
( /= ) ) Z/R ) /L/Ra (415)
/R

which will couple to the 2HDM Higgs states exactly as shown in the Lagrangian of eq. (4.14)
with the replacement t', ¢t — ¢, ("~ and V/, " — ¢=,¢=. The reason to consider this specific
pattern for the SU(2)y, doublet, that includes a singly and a doubly charged lepton, is that
it allows both its components to contribute to the diphoton triangular loop.

Based on the particle content of egs. (4.14)—(4.15) and recalling that o = 3 —7 (alignment
limit) is the mixing angle between the CP-even interaction eigenstates p; and ps, one can
express the new fermion contributions to the loop induced & = H, A couplings to photons
and gluons in the following form:
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where the “+4" sign corresponds to ® = A, while the “—" sign corresponds to ® = H. In
order to describe generically either VL(Q or VLL, we introduce sums over u (d) to account
for fermions with different electric charges coupling to Hy (H;), while ¢ = 1,2 indicate the
heavy fermion mass eigenstates. For up—type and down—type vector—like leptons, the mass
eigenvalues m,,, 4, are obtained from bidiagonalizing the mass matrices

1 1

M, — ( my vy sin B > oM, — < my ﬁvyﬁ cos 3 > 1s)

1 U o 1 d
VYR sin ma VYR COs ms

in the (¢'7,0"")r/p and (¢=,0'7) r bases respectively. The gii,dn denote the diagonal
elements of the mass basis Yukawa coupling matrix of ® = H, A to the VL states. The
aforementioned coupling matrices are obtained from the biunitary transformations of

sin 0y cos 8 0
u — m ; - y 419
VG (iyR 0 ) SRVE) <iy§% 0 (19

with “+" for the h, H states and “—" for the A state. As usual, N, and @); are the color and
electric charges whereas Ny stands for the number of vector-like fermion families (taken
here, for simplicity, decoupled one from another). The top quark contributions to the loops
are simply given by Agf(vv) = 3 cot 5A‘1I’/2(7't) and Agf(gg) = cot BA?/Q(Q). Also, we have
introduced a W contribution to the vy amplitude, which, in the decoupling limit, is zero in
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the case of the H state (the AW vertex is forbidden at tree level by CP-invariance), but
not for the lighter h state.

In the narrow width approximation, fully justified for resonances with total decay width
of about 5% of their masses, the production rates o(gg— ® — ) are simply proportional
to the product of the two amplitudes squared, o x BRox [ A® () [? x [ A% (gg)|*.

An important requirement for the vector—like content contributing to the ®gg and ®~~
couplings is to not alter significantly the absolute values of the loop induced couplings of the
lightest h state with a mass of 125 GeV, which has already been observed to be approximately
SM-like [173]. Indeed, the amplitudes for h are almost exactly the same as those of H given
by eqs. (4.16)—(4.17), but with a non-zero W loop contribution, A%, (yy) ~ —8.3, included in
the diphoton case. An important difference though is that one has to make the replacement
+tan — 1 and cot § — 1.

For the values of the parameter 3 that we are considering and for (Z AL jp(7-) gZ_i / mf{) X

(Z Al 1o(Tez) g% / mgi:) < 0, a different sign holds between the ¢; and ¢; eigenstate contribu-
tions to the h-diphoton loop. Such a sign configuration can generally be accommodated by
controlling the VL Yukawa couplings and masses in the interaction basis. With a suitable
choice of parameter values, this configuration could lead to an approximate cancellation in
the h — ~~ loop between the singly and doubly charged contributions, leading to a SM-like
h~y~ effective coupling. Although efficiently keeping under control the h~y~y coupling, this
configuration entails an important isospin symmetry breaking, leading to an unacceptably
large value for the Peskin-Takeuchi T parameter [102].

Another way to cope with the hyy constraint is to choose one of the interaction basis
Yukawa couplings close to zero, i.e. y%* ~ 0 in eqs. (4.18) and (4.19), which strongly
suppresses the VLL contributions to the Ay~ loop. More precisely, for & = h, H, one has

2 @

Zwidi — 9 Jog det Myq =~ 0 (4.20)
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for y& ~ 0 (for ® = A, the sum in eq. (4.20) is null for any value of y%%). This means

that the contribution to ® — v of a VLL sector will be proportional to AP, (7u,.4,) —

A‘fm(mg,dz), which, for ® = h, translates into almost no VLL contribution to the diphoton
loop, since my,, 4, > my, and thus both form factors reach their asymptotic value, A" Jo(Tur,di) =

AYy(Tus.a,) = 5. However, for H and A, the difference between the two Af),-factors is in
general non-zero and can be maximized if we take one mass at the threshold, m,, 4, >~ %mq),
and the other in the asymptotic region, m,, 4, > me, thus leading to a sizable impact in the
H, A diphoton loop.

In the case of VLQs, this mechanism is equally efficient in suppressing their contribution
to the hgg and h~yy loops. However, due to the experimental limits on the VL) masses(2>
800 GeV) and thus greater than mg, such a mechanism would also suppress their contribution
to the H, A diphoton loops, since both form factors would reach their asymptotic values (see
previous paragraph). Therefore, we do not consider VLQs in the following.

We present now some numerical results that can be obtained in a specific model. We
consider a particle spectrum with six identical copies'® of the VLL multiplets presented in

10Tt is possible that the number of VLL families can be reduced, for same order diphoton rates, if non-
vanishing Yukawa couplings between the different families are considered. Note also that diphoton rates
around the femtobarn can be reached through the H production with only three VLL generations, in the
specific case where negative relative-sign VLL contributions overcompensate the W contribution to the SM
h—diphoton amplitude (which stays then compatible with the measured h signal strength).
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Figure 4.3 — Contours of constant Y (g9 — ®) x BR(® — ~vv) (blue, in fb) and s, (red)
in the [y%, y%] plane. The dot-dashed line represents the experimental central value of the
h — ~y signal strength, fi,, = 1.16 +0.18 £ 0.15, while the dashed (solid) lines represent the
lo (20) bands. The gray shaded region corresponds to at least one VLL eigenmass being
smaller than %mq, o~ 375 GeV. The values of the other parameters are given by y} =~ 0,
y¢ ~ 11, my ~ my ~ my ~ 800 GeV.

eq. (4.15). For simplicity, we assume that these six copies do not mix between themselves
and that they are described by identical parameter values. In order to maximize the impact
of the VLL contributions to the ®vyv loops, an immediate possibility would be to choose the
interaction basis parameters in such a way that all the new VLLs have equal masses which
are close to the threshold sme (i.e. 74 = 1), where the A‘lb/2 form factors are close to their
maximal value, as shown in Fig. 4.2. However, such a choice would set to zero both the
up-type (singly charged) and down—type (doubly-charged) VLL contributions to the A — v
process; see also Ref. [79,184]. Instead, to take at least partly advantage of the sizable form
factor, we arrange the parameter values such that only one up-like and one down-like VLL
per copy have masses close to the threshold. Also, as discussed before, we only consider the
regions of the parameter space where the singly and doubly-charged contributions to the
h — ~v loop are strongly suppressed, leaving thus the hy~ effective coupling SM-like.

In Fig. 4.3, we present isocontours of Y¢_x 4 0(99 — ®) X BR(® — 77) and the signal
strength for the previously observed SM-like state ., = o(gg — h) x BR(h = vv)/o(99 —
h) x BR(h — ¥7)|sm in the [y%, y%] plane. The signal strength for the lighter h boson
has been evaluated according to the discussion in Ref. [116]: we took the latest combined
experimental value obtained at the previous run of the LHC, p,, = 1.16 £ 0.18 [173], and
added a theoretical uncertainty of order 15% [120,121,130]. We chose to vary the y} and
y% parameters because each one is representative for its own sector (up/singly—charged
and down/doubly—charged). Also, to avoid a too large width of the scalar resonances, we
constrained the VLL eigenmasses to be slightly higher than %mq> ~ 375 GeV. Albeit the high
values of some of the interaction basis Yukawa parameters, the mass basis Yukawa couplings
have values well below the perturbativity limit of 47: the highest values are 9(1142 , = ng , = 4.5.

As mentioned earlier, the highest values of the total cross section times branching ratio
o x BR for the H and A resonances occur in the region where my- = Mz ~ ime. For
completeness, we quote the other two VLL masses, which, in the region where ¢ x BR is
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maximized, are approximately equal, i.e. my g 1.7 TeV. Moreover, in the total
diphoton cross section, Y 0(9g9 — ®) x BR(® — 77), the pseudoscalar contribution is
~ 56 times larger than the H contribution. We also note that, as evident from eqs. (4.16)
and (4.17), for the H — ~ decay, the up-like/singly-charged and down-like/doubly-charged
VLL sectors interfere destructively, whereas for the A — v process the two sectors interfere
constructively.

Finally, let us make two remarks about the constraints on the scenario above. Concerning
the electroweak precision data, in the language of the S/T parameters [102], VLFs have no
impact on the T parameter if there is only a small mass difference between the components
of the isospin doublets (as it is the case above where an approximate custodial symmetry is
imposed), while the impact on the S parameter is reduced for not too numerous VLFs (in
the opposite case, the tension could be reduced by including the additional contribution of
the extended Higgs sector and /or mixing between different fermion generations). In addition,
other theoretical constraints should in principle be considered, such as the stability of the
electroweak vacuum. However, in this case, one should be more specific about the models
that incorporate these new particles. In any case, a detailed discussion of the two issues is
postponed to the next chapter.

In conclusion, by adding charged VLLs, one can obtain values of > 0(gg — ®) x BR(® —
v7y) ~4-5 fb for the diphoton rate in the MSSM or in a 2HDM case, while keeping the
h — ~7 signal strength in agreement with the LHC Higgs data [173]. By comparing with
the value of the diphoton rate for the H/A resonances that can be obtained in our 2HDM
scenarios with tan 8 = 1, i.e. ¢ x BR ~ 1.5 x 1072 fb, we see that the VLL loop contributions
allow to enhance the decay rate of the A and H bosons to v final states by a factor of
O(100). Such an important enhancement is due to () the high electric charges of the VLLs,
(1) the several VLL families and (i) the fact that half of the VLLs have masses 2 $mag, for
which the form factors attain their maximal values.

4.5 Discussion

The first searches performed at the new LHC with a center of mass energy of 13 TeV, albeit
with a moderate accumulated luminosity, look very promising as the ATLAS and CMS
collaborations have reported the observation of a diphoton resonance at an invariant mass
of about 750 GeV. The significance of the signal is well below the required five standard
deviations and it can well be a statistical fluctuation. It is nevertheless tempting to consider
the possibility that it is the first sign of new physics beyond the SM.

In this first exploratory work, we have investigated the possibility that the diphoton
resonance is one of the heavy neutral CP—even or CP-odd Higgs particles (and in fact a
superposition of the two) that arise in two—Higgs doublet scenarios that are considered
as a straightforward extension of the SM and widely studied, especially in the context of
supersymmetric theories like the MSSM. We show that clearly such a strong diphoton signal
cannot be achieved in the usual versions of 2HDMs and the MSSM and additional charged
particles should contribute to the loop induced production and decay processes.

We have thus considered the possibility that these new particles are vector-like quarks
and leptons that couple strongly to the heavy Higgs bosons. We have shown that, for instance,
six families of VL leptons can easily enhance the diphoton rate of the 750 GeV resonance to
accommodate the observed signal, without affecting the properties of the standard-like 125
Higgs boson and still satisfying the electroweak precision data.

If this diphoton excess would have not been a statistical fluctuation and would have been
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indeed confirmed by subsequent data as being a real physics signal, it would have had far
reaching consequences. Not only a new scalar would have been discovered, but it would have
most likely implied the existence of new electrically charged particles, so as to enhance the
scalar’s decay into photon pairs. Regrettably, the 2016 data discarded the resonance as a
statistical fluctuation [159, 160].
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Chapter 5

Dark Matter Phenomenology of SM
and Enlarged Higgs Sectors Extended
with Vector Like Leptons

5.1 The WIMP Paradigm

Among the features which make Weakly Interacting Massive Particles (WIMPs) an attractive
class of Dark Matter (DM) candidates, it is for sure worth mentioning the production
mechanism. WIMP DM particles were indeed part of the primordial thermal bath at early
stages of the history of the Universe and decoupled via freeze-out at later stages, when the
temperature was below their mass (i.e. non-relativistic decoupling), since their interactions
with the SM particles were not efficient anymore with respect to the Hubble expansion rates.
Under the assumption of standard cosmological history, the comoving abundance of the DM
is set by a single particle physics input, namely the thermally averaged pair annihilation
cross-section. The experimentally favored value of DM abundance, expressed by the quantity
Qh? =~ 0.12 [21] corresponds to a thermally averaged cross-section (ov) ~ 10726cm3s™!.
Interactions of this size are potentially accessible to a broad variety of search strategies,
ranging from Direct/Indirect Detection to production at colliders, making the WIMP
paradigm highly testable.

From the point of view of model building, WIMP frameworks feature interactions between
pairs of Dark Matter particles (in order to guarantee the cosmological stability of the DM,
operators with a single DM field are in general forbidden, e.g. through a symmetry) and
pair of SM states, induced by suitable mediator fields. The simplest option, in this sense, is
probably represented by s-channel electrically neutral mediators, dubbed “portals”, which
can couple the DM with SM fermions (see e.g. [185-187]), although couplings with the SM
gauge bosons might also be viable [188-191]. The DM relic density is thus determined via
s-channel exchange of the mediator states. By simple crossing symmetry arguments, these
processes can be, for example, related to the rate of DM Direct Detection, induced by the
t-channel interaction between the DM and the SM quarks, and to the ones of DM pair
production at colliders, which can be probed mostly through mono-jet events [192-195].

Interestingly, the SM features two potential s-channel mediators, namely the Z and the
Higgs bosons. One possible implementation are the so-called “Z-portal” DM [196] scenarios.
However, they are rather contrived, since, because of gauge invariance, interaction between a
SM singlet DM and the Z can arise only at the non-renormalizable level [197,198]. “Higgs
portal” models are instead quite popular, although rather constrained [199-203], since a
spin-0 (or 1) DM, even if it is a singlet with respect to the SM gauge group, can interact
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with the SM Higgs doublet H via four-field operators connecting the bilinear HH' with a
DM pair and giving rise, after electroweak (EW) symmetry breaking, to an effective vertex
between a DM pair and the physical Higgs field h.

The fermionic “Higgs portal” is instead realized through a dimension-5 operator. Fur-
thermore this is strongly constrained, also with respect to the scalar and vector DM cases,
because of the strong direct detection rates accompanied by a velocity suppressed annihilation
cross-section [201,202].

In order to couple at the renormalizable level to the Z and/or Higgs bosons, the fermionic
DM should feature a (small) hyper- and SU(2) charged component. This could be realized
through the mixing of a pure SM singlet with extra states posessing non-trivial quantum
numbers under SU(2) x U(1) (see e.g. [204-207] for some constructions). The DM should
then be a stable neutral state belonging to a new, non-minimal particle sector.

As argued in the third chapter, new chiral fermions, with mass originating from EWSB,
are strongly disfavored experimentally [208]. More suitable options are instead represented
by fermions belonging to a real representation or forming vector-like pairs.

In this chapter, base on Ref. [209], we consider the latter option and then extend the
fermionic content of the SM with a family of new fields. By “family” we understand vector-
like fermions with analogous quantum numbers as the SM leptons and the right-handed
neutrinos, and with bare mass terms, which are allowed by gauge symmetry due to the
vector-like nature of the new states. In analogy with their color triplet counterparts discussed
in Chapter 3, these fields are dubbed as vector-like leptons (VLLs). In absence of mixing
with the SM leptons, the lightest new fermionic state, if electrically neutral, constitutes a
DM candidate. In this setup, the DM is coupled to the SM Higgs and the Z and W bosons,
as it features, in general, an admixture of a fermionic field with non-zero hypercharge and
weak isospin.

This kind of scenario is, unfortunately, very strongly constrained since the Higgs and
Z-boson mediate Spin Independent (SI) interactions between the DM and the nucleons, which
are in increasing tension with experimental constraints. Similarly to the Higgs and Z-portal
models, it is possible to comply with these limits, and achieve, at the same time, the correct
relic density only for rather heavy DM masses or, possibly, in presence of coannihilation
processes, thus implying (approximate) mass degeneracies in the new fermionic sector.

A more interesting option would consist in enlarging the mediator sector by considering
two Higgs doublets (2HDM). Besides the still rather fine-tuned possibility of s-channel
resonances, it is possible, in this scenario, to enhance the DM annihilation cross-section,
marginally affecting its scattering rate on nucleons, through annihilation into extra Higgs
bosons, especially the charged ones, as final states, provided that the latter are light enough.
This last possibility evidences an interesting complementarity with collider searches of extra
Higgs bosons. Lower limits on their masses would automatically constrain the range of viable
DM masses.

LHC searches of new scalar states can be themselves influenced by the presence of
new vector-like fermions since electrically charged VL fermions (which is embedded in the
SU(2) multiplet which the DM belongs to) or even color charged VL fermions (we won’t
consider explicitly this possibility here) can modify di-boson signal rates. For this reason,
2HDM+VLFs models have attracted significant attention in the recent times since they
allowed for the interpretation of the 750 GeV diphoton excess (see previous chapter and
Refs. [161,210-221], announced by the LHC collaboration in December 2015 [158,222-224],
but not confirmed by the 2016 data [225,226].

The parameters of the theory are constrained not only by the DM and collider phe-
nomenology. The couplings of the new fermions to the 125 GeV Higgs are constrained by
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Electro-Weak Precision Tests (EWPT). A further upper bound on these couplings, as well
as the ones to the other Higgs states, comes from the RG running of the the gauge and the
quartic couplings of the scalar potential. In particular, the latter get negative contributions
proportional to the fourth power of the Yukawa couplings of the VLLs, such that the scalar
potential might be destabilized even at collider energy scales, unless new degrees of freedom
are added.

This chapter proposes an extensive phenomenological overview of the SM and several
realizations of 2HDMs, which are extended by a sector or family of vector-like fermions. This
VL sector incorporates stable neutral states, the lightest of which is stable and thus provides
a viable DM candidate.

This chapter is organized as follows. We start by introducing, at the beginning of
section 5.2, the family of vector-like fermions. The remainder of the section is dedicated
to a brief overview of the SM+VLLs scenario. Firstly, we briefly illustrate the general
constraints coming from the modification of the Higgs signal strengths and the Electroweak
Precision Tests (EWPT), and afterwards focus on the DM phenomenology. Along similar
lines, an analysis for the 2HDM is then performed in section 5.3. Next, we perform a more
detailed analysis of the constraints from EWPT and Higgs signal strengths and add to
them the Renormalization Group Equation (RGE) constraints. After the analysis of the
DM phenomenology, we briefly discuss the limits and prospects, for our scenario, of collider
searches. Finally, we summarize our results in section 5.3.8 and conclude in section 5.4.

5.2 Vector-Like Extensions of the Standard Model

In this section we review how introducing vector-like leptons affects the SM Higgs sector. As
already pointed out, the impact is mostly twofold. First of all, they generate additional loop
contributions to the couplings of the Higgs boson to two photons, giving rise to deviations
of the corresponding signal strengths with respect to the SM prediction. In addition, the
presence of vector-like leptons is typically associated with potentially sizeable contributions
to the EW precision observables. In order to have viable values of the Higgs signal strengths
and precision observables, one should impose definite relations for the Yukawa couplings and

masses of the new VLLs. The same relations hold, up to slight modifications, also in the
2HDM case.

5.2.1 The Vector-Like “Family”

In this chapter, we assume that the SM and, afterwards, the 2HDM scalar sectors can be
extended by “families” of vector like fermions (VLFs). By family we understand a set of
two SU(2)r, singlets and one SU(2);, doublet, belonging to a SU(3). representation R,., and
with their hypercharge determined by a single parameter, Y. For the moment, we keep the
discussion general and later on specialize on possible DM candidates. The new fields can be
schematically labeled as:

Drr~ (R.,2,Y —1/2), ULR ~ (R, 1Y), D'L’R ~ (R, 1Y —1), (5.1)

T
so that the couplings to the SM Higgs doublet, H = (0 %) , are parametrized by the
following Lagrangian:

_£VLF = yURpiL]:IU;% —+ yUL@ﬁTDR + yDRpiLHDjQ + yDLmHTDR
+ MypD1Dg + MyU, Uy, + MpD}, D, + h.c. | (5.2)
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where we have considered the following decomposition for the SU(2) doublets: Dp r =
(U D)iR'

For Siinplicity we assume that all the couplings are real and that the mixing between the
VLFs and the SM fermions is negligible. Later on, when specializing on DM phenomenology,
we will forbid the SM fermion-VL fermion mixing through a global Zs symmetry.

After electroweak symmetry breaking (EWSB), there is a mixing in the “up” (U’,U)
and “down” (D', D) sectors. The “up” VL fermions have charge Qy =Y, while the “down”
fermions have charge QQp = (Y — 1). The mass matrices in the two sectors are

. My yUru/\/2 B Mp yPro/v/2
MU B <yURU/\/§ MUD , quadMD N yDRU/\/§ MUD ’ (53)

with v = 246 GeV, and they are bi-diagonalized as follows

T m 0 kst kst
Ug'MF'<UI§>:<OF1 >v U52<LF IL7>7 U§:<RF p@>,(5-4)

where the sub/superscripts F' = U, D distinguish between the two sectors and ¢f ,, = cos 0],
st /g = sin oF /R As done previously, we denote throughout this chapter the lighter mass
eigenstate as F3. The limit where one of the singlets is decoupled, e.g. when yy, = yy, =0
and My — oo, has already been studied in detail in [94]. As shall soon be seen, the mixing
structure in eq. 5.3 is strongly constrained by the electroweak precision tests (EWPT) and
by the Higgs couplings measurements.

5.2.2 Electroweak Precision Tests

Extending the SM with vector-like fermions leads, in general, to the deviation of the Elec-
troweak precision observables S and T" from their respective experimental limits. Assuming
negligible mixing between the SM and the vector-like fermions, the limits on .S and 7" can
be directly translated into limits on the Yukawa couplings and masses of the new fermions;
in the limit in which the former go to zero, no constraints from EWPT apply.

Sizeable values of the Yukawa couplings of the VLFs can nevertheless be obtained while
still complying with the limits on the 7" parameter by relying (at least approximately) on a
custodial limit:

Mp=My, y"=y", yr=y"r, (5.5)

which is equivalent to imposing equal mass matrices in the isospin-up and isospin-down
sectors. Clearly, the custodial limit can be achieved only by considering “full families” of
VLFs, i.e. a corresponding SU(2) singlet for each of the components of the doublet, as done
in this chapter.

On the contrary, there is no symmetry protecting the S parameter, which means that, in
some cases, it can impose more relevant constraints than the 7" parameter. The constraints
on S can be nevertheless partially relaxed by taking advantage of the correlation among
the S and T parameters, illustrated in fig. 5.1, by allowing for a small deviation from the
custodial limit, i.e. T" 2 0.

5.2.3 Higgs Couplings

We now turn to the second constraint, which comes from the Higgs coupling measurements.
In the presence of vector-like fermions, the scalar couplings to gauge bosons receive additional
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Figure 5.1 — Allowed values of S and T [3] at, from the innermost to the outermost ellipse, 68%,
95.5% and 99.7% confidence level (CL).

contributions, originating from triangle loops in which the new fermions are exchanged.
No new decay channels into VLFs are instead present: because of constraints from direct
searches at colliders, the VLFs should be heavier than the SM Higgs.

The SM Higgs loop-induced partial decay widths into massless gauge bosons, ['yyy, V =
9,7, can be schematically expressed as Tpyy o< [ARYY + AV Y|?, where ARV and A{‘,\ﬁ\F’ repre-
sent the amplitudes associated, respectively, to the SM and VLF contributions. Throughout
this chapter we only consider the case of a family of color-neutral VLFs (R, = 1); as a
consequence the new physics sector influences only I';,, and therefore the h — ~7 signal
strength, s,,.! The corresponding amplitude is given by:

U CF m
Q/’ﬁ? = Z Q2 1/2( h) (5-6)
F=U,D
i=1 2
where 7t = 2 , while A? /o 18 a loop form factor whose definition is given e.g. in [170]. The

matrix Cp is deﬁned as:

1[0 vy
h

For VLFs considerably heavier than 125 GeV Higgs, we can reliably approximate the loop
function A?/Q( 7) with its asymptotic value, A} /2( ) = 4/3, such that the expression (5.6)
simplifies to:

—20%y Y, "

Avir = A(0)
VLF — 1/2 FZUD ZMFMUD 2 y y

(5.8)

Experimental measurements do not exhibit statistically relevant deviations of ., from the
SM prediction [1,2], which implies essentially two possibilities: ALY} ~ 0 or Aty ~ —2A47.
As it is clear from eq. (5.8), the first possibility is easily realized by setting (close) to zero one

'Note that pyz- is also affected by the VLFs, but the uncertainties on this signal strength are too large
to constrain the extended fermionic sector [1,2].
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of the y,I;L’R couplings.? The other option is instead more complicated to realize. Assuming
Y =0 (as is be done for the rest of the chapter), such that only D-type states contribute to
[, and setting for simplicity Mp = Myp and y,{?L = —y,{?R = yP which implies that the
two mass eigenstates will have the same mass mp, the relation to impose becomes:

4 (yPv\®
AU = s (%) ~ QAN ~ 13, (5.9)

which is impossible to satisfy since yPv/mp is smaller than 2 (or equal to 2, for Mp =

Myp = 0).% Unless differently stated, we always consider, for both the SM and 2HDM cases,

an assignation of the Yukawa couplings of the VLFs such that Ay} = 0.

5.2.4 DM Phenomenology

A DM candidate is introduced, in our setup, by considering a “family” of vector-like leptons
coupled to the SM Higgs doublet according to the following Lagrangian:

_EVLL = y}]LVRZLI:[N;% + y}]LVLN/LﬁTLR + yfRZLHE% + nyE/LHTLR
+ ML L+ MyN, Ny + MgE, El, + h.c.. (5.10)

To guarantee the stability of the DM candidate, we impose a global Z, symmetry under
which the vector-like leptons are odd and the SM is even (a supersymmetric analogue is the
well-known R-parity). After EW symmetry breaking, the vector like fermions mixed between
themselves, as described by the following mass matrices:

My vy * Mg v'y*
= = . 11
MN ( U/y}JLvR 7‘ rL 5 ML UlyfR ML (5 )

where v' = v//2 ~ 174 GeV. Note that the Z, symmetry forbids the mixing between the
VLLs and the SM fermions. In order to pass from the interaction to the mass basis, one has
to bidiagonalize the above matrices as:

T . T .
UY - My - (Ug) = diag(my,, my,), UL -Mpg- (Ug) = diag(mg,, mg,), (5.12)

with the unitary matrices U f r, F'= N, I written explicitly as:

gF [ cos 0 r sinbfp
LR —sinff , cosOf 5 )

where:

2v/2u (MLy;JIVL + MNyi]zVR>

2M3 — 2MF — 2 (|2 — [y " [2)
2v/2v (MNy;]LVL + MLyf]LVR)

2M? — 2M% + 0 [y 2 = [y %)

tan 20 =

tan 205 =

(5.13)

M

2 Alternatively one could think about a cancellation between the contributions of the “up” and “down’
sectors. However, in order to have a DM candidate, we consider in this chapter the case that the up sector is
made by electrically neutral states, so that they do not actually contribute to j.y,. On general grounds, a
cancellation between the up-type and down-type contribution would be anyway difficult to realize, since it
would require a strong deviation from the custodially symmetric limit, which is disfavored by EWPT.

3This constraint on the Yukawa coupling can be relaxed by adding more families of VLFs and/or
considering higher values of Y. However, we do not consider these scenarios throughout this chapter.
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The corresponding expressions for QE’R can be found from the ones above by replacing

N E
My — Mg and y, " — y, ",

The DM candidate N; (i.e. the lighter VL neutrino) is in general an admixture of the
SU(2) singlet (with null hypercharge) N’L, r and doublet Ny r. As a consequence, Nj is
coupled to the Higgs scalar h. as well as to the SM gauge bosons W* and Z. These couplings
are given by:

cos 0% sin % y'" + cos O sin Ok y,
YnNiNy = \/— )
2
_ 9 (2N | s 2N
YvzNiNg = o . (Sln 0 +sin QR),
_ 9 (29N s 29N
YAZNN = . (sm 0, — sin HR),

YVWNI B = 235 (sin 07 sin 0F + sin 6 sin 01’%) ,
YAWNE = 2\g/§ (sin QJLV sin Gf — sin Hg sin Hg) , (5.14)

where, for convenience, we have expressed the couplings with the Z and W bosons in terms
of vectorial and axial combinations.

The DM relic density can be determined through the WIMP paradigm as a function
of the DM thermally averaged pair annihilation cross-section, formally defined (excluding
coannihilations) as [227]:

(ov) = smmK;mM /T) /: dso(s)(s = dmi )VSKUVS/T) (519)

which is in turn a function of the couplings reported in eq. 5.14. The possible DM annihilation
processes are represented by annihilations into SM fermions pairs, induced by s-channel
exchange of the h and Z bosons, and into WTW~, ZZ, Zh, and hh, induced by t-channel
exchange of the neutral states Ny (Fj for the WTW ™ final state). In order to precisely
determine the DM relic density we have numerically computed (5.15) through the package
MicrOMEGAs [228]. We nevertheless provide some simple approximations to render more
transparent the relationship between the DM relic density and the relevant parameters of
the theory, obtained by the conventional velocity expansion [229] (ov) ~ a + 2b/x (using
ov &~ a+ bv?/3, (v?) = 6/x, where x = mpy/T). Also, we take only, if non-vanishing, the
leading s-wave coefficient a. 4

In the case of annihilation into ff final states, the only non-vanishing contribution in
the v — 0 limit is the one associated to the s-channel Z-exchange:

2 2.9
My, g my,

L(Vil? + 1Ay 2 5.16
8 w((4mgvl_m2z>z+m%pz)znc(! 712 4 TAG ) lyv 2w v (5.16)

f

(o)~

where Vy and Ay are the vectorial and axial couplings of the Z-boson and the SM fermions:

g 2 3 9 3
Vi= —(-2Q¢sy + T Ay = —=—T 5.17
f QCW( 1% f)’ f 2cw P ( )

4As already pointed out, these expressions should be taken as illustrative. The contribution of the
coefficient b is not necessarily negligible. We also remind that the velocity expansion is not valid in presence
of s-channel resonances (relevant in the 2HDM section), coannihilations (briefly considered later on) and
thresholds corresponding to the opening of new annihilation channels [230].
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while n/ is the color factor, Q # the electric charge, and sy = sin 0y and ¢y = cos . The
cross-sections of the other relevant final states can be instead estimated as °

4
t
U (sin0))” + (sin 6)°)?
w
4

+ L (21 ((sin 0% sin 0F)% 4 (sin O3 sin 0% )?)?

(oVyw+w- ~

64

+g((sin 6 sin HF)? — (sin A% sin HE)2)2m§:V1 ey ) (5.18)
m U miy (m, +m,)?)

Here, ty, = tan Oy, .

g m2 A A
(ov) gz ~ [ z (‘(Siné’g)Q + (sinﬁgﬂ + ‘(sin oY)? — (sin@%ﬂ >

32meymy | 4m3,
+2|(sin6) ) + (sin6)*| |(sin 6))? — (sin eg)ﬂ , (5.19)
and
2 m2
(ov)zn & o —— lyv.zn, [ P (5.20)

The achievement of the correct relic density through DM annihilations can be potentially
in tension with limits from Direct Detection experiments. Indeed, DM interactions with SM
quarks, mediated by t-channel exchange of Z and h bosons, induce both Spin Independent
(SI) and Spin Dependent (SD) scattering processes of the DM with nuclei of target detectors.

The corresponding cross-sections, focusing for simplicity on the scattering on protons,
are given by:

p%o 1 Z Z 2
R = g [ (1 ) Ver (22 7))

Z
2

2 2

SI _ MN1 mp

1
ONiph = — 1
1ph T v2mp

Y

Z/thNl( Z fq+ fTG Z)

q=u,d,s qg=c,b,t

3% .
TNy = %|?JA znm | [ (AZS;;‘ + Au5f>

+ Ad (A + A0)S2 4 (A + A0S T !

e (5.21)

mpmn,

In the expressions above, py, = s fo» Jra, A" are nucleon form factors, while SA

mp+mn, ’
and S2 are the contributions of the proton and neutron to the spin of the nucleus A. We
have used the values reported in [231].

Among these contributions, the most important one is represented by the SI cross-section
from Z-mediated interactions. This allows to estimate the SI cross-section as:

2
UJS\}lp ~2x 107 cm (sm O + sin 0R> . (5.22)

5For simplicity we have assumed that the t-channel diagrams are dominated by the exchange of the
lightest mass eigenstate.
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In order to comply with the stringent limits by the LUX experiment [232] which impose, for
DM masses of the order of few hundreds GeV, a cross section of the order of 107*° cm?, 6 we

need to require \/ sin? 0N + sin? 0N ~ 10-(1+2).

SM+VLL

1.x10™41

1.x10742

1.x10743

asi[em?]

s LUX Excluded
1.x107

1.x10-45 . R N R
100 200 500 1000 2000 5000

MmN, [GeV]

Figure 5.2 — Model points satisfying EWPT and Higgs width constraints and providing the
correct DM relic density (see main text for clarification) reported in the bidimensional plane
(mpy,, O'EI). The blue region is excluded by current constraints from DM Direct Detection.

We have computed the main DM observables, i.e. the relic density and the SI scattering
cross section, for a sample of model points generating by scanning on the parameters
(y,]le’R, Yt My, Mg, M), with y2'® = 0 such that A?@; = 0, over the following range:

yp "€ [107,1]

yit € [5x1073],

My € [100 GeV, 5 TeV]

Mg = M; € [300 GeV, 5 TeV] (5.23)

with the additional requirement of not exceeding the limits from EWPT.

The results of our analysis are reported in fig. 5.2. The figure shows the set of points
featuring the correct DM relic density in the bidimensional plane (my,, ogr). Clearly, the very
strong constraints from the Z-mediated DM scattering on nucleons rule out the parameter
space corresponding to thermal Dark Matter unless its mass is approximately above 2 TeV.
This result is similar to what is obtained in the generic Z-portal scenario [196], in which
the SM Z boson mediates the interactions between the SM states and a Dirac fermion DM
candidate. Notice that in our parameter scan we have anyway considered DM masses heavier
than 100 GeV and a sizable mass splitting between the DM and the ligthest electrically
charged fermion F;. If these requirements are dropped, one could achieve an enhanched DM
annihilation cross-section at the Higgs “pole”; i.e. my, ~ my/2, or through coannihilations
(we will briefly discuss this scenario in the next section in the context of Two Higgs Doublet
Models), eventually relaxing the tensions with direct detection. This possibility has been
considered e.g. in [181] in a model similar to ours (notice that in this reference the VL
neutrinos have also Majorana mass terms and thus their interactions with the Z are weaker
than in the model discussed here), but focused on the case of rather light VLLs enhancing
the decay branching fraction of the SM Higgs to photon pairs (we have instead considered
the case in which this coincides with the SM expectation).

5The recently published exclusion limits from the XENONIT collaboration [233] are comparable (i.e.
twice as strong) to the ones from LUX.

76



5.2.5 Vacuum Stability

As will be discussed in greater detail in the next section, the presence of vector like fermions
can have a substantial impact on the behavior of the theory with respect to radiative
corrections. The RG evolution of the parameters of the scalar potential typically suffers the
strongest influence from the introduced New Physics.

The stability of the EW vacuum depends on the sign of the quartic coupling A of the Higgs
potential. This parameter, positive at the electroweak scale, is driven towards negative values,
at higher energy scales, by radiative corrections mostly relying on the yukawa coupling of
the top quark. Detailed studies, like e.g. [234] have shown that the EW vacuum is stable up
to energies close to the Planck scale. A quantitative determination is nevertheless extremely
sensitive to the value of the mass of the top quark.

The presence of vector like fermions tends to steepen the decrease of A\ at high energy.
This fact is reflected by the 1-loop § function for the Higgs quartic, A:

1

=150

[Bras +4X ((027)° + (0a™)” + (9™ + (wi™)?)

4 () @+ W+ )] (5.24)

where ) sm accounts for the SM contribution.

We have then checked the stability of the EW vacuum in presence of the new vector like
fermions by solving the coupled RGEs of the Higgs quartic couplings and of the other relevant
parameters, such as the VLF and top quark Yukawa couplings and the gauge couplings .
For simplicity, we have assumed that all the new particles lie at a same scale, mz = 400 GeV,
and that their Yukawa couplings are zero below this scale. As discussed in the previous
subsection, the coupling y,]lv L is constrained, by DM phenomenology, to be very small, below
1072, We also remind that we customarily assume y,]lv = yf =0 to automatically comply
with the constraints on the Higgs signal strength. In this simplified picture the vacuum
stability depends, besides the SM inputs, on just one new parameter, i.e. yf E,

The behaviour of the Higgs quartic parameter with the energy is shown, for some
assignations of y,];: L in the left panel of fig. (5.3). Values of yf L equal or greater than
one correspond to a fast drop of A. For ny = 2 we notice indeed that the Higgs quartic
coupling becomes negative in the proximity of the energy threshold corresponding to the
mass of the VLFs. Our results have been made more quantitative in the second panel of
fig. (5.3): here, we have indeed defined the stability scale Ayy by adopting the criterion
AMAyy) = —0.07 [235]. The energy scale Ayy is interpreted as the scale below which new
degrees of freedom should be added in order to have a stable EW vacuum up to high scales.
As will be further remarked throughout this chapter, building a UV complete model is not
in the purposes of the work presented in this chapter; as a consequence we will implicitly
adopt the minimal requirement that Ayy lies above the energy scales accessible to collider
studies, namely a few TeVs, so that our model provides a reliable low energy description of
the relevant phenomenology.

5.3 Two Higgs Doublet Models

Let us now move to the case of 2HDM scenarios. Their most important features have been
summarized at the beginning of the previous chapter. In the following, we just display some
relations that are necessary in order to discuss the relevant constraints.

"Our analysis is rather qualitative, as it is based on one loop 3 functions. Our results are nevertheless in
good agreement with the more detailed study presented in [235].
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Figure 5.3 — Left panel: Evolution of the Higgs quartic coupling A with the energy scale
for three assignations, i.e. 0.5,1 and 2, of the Yukawa coupling yf L. The VLL have been
assumed to be at a scale mp = 400 GeV, while the neutral Yukawa coupling y,]lv “ has been
set to 0.01. The other two Yukawa couplings y}]LV " y,]:;R have been set to zero for simplicity
and in order to have a SM like diphoton rate for the Higgs boson. Left panel: Variation of
the scale Ayy, defined by A(Ayy) = —0.07 with the coupling y,?L. The other parameters
have been set as in the left panel.

In order impose the theoretical constraints coming from unitarity and boundedness from
below of the scalar potential in a transparent way, we begin by expressing the quartic
couplings of the scalar potential (4.3) as functions of the masses of the physical states. In
the alignment limit, the relevant equations are:

A= 1}12 mi + (md — M?) 3],

Yo = o [+ (g — M) 137

As = 1}12 mi + 2mie — (mi; + M?)]

N = 012 M2+ m3; — 2my]

As = ;2 [M? —m?], (5.25)

where M = myy/(spcs). Unitarity and boundedness from below of the scalar potential
impose constraints on the value of the couplings \;—; 5 [150,236] which, through egs. (5.25),
are translated into bounds on the physical masses. In particular these bounds imply that it
is not possible to assign their values independently one from each other. All these bounds
can be found, for example, in Ref. [236,237], but, for completeness, we report them below.
For the scalar potential to be bounded from below, the quartics must satisfy:

/\172 > 0, )\3 > —\/)\1)\2, and )\3 -+ /\4 — |/\5| > —\/)\1/\2, (526)

while s-wave tree level unitarity imposes that:

|a:|:| ’ |b:|:| ) |C:t| ) |f:|:’ ’ ’61,2| ) |f1| ’ |p1| < 8777 (527)
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where:

3 9
= 5()\1 + Ag) £ \/4()\1 —X2)2 + (2X3 + \y)2?,

1
by = 5()\1 +Ag) £ \/()\1 — Ag)? +4A,

ci = ;(Al +22) £ /(0 — A2)? + 402,

e1 = A3+ 2 1 —3X5, €2 = A3 — A5,

fr=Xs+2 43X, fo =3+ s,

fi=XAs+ A, pr=XAs— A (5.28)

Vacuum stability finally requires [238]:

m3, <m%1 — m§2m> <tanﬁ — M) >0 (5.29)

where the mass parameters mq1, mas, mio should satisfy:

Y 2 2 by 2 2 2 &3 2
m?, 107 cos” 8 3v°sin® 3 _ tan g |m2, — ()\4+)\5)v sin 23
2 2 4
Av?sin? B \gv?cos? B 1 v?sin 23
m2, 5 > = g miy, — (A4 + A5)T (5.30)

Later on, we will include these constraints as well when doing our scans.

Turning towards the fermionic sector, we choose to couple the SM fermions to only one
doublet, as explained in the first section of the previous chapter. On the contrary, we assume
generic couplings of the VL fermions to both the H; 5 doublets:®

Ly, = yPDLH U + 4 UL Hi D + yP "D H; D)y + y* D}, HI Dg
+ MDﬁDR + MUUT/U]/% + MDDilLD;g + h.c., (531)

where a sum over i = 1,2 is implied. It is possible to define the Yukawa couplings y;X and
yx to the physical scalar states through the following rotations:

y})z( — Cp Sa yf( HSM _ Cp SB Hl (5 32)
Y sg —cz) \ys ) \Hxp sg —cg) \Hy)’ '

where we used the superscript X = Up/g or Dy . As we are working in the alignment limit,

H+

(H —iA)

scalar degrees of freedom. Since we are coupling the VL fermions to both doublets, the value
of tg or the chosen type of 2HDM will be irrelevant for the VLF coupling to the scalars.

A DM candidate is again straightforwardly introduced by considering a Lagrangian of

the form (5.31) with U = N and D = E. Our analysis will substantially follow the same

Hgyr becomes the SM Higgs doublet, while Hyp = / \/§> contains all the new

8 Since we are coupling the VLFs to both doublets, we cannot rigorously refer to type-I, type-II, lepton
specific, or flipped 2HDMs, as flavor violating Yukawa couplings, possibly responsible for FCNCs, might
be induced radiatively by the VLLs. We will nevertheless retain the classification of the various 2HDM
realizations in order to distinguish the different dependence on tan 8 of the couplings of the SM fermions
and the Higgs mass eigenstates.
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lines as in the case of VLL extensions of the SM Higgs sector. Before determining the DM
observables and comparing them with experimental constraints, we reformulate, in the next
subsections, for the case of the 2HDM, the constraints from the SM Higgs signal strengths
and from EWPT. We also consider an additional set of constraints, namely the ones coming
from RGEs, which limit the size of the new Yukawa couplings.

5.3.1 Higgs Signal Strengths

Having imposed the alignment limit, the extended Higgs sector does not influence the decay
branching fractions of the 125 GeV SM-like Higgs. The only possible source of deviation from
the SM expectation is represented by the VLLs, which can affect the h — 7 signal strength,
f~r~- The corresponding contribution substantially coincides with the one determined in the
one Higgs doublet scenario, namely eq. (5.8). Assuming the presence of only one family of
VLLs, the simplest solution for having an experimentally viable scenario is to set to zero one
of the ny’R couplings. Unless differently stated, we will assume, in the analysis below, that

Er __
Yoo =

5.3.2 EWPT Constraints

In a 2HDM+VLL framework, new contributions (with respect to the SM) to the S and
T parameters are generated by both the fermionic and the scalar sector. Regarding the
former, these contributions depend, as for the case of one Higgs doublet, on the masses of
the new fermions and their couplings y,JLVL mELR ¢ the SM-like Higgs, while the couplings
with the other Higgs states are unconstrained. The contributions from the scalar sector are
instead related to the masses of the new Higgs states. Also in this case it is possible to forbid
deviations from the SM expectations of the T" parameter by imposing a custodial symmetry.
In the alignment limit this is realized by setting my ~ mpy+ or ma ~ my=+ [3,239] and
considering only constraints from the S parameter. As already pointed out and further
clarified below, this choice would imply excessive limitations to DM phenomenology. For this
reason we will not impose a custodial symmetry neither to the fermionic nor to the scalar
sector, but rather freely vary the corresponding parameters and require in turn that the .S,
T parameters do not deviate by more than 3¢ from their best fit values.

For illustrative purposes, we have reported in fig. (5.4) the regions allowed by EWPT for
some definite choices of model parameters. More specifically, we have fixed the values of the
DM candidate mass my, and of the lightest charged new fermion mpg,, as well as the Yukawa
coupling yflv L to, respectively, 120 GeV, 250 GeV and 0.01 (this very low value is motivated by
constraints from DM DD), while we have varied the parameter ny, since it will be relevant
for the DM relic density as well as for LHC detection prospects. Regarding the scalar sector
we have fixed m4 = 500 GeV (left panel) and m4 = 800 GeV (right panel) and varied the
mass of the CP-even Higgs state H and of the charged one H*. For yf L <1 the effect of the
fermionic sector on the EWPT is subdominant such that the allowed regions substantially
correspond to the one allowed in the case where no VLLs are present in the theory. On the
contrary, once the value of ny is increased, a cancellation between the contributions from
the fermionic and scalar sectors is needed in order to comply with experimental constraints.
As a consequence, the allowed regions of the parameter space are reduced to rather narrow
bands. We also notice that, in this last case, the constraints from EWPT disfavor mass
degenerate H, A, H*. We remind that, on the other hand, the variation of the masses of the
Higgs states is constrained by perturbativity and unitarity limits, eq.(5.26)-(5.27). We have
then reported on fig. (5.4) the regions allowed by these latter constraints, determined by
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Figure 5.4 — Impact of EWPT constraints in the bidimensional plane (m g, mg=) for two fixed assignations
of m4, i.e. 500 and 800 GeV. The blue,purple,orange and red regions represent the allowed parameter space
for, respectively, y,lf L =10.5,1,2,3. The green points represent the configurations allowed by the constraints
reported in eq. (5.26) and (5.27).

varying the input parameters of eq. (5.25) over the same ranges considered in [236] (contrary
to this reference we have nevertheless assumed alignment limit). As we can see, values of y,]fL
above 3 are excluded for m 4 = 500 GeV while for m4 = 800 GeV we get the even stronger
constraint yp~ < 2.

5.3.3 Constraints from RGE Evolution

The extension of the Higgs sector with VLFs is also constrained by demanding theoretical
consistency. Indeed, the presence of new fermions affects the RGE evolution of the parameters
of the 2HDM, in particular the gauge couplings and the quartic couplings of the scalar
potential [240], making it difficult for the new states to induce sizable collider signals, as, for
example, diphoton events [241-248] (see also below).

Regarding the gauge couplings, their S functions receive a positive contribution depending
on the number of families of vector-like fermions and on their quantum numbers under
the SM model gauge group. In the case where these contributions are too high, the gauge
couplings can be lead to a Landau pole at even moderate/low energy scales. However, in
the case considered in this chapter, i.e. one family of vector like leptons, we have only a
small contribution to the S functions of the couplings g; and g, which does not affect in a
dangerous way their evolution with energy.

Instead, the case of the quartic couplings is different. As already seen in the case of
a SM-like Higgs sector, the radiative corrections associated to the VLLs depend on their
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Yukawa couplings. The g functions are given by:

B, = Bxs2iDM + Y <)\1 Z ]y - Z ’yﬂ4> ) (5.33)
L

Bro = Bry,2HDM tga (Az AR |y2L|4) ; (5.34)
L

1
Brs = Brs2npm + —— 1672 ( 3Z(|91L|2 + lyz %)
—QZJFLZIQ yl <|3/1L’2+ ‘yl | )(‘y2L|2+ ’?h | )
—-2yfRy5Ry¥Ry§R+—uyfRF-+|yfRP>ﬂy§RP—+|y§RF>), (5.35)

1
Brs = Bay,2HDM + 1672 <)\4 Z(|?J1L|2 + |y2L|2)

L

— 2yt e+ (1 = P (™ P =yt )
m%ﬁMWWﬁWWMHﬁﬁ (5.36)
1
oo = oo + 15 (Yo SR+ 1P - 2 WEPUER ). 530
L

where [, onpm are the contributions to the 3 function originating only from the quartic
couplings themselves and the Yukawa couplings of the SM fermions. We refer to [150] for
their explicit expressions. To simplify the notation, we have expressed, in eqgs. (5.33)-(5.37) ?,
the Yukawa couplings in the (H;, Hy) basis.

As evident, the quartic couplings receive large radiative corrections scaling either with
the second or the fourth power of the Yukawa couplings. As a consequence, vacuum stability
and/or perturbativity and unitarity might be spoiled at some given energy scale unless
additional degrees of freedom are introduced in the theory.

A quantitative analysis would require the solution of egs. (5.33)-(5.37) coupled with RGEs
for the gauge and Yukawa couplings as a function of the masses of the Higgs eigenstates
and the parameters M and tz, which determine the initial conditions for A; 5, and then
verifying conditions (5.26) and (5.27) as functions of the energy scale. A good qualitative
understanding can be nevertheless achieved by noticing that for sizable Yukawa couplings
the 5 functions (5.33)-(5.37) are dominated by the negative contributions scaling with the
fourth power of the Yukawas themselves (their § function are positive, scaling qualitatively
as 3, x y*). As a consequence one can focus, among (5.26) and (5.27), on the conditions
A12 > 0. In an analogous fashion to the case of the SM Higgs sector, discussed in the
previous section, we will just require low energy viability of the model. In other words, a
given set of model parameters will be regarded as (at least phenomenologically) viable if the
scale at which the couplings A;, Ay become negative is considerably above few TeVs, i.e. far
enough from the energy scales probed by collider processes. Additional degrees of freedom
at a high energy scale might, at this point, improve the UV behavior of the theory. The
study of such explicit scenarios is however beyond the purposes of this study.

According to the discussion above, in a phenomenologically viable setup, the quartic
couplings A; and Ay should not vary too fast with the energy. As proposed in [249], an

9Notice that even if the couplings A and A; have been set to zero, they are radiatively generated. So one
should also consider their 8 function as well as additional terms in egs. (5.33)-(5.37). For simplicity we have
not explicitly reported these contributions but we have included them in our numerical computations.
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approximate but reliable condition consists in imposing |5y, ,/A12| < 1, with Ay 5 computed
according to egs. (5.25) and the Yukawa couplings set to their input value at the EW scale.
In case this condition is not fulfilled, the functions 3y, , would vary too fast with the energy
so that the theory would manifest a pathological behavior already in the proximity of the
energy threshold corresponding to the masses of the VLLs '°.

a(pp->A)Br(A->yy), my=500 GeV a(pp->A)Br(A->yy), my=800 GeV
10 10
RGE Excluded RGE Excluded
8 8
6 1 b 6 0.05 fb 0.1b 0.5 b
= =
4 4
2 2
0 0
0 2 4 0 2 4 6 8 10

Yo

Figure 5.5 — Contours of the process pp — A — 7 for the two values m4 = 500 GeV (upper
panel) and m4 = 800 GeV (lower panel), as function of the parameters y; 1, (see main text).
In both plots we have considered type-I 2HDM with tan 8 = 1. The yellow region in the
left panel is excluded by present LHC searches. In the region at the left of the 1 fb (left
panel) and 0.05 fb (right panel) contours, the production cross-section varies in a negligible
way with ¥, ;, and basically coincides with the prediction of the 2HDM without VLLs. The
blue region corresponds to theoretically inconsistent, because of RGE effects, values of the
Yukawa parameters.

As already pointed out, the requirements of a reliable behaviour of the theory under RG
evolution mostly affect possible predictions of LHC signals. As it will be reviewed in greater
detail in the next subsections, one of the most characteristic signatures induced by the VLLs
are enhanced diphoton production rates from decays of resonantly produced H/A states.
This happens because their effective couplings with photons are increased by triangle loops
of electrically charged VLLs such that, once their masses are fixed, the corresponding rate
depends on the size of the Yukawa couplings. The constraints from RGE can be used to put
an upper limit on the size of the Yukawa couplings which imply, in turn, an upper limit on
the diphoton production cross-sections which are expected to be observed.

As an illustration, we report in fig. (5.5) the isocontours of o(pp — A)Br(A — vv) as
a function of y; = yf Land y, =yt = —ypt = —yht = yh® (see below for clarification),
for two values of my, namely 500 and 800 GeV. As a further assumption, we have set
mpg, = ma/2 in order to maximize the effective coupling between A and the photons !!.

As it is clear, in order to obtain substantial deviations of o(pp — A)Br(A — ~v) from
the prediction of a 2HDM without VLLs, which is approximately 1 fb and 0.05 fb for the

10We remark that our discussion has mostly qualitative character since it is based on 1-loop SB-functions.

1Tn the computation we have considered only a “perturbative” enhancement. A further enhancement can
be achieved through non perturbative effects [250], at the price of a rather strong fine tuning of |m4/2—mg, |.
We won’t consider this case here.
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two examples considered, rather high values of the new Yukawas are needed 2, which would
induce too large radiative corrections to the quartic couplings of the scalar potential. In
theoretically consistent realizations, the VLLs typically have negligible effects on the diphoton
production cross-section.

tanﬁ=1 ,y/=0.5,yL=1 ,mH=mA=M=800 GeV tanB=1 ,yl=2,}’L=2‘mH=mA=M=800 GeV
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M 5

~< 0,0& < 0 A

[——
T i
A -5 A 5
-05 ° 2
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Figure 5.6 — Two examples of resolution of the RGE equations. The corresponding assignations
of the relevant model parameters are reported on top of the panels. In the left panel, the
initial values of the Yukawa couplings are sufficiently small such that the conditions (5.26)-
(5.27) are satisfied up to energy scales of the order of 10°GeV. In the right panel the
assignation of the Yukawas causes, instead, the couplings \; » to become negative already at
the energy threshold of the VLLs.

We have checked the validity of the criterion |3y, ,/A12| < 1 by explicitly solving the
RGE for some benchmark models. We present two examples of solutions in fig. (5.6). Here
we have considered the same values for the model parameters as in the left panel of fig. (5.5),
and chosen two assignations of the Yukawa parameters y; . In the left panel, we have
considered the set (y;,yr) = (0.5,1), lying in the white region of the right panel of fig. (5.5).
As evident, the couplings \; o remain positive up to an energy scale i of the order of 10° GeV,
high enough such that the model point is viable at (least from a phenomenological point of
view).!® On the contrary, by choosing parameter values lying in the blue region, RGEs drive
the couplings A; 2 to negative values already at the energy threshold of the charged VLLs, of
the order of 400 GeV for the case considered.

5.3.4 DM Phenomenology

The coupling of the DM to an additional Higgs doublet has a two-fold impact on dark
matter phenomenology. First of all, the extra neutral Higgs states constitute additional
s-channel mediators for DM annihilations and, only for the case of H, t-channel mediators
for scattering processes relevant for Direct Detection. In addition, in the high DM mass
regime, they may represent new final states for DM annihilation processes.

The coupling of the DM with the non SM-like Higgs states can be expressed, in the mass

12This requirement can be partially relaxed by introducing more than one family of VLL.

13We have explicitly checked the other conditions (5.26)-(5.27) as a function of the energy and found that
these are violated at a slightly lower scale of 5 x 10% GeV. This difference is acceptable as it does not affect
the validity of our results: our goal is not to quantitatively determine the scale at which the theory should
be completed, but just to set a qualitative criteria that applies to the theory at low energy.
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basis, in terms of the Yukawa couplings y» and of the mixing angles G)L(’R :

. N : N
cos 0% sin 0%y F + cos 0% sin 0% y7

YHNI N, = V2 )
2
: N : N
_cos 0% sin 0% y" — cos 0% sin 0% y5"

YaN, N, = 2 \/§ )

: E : E
Y+ N, B, = cos 0% sin OFy = + sin 0% cos Ony "

— cos O sin OLyNE — cos 0% sin 5y - (5.38)

The analysis of the DM phenomenology is structured in an analogous way as the one
performed in the previous section. We compute the DM annihilation cross-section and verify
for which choices of the model parameters the thermally favored value, ~ 3 x 10726 cm3s™1, is
achieved without conflicting with bounds from DM Direct Detection. Given the dependence
of the coupling between the DM and the neutral Higgs states on the mixing angles QJj(;R, the
DM scattering cross-section is still dominated by the Z exchange processes so that the new
couplings from eq. (5.38) mostly impact the determination of the DM relic density.

For what regards the DM relic density, we distinguish several possibilities:

o mpy, <mx/2,X = A, H, H* and sizable mass splitting between the DM and the other
vector-like fermions. In this case the situation is very similar to the case of SM+VLLs.
The most relevant DM annihilation channels are again into fermion and gauge boson
pairs. Reminding that, in the alignment limit, there is no tree-level coupling between
the H, A states and the W, Z bosons, the only annihilation processes substantially
influenced by the presence of the additional Higgs bosons are the ones into SM fermions.
In particular, s-channel exchange of the CP-odd Higgs gives rise to a new s-wave
contribution so that the DM annihilation cross-section can be schematized as:

1
((4m3, —m3)? +mil%)
2

2
g my, s ) ) ,
* ne Vi + A

m((4m3, — m%)? + m31'%) [Z (V31 + 1A ) [yv.znv v |

2 2
le my

(ov)sp = ~ |41 lyan v, |2
8T v

3m?
2
2my,

(IVif* + |At|2>|yA,ZN1N1|2]- (5.39)

As evident, the annihilation cross-section depends, through the factor £, on tan 8 and,
in turn, on the realization of the couplings of the two Higgs doublets to SM fermions.
Given the dependence on the mass of the final state fermions, A-exchange diagrams
give a sizable contribution mostly to the ¢t final state, when kinematically open (an
exception being a type II/flipped 2HDM for tan 8 2 45, when a sizable contribution
comes also from bb).

As already pointed out, the strong DD limits, mostly originating from t-channel Z
exchange, impose that the DM is essentially a SU(2) singlet with, as well, a tiny
hypercharged component. This implies also a suppression of the couplings of the DM to
the neutral Higgs states, such that the DM is typically overproduced in the parameter
regions compatible with DD constraints. It is nevertheless possible to achieve the
correct relic density by taking advantage of the resonant enhancement of the DM
annihilation cross-section when the condition my, ~ ™24 is met. Notice that in this
case the DM annihilation cross-section is also sensitive to the total width of the H/A

state and thus sensitive to the value of tan 5. An illustration of the DM constraints in
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Figure 5.7 — Isocontours of the correct DM relic density in the bidimensional plane (my;, y,iv L)
for two values of tan 3, (left panel) 1 and (right panel) 45, and for the following assignations

of the other parameters of the fermion sector: y}]LVR = yfR =0, ny = 0.5, yﬁL = —yﬁR =
—yff = yf}R = 1. We have finally set M = myg = ma = my+ and considered the three

values of 500 GeV, 750 GeV and 1 TeV.

the my, < ™44 regime is provided in fig. (5.7). Here we compare, for two values of
tan 5 (for definiteness we have considered type-I 2HDM), the isocontours of the correct
DM relic density, for three choices of my = my = mpy+, and the DD exclusion limit, as
set by LUX. As already anticipated the only viable regions are the ones corresponding
to the s-channel poles. We also notice that the shapes of the relic density contours are
influenced by the large (narrow) widths of the resonances occurring for small (high)
tan 3.

Concerning Indirect Detection, possible signals might be originated by residual an-
nihilation processes, at present times, into ff (mostly bb and f¢ when kinematically
accessible), WTW =, ZZ and Zh, since their corresponding annihilation cross-section
have unsuppressed s-wave (i.e. velocity independent) contributions. These annihilation
processes can be probed by searches of gamma-rays produced by interactions of the
primary products of DM annihilation. The most stringent constraints come from
searches in Dwarf Spheroidal galaxies (DSph) [4]. These kind of constraints can probe
thermally favored values of the DM annihilation cross-section only for DM masses below
100 GeV. As evidenced in fig. (5.8) they are then considerably less competitive, with
the exception of the resonance region, than the ones from DD. An additional indirect
signal might be represented by gamma-ray lines produced in the annihilation process
N1 N; — v originated by a 1-loop induced effective vertex between the pseudoscalar
Higgs state A and two photons [189,251,252]. In our setup this annihilation channel is,
however, rather suppressed so that it is not capable to probe the thermal DM region
(see dashed yellow line in fig. 5.8).

o my, <mx/2,X = A, H, H* and DM close in mass with at least the lightest charged
VLL. In this case the DM relic density is not only accounted for by pair annihilation
of the DM particle N;, but also by coannihilation processes of the type N;E; —
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Figure 5.8 — Comparison between the different DM constraints from one of the benchmarks
considered in fig. (5.7). In addition to the already considered constraints from relic density
and DD, the figure reports (in orange) the excluded region by searches of gamma-rays in
DSph [4] as well as the limit (yellow dashed line) from gamma-ray lines [5].

ffWEh,WEZ, i,j=1,21 (in most of our computations we have assumed Mg = M,
and, then, the charged eigenstates are very close in mass) which occur through s-channel
exchange of the W* and the H* or t-channel exchange of the VLLs themselves. These
kinds of process can be easily dominant, provided a low enough mass splitting, with
respect to N;N; annihilation since their corresponding annihilation rates depend on
the couplings yf E ygL’R which are not subject to the strong constraints from DD. We
also notice that coannihilations would be relevant in case that a custodial symmetry is
imposed in the VLF sector.

The DM phenomenology in presence of coannihilations is illustrated in fig. (5.9).
We show, in the left panel, the isocontours of the correct DM relic density in the

.« 7. . m —m . . .
bidimensional plane (my,, %) For simplicity, we have set yf L= gL = e —
1

—ygL = yf,“ and considered two numerical values, i.e. 0.1 and 1. The remaining
non-zero coupling, y,]LV L has been set to 1072 in order to evade constraints from DD.
The masses of the new Higgs states have been finally set to the value of 1 TeV in
order to avoid effects on the relic density for DM masses of a few hundreds GeV. As
evidenced in the figure, the correct relic density can be achieved through coannihilation
processes, provided that the relative mass splitting between the DM and the lightest
charged state is between approximately 2% and 10%.

We emphasize that we have chosen a much lower value of y,jlv L with respect to the

limits shown, for example, in fig. 5.7. This is because an approximate degeneracy
between my, and mpg, implies My ~ M}, which in turn generates an enhancement
of the angles GJLV’R. These angles are responsible of the coupling of the DM with the
7, which accounts for most of the SI cross-section. This last feature is well evidenced
in the bottom panel of fig. 5.9, where we have assumed the y,]lv b= yf L limit to easily
compare relic density and Direct Detection. As evident, the latter is responsible for
very strong constraints, reaching almost yév L ~ 1072 and almost excluding the regions

MTo a lower extent also the process NoNo — WHTIW ™ can be relevant.
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Figure 5.9 — Left panel:Isocontours of the correct DM relic density in the bidimensional

plane (my,, mE%;NTNl) for tan 3 =1, yo® = y/® =0, yo* = 5 x 1072, and two assignations of

y,?L = ygL = —yg’* = —yfﬁ = yfIR, i.e. 0.1 and 1. Notice that we have set M = my =my =
mpy+ = 1TeV. Right panel: Isocontours of the correct relic density, assuming y}]lv L= ny,
for two values of mE;n;NmM, namely 5% and 10%, and the corresponding excluded region by

LUX, in, respectively, i)lue and dark blue.

at viable DM relic density.

In the case that the DM relic density is mostly accounted by coannihilation processes
we do not expect ID signals, since the rate of this kind of processes is (Boltzmann)
suppressed at present times.

e mp, > mx/2,X = A, H,H* (no coannihilations): in this case the situation is very
different with respect to the case of the SM Higgs sector. Indeed, as the DM mass
increases, new annihilation channels become progressively open. We have, first of
all, when my, > mx/2,X = A, H, H* the opening of annihilation channels of the
type VX where V = Z,W* X = A H,H*. By further increasing the DM mass,
annihilation channels into pairs of Higgs states are finally reached. Among these new
channels the most efficient turn out to be the ones into W*HT and into H*HT. These
processes can occur through t-channel exchange of the lightest charged state E;, and
the corresponding rates depend on the coupling yy+n, g, , which depends on parameters
not involved in direct detection processes. Moreover, this coupling can be of sizable
magnitude even for a SM singlet DM, provided that the charged state £ has a sizable
SU(2) component. The potentially rich phenomenology offered by the annihilations
into Higgs and gauge bosons or into Higgs boson pairs is the reason why we have not
strictly enforced a custodial symmetry in the scalar sector, since it would have imposed
a too rigid structure to the mass spectrum.

Concerning possible Indirect Detection constraints, these rely on gamma-ray signals
originated in cascade decays of the H* W= [253]. Annihilations at present times have
a smaller rate than at thermal freeze-out and then ID constraints, as shown in one
example in fig. 5.10, are marginally relevant.

In order to explore the multi-dimensional parameter space we have then resorted to a
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Figure 5.10 — Isocontour (purple line) in the bidimensional plane my,, y,’f L of the correct DM
relic density for mgy+ = 250 GeV. The orange region is excluded by searches of gamma-ray
signals in DSph. The coupling nyV ~ has been set to 1072 to evade constraints from DM direct
detection.

scan of the following parameters:
yp "€ [107%1]
yrt € [5x 107, 3],
My € [100 GeV, 1 TeV],
Mg = My, € [100GeV, 1 TeV],
tan 5 € [1,50],
ma € [250 GeV, 1 TeV],
myg € [myp, 1.5TeV],
my+ € [mwy,1.5TeV],
|M| € [0,1.5TeV], (5.40)

and required that the model points pass the constraints from EWPT, from perturbativity
and unitarity of the scalar quartic couplings, egs. (5.26)-(5.27), and from satisfying the
requirement of stability under RGEs, [8),,/A12] < 1. We have finally required that the
correct DM relic density is achieved. Similarly to the case discussed in the previous section,
we have disregarded the possibility of coannihilations between the DM and other VLLs by
further imposing a minimal mass difference between these states. We have repeated this
scan for the different 2HDM realizations reported in tab. (4.1). Although the DM results are
mostly insensitive to the type of couplings of the Higgs states to SM fermions, the prospects
for LHC searches, discussed in the next subsection, will be different in the various cases.
The results of our analysis are again reported, in fig. (5.11), in the bidimensional
plane (mpy,,ogr). Similarly to the case of the single Higgs doublet scenario, many points,
especially at lower values of the DM mass, are excluded by LUX. Viable model configurations
nevertheless exist, already for DM masses of the order of 150 GeV. We notice in particular
the presence of points lying beyond the reach of even next generation 1 Ton facilities such as
XENONIT and LZ. This is because, for these configurations, the relic density is achieved
through the annihilations into H*H¥ and H*W T final states, relying on the couplings y,ﬁ%R,
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Figure 5.11 — Model points satisfying the correct DM relic density and passing EWPT,
perturbativity and unitarity constraints, in the bidimensional plane (my,,ogr). The blue
region is excluded by current limits by LUX while the Purple and Magenta regions represent
the reach of XenonlT and LZ.

so that very small values of the neutral Yukawa couplings can be taken (as pointed above, in
presence of a single family of VLLs, large deviations from the custodial limit are allowed
provided suitable assignments of the masses of the Higgs states.)

5.3.5 Impact on LHC

In this section we discuss the impact on LHC phenomenology of the scenario under investi-
gation. In the subsections below, we provide an overview of the possible relevant processes,
which currently are (and will be probed in the near future) at the LHC. These are distin-
guished in three categories: (i) production of Higgs states and decay into SM fermion, (ii)
production of the Higgs states and their subsequent decay into gauge bosons, especially
photons, and (iii) direct production of VLLs. VLLs are directly involved only in the last two
categories of collider signals; it is nevertheless important to consider as well limits/prospects
from the first category of processes since they put constraints on the masses of Higgs states
and on tan 8 which can, in turn, reduce the viable parameter space for DM.

Among this rather broad variety of signals, we dedicate particular attention to the
diphoton production. It arises from the resonant production, and subsequent decay into
photon pairs, of the neutral Higgs states. The VLL couplings entering in this process are the
Yukawa couplings yf?f These couplings control the annihilation cross-sections into W*H¥
and H* HT final states, which mostly account for the DM relic density in the high DM mass
regime; furthermore, they are influenced, through the S/T parameters, by the values of the
neutral couplings y,lxﬁjR, which are in turn strongly constrained by DM phenomenology.

As a further simplification we consider the CP-even Higgs state A as the only candidate
for a diphoton resonance. As explicitly shown in the following, this condition can be achieved
by imposing a specific relation between the VLF Yukawa couplings, so as to minimize the
impact of VLLs on the effective couplings between the CP-even state H and photons and, at
the same time, maximize their impact on the effective Ay~ coupling. This relation will allow
to reduce the number of free parameters. This choice is also motivated by the fact that the
production cross-section pp — A of the CP-odd state is, at parity of masses, bigger than the
corresponding one of the CP-even state H. For the specific case of the diphoton production,
as already pointed out, a further enhancement is achieved by a specific choice of the masses
of the charged VLLs. As a consequence, focusing on the CP-odd Higgs A allows to obtain
conservative limits which can be straightforwardly extended to the CP-even H.
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Despite these simplifications, there is still a broad variety of factors which influence
the collider phenomenology of a diphoton resonance. We thus summarize below the most
relevant cases, basically distinguished by the value of tan :

e Low tanf, i.e tan 3 =1 — 7: The neutral Higgs states are mostly produced through
gluon fusion. Irrespective of the type of couplings with the SM fermions (see table 4.1),
the top coupling to the heavy scalars is the dominant among the ones with SM
fermions. This last coupling determines almost entirely the production cross sections
of the processes pp — A/H. The H/A resonances would then dominantly decay
into tt, or into a lighter neutral scalar (whether kinematically allowed) and a gauge
boson,'® except for the case of sizable decay branching fractions into charged and
neutral VLLs (an important branching fraction into the DM would be nevertheless
in strong tension with constraints from DM searches). In particular, for tan 5 = 1,
one can have very large decay width, I'/M ~ 5 — 10%, given essentially by decays
into tt. The observation of ¢t resonances would be an interesting complementary
signature of a possible diphoton resonance. Searches of this kind of signals have been
already performed at LHC Run I [175,176]. The gluon-gluon fusion (ggF) mechanism
can provide production cross-sections close to the experimental sensitivity only for
tan 8 ~ 1, while for increasing values of tan 3 it gets rapidly suppressed.

« Moderate tan 3, i.e. tan 3 = 10 — 20: While gluon fusion is still the most relevant
production process, in a 2HDM with enhanced f}l{’ 4 (type II and lepton-specific), a
sizable contribution arises also from bb fusion. Regardless of the type of the 2HDM, the
couplings between neutral resonances and SM fermions are suppressed, with respect
to the previous scenario, so that they feature rather narrow width, unless sizable
contributions arise from decays into VLLs (for tan # 2 5 unitarity and perturbativity
constraints favor a degenerate Higgs spectrum.). Large cross sections for the process
pp — A/H — 771 are expected in a 2HDM with enhanced f}iA, i.e. type II and flipped.
Corresponding LHC searches [6, 7] give already strong limits, such that values of tan
above 10 are already excluded for m4 g < 500 GeV.

o High tan 3, i.e. tanf ~ 50: This regime occurs only for the type-I and flipped
2HDM since the other cases are essentially ruled out, for masses of the neutral Higgses
below approximately 1 TeV, by the limits from pp — A/H — 77. Two rather different
scenarios correspond to these two types of 2HDM. In the flipped model the A/H scalars
have enhanced couplings to b-quarks, implying bb-fusion as dominant production process
and, possibly, a large decay width dominated by the bb final state. In the case of
the type-1 2HDM the neutral Higgses are “fermiophobic”, since all their couplings to
the SM fermions are suppressed by a factor 1/tan /3. Unless the decays into VLLs
are relevant, we have very narrow widths, even I'y a/mpga ~ 1072, and a strong
enhancement of the decay branching fraction into photons.

In the following sub-subsections we provide an overview, for the scenarios depicted above,
of the possible relevant LHC signals and the corresponding constraints/prospects of detection.
We have indeed identified some relevant subsets among the parameter points providing the
correct DM relic density and in agreement with theoretical constraints. We have first of
all considered a set of points in the low, namely 1 — 5, tan 5 regime (although we mostly
refer to type-1 2HDM, the various 2HDM realizations do not substantially differ in this

15This possibility is contrived because the very strong HAZ coupling would easily lead to very high decay
widths, which would make difficult the observation of resonances.
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regime, as already pointed out). To these we have added three subsets, characterized by
10 < tan 8 < 40, for, respectively, type-1I, type-II and lepton-specific couplings of the 2 Higgs
doublets with the SM fermions. Two subsets at tan 8 = 50, corresponding to type-I and
flipped realizations, have been finally included.

For our study we have adopted the cross-sections provided by the LHC Higgs Cross Section
Working Group [254], which have been produced with SusHi 1.4.1 [255]. More specifically,
for the 2HDM types with enhanced bottom quark couplings to heavy scalars (type-II and
flipped), we have taken the gg/bb fusion cross sections calculated for the AMSSM [151,172].
For the remaining two realizations, namely type-I and lepton-specific 2HDMs, regardless of
the value of tan 3, the only important production mechanism is gg fusion, since bb fusion is
suppressed not only by the lower bottom quark luminosity, but also by the bbA /H couplings,
which scale as 1/ tan . Therefore, as both top and bottom quark couplings to the heavy
scalars are proportional to 1/tan 8 for type-I and lepton specific 2HDMs, it follows that the
effective ggA/H couplings have a similar behaviour. Consequently, for these two realizations,
we evaluated the gg fusion cross sections by simply taking the AMSSM ggF cross section for
tan 3 = 1 and rescaling it by 1/tan? 3.

A/H — ff

We start our analysis by considering the production processes pp — ff, with f = 7,t.
The associated phenomenology is essentially identical to the pure 2HDM case. Indeed,
being singlets under SU(3), the VLF do not modify the gluon fusion production vertex;
furthermore, limits from DM phenomenology disfavour a sizable branching fraction of decay
of the Higgs states into VLLs. For the case of DM this is easily understood by considering
the strong limits from DM Direct Detection which require very suppressed couplings. A
numerical check is provided on fig. 5.12 for the case of type-I 2DHM (the outcome would be
analogous also for the other types of 2HDM).

2HDM type-| 2HDM type-I

0.100 0.100

= 0.001 < 0.001

= =
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Figure 5.12 — Decay branching ratios of the Heavy CP even (left panel) and CP-odd (right
panel) scalar into NNy, as a function of their masses.

In fig. 5.12, we report the branching ratios of decay into DM pairs of the H and A bosons
for model points, generated through a parameter scan over the ranges illustrated in the
previous section, featuring a DM scattering cross-section below the current limit by the LUX
experiment. The figure evidences typically suppressed or even negligible values for these
branching fractions.

The couplings of the H/A bosons with the heavier VL neutrino and with the two VL
electrons are, on the contrary, not directly constrained by direct detection and in principle
could allow for sizable decay branching fractions. However, in two of the pinpointed scenarios
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for the correct DM relic density, i.e. s-channel resonances and annihilations into heavy
Higgses, these decay processes are kinematically forbidden. Furthermore the coannihilation
scenario is as well contrived for what regards collider prospects. We then leave this matter
aside for the moment and postpone a dedicated discussion to a following sub-subsection.

Since the branching fractions of the Higgses decaying into fermions depend on the masses
of the final state fermions themselves, sizable signals can be achieved only for ¢, 77 and bb
final states. The observation of the latter is substantially shadowed by huge SM backgrounds,
such that only #t and 77 feature observational prospects. Tau pair searches can probe type-II
2HDMs at moderate-to-high ¢ 2 5, depending on the value of m4, since in this case we have
an enhancement of the 7 Yukwawa coupling to A, £}, = t3. In a complementary manner,
tt searches provide a discovery avenue for small values of tg, typically < 3 [256-259], for
any type of 2HDM. However, looking for heavy scalars decaying into top quark pairs is
challenging from the experimental point of view, since the interference between the signal
and the SM background can give rise to non-trivial dip-peak structures in the tt invariant
mass spectrum, which get smeared after binning, thus reducing the visibility of a potential
“bump” [259,260]. We also mention that the search for scalar resonances lighter than 500 GeV
decaying to tt pairs is not possible, as the ¢ and ¢ quark are not boosted enough, the selection
cuts thus being inefficient.

10
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Figure 5.13 — Production cross-section for the process pp — 77 for the set of models with
viable relic density. The colors distinguish the type of 2HDM realizations. The gray region
is excluded by current limits [6,7].

We display in fig. 5.13 the 77 production cross-section for the model points passing the
theoretical and DM constraints, distinguishing, with different colors, the various 2HDM
scenarios depicted above. As already stated, current LHC constraints are mostly efficient
in the 2HDM-II. They can nevertheless also exclude low values of m, for other 2HDM
realizations.

We then focus, in the left panel of fig. (5.14), on the 2HDM-II case, highlighting the
dependence of the collider limits on the value of tan 3. As evident, values above 20 are
excluded for m4 up to 1 TeV. A similar exercise has been performed in the right panel of
fig. (5.14) for the case of the pp — A — tt process, in the scenario of very low tan 3, and
all the points lie below current experimental sensitivity. Only the points with tan 3 ~ 1 lie
close enough to the experimental sensitivity in order to be probed in the near future.

Diphoton Signal

In this sub-subsection we investigate in more detail the prospects for observing a diphoton
signal. The corresponding cross-section can be schematically written, in the narrow width
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Figure 5.14 — Left panel: pp — 77 cross-section for type-II 2HDM. Right panel: pp — tt for
2HDM type-I realizations in the low tan [ regime. In both plots the points follow a color
code according to the value of tan 5. The gray regions are already experimentally excluded.

approximation, as:
o(pp = ® = y7) = o(pp = ®)Br(® — v7), & = H, A, (5.41)
with
Br(® — vy) o< | Ay + Afs + AL, (5.42)
where Ay, A%+ and AY;; represent, respectively, the loop induced amplitudes by SM
fermions, charged Higgs (only present for the CP-even state H and typically negligible in

comparison with the other contributions) and VLLs. The contribution associated to the
VLLs can be written as:

@ N (Cg)u‘ @
Ay, = Z AI/Q(TEi)7 (5.43)
=1 ME
where we have used the definition:
ct=vp -yt (Ug). (5.44)
The Yukawa couplings between the VLLs and the heavy Higgs states are given by
1 0 yNL 1 0 yEL
H H H H
- ’ = , 5.45
N (yﬁR 0 ) GG (yfﬁ 0 (545)
for the heavy CP-even scalar H and:
1 0 . Nr 1 0 Er
A Yy A Yy
- 7 = , 5.46
yN \/§ <yg3 0 ) yE \/i <_y§R 0 ) ( )

for the CP-odd scalar A.

A general analytical expression for eq. (5.43) would be rather involved. We consider
however two simplifying assumptions. First of all, in order to avoid dangerous contributions
to the decay branching fraction into photons of the SM-like Higgs we set, as before, yf B =0.
Note that, especially in the case of heavier VLLs, one can relax this assumption, since the
h — ~7 signal strength is currently measured with only ~ 10 — 20% accuracy; nevertheless,
for simplicity, we take yf " = 0. Furthermore, we assume that Mz = M, such that the mass
matrix for the charged VLLs simplifies to

_( Mg vyf
ME_< 0 My ) (5.47)

16Tn fact, we checked that such a texture for the mass matrix suppresses, in a similar way as for h — v,
the VLL contributions to h — Z=, thus leaving the latter decay SM-like.
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Knowing that neither the sign of Mg nor the one of y¥ are physical (both signs can be
absorbed via a field redefinition), we will consider only positive values for these parameters.
Thus, the eigenmass splitting reads

mg, —mpg, =y, (5.48)

with Mp = \/ mg, (mg, + v'yF) fixed in order to give mp, as the lowest eigenvalue. Under
this assumptions the heavy scalar loop amplitudes can be written as:

A\L/ILL = W{y? |:A11T{/2(TE1) - A{J/Q(TE2>:|
mp, +0Y meg,
+ it [mEhAm(TEl) WAI/Q(TEQ)‘| }7 (5.49)
AGLL - W{y? [Af/Q(T By) — Af/2(7 E2):|

mE1
- A1/2(7'E1)

mg, meg —i—vyh

Eg [mEl ‘ijh
H |7

A /2(¢E2)] } (5.50)

To improve the detection potential of the heavy scalars decaying into diphotons, it would
be desireable maximize the value of A¢; ;. This task is achieved by taking opposite signs
for the yH ,yH Couplings. We can thus reduce the number of free couplings by setting
yf,R = —yH = y£. In this setup the H and A loop amplitudes become:

Al = oy M ] s
mpg, (2mE1 + U/yi]?) / ' mEg, + U/yf / ’
/1, E
A UVYg mg
AV, = 7mE1 [A1/2(TE1) 77“& T L i A1/2(7'E2)] . (5.52)

Note that, in the case where both F; 5 mass eigenstates are much heavier than the scalar
masses, i.e. 7g,, — 0, the CP-even and CP-odd amplitudes differ only through the loop
form factor: o BB
+
AA/H - VY, yH/ _ ,14//21{(0)' (5.53)
mp, (me, +V'yy)

However, in the case where A‘f‘/Q(TEl) dominates over the second term in the brackets from

eq. (5. 52) which happens, for example, 1f mp, ~ ma/2 and mEg > mpg,, the CP-odd

amplitude is indeed maximized: A o< -—, whereas Al
Eq

ME,MEy

We present and confront with the current experimental limits [261], in fig.(5.15), the
predicted cross-section for pp — A — ~7, for the model points providing viable DM
candidates. We distinguish between the different regimes described in the previous subsection,
identified by the type of interactions with the fermions and by the value of tan 3. Clearly,
the most promising scenarios are the ones corresponding to low tan 8 and to tan 5 ~ 50
for the flipped 2HDM. These scenarios correspond, indeed, to the configurations which
maximize the production vertex of the resonance: as already emphasized, for tan 5 ~ 1
the gluon fusion process is made efficient by the coupling with the top quark, while for
tan # ~ 50 the production cross-section is enhanced by b-fusion. In the other type-I regimes,
the cross-section fastly drops with the value of tan .

In all the considered regimes the diphoton cross-section lies below the current experimental
sensitivity; the departure from the experimental sensitivity fastly reaches several orders
of magnitude as the value of m, increases. A signal in diphoton events would be hardly
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Figure 5.15 — Expected diphoton cross-section, as function of my4 for the model points
featuring the correct DM relic density and pass constraints from EWPT, perturbativity and
unitarity. The red points refer to type-I couplings of the Higgs doublets while the blue ones
to the other type of couplings considered in this chapter.

observable, even in future luminosity upgrades, for m4 2 700 GeV. This outcome is a
consequence of the fact that the size of the Yukawa couplings of the charged VLLs are
limited from above by the requirement of consistency under RG evolution and, only for yf o
by EWPT. Therefore, no substantial enhancement of the diphoton production cross-section,
with respect to the 2HDM without VLLs, is actually allowed (if one insists on having a
theory which is consistent up to high energy scales). We notice, in addition, that in order to
comply with limits from DM phenomenology, the VLLs should be typically heavier than
the diphoton resonance. This translates in a further suppression of the VLL triangle loop
contribution.

Other Loop-Induced Processes

Given their quantum number assignments (and gauge invariance), VLLs also induce, at one
loop, decays of A/H into Z~, ZZ,WW  which can be probed at the LHC.

Among these processes, the cleanest signal is likely provided by the Z~ channel. It is
searched for in events with one photon and dijets or dileptons originating from the decay of
the Z. Although the corresponding production rate is suppressed with respect to diphoton
signals, the potential signal is particularly clean (i.e. low background), especially in the case
of lepton final states. In the setup under investigation, the A — Z~ decay width, to a very
good approximation, reads [94, 170]

ag*m?,

T(A = Z7) = B12mi0ec2,

(1 _ ) A4S A2 AT (5.54)

The top-loop and bottom-loop amplitudes have simple expressions,

AAZ7 = NeQrip Vip f,taibAf/z(Tt,m Atb); (5.55)

with ()¢ the electric charge of the SM fermion f, V} its vectorial coupling to the Z boson, and
deﬁned in Table 4.1. For the A /2(7',, Ai) loop form factors, we use the same expressions

as in Ref. [94], with 7; = and Ai =
Concerning the VLL A BN Zy loop amphtude its general expression, which is again given
in the Appendix of Ref. [94] (denoted as A]ﬂ there), is rather contrived, and will not be
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displayed here. However, for our particular choice of the charged VLL mass and pseudoscalar
Yukawa matrices, it takes the simple form

’U/yE mg
Aéfﬁ =Q. Ve = A114/2(7-E17 )\El) - -

— A A 5.56
me, mEl‘f‘U/y}]? 1/2(TE27 Ez) ) ( )

with Q). = —1 the electric charge of the VL electron and V, = —0.25 + 5124/ the vectorial
coupling of the SM electron to the Z. One can see that, contrary to the general case, the
diagrams with off-diagonal A and Z couplings to the VLFs vanish for our choice of parameters.
Unfortunately, due to the smallness of V, ~ 0.02, our scenario does not produce a sizeable
modification to the A — Z~ decay channel with respect to the case of an ordinary 2HDM.

We also briefly comment on the case of the WW and ZZ decay channels. As the
A — ~yv/Z~ processes, both A — ZZ and A — WW are loop-suppressed (AWW/AZZ
vertices are forbidden at tree level by CP-invariance). Moreover, detection of such decays is
challenging due to either (i) suppression by reduced branching ratios (Br(Z — (t¢7) ~ %,
¢ =e,p) or (ii) final states that are difficult to reconstruct/disentangle from the background
(hadronic decays of W, Z and leptonic decays of the W, W — v¢, which involve missing
transverse energy). Therefore, we will not consider these channels as they are not as clean
and/or competitive as the ones already discussed.

Direct Production of VLLs

We conclude the overview of the collider phenomenology of the scenario under investigation
by briefly commenting on possible direct searches of the VLLs. VLLs can be produced
at LHC through the Drell-Yann processes [210] pp — Z*/v* — EE, pp — Z* — NN,
and pp — W* — NFE '7. The results of corresponding LHC searches [182,265] cannot be,
nevertheless applied to our case since they rely on the presence of a mixing with SM leptons.
Whereas, in our scenario, in order to guarantee the stability of the DM candidate, we have
forbidden such a mixing by imposing a Z, symmetry under which the VLL sector is odd
and the SM is even (see next section). On the contrary, a possible collider signal would be
represented by the production of F;E; or NoE; and their subsequent decay into DM, which
can be tested in 2-3 charged leptons plus missing energy final state events. Searches of this
kind have been performed in the context of Supersymmetric scenarios [266—268]. In order to
take into account possible constraints, we have imposed (exception for the coannihilation
regime), in our scans, a lower limit on the mass of the lightest charged VLL of 300 GeV.
Direct production of DM, through off-shell Z/h boson or on-shell heavy Higgses, cannot
be instead tested, through monojet searches, since constraints from DM Direct Detection
imposes, for these states, a negligible branching fraction of decay into DM pairs (see fig. 5.12)

Another potentially interesting channel would be the production of a charged Higgs and
its subsequent decay into Ny FEq, followed by E; — N;W. However, for most of the points
providing the correct DM relic density and, at the same time, passing the DD constraints,
we have that my+ < my, +mg,, so that production can occur only through off-shell charged
Higgs. Furthermore, the dominant production modes of H* at the LHC, gg — tbH* and
gb — tH™*, are phase-space suppressed by the top quark produced in association and typically
have a low cross section. The s-channel production of a charged Higgs, ¢¢ — H¥ is not a
valid option neither: even if the charged Higgs would be on-shell, the low Yukawa couplings
of the initial state quarks renders such a process unobservable. For a more detailed discussion,
we refer the reader to Ref. [210].

17 Alternatively, VLLs can be produced from the decay of heavy neutral Higgses [262-264]
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We close the section by commenting again on possible production of VLLs from decays of
the neutral Higgses. As pointed previously, in the coannihilation scenario sizable branching
fractions for the decays H/A — E;F;, i = 1,2 are not forbidden by limits from DM
phenomenology. However, while Es, having a sizeable admixture of a SU(2), doublet, almost
always decays promptly into E; plus a W/Z/h boson (on or off-shell), the E; can decay
only into a N7 and two fermions through an off-shell W. This decay rate would be doubly
suppressed by the very small coupling to the W of the mostly SU(2) singlet DM and by the
phase space. Consequently, the F; state could be long-lived or even stable on collider scales.

5.3.6 Constraints on the Charged Higgs

Collider limits on the charged Higgs are mostly relevant for very light masses, namely
mp+ < my. In this case, light charged Higgses can be searched for in the t — H*b decays,
followed by H* — ¢s or H* — Tv,. Searches for this processes have been performed both
by ATLAS [269] and CMS [270,271]. No important variations in the top branching fractions
with respect to the SM have been detected, disfavoring masses of the charged Higgs below
160 GeV. The ATLAS collaboration has performed searches for H* — 7v, [272] also in the
high mass regime, i.e. mgy+ > my, with the charged Higgs being produced in association with
a top quark, i.e. through the process gb — tH*. The limits obtained, however, cannot yet
constrain efficiently most of the 2HDM setups considered in this chapter (with the possible
exception of the Lepton Specific 2HDM), since the v, final state has a low branching fraction
at high masses [273].

The mass of the charged Higgs can be also strongly constrained by low energy observables.
As these bounds are determined by the value of tan 3, they are actually dependent on the
type of 2HDM realization. For an extensive review we refer, for example, to Ref. [273]. We
will instead summarize, in the following, the constraints relevant to our analysis.

We have first of all to consider loop induced contributions to the B — X v process.
These depend on the coupling of the charged Higgs to ¢,b and s quarks. In the type-I and
lepton specific models, all the relevant couplings are suppressed by 1/tan 8 and, hence,
sizable constraints are obtained only for very low tan 5 [274]. Much stronger bounds are
instead obtained in 2HDM-II, excluding masses of the charged Higgs up to order of 400
GeV [275-278], virtually independently from the value of tan 5. A second relevant bound
comes from the semileptonic decays of the pseudoscalar mesons; in particular B(B — 7v). By
requiring the ratio r = B(B — 7v,)/B(B — Tv;)sm to be consistent with the experimental
determination r = 1.56 4+ 0.47 [107,279], one obtains, only for the type-II 2HDM, a limit on
the bidimensional plane (mg+, tan ) which is relevant for tan 5 2 20.

5.3.7 Stability of DM and Flavor Changing Neutral Currents

As previously stated, our analysis has been mostly carried on a purely phenomenological basis.
In this subsection we nevertheless take some steps towards a more complete construction,
discussing some potential challenges in the model building, the stability of the DM and the
suppression of FCNCs.

VLEFs with the same quantum numbers of the SM fermions feature allow for a Yukawa
coupling of one VLF, one SM fermion and one Higgs boson. Such a coupling would generate
a mass mixing between VL and SM fermions, which would force all the VLF to decay into
a SM fermion and a gauge or Higgs boson. In order to have the lightest neutral VLF as a
viable DM candidate, this kind of mixing should be strongly suppressed or possibly forbidden.
The most simple option to achieve this goal would be represented by the introduction of
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a Zo symmetry, which we label ZY“" under which the VLLs are odd (with the SM states
being instead even), so that the coupling which sources the mixing between the VLLs and
the SM fermions would be actually forbidden.

Another potential challenge is represented by the presence of FCNCs. FCNCs induced
by the coupling of the SM fermions with the Higgs doublet have been forbidden by assuming
four specific configurations for these couplings. These can be realized by assuming suitable
discrete symmetries, which were listed in subsection 4.1.3. Possible UV completions for these
2HDM realizations have been studied in e.g. [280-282].

The addition of VLFs, freely coupled to both Higgs doublets, provides a further potential
source of FCNCs, induced at one-loop in this case. The determination of possible bounds
for generic couplings of the VLF, as considered here, is not in the purpose of this thesis.
A possible workaround would be to make also some of the VLFs odd under the Z2FPM
symmetry. Drawing inspiration from the simple flavor conserving 2HDMSs, where the the
SM quark doublet and the up-type right-handed quarks are, by convention, even under
Z5"™M | we choose the VLL doublet and the N7 p singlet VL neutrino (“up-type” VLL) to
be, similarly, even under Z3"°M. This leaves us with two possibilities for E7 p:

2HDM
Z2

1. E} g is also even under , meaning that all VLLs couple to Hs;

2. Ej pis odd under Z3"™M which implies that VL electrons couple to Hy, while VL
neutrinos couple to Hs.

As evident from the discussion above, Z3%PM and Zy™ should be distinct symmetry

groups since the VLLs have the same charge under ZyL" but different charges under Z34PM,
Once the two symmetries are imposed, the Higgs+VLL Lagrangian reads as follows (for
simplicity, mass terms have been omitted since not relevant for the discussion):

_£VLL = yNRZLﬁ%N]/% + yNLN,LﬁQTLR + yERfLH,;E}% + yELF/LHJLR + h.C., (557)

where ¢ = 1,2 corresponds to the two cases mentioned above. After EWSB, the interaction
Lagrangian of the VL neutrinos with the neutral Higgs scalars is the same in both cases and
~V2Lyvn = (N] N [h ( ! yNR$5> +H

reads:
0 —YNRCB
YN, S3 0 —YN.CB 0

0 —LYNRCB Nr
A <Z YNLCs 0 NL; +h.c.. (5.58)

On the contrary, in the case of the VL electrons we distinguish the following two possibilities:

0 c 0 S
_ — T "t YERCB YERSB
V2L, = (B Ef) [h (MGB ; >+H (yELsﬁ : )

A ( 0 WER%)] ( >+h.c., (5.59)
LYELSB

_\/_L _ N R yERsﬂ +H —YERCB
oEE ( L ) YE,Sp —yp,cg 0

+A< ! ’yER%)] ( >+hc (5.60)
—’LyELCﬁ
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Figure 5.16 — Main constraints from Dark Matter phenomenology, i.e. in the two proposed
scenarios for a flavor conserving VLF sector.

For what regards the interactions of the VLLs with the charged Higgs we have:

1 0 yYggs Er
—Lihyp =H" (N} N} (yN o 0 5) ( E}g>
L

0 c N
= (ot rt YNRCB R
+H (B Ef) (yELsB ; ) <N§> +hec., (5.61)
2 0 —YgrC ER
~Lkyp=H" (N} N} (yN o 0 5) ( E}%>
L
0 c N
- T Ui YNgrCp R
+H (B} Ef) (_yEL% : ) <N],%> +he. (5.62)

The couplings introduced in this subsection can be related the ones used in our analysis
by reabsorbing a factor sg (cg), in the case that Ey g (E7, g) couples to Hy(Hs), into the
definitions of the VLL Yukawa couplings to the 125 GeV Higgs boson, h. For the VL
neutrinos, the redefined couplings to the scalars would read:

NLr _ Np.r __

N, _
Y, = YNL.rS8 Yu = YN, rCB = ~Yn L’Rtﬁlv (563)

whereas for the VL electrons we have:

E E E
Un " = YR RCs Yy = YELaS8 = Yn ls (5.64)
E E ELn,_
y, = YEL R 565 yg ot = YE, rC8 = —th‘Rtﬁl. (5.65)

in the cases of, respectively, couplings with H; and H,.

We then notice that, as opposed to the case where the VLLs couple to both scalar
doublets, ¢z now plays a role also in the VLL sector. More specifically, one finds, in the VLL
couplings to H, A (relative to their couplings to h), the same type of tgl suppression or tg
enhancement as for the SM fermions.

The impact of this feature on DM phenomenology has been sketched in fig. (5.16). Here
we have reported in the two panels the isocontours of the correct DM relic density, as well
as the excluded region by LUX, in the bidimensional plane (my,,y, ") (we have used the
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Figure 5.17 — Summary plots including all the constraints discussed throughout this chapter.
Each of the three panels of the figure refers to a different regime of values of tan 5 (see main
text for details), indicated on the top of each panel.

relations above to adopt the same variables as the rest of the text; as usual, we have assumed
y,]LVR = 0), and for three values of tan 3, namely 1,10 and 20, while keeping fixed ny =0.1,
yfR =0and M;, = Mg = 2My.

The more constrained structure of the couplings — with respect to general case discussed
in the rest of the text — influences the scenarios for the correct relic density (i.e. s-channel
resonances and annihilation into heavy Higgses) in the following way. The relation between
the couplings y,]lv L ygL tends to disfavor the case of resonant annihilations since they make
the constraints from DD stronger with respect to the case in which this two couplings can be
regarded as independent. The effectiveness of these constraints increases with tan £ since the
couplings of the DM with the H and A bosons are now suppressed as 1/tan 5. The regime
of annihilations into heavy Higgses is perfectly viable in the case from eq. (5.64) (“Scenario
") where the coupling yfﬁ can be be even enhanced at high tan 5. More contrived is instead
the case from eq. (5.65) (“Scenario I1I”) where DM annihilation into H*H ™ is suppressed
at high tan 3, thus increasing the tension with DD constraints. The light DM regime is,
instead, negligibly affected since the relic density is mostly determined by the couplings of
the DM with the W and Z boson which depend only on y}]LV L and ny. For the same reason
the constraints from Direct Detection are mostly unchanged (notice that the shape of the
LUX excluded region is different with respect to the one shown in fig. 5.7 since in the latter
M;, and Mg were fixed to the value of 500 GeV, while here the ratio with My is constant,

so that the behaviour of the angles GJLV’R with y}]LV L is different for the two figures).

5.3.8 Summary of Results

The results of the study carried out in this chapter are summarized in fig. (5.17). Here
we put together the results for DM phenomenology with theoretical constraints, i.e. scalar
quartic couplings RGEs, EWPT constraints, limits from collider searches, mostly H/A — 77,
and constraints from low energy observables (for the latter we have adopted the limits on
(mp+,tan §) as reported in Refs. [274,283]).

The three panels of fig. (5.17) show, for three regimes of values of tan 3, i.e low, moderate
and high, in the plane (my,, ajsvllp), the model points providing the correct DM relic density
and satisfying the constraints listed above.

The results shown in fig. (5.17) can be explained as follows. The distribution of the points
in the three panels of the figure appears rather similar. As discussed in the text, under the
assumption that the VLL can couple with both Higgs doublets, the dependence on tan
of the couplings of the DM is reabsorbed in the definition of the couplings themselves. We
notice nevertheless that low DM masses, i.e. lighter than approximately 400 GeV, become
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progressively disfavored as the value of tan 3 increases. DD limits are mostly evaded if
the DM relic density is achieved either through s-channel resonances or via annihilations
involving heavy Higgses, in particular the charged ones, as final states. The former possibility
becomes increasingly contrived at higher values of tan 5 because the reduced decay width of
the H/A states requires a stronger fine tuning in the |my, —ma g /2| difference (a possible
exception would be represented by the flipped 2HDM at very high tan 3, i.e. = 45). This
problem is partially overcome by considering high enough values of the masses of H and A.
The case of the annihilations into heavy Higgses is influenced by several aspects, according
the configuration, i.e. type I, type II, lepton specific or flipped, chosen for the couplings with
SM fermions. The type-II configuration is excluded for m 4 below 400 GeV in the moderate
tan § regime, and for considerably higher masses in the high tan £ regime, by LHC searches
in the 77 channel (cf. fig. 5.13). Values of m4 below 400 GeV are also excluded in the
flipped configuration for high tan 5. These constraints also partially influence the other
Higgs masses since for moderate/high tan 8 the constraints (5.26)-(5.27) and EWPT tend
to favor a mass degenerate heavy Higgs spectrum. In the type II model, the mass of the
charged Higgs is, nevertheless, individually forced to lie above approximately 400 GeV by
constraints from low energy processes.

5.4 Discussion

In this chapter, we have performed an extensive study of the impact of the addition of a
family of vector like fermions, with suitable quantum numbers such as to provide a DM
candidate, to the SM and to various types of 2HDMs.

The SM+VLLs realization is strongly constrained. The correct relic density implies too
strong interactions with the Z-boson, ruled out by DM Direct Detection unless the DM, and
hence in turn the whole spectrum of the new fermions, lie above the TeV scale.

Lower DM masses can instead be achieved in 2HDM realizations. Indeed, s-channel
enhancement, in correspondence with the H/A poles, can provide the correct relic density
even for a small hypercharge/SU(2) component of the Dark Matter. In addition, efficient DM
annihilations can also be achieved in the H¥HT and W*HT final states. The corresponding
cross-section is not directly correlated with the DM DD cross-section, such that it would be
possible to evade current and even future bounds. On the other hand, the DM relic density
depends on the masses of the new Higgs states. Complementary constraints thus come from
their experimental searches. Given the variation of SM fermion Yukawas with tan /3, the
allowed parameter space actually depends on the type of couplings of the Higgs doublets
with the SM fermions.

Type-II, and, to a lesser extent, flipped 2HDMs, are the most constrained realizations,
since low values of my+ (and in turn DM masses) are excluded by low energy observables.
Moreover, a large part of the type-II parameter space is excluded by limits from searches of
A/H — 77. Combining these constraints, DM masses below 400 GeV are strongly disfavored.
For the other two 2HDM realizations, constraints from searches of extra Higgses are not yet
competitive with DM constraints and lower DM masses are accessible.

Although the size of the Yukawa couplings of the charged VLLs can account for the
correct DM relic density, it cannot account for a significant enhancement of the diphoton
production rates observable at colliders. This happens because the limits from EWPT and
RGE forbid values greater than ~ 1 for this couplings. Moreover, the possibility of a direct
observation of the VLLs appears similarly contrived.
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Chapter 6

Diboson Resonances in the Custodial
Warped Extra-Dimension Scenario

6.1 The Custodial Randall-Sundrum Model

Briefly introduced in the second chapter of this thesis, the simple RS models based on
the SM SU(3). x SU(2), x U(1)y gauge group, with bulk matter and gauge fields, have
difficulties in coping with the constraints coming from electroweak precision tests (EWPT).
More precisely, in such models, the T" (or, equivalently, p) parameter receives dangerous
contributions originating from the mixing between the SM EW gauge bosons and their
Kaluza-Klein counterparts. Consequently, agreement with the measured value of T forces
the lowest-lying KK resonances to have masses of the order of 10 TeV [284], rendering them
unobservable at the LHC. Moreover, 10 TeV KK particles aggravate the little hierarchy
problem from which RS models suffer.

However, as was realised during the previous decade, there is an elegant way of keeping
under control the KK contributions to the T parameter in warped extra-dimensional models:
in Ref. [140], the authors enlarged the gauge group with an extra SU(2), considering the
gauge

G=SU(@3).xSUR2)r x SU(2)L x U(1)x. (6.1)

The addition of SU(2)g endows the resulting 4D effective theory with a custodial symmetry,
which protects the p parameter from dangerous contributions. The 5D action of this model
can be written as

SSD = nglilge + Sfi?mion + Sé?anck + Sé]?ggs‘ (62)

Somge contains the kinetic terms for the SU(3). x SU(2)r x SU(2) x U(1)x gauge fields,
with SEP . playing the same role, but for fermions. In both cases, the “5D” superscript is
used because the gauge and fermion fields propagate in the bulk. On the other hand, the
“4D” superscript indicates that the fields are confined on either the Planck (S3p,) or the
TeV brane (Sif,.). While SP, contains the fields responsible for breaking U(1)z x U(1)x
down to U(1)y, Sﬁli)ggs contains the kinetic and potential terms for the brane-localized Higgs

field.

In the rest of the section, we briefly discuss the features of the so-called Custodial RS
model, focusing on its (electroweak) gauge and Higgs sectors and on its the pattern of
symmetry breaking. The discussion presented below serves as a starting point for the current
chapter and for the next one.
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6.1.1 The Gauge Sector

We start by introducing the gauge kinetic terms present in the Custodial RS model. They
are given by
gauge

1
§ob -1 /d5x\/§ g™ PN (tr WapWun + tt WipWin + BapBlyn) (6.3)

with W, W’ and B’ being the non-abelian 5D gauge field strengths associated to SU(2),
SU(2)g, and U(1)x, respectively:

VV&A,::ﬁMVVN aNMQW @R e W W, (6.4)
MN = OyWy' — OnW M - Q%Deabcwjl\f,bwfxfa

ijN — Oy By — OnBl,

where a, b, ¢ are S U ( ) indices running from 1 to 3. We denote the corresponding 5D gauge
couplings as ¢3°, g3, and ¢3°, whose 4D counterparts can be determined by tree-level
matching and are given by g1 r x = 9%],31%, «/VL. We do not include the gluon since it does
not play a central role in the remainder of this thesis.

As any model of new physics, the Custodial RS has to incorporate the SM low energy
spectrum. Since there are two 5D SU(2) fields, one has to make sure that only one of them
possesses 0-modes, corresponding to the measured W and Z bosons. This is easily achievable
by considering appropriate boundary conditions (BCs) for the 5D fields. To start with, we
impose (—+) BCs to the y components of the 5D gauge fields W2, and (++) BC to all
the other 5D gauge fields. Such an assignation plays a double role: (i) it assures that the
charged W’ bosons have no light zero modes and (ii) it breaks SU(2)r down to U(1)g on
the Planck brane. The surviving group, U(1)g x U(1)x, is further broken on the Planck
brane to the hypercharge group U(1)y. This symmetry breaking pattern is realized by a
scalar field which develops a VEV on the Planck brane (Spp,..). Thus, we end up with SM
gauge group on the Planck brane:

SU(3). x SU2)r x SU(2)p, x U(1)y Dendkebrane grrgy o SU/(2), x UL)y. (6.7

/3 / . . .
Consequently, the W;° and B;, mix with each other to give

Z! Gy —dw) (W
(&)= G o) () 63

G = cos Oy = __9r Sy = sin Oy = 9x (6.9)

VIRt 9% VIR + 9%
The resulting gauge coupling of the U(1)y group is given by
9r 9x

gy 9gRSW gxCw \/m

while the Z/, coupling and charge read

gz =\gh + 9%, Qu =1y —Y35},. (6.11)

Here, I3 is the third component of the SU(2)g isospin. Denoting by X the U(1)x charge,
the hypercharge quantum number results from the following expression:

where

(6.10)

Y =X+1;,. (6.12)

104



At this point, one should mention a second role of the VEV on the Planck brane. Coupling
the Z), field to this VEV, one mimics to a good approximation (—+) boundary conditions for
the aforementioned field [140]. One thus removes 0-mode from the Z’ field, and consequently
the SM spectrum of EW gauge bosons is correctly reproduced: the only gauge light degrees
of freedom are the measured Z and W= bosons (plus, of course, the photon and the gluon).

6.1.2 The Higgs Sector and Electroweak Symmetry Breaking

In the context of the extended gauge group mentioned previously in this section, the brane-
localised Higgs doublet gets promoted to a bi-doublet of SU(2)g x SU(2)y,, uncharged under
U(1)x. When it develops a vacuum expectation value (VEV), the Higgs bi-doublet thus
breaks, on the IR brane, the SU(2)g x SU(2), x U(1)x gauge group down to U(1).,,. times
a global SU(2)y, the latter endowing the Higgs sector with a custodial symmetry, which
keeps under control the contributions to the 1" parameter.

After the usual redefinition the Higgs bi-doublet, H — e*“H the brane-localised action

reads \
1
- / dix [277“'/ tr D,H'D,H — ZO (tr HH — 02)2] , (6.13)

y=L

S4D

Higgs

where v ~ 246 GeV (this is true, as shown later on, only in the limit where the KK partners
decouple) and 7, is the Minkowski metric. Omitting the gluon, the covariant derivative is
given, in general, in terms of the 5D gauge fields, by

Dy =0, — i (g W Th + gi°Wil} + g3 B X)
=0, — i (GPWP I + giP WP 1%+
+9R ZQz + giP WL + 6P B,) Y, (6.14)

with I} p, a =1,2,3 being the SU(2) 1 r generators, proportional to the usual Pauli matrices.
In particular, the covariant derivative acting on the Higgs bi-doublet reads:

DyH = 0,H —iVL |g(Wi If)H + gr HW,* If)"] . (6.15)

The /L factor above originates from using 4D couplings instead of 5D (dimensionful)
couplings. Besides, due to the scalar bi-doublet having null charge under U(1)y , the B’
gauge field does not appear in the covariant derivative acting on H. Upon EWSB, the Higgs
bi-doublet can be written in the unitary gauge as

H= W (? _01> : (6.16)

with hy being the (4D) Higgs field. As previously mentioned, the VEV acquired by the
bi-doublet breaks, on the IR brane, SU(2), x U(1)y down to U(1), (times a global SU(2)y).

The resulting 5D gauge bosons are

1 2
W<’>i:—wﬁl) =W Zu _ (ew —sw) (W (6.17)
s \/§ ’ AA'u SW Cw B‘u ’

qL

Joi + g2
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N S (6.18)
VIi + gy

cw = cos by = Sy = sinby =



are the cosine and sine of the weak mixing angle y,. The coupling and charge of the U(1)en,
gauge group, whose associated 5D gauge boson is A, (the photon), are given by

gL gy

€ =JdrLSw = gyew = —/—/—m—,
V9L + 9%

while for the Z,, boson we have

z =\ g% + g§2/7 QZ = I% - Qem SIZ/V- (620)

As expected, A, does not feel EWSB, which means its 0-mode, which corresponds to the
SM photon, remains massless.

We now have all the prerequisites to study the properties of the gauge bosons and their
associated KK excitations.

Qem =Y +1} =X+ 1} + 17, (6.19)

6.1.3 KK Gauge Boson Mixing: Masses and Couplings

In this subsection, we outline the procedure for obtaining the exact profiles and masses of
the EW gauge bosons and their KK partners. Once these ingredients are known, the relevant
couplings can be calculated by simply evaluating overlap integrals.

Putting together several results from the previous subsections, the 4D IR brane-localized
action has the following expression:

-2

ho\* T _ 2 m 2
Stings = / diz L (1 - ) [mgv (W = awW,)" + =7 (2, — 022, ] )
y:

m2 m2
+/d4 l (0uho)? <2h0hg+ e+ 8’2;}%)] (6.21)

Here, V> = 9"V, V,,, and

aw = gr/9r, @z =\/9r/9% — Siv- (6.22)

The masses in the first line of eq. (6.21) are given by my,z = #2=; as demonstrated later
on in the subsection, they are not equal to the measured W and Z boson masses. Moreover,
mj, = 2X\gv* is the bare Higgs mass (to anticipate the discussion in Chapter 7, mj is
different from the physical Higgs mass if the SM scalar mixes with the so-called radion).
The expression above is our starting point for deriving the (y-dependent) wave functions
of the SM-like W and Z bosons and of their KK partners, as well as their couplings to the
Higgs scalar field.

We start by describing the procedure employed for obtaining the masses and profiles of
the Z boson and its KK partners. A conceptually identical calculation applies also to the
case of the W boson, whereas the photon case is much simpler, as A, does not couple to the
brane-localized Higgs field.

We denote the observed Z boson by Zj, while its KK excitations (which here are also
mass eigenstates) are referred to as Z,, with n = 1 for the first KK level, n = 2 for the
second one, and so on. Collecting several terms from eqgs. (6.3) and (6.21), the relevant part

of the action reads, after EW symmetry breaking, as follows:

1
Syy = /dsx\/_< g BaMN Zani Zpn — 49ABQMNZAMZBN>
72

+ /d5a:L5(y - )"z

(Zu(2,y) — azZ(z,y)] . (6.23)
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We choose to work in a gauge where the fifth component of the 5D gauge fields, Zé/), is
null. ! Similarly to e.g. Ref. [285], we perform a “mixed” KK decomposition, but applied to
the gauge bosons:

Zu( Zg+

n>0

7. (x,y) \/_ S "y (6.24)

n>0

where the (dimensionless) profiles ¢t obey (++) boundary conditions. Such a mixed
decomposition allows us to include the boundary-localised mixing between the Z and Z’' 5D
fields into the (coupled) equations of motion for g, and g_, which in turn leads us to the
exact expressions for the profiles and masses of the KK excitations of the Z boson.

By using the standard technique of varying the action in eq. (6.23) with respect to the
Z,, and Z;L fields and then employing the KK decomposition in eqs. (6.24), one gets the
following equations of motion (EOMSs) for the profiles:

0Os (€_2kya5g+) +m?gy =my Lo(y — L) g+ (L) — az g—(L)],
05 (e™05g_) +mPg_ = —azm} Loy — L) [g4(L) — azg-(L)], (6.25)

with the BCs given by

94.(0) = g&(L) = g-(0) =0, (6.26)
where the prime denotes differentiation with respect to y. For better readability, we have
suppressed the n indices, which labeled the KK levels.

The presence of the delta functions in the EOMs induces discontinuities in the first
derivatives of the profiles at y = L. To find out by how much the derivatives “jump”, we
integrate the EOMs in eq. (6.25) from L — € to L, and then take ¢ — 0, which gives us the
following relations:

my Le " (g, (L) — azg—(L)] + g4 (L)
aziy Le " (g, (L) — azg-(L)] — ¢"(L-)

0
0,

(6.27)

where we use the notation lime o f(z —€) = f(z_). We now have all the prerequisites to
calculate the profiles and the masses of the Z boson tower. Combining eqgs. (6.25), (6.26),
and (6.27), we find the well-known expressions for the profiles [42,43], which are expressed
by the Bessel function of the first (J,) and second (Y, ) kinds:

= N2 [, (i 8) 0 () =y () 5 (0], (628
where x,, ~ \/szn/mKK, with m g =~ V6k e *L being the mass of the first KK excitation

of the photon (or gluon). The normalisation constants N} are obtained by requiring that
each Z, field has a canonically normalised kinetic term, which translates to

Ldy m_n m . n\ __
/0 A (g+g+ +g- g,) = Omn- (6.29)

We plot in Fig. 6.1 the (++) and (—+) profiles ¢’ corresponding to the observed Z boson
(n =0) and to its two lightest KK modes (n = 1,2). Notice that ¢° is slightly shifted from

"'While the 0-mode of the 5D scalar field Zél) is set to 0 by the boundary conditions (BCs), one can
interpret the KK modes of Zél) as the longitudinal components of the KK Z bosons, Zle
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Figure 6.1 — Profiles of the Z (green), Z; (blue), and Z5 (red) fields, corresponding to (left) (++)
and (right) (—+) boundary conditions, accordingly to eq. (6.24). We have set myx = 3 TeV.

0 close to y = L due to the Z — Z' mixing. Also, ¢% is flat in most of the [0, L] interval,
with a small departure close to the IR brane, where the mixing of the SM-like Z boson with
the heavier KK partners takes place. As for the lowest KK-Z profiles, i.e. ¢?, they are all
of comparable size and peaked towards y = L, signaling the usual KK partner localization
close to the IR brane.

Meanwhile, the mass spectrum is obtained by solving the system of equations (6.27).
One thus obtains

-2 L 2

%j;;i) [0-(L)g (L) — a2 (L )g (L)] + u(L)g (L) =0.  (6.30)
Notice that the normalisation constants Ni simplify in this equation. Since the lightest
mode of the Z KK-tower is identified with the observed Z-boson, its mass should be equal
to the measured my ~ 91.2 GeV. Imposing this condition determines the value of m  (and
thus, as discussed later, of v) as a function of the mass of the first KK excitation of the
photon/gluon, mgg. In turn, knowing my, one can compute the masses of the KK mass
eigenstates associated to the Z boson.

We display in Fig. 6.2 the first four KK Z mass eigenvalues as a function of the KK
photon mass, mgi. As expected, my and my, are almost degenerate and of the order
mr (the first Z/ mode mass is close to mgg ), with a mass splitting of the order of the
electroweak scale or even smaller (order of the off-diagonal mixing mass term). In the limit
of zero mixing, Z; (Z,) would correspond to the first KK mode of the Z’ (Z) gauge boson.
For similar reasons, myz, and my, are nearly degenerate at a scale such that myz, —my, is
much larger than the electroweak scale.

In fact, my quantifies nothing else than the Higgs doublet VEV shift [286]. This
phenomenon arises from the fact that the Z boson does not acquire its mass only from the
scalar VEV | but also from mixing with the heavier KK partners. Therefore, to reproduce
the very precisely measured myz, the VEV should be adjusted. To first non-trivial order in
myz/mkr, the RS VEV v gets shifted from its SM value vgys as

L mz ~ 1+ 3y
Vsm my 2777,%( K

[(1+02) kL —1]. (6.31)

Here, we have dropped all terms suppressed by exp(—kL) or by (kL)™' In our calculations,
we nevertheless use the exact value of the obtained shifted VEV, v, instead of restricting
to O(m%/m?3 ) corrections. As eq. (6.31) already shows, the shifted VEV is always larger
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Figure 6.2 — Masses (in TeV) of the first four KK Z boson eigenstates, as a function of the first
KK photon mass, mix (in TeV).

the SM VEV, i.e. v > vgy = 246 GeV (in the decoupling limit mgx — oo, the two VEVs
become equal, as expected).

One can easily repeat the same exercise as above for the W boson KK tower, but with
certain substitutions, such as mz; — mw, az — ayw, and so on. It is nevertheless instructive
to look closer at the case of the W boson: as shown below, it allows to see in a transparent
way how custodial symmetry is at work in the model we are considering.

An important point is to observe that, as soon as my is fixed to its measured value, the
same happens to the VEV: it is fixed as a function of mgy (see eq. (6.31)). Therefore, my,
is not a free parameter to be adjusted to its measured value, but a prediction of the theory,
which we shall denote by mi’. We write an equation similar to (6.31), but for the W boson:

RS

mii 3m3, )
—— ~1———|((1+aj)kL—1]|. 6.32
iy 2 (1) 652
Now, using the fact that
= T Uy = S (6.33)
2 Sl 2

we can calculate the lowest order correction (of O(m%/m%)) to the predicted W mass.
Combining egs. (6.31),(6.32), and (6.33), we get that

RS 2 2 2
miy 3my 9 miy 9 miy
— ~1 kL (1 —— (1 —(1 — — 6.34
my 3 2K [( +&Z) m2 ( +Oé”>1 ( mQZ) ’ (6.34)

=0

since my /mz = ¢y at tree level in the SM. Thus, we can see that, due to the custodial
symmetry coming from the extended gauge sector, the W mass no longer receives kL-
enhanced O(m?%/m% ) corrections, which originate from mixing with the heavier KK states.
In the non-custodial version RS, the coefficient in front of kL is not vanishing, which leads
to the stringent bound that pushes the KK mass scale in the 10 TeV range.

Finally, let us briefly discuss the KK decomposition of the 5D photon field, A, which
proceeds in a much simpler way than in the case of the W and Z bosons: as U(1).,, remains
unbroken, one does not have to impose any jump conditions as the ones in eq. (6.27). As a
consequence, the profile of the 0-mode of A, corresponding to the massless photon, remains
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flat. The profiles of its Kaluza-Klein excitations are given by g?l, which are defined in
eq. (6.28), but with x,, = v/6m, /mrx. The boundary conditions for the KK photon profiles
are purely (++), i.e. ¢/ (0) = ¢/, (L) = 0; imposing them, one finds that the mass of the first
KK partner of the photon is indeed m4, = mgxk.

For later use in calculating the WW, WZ, Wh (this chapter) and the radion/Higgs
plus Z (next chapter) production cross sections, we give the couplings of the W;, Z;, A;
fields to light fermions. Such light fermions constitute the initial states for the processes we
shall consider (e* for the a future linear collider and light quark flavours, u, d, s, ¢, for the
LHC). Moreover, we shall only take into account the contribution from the lowest lying KK
excitation of the gauge bosons. Namely, in the case of W, Z, we will consider, besides the
SM-like 0-modes, only W; 9 and Z; 2, which are nearly degenerate and have masses close to
mgr. Concerning the photon, we will include only its first KK partner.

Again, we use as an illustrative example the couplings of the Z boson KK tower to light
fermions. The exact same considerations apply for the W and A KK towers. Such couplings
can be inferred from the covariant derivative of the 4D part of the kinetic term of the 5D
fermionic field:

S0 /d%\/g\ir iD"D, T — /d%\/g\/fxif M"(97Q% 7, + g2 QL ZI)Y, (635

where ¥ denotes a generic 5D fermion, whose zero mode is a light SM fermion. The v/L
factor allows us to use the 4D couplings gz and gz (defined in the previous subsections)
instead of their (dimensionful) 5D equivalents. Meanwhile, QY% is the Z") charge of the
fermion W. Denoting by exp(3ky/2) f(y) the profile of the light SM fermion originating from
U, one obtains its couplings to the Z; bosons by plugging the KK decomposition in eq. (6.24)
into eq. (6.35), thus obtaining

L } Ld ,
9208 | LW 0w +92Q% [ L LW W) =92Q%. (630)

L

These couplings can easily be deduced from profile overlap considerations. First, note that
the light fermion profiles, which are be relevant for the initial state particles, are peaked
towards the UV brane, with very small values close to the IR brane. Meanwhile, as shown
in Fig. 6.1, the ¢'=""? profiles are almost constant along the extra dimension, the sole
exception being a small region near the IR brane, where they get peaked. Consequently, the
overlap between the ¢g.’s and the light fermion profiles will effectively take place only in a
region close to the UV brane, where the gauge boson profiles are almost constant. Therefore,
bearing in mind that the fermion profiles are orthonormalised, the overlap between the light
fermionic profiles and the gauge boson wave function are excellently approximated by the
simple expression
Ldy i

L P = .0) (6:37)
The g_ profiles do not appear in this expression simply because their boundary conditions
imply ¢* (0) = 0. Therefore, in some sense, the light fermions couple only to the SU(2)y, x
U(1)y “part” of the Z KK tower (same applies to the W KK tower), which means that only
their (SM-like) representations under the aforementioned gauge group will be relevant for
their coupling to the Z; o states. Similar considerations apply for the A and W KK towers,
the difference being that the couplings involved are different, i.e. g for W and e for A.

ci ~ gi(O) ;
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6.2 The 2 TeV Diboson Anomaly

Compared to the expectations in the context of the Standard Model (SM), one of the very
few anomalies that were observed at the earlier run of the LHC with an energy up to 8 TeV
and a total luminosity of about 25 fb=! are the excesses in the diboson spectra observed by
the ATLAS [287] and, to a lesser degree, by the CMS [288,289] collaborations. In the former
case, searches were performed for di—electroweak gauge bosons, pp — VV with V. =W/Z,
that were hadronically decaying and identified through jet—substructure techniques [290].
At a diboson invariant mass of about 2 TeV, an excess compared to the SM prediction was
observed by ATLAS [287] in all the detection modes WW, W Z and ZZ with a statistical
significance of ~ 2.5-30 in each channel. Excesses in the same channels and at the same
invariant mass were also measured by the CMS collaboration [288], but with a smaller
significance. In addition, CMS searched for heavy vector resonances decaying into W and
Higgs bosons that lead to fvbb final states and observed a 2.5¢ excess also at an invariant
mass of approximately 2 TeV [289)].

Unfortunately, as in the case of the diphoton excess discussed in the fourth chapter,
subsequent batches of data discarded the diboson exces as a statistical fluctuation. As these
excesses in the structure of the diboson mass spectra can have several interpretations in
terms of new physics, a vast literature appeared at that time on the subject [291]. The
most advocated and robust scenario was the production of new spin—one resonances that
subsequently decayed into two SM bosons.

In the present chapter, based on Ref. [292], we consider an interpretation of this excess in
the context of the warped extra—dimensional model proposed by Randall and Sundrum [25]
and in which a bulk gauge custodial symmetry is introduced in order to protect the electroweak
observables from large corrections [140]. The main features of the gauge sector of these
models are summarized in the previous section. Concerning the SM fermionic sector, if the
heavy @) = t,b quarks can be localized towards the so-called TeV-brane where the Higgs
boson is confined, large wave function overlaps between these fermions and the Kaluza-Klein
excitations of gauge bosons can be generated and would lead to significant changes of
the VQQ couplings [138]. These non—standard couplings could explain the puzzles in the
forward-backward asymmetries for bottom quark production A%, as measured at LEP and
for top quark pair production A%, as more recently observed at the Tevatron [107].

The new gauge bosons can have masses in the few TeV range and can decay not only into
tt, bb and /or bt modes [293], but also into V'V and V'h diboson final states [294]. In fact, such
a configuration has already been predicted at the LHC in Ref. [295], where the explanation
of (i) the A%, discrepancy at LEP [106] and (ii) the A% anomaly at the Tevatron [296,297]
entailed a diboson signal of a 1.5 TeV resonance. In the present chapter, we adapt this
analysis in order to comply as much as possible with the ATLAS and CMS data collected
at the previous run [287-289]. We also discuss the compatibility of such an interpretation
with the constraints set by the electroweak precision data [107] and by the LHC Higgs
measurements [173].

6.3 Synopsis of the Model

As stated in previous section, we consider the custodially protected RS scenario, with bulk
fermions and gauge bosons, in order to interpret the diboson excess. Besides providing a
solution to the gauge hierarchy problem, the version of the RS scenario with bulk matter
allows for a new interpretation of the fermion mass hierarchies based on specific localizations
of the fermion wave functions along the warped extra dimension [42,43,58-61]. Indeed, if
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the fermions are placed differently along the extra dimension, the observed patterns among
the effective four-dimensional Yukawa couplings are generated as a result of their various
wave function overlapping with the Higgs field, which remains confined on the so-called TeV
brane for its mass to be protected. A parameter denoted c;k quantifies the five-dimensional
mass attributed to each fermion and fixes its localization with respect to the TeV brane.
With decreasing cy, the zero mode fermions become increasingly closer to the TeV-brane
and acquire larger masses.

Hence, the third generation fermions interact more strongly with the gauge bosons KK
excitations as a result of the large overlap between their wave functions near the TeV brane.
The heavy t,b quarks are thus expected to be most sensitive to new physics effects. For
instance, the couplings of the b—quarks to the Z boson, which mixes with the neutral KK
gauge boson excitations, can be altered as to solve [106] the longstanding anomaly observed
at the LEP collider in the Z — bb forward-backward asymmetry, the only high-energy
observable that significantly deviates from the SM prediction [107]. The same occurs for
the top quark and, for mgr ~ 2 TeV, the KK gluons would contribute to top quark
pair production at the Tevatron and could explain [296,297] the anomaly observed in its
forward—backward asymmetry at high invariant masses.

In the present chapter, we consider only the lowest-lying KK excitations of the various
states and we denote them, as done at the beginning of this chapter, by A;, Z; 2, W; 2 for
the photon and the weak gauge bosons. We assume a relatively low KK mass scale which
approximately corresponds to the masses of the first K K excitations, mgx = ma, = my, =~
Mz, , ~ My, ,. More precisely, we assume a KK mass scale mgx = 1.97 TeV, which leads
to the following masses for the various heavy neutral and charged resonances (in the mass
basis)

4, = L.97 TeV, my, ~ my, =~ 1.95 TeV, my, ~ my, = 2 TeV. (6.38)

Assuming the equality of the two SU(2) gauge couplings, g, = gr, we gauge boson couplings
to the SM heavy quarks (¢, b) can be obtained quarks by adopting the following c¢; parameters:

¢, =, =cg, ~ 04, ¢, >0, (6.39)

and calculating the relevant overlap integrals, which are similar to the one in eq. (6.36).
We quote here the Vl,gqq(’) couplings, with V' = A, W, Z, normalized with respect to the
corresponding Vgarqq”) couplings:

Kiye, = ﬁ?ﬁbL ~ 1, Kb, =~ 4, (6.40)
f%Z;tL ~ 6.3, fibLbL ~ 4.3, K, ~68, (6.41)
Kiy, ~ 5.5, Kpy, 3, kY, ~ 0.3, (6.42)
THINE~ ] mtRbR ~ (), (6.43)

ks ~ 15, k'3 ~0, (6.44)

The rest of the fermions are localized close to the UV brane, hence they have suppressed
couplings to the KK gauge bosons do not contribute to the widths of the heavy V; 5. The
couplings of the heavy vector bosons to light gauge (and Higgs) bosons can be obtained from
egs. (6.3) (for VV'V couplings) and (6.21) (for VV'h couplings) by inserting the gauge boson
KK decomposition and calculating the relevant overlap integrals. We quote below these
couplings, which again are normalized to the corresponding Vs, WW /W Z /W h couplings:

iy = 0.025, ki ~ 1, Kbk ~ 0.015, Kizy, ~ 1073, (6.45)
I{WZ ~ 1, KWZ ~ 0.022, K%Z ~ 0.018, (6.46)
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Using the numerical values displayed above, one can derive the total decay widths of the 5
resonances:

T4, =123 GeV, Ty, = 174 GeV, Ty, = 126 GeV, Dy, = 127 GeV, Ty, = 134 GeV. (6.48)

6.4 Interpreting the Diboson Excess

We turn now to the discussion of diboson production at the LHC and our tentative inter-
pretation of some of the excesses observed by the ATLAS and CMS collaborations in our
custodially protected RS scenario.

We calculate the cross sections for the production processes qg — W W™, qf — W*Z
and g’ — W*h, including the s—channel vector boson exchanges and the ¢ or u—channel
light quark exchanges for the first two modes (for the third mode, the Higgs couplings to
light quarks are negligible). In the WW case, the exchanged gauge bosons V' are the photon
and Z boson and their first KK excitations: A;, Z; and Zs; in the W Z and Wh cases, the
exchanged states are the W and the heavier W, 5 resonances. The rates, where one should
take into account the full interference, depend on the V' couplings to the initial gg pair
and to the W/Z or h bosons as well as on the V' total widths. All these ingredients have
been given in the previous sections. Although the couplings of the heavy resonances to
W, Z, h states are induced by mixing and should in principle be small, the cross sections for
longitudinal final states grow with powers of m% -/ m%,V’ 7, and, thus, can compensate for
this suppression. In turn, the q¢ — ZZ process can be mediated only by ¢ and u—channel
quark exchange as there is no coupling of the photon or Z boson to ZZ pairs and, according
to the Landau—Yang theorem, heavy spin-one neutral vector bosons such as Z; o and cannot
decay into two light ones.

Figure 6.3 displays the differential cross sections at the LHC with /s = 8 TeV as
a function of the diboson invariant masses in the three processes, using MSTW parton
distributions [298]. As can be seen, the small continuum contributions, which include the
SM channels but with possibly significant new contributions at high masses?, fall with the
invariant mass of the diboson systems. However, there are significant excesses at a mass
around 2 TeV, which corresponds to the KK mass scale.

The previous example shows that excesses in diboson final states due to resonances can
be easily generated in the warped extra—dimensional scenario considered here. While the
resonance mass needs to be fixed, the correct magnitude of the signal can be adjusted by
simply tuning the various couplings of the KK states to SM particles. More specifically and
channel by channel, the ATLAS and CMS data [287,288] can be interpreted as follows.

The WW mode: The signal is obtained by considering the process qg — V — WTW ™
with V' = A, Z; 5. Using the input KK masses and couplings given previously, the ATLAS
data with a 2.60 excess in the WW final state at an invariant mass of ~ 2 TeV can be
reproduced. It turns out that the first KK excitation of the photon, A;, is the main
contributor to this particular final state. As the three resonances have very close masses,
with differences smaller than the total decay widths, they are indistinguishable.

Besides the SM contribution, there is also a pure QCD reducible background to the
pp — WW — jets topology: di-jet, W/Z+jet production, and so on. ATLAS has provided a
formula that approximately describes this background from a parametrical adjustment of the
data that have passed all selection and tagging requirements (it was found to be compatible

2These additional contributions result from the anomalous couplings among the SM gauge bosons induced
by the RS scenario [295].
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Figure 6.3 — The differential cross sections (in fb/GeV) for the three processes qqg — WHTW~—
(upper left panel), q¢/ — W*Z (upper right panel) and ¢¢ — W*h (lower panel) at the LHC
with /s = 8 TeV as functions of the diboson invariant masses (in GeV). The individual and total
contributions of the various heavy resonances with masses close to 2 TeV are shown, together with
the SM contributions including the “anomalous" effects in the RS scenario.

both with simulated background events and several sidebands in the data). The function
includes all the relatively large uncertainties affecting them?.

The upper left panel of Fig. 6.4 shows the expected mass distribution of the pp — W+W~
process at the LHC at 8 TeV c.m. energy with 20 fb~! data, assuming the efficiency and
the purity given by ATLAS. The continuous line corresponds to the predicted background,
while the simulated data, with their error bars, are obtained by adding to this background
the expected signal in our extra—dimensional scenario, with the numerical values of the
parameters given previously. As can be seen, the local ~ 30 excess observed by ATLAS at
an invariant mass of &~ 2 TeV is reproduced within the statistical uncertainties.

The WZ mode: Once the various parameters of our scenario have been adjusted in
order to fit the WW data, the WZ data and in particular the ~ 3.40 ATLAS excess in
this channel at a 2 TeV invariant mass can be straightforwardly explained in terms of the
Wi 5 contributions to the process q¢' — W Z, with the parameters given previously. The
upper right panel of Fig. 6.4 shows the expected mass distribution of the ZW final state
at /s = 8 TeV with 20 fb~! data, assuming the efficiency and purity given by the ATLAS
collaboration. Again, the continuous line is for the QCD background, while the crosses
represent the simulated data corresponding to the expected signal in our scenario added on
top of the background..

Compared to other approaches, as, for instance, GUT extensions of the SM, the scenario
considered here has two interesting features. First, the W; o and Z; 5 states are predicted to
have approximately the same mass, so we indeed have myx ~2 TeV for the four resonances.

3This means that the QCD background and the genuine WW signal cannot be measured separately.
While this has no impact for the observation of a resonance, it forbids measuring possible excesses in the
WW component due to possible anomalous couplings as also predicted by our scenario; see e.g. Ref. [295].
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Figure 6.4 — Expected mass distribution of dibosons at the LHC with /s = 8 TeV and 20 fb~!

data in the WW (left), WZ (center) and Wh (right) channels, assuming the efficiency and purity

from the ATLAS (in WW, W Z) or the CMS (in Wh) collaborations. Continuous lines are for the

backgrounds and the bars are when adding the expected signals in our scenario.

Second, similar 0-mode-KK-mode mixing for the W and Z KK towers (as enforced by the
custodial symmetry) implies that the couplings of the neutral and charged heavy states to
W /Z bosons are closely related. Thus, the rates for ¢ — W Z are fixed once the parameters
entering qqg — WW are chosen. Remarkably, they both turn out to be in agreement with
the ATLAS data. The only freedom is, as already noticed in Ref. [294], that additional
decay modes into heavy quarks, such as Wj 5 — t'b, with ¢’ a KK top partner, affecting the
resonance total widths, are possible. Since these new contributions cannot be predicted
accurately, one can leave the total widths free to adjust the data more precisely.

The ZZ mode: In this case, ATLAS observes an excess corresponding to a 2.90 standard
deviation. This excess is difficult to explain in our context since, as mentioned previously,
heavy spin-1 neutral gauge bosons such as Z; 3, cannot decay into two almost massless
neutral ones. One should thus assume that either the heavy resonance is the spin-two KK
excitation of the graviton, Gk, with a mass that is close to mgx ~ 2 TeV (although in the
simplest scenarios the mass of Gk should be higher than this value). Another explanation
would be that the uncertainty in the measurement of the dijet mass could make one of the
decaying Z bosons resemble a W or a h boson, allowing the possibility to attribute the
excess in our RS context to W Z or Wh production.

In fact, while ATLAS provides a good separation between the dibosons and the QCD
background, there is a large overlap between W and Z selections and, hence, the existence
of the three separate WW, W Z and ZZ channels is not certain, preventing a full comparison
with our prediction. The only meaningful attitude would be to sum the excesses in the three
different diboson modes. In doing so, our scenario with the parameters chosen above ideally
predicts in the three 100 GeV most exciting mass bins around 2 TeV, a total of 9 signal
events above the 9 background events which makes a total of 18 events.

The Wh mode: The channel pp — Wh with the subsequent decays W — /(v and
h — bb has been searched for by CMS [289] and a ~ 2.5 standard deviation was found at
an invariant mass of 2 TeV, at which the SM background is negligible. In our scenario,
the excess originates from pp — Wy — Wh production. The right-hand side of Fig. 6.4
shows the expected signal in our scenario at /s = 8 TeV with 20 fb~! data assuming the
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efficiency and the purity given by CMS. Note that the process pp — Z; 2 — Zh should be
also observed at some stage but as the neutral cross section is smaller than that for the
charge one and the leptonic Z — ¢/~ branching rate is small, this neutral current process
cannot be observed with the data collected at the previous LHC run.

We close this section by making two remarks. A first one is that WW, W Z and W h final
states should also have been observed in the semi-leptonic modes with similar sensitivities;
nevertheless, ATLAS observes no such signal, while CMS observes a ~ 2.5¢ effect in Wh. A
second remark is that if the ZZ signal is due to a ~ 2 TeV mass KK graviton, the production
would be initiated by gluon—gluon fusion and the significance of the signal could therefore
increase when moving from 8 to 13 TeV energy.

6.5 Discussion and future prospects

Let us now discuss the impact of our choice of parameters in the warped extra-dimension
scenario that we consider (in particular the mgx ~ 2 TeV choice) on the rates of the 125
GeV Higgs boson as measured at the LHC [173]. The tree-level Higgs couplings to fermions
and gauge bosons are first affected by (i) the mixing between the SM fields and their KK
excitations and (ii) the modification of the Higgs vacuum expectation value. Second, the
loop-induced Higgs vertices receive further contributions from exchanges of the KK towers
of bosonic and fermionic modes, as well as from the custodians [108,285,286,299-302].

Within our RS framework, these effects can be parameterized in terms of two parameters
besides my [303]: the size kL of the extra dimension and the maximum absolute value
Y, of the dimensionless complex Yukawa couplings. For fermion representations promoted
to SU(2)r, x SU(2)r x U(1)x multiplets, with equal SU(2)gr and SU(2);, gauge coupling
constants, the predictions for the Higgs production and decay rates were calculated in
Ref. [303]. It was shown that for reasonable kL and 0.5 < y, < 3 values and in two different
scenarios, one of a Higgs field localized towards the TeV-brane but with a narrow width
profile and another of a purely brane-localized Higgs field, one needs mgg values beyond a
few TeV and in any case, mgg 2 2.5 TeV, in order to cope with the Higgs data.

A detailed analysis of the Higgs production and decay rates in the RS scenario considered
here is beyond the scope of the analysis carried out in this chapter. Nevertheless, we
believe that there is a way to cope with the LHC data on the Higgs signal strengths
puxx = o(pp = h = XX)/o(pp = h — XX)|sm for the dominant detection channels,
h— vy, ZZ* — 40, WW* — 202v,bb and 7t7~. The reasons behind this optimism are the
following.

First, in their combined analyses of the Higgs signals, the ATLAS and CMS collaborations
assumed that all uncertainties can be treated as Gaussian, which is not necessarily correct, as
the theoretical uncertainties, which are at the level of 10-15% and have been underestimated
by the experiments, should be treated as a bias; see Refs. [120,121,130] for detailed discussions.
The total uncertainties on the signal strengths are thus larger and, at the 20 level, one could
still allow for a deviation of order of 50% that a mass scale of myx ~ 2 TeV can generate
on the most precisely measured pww, jtzz and ji, signal strengths.

Second, one could include the effects of the new quarks ¢’ and &’ that we do not completely
specify here, as we are mainly focusing on the bosonic sector (the effects of the fermionic
KK excitations have been included in the analysis of Ref. [303] in an approximate way but
not the ones of the “custodians" [304]. They could generate global modifications to the loop
induced processes, such as the dominant gg — h production mechanism and the precisely
measured h — vy decay mode. These new partners also alter the tree-level tth (and bbh)
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couplings through fermion mixing.

Finally, a third point is that these indirect constraints are also subject to uncertainties from
higher dimensional non-renormalisable operators originating from the ultra-violet completion
of the model. The latter can potentially lead to large (and hopefully compensating) effects;
see for instance the analysis of Ref. [305] in a similar context.

In fact, a similar problem occurs when addressing the indirect constraints from electroweak
precision data: there are large contributions in the so—called oblique corrections that affect
the T boson mass and the effective mixing angle sin? 6y at high orders. Indeed, even under
the hypothesis of a custodial symmetry SU(2);, x SU(2)r x U(1)x gauged in the bulk that
should in principle allow for some protection, analyses of oblique corrections lead to a lower
bound of a few TeV on the mass mgy in the simplest realisations [306].

In conclusion, we consider the KK resonance mass scale mgg ~ 2 TeV to be viable
despite the potentially problematic corrections to the Higgs signal rates and the electroweak
precision data as they can be alleviated by introducing additional degrees of freedom or new
contributions. In some sense, we adopt the spirit of a bottom-up approach and consider that
the direct signal of new physics, as the production of new gauge bosons should probably be
taken more seriously than the indirect constraints from virtual heavy particle exchanges.

6.6 Summary

We have considered the diboson excesses observed by the LHC experiments in both the
WW, W Z and Wh production channels and interpreted them in terms of the production of
heavy spin—one resonances: the Kaluza—Klein excitations of the electroweak gauge bosons
in the context of a custodially protected model of warped extra space—time dimensions.
We have focused our attention on scenarios that also address two anomalies in the heavy
quark sector of the SM: the bottom and (to a lesser extent) top quark forward-backward
asymmetries as measured respectively at LEP and at the Tevatron.

We have indeed found a set of parameters of the model that fits the ATLAS and CMS
diboson data, except for the excess in the ZZ channel, which is difficult to explain unless one
assumes (i) a comparable mass for KK gravitons and gauge bosons or (ii) a mismeasurement
of the dijet invariant mass, which would imply that a W or h boson is misidentified as a Z.
The price to pay for this scenario with a resonance mass scale mxx = 2 TeV is some tension
with the LHC Higgs and electroweak precision data, but which can be alleviated by allowing
for additional contributions from other sectors of the model, such as heavy top and bottom
quark partners.

Nevertheless, there is no more interest in addressing any possible shortcomings of the
model presented in this chapter, as the 2 TeV excess was not reconfirmed by subsequent
data [307-310].
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Chapter 7

Scalar Production in Association with
a Z Boson at the LHC and ILC: the
Mixed Higgs-Radion Case of Warped
Models

7.1 Context

After the discovery of the Higgs boson and the completion of the Standard Model (SM),
the search for new particles at the Large Hadron Collider (LHC) is more and more intense.
Precise measurements of Higgs couplings are the natural complement of these direct searches
given that Higgs couplings could be influenced by virtual exchanges and/or mixing effects of
exotic particles. Interestingly, new scalar fields (5), arising in various SM extensions, could
both be directly produced and mix with the Higgs boson. Such scalars can still be as light
as a few tens of GeV given that, for example, the sensitivity of the LEP collider searches is
drastically reduced when the ZZS coupling reaches ~ 1/10 of the ZZh (Higgs) coupling.
LHC searches for scalars also suffer from limited sensitivity to light scalars; for instance
the powerful investigation performed in the diphoton decay channel becomes inefficient for
masses below ~ 60 GeV given the trigger limitations. The future e™e™ International Linear
Collider (ILC) and CLIC, which shall collect more than 100 times the LEP luminosities and
reach the TeV scale, are expected to improve the low scalar mass searches.

From the theoretical point of view, the warped extra dimension scenario proposed by
L.Randall and R.Sundrum (RS) [25] with a Higgs boson localised at (or close to) the TeV-
brane, being dual to composite Higgs models [62-65], remains one of the most attractive
extensions of the SM, in particular due to its elegant solution of the the gauge hierarchy
problem and its simple geometrical explanations of the fermion mass hierarchies [42,43,59-61] —
in case of matter in the bulk. The RS paradigm — including the dual composite Higgs scenarios
— constitutes an alternative to the supersymmetric SM extensions of a completely different
nature. Nevertheless, both these kinds of SM extensions predict the existence of new scalar
particles which could lead to clear experimental signatures at colliders. In the case of warped
models, a predicted scalar is the so-called radion, which corresponds to the dilaton field
through the AdS/CFT correspondence.

The collider phenomenology of the RS scenario is guided by the indirect constraints
on the masses of the various Kaluza-Klein (KK) excitations. Let us thus shortly review
the constraints on such a scenario arising from the electroweak precision tests (EWPT).
In the RS model with a custodial symmetry gauged in the bulk [140], the bounds from
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EWPT can be reduced down to gauge boson masses mgx = 3 —5 TeV [125,306,311] for
the first KK excitation of, say, the photon, in case of a purely brane-localised Higgs !. In
RS versions with a bulk Higgs field unprotected by a custodial symmetry, these bounds
become mgy = 7.5 TeV for a Higgs profile still addressing the gauge hierarchy problem
(8 =0) [312,313] 2, and, mgx = 13.5 TeV for the brane-Higgs limit (3 — oo) [313].

In contrast, within custodially protected warped models, the lightest KK excitations of
fermions (custodians) can reach masses as low as the TeV scale while satisfying the EWPT
affected by their loop contributions to the oblique parameters S, T [65] or their direct (mixing)
corrections to the Zbb vertex [125].

The radion scalar field, corresponding to the fluctuations of the metric along the extra
dimension, has a typical mass around the EW energy scale [317], within the standard
mechanism of radius stabilisation based on a bulk scalar field [47]. The EWPT (via the
S,T,U parameters) and LEP limits allow radion masses between ~ 10 GeV and the TeV
scale, depending on the curvature-scalar Higgs mixing (for SM fields on the IR brane) [318].

Given those mass bounds, the radion might be the lightest new particle and thus appear
as the first signature of warped models at colliders — before KK fermion [79,319] or KK
gauge boson [293,320-325] production. The detection of the radion would constitute the
discovery of a second scalar field, after the Higgs boson observation. This new boson should
then be disentangled from other scalar particles predicted by supersymmetric models or
other scenarios with extended Higgs sectors.

The radion is mainly produced at LHC by gluon-gluon fusion (see e.g. Ref. [326] for a
recent paper) but some model-dependence might affect this process as we discuss now. The
LHC data [327,328] on the Higgs rates ® lead to myx = 11 TeV for a brane-Higgs * within a
custodially protected RS model [303]. > These constraints arise essentially because of the
contributions of KK modes to the Higgs production reaction with the highest cross section:
the loop-induced gluon-gluon Fusion (ggF) mechanism (see e.g. Ref. [108]). To reduce this
limit on the KK scale mgx down to the TeV scale (comparable with EWPT limits), and
in turn reconcile the related gravity scale at the IR brane with the fine-tuning problem,
one may expect some new physics effects (brane-localised kinetic terms, different fermion
representations under the custodial symmetry, cancellations. .. ) in the triangular loop of the
ggF production mechanism, thus suppressing the KK mode contributions. This introduces
some unknown model-dependence in the Higgs ggF' mechanism which would also affect the
similar ggF process for radion production.

In contrast, the Higgs (h) production in association with an EW gauge boson (V = Z, W),
followed by the Higgs decay into a pair of bottom quarks, induces — due to KK mixing [286] —
a limit of mggk 2 2.25 TeV (3.25 TeV) with y* = 1.5 (y* = 3) for a brane-Higgs (and slightly
above for a narrow bulk-Higgs) in custodial warped models [303]. Such values are acceptable
from the fine-tuning point of view. Hence there is no strong reason to assume that the
tree-level hV production is sensitive to unknown effects. A similar conclusion then holds for
the radion (¢) production in association with a gauge boson V.

The ¢Z production in particular possesses other interests in some regions of the RS
parameter space. For example, the radion discovery at LHC through its ggF production is
challenging if the radion mass satisfies my < 2my, closing kinematically the golden channel

1~ 3 TeV for a bulk Higgs localised towards the TeV-brane [312].

2 ~ 2 TeV [312] with a deformed metric, with deviations from AdS geometry near the Infra-Red (IR)
brane [314-316].

3These data constrain the Higgs-radion mixing to be small enough to recover a SM like Higgs boson.

4~ 7.25 TeV for a narrow bulk-Higgs.

5Those limits hold for a maximal absolute value y* = 1.5 of the anarchic dimensionless 5D Yukawa
coupling constants, and are even more severe for a larger value y* = 3.
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¢ — ZZ ° and is too small to allow for the detection of the diphoton decay ¢ — 7. The
¢Z production would then offer an additional on-shell Z boson which helps for the tagging
of the final state. Another situation motivating the ¢Z production search is a suppression of
the ggF rate due to a significant decrease of the radion coupling to gluons as occurs in some
parameter regions.

Regarding the future ete™ ILC machine, the ¢Z production (alongside with vector boson
fusion or VBF) would be the dominant radion production mode [329], similarly to the
Higgs boson case. The ¢Z production in a leptonic machine is also an important channel
because, as for the hZ channel, it allows for a decay independent search — based on the
simple 2 — 2 body kinematics — that should permit in particular to cover low radion masses,
which challenging for the LHC.

Therefore, in this chapter, based on Ref. [330], we study the ¢Z production in custodially
protected warped models with a brane-localised Higgs boson. The analytical calculations of
the radion couplings allow us to compute the complete ¢Z production cross section, both
at the LHC and ILC colliders. The LHC and ILC turn out to constitute complementary
machines in regard to the ¢Z investigation. The ¢Z reaction proceeds through the s-channel
exchange of the EW Z boson, its KK excitations as well as the extra Z’ gauge boson (issued
from the extended bulk custodial symmetry). All these contributions together with their
interference are taken into account. The effects of the various KK mixings in the radion
couplings and KK exchanges in the s-channel are discussed, as well as the possibility to
reconstruct the invariant mass of the first two resonant heavy boson eigenstates (mainly
KK modes) almost degenerate in mass. Such a spectacular resonance observation would
constitute a double discovery of the radion and first KK gauge bosons. The resonant KK
gauge boson detection through its decay to hZ is also quantitatively studied. Indeed, the ¢Z
and hZ productions should be consistently analysed together due to the ¢ —h mixing. In view
of the obtained ¢Z and hZ rates, we discuss the possibilities of experimental observations
which rely on favoured radion decays, depending on the parameter space and in particular
on mg values.

Furthermore, we propose in this chapter a more general experimental technique to search
for an inclusive final state Z + X (where X represents any SM or new particles), followed by
the decay Z — 2 charged leptons, based on a cut on the Z boson transverse momentum.
The choice of the decay Z — ptpu~ is thus a tagging method to allow trigger and detection.
Such a technique could also be applied for X = ¢ in RS versions different from the present
one, e.g. with lower resonant KK Z masses and/or favoured gluon decays for the radion (so
that the associated tagged Z becomes crucial for the detection). See for instance Ref. [331]
for a recent warped model of this kind.

At this stage we also mention the related work on the search of the radion at colliders [326]
as well as the more general literature on the radion phenomenology in warped scenarios
with SM fields at the TeV-brane [318,332,333], with only the Higgs boson stuck on the
IR brane [334,335] or the whole SM field content propagating in the bulk [336]. Besides,
there exists a connected study on the hZ production through resonant neutral KK gauge
bosons [337].

This chapter is organised as follows. In Section 7.2, we present all the radion and
Higgs couplings and calculate the KK mixing effects — applying the so-called mixed KK
decomposition to the gauge boson sector. Then we provide the analytical and numerical

6Below this threshold, the channel ¢ — ZZ*, into a virtual Z boson, may still allow to reconstruct one
on-shell Z boson decaying to charged lepton pairs.

"mg 2 200 GeV and € = O(1), as shown in Ref. [326] (where the effect of the coloured KK fermions on
the ¢gg loop is neglected).
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results for the ¢Z and hZ (Section 7.3) production cross sections at the LHC and ILC.
The behaviours of these rates along the theoretical parameter space are explained there. In
Section 7.4, experimental methods are proposed to detect the radion and/or (extra) KK
gauge bosons. Finally, we present a summary in the last section.

7.2 Radion and Higgs Couplings

7.2.1 Model Description

Our model is the RS scenario with the Higgs doublet localised on the IR brane, while the
remaining fermionic and gauge fields are propagating in the bulk. The SM fermion mass
hierarchy is generated through their wave function overlaps with the Higgs boson, as usually
in this framework.

In the (+ — — — —) convention that is used throughout this thesis, the well-known RS
metric reads

ds® = e %V, do"dz” — dy® = gynda™da?, (7.1)

where upper case roman letters refer to 5D Lorentz indices and greek letters to 4D indices
and k being the 5D curvature scale, which is typically of the order of the Planck scale.
The y coordinate, which parametrizes the position along the extra-dimension, spans in the
interval [0, L]. Throughout this work, we will consider that kL, the so-called volume factor,
is equal to 35, such that the hierarchy problem is addressed. For the time being, we denote
by gyn the unperturbed metric, and postpone the inclusion of the scalar fluctuations for
subsection 7.2.2.

We consider the custodial gauge symmetry implementation with a Left-Right Parity [138§]
as well as a more general implementation allowing potentially to address the A%y [106] and
Alp [296,297] anomalies. Both implementations predict the same gauge field content. The
gauge sector of such models has been presented in detail at the beginning of the previous
chapter, so now we move on to the Higgs and radion couplings to the Z boson and its KK
partners.

7.2.2 Higgs and Radion Couplings Before Mixing

We now focus on the radion and how it couples to the Z boson KK tower. We start by taking
the background RS metric from eq. (7.1) and including the scalar perturbation F(z,y) as in
Ref. [334,335],

ds? = e 2Rty | datda” — (14 2F)%dy? = guyda™da?, (7.2)

where we used gpsny to denote the 5D metric with scalar perturbations included, in order to
differentiate it from its unperturbed counterpart, gy;n. The linearized metric perturbations
read

JuN — guN = 0gun ~ —2F diag (e_%yn,w, 2) ) (7.3)

The situation is slightly different for terms localised on the IR brane, i.e. terms that contain
the Higgs bi-doublet. On this brane, the line element is written as

ds%R = e_Q[kLJrF(x’L)]anx“dx” — e_2F(”"’L)anx“d:17” = 1), datda”, (7.4)

where the arrow was used to indicate that the redefinition of the Higgs bidoublet H absorbs
away the e 2 factor. Therefore, the linearized metric perturbations on the IR brane are
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given by
My — Ny = 0Ny = —2F (2, L)1, (7.5)

In the limit of small backreaction (of the field F' on the metric curvature), the scalar
perturbation F'(z,y) can be parametrized as follows [334, 335]:

F(z,y) = Me%(y—ll)7
A
where ¢y is the (unmixed) 4D radion field ® and A is the radion VEV, which is an O (TeV)
energy scale that sets the length of the extra dimension [47]. At linear order, the radion’s
interaction with the gauge fields and the Higgs can be obtained by making the following
replacements:

(7.6)

o gMN — gMN in eq. (6.3) for interactions originating from the bulk terms,
o diz — diz/1, " — 7" in eq. (6.21) for brane-localised interactions,

and then keep only the terms linear in F'. ? Finally, to derive the effective 4D couplings, and
take into account the KK Z mixing, one should employ the KK expansion from eq. (6.24)
and perform the usual integration over y (or, for the brane-localised terms, just evaluate the
profiles at y = L). Thus, putting all these elements together, we arrive at the complete 4D
Lagrangian describing the hoZZ and ¢yZ Z interactions:

£, =} (’LO - ‘T) coez,, 7 [37(’%2 CIP 2,2+ SCPZ,,,2" | ()
where we have used the following notations:

CiP =g\ (L) — az g" (L), (7.8)

P =1 [ ay [ (6 + 6], (7.9)

GEJD = E/OL dy e2Fv=1) (gigi + gig{) . (7.10)

Let us now trace the origin of each term appearing in eq. (7.7). The first term, proportional
to m%, originates from the brane-localised mass term in the first line of eq. (6.21), whereas
the terms between square brackets come from the 5D gauge kinetic terms in eq. (6.3). More
precisely, in terms of 5D fields, the first term between the square brackets originates from
the Z5, Z°" term, while the second one stems from 7, Z"".

We now have all the ingredients to derive the mixed Higgs-radion couplings to the Z;
bosons, which is what we do in the next section.

7.2.3 Higgs-Radion Mixing and Couplings

The Higgs-radion mixing arises at the renormalisable level by coupling the 4D Ricci scalar
Ry to the trace of HH via a possible gauge invariant term [318,332,333] as follows:

SeP = f/d4a: \/ﬁR4(ﬁw); tr (HTH) : (7.11)

8The KK radion modes are absorbed into the (longitudinal) degrees of freedom of the massive KK
gravitons.

9Equivalently, one can find the radion couplings by varying the action with respect to the metric and
keeping only the linear metric perturbations [334,335].
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with 77,,,, the perturbed IR brane metric, defined in eq. (7.4). As it involves the brane-localised
Higgs field, the Higgs-radion mixing sources from the IR brane. A non-zero ¢ coupling in
eq. (7.11) induces a kinetic mixing between the two scalars after EW symmetry breaking,
the Higgs-radion Lagrangian being given, at the quadratic level, by [318,326,332-335]

1 14662 —3¢0\ (Do) 1 1
£ =~ (60 ho) ( —3& 3¢ ) (D;Ziz) — 20— S I (7.12)

where ¢ = v/A is the ratio between the Higgs and radion VEVs and [ is the flat-space
d’Alembertian. The transition to the mass eigenstates, ¢ and h, is achieved through a
non-unitary transformation diagonalising the kinetic terms of eq. (7.12):

)= )0 m

Using notations similar to the ones in Ref. [334, 335], the elements of this matrix are
a =cosl/Z, b=sinf/Z, c =sinfh + tcosh, and d = cosf — tsinf, with ¢t = 6£¢/Z and
Z% =1+ 6&0%(1 — 6£) being the determinant of the kinetic mixing matrix from eq. (7.12).
The mixing angle is given by

2 2 2
-m tm
tanf = f;o 5 h— 5 o 5 - (7.14)
Mg Mpy — Mg

The squared mass meO can then be expressed in terms of the physical mass eigenvalues my, 4

as follows [318,332,333]:

2 144 £202mim3
5 S TR

m; + mg, + sign(m; — mi)\/(m% — mgﬁ)2 — 72 ,

my, = (7.15)
while m3, can be deduced from mj mZ = Z*mjmj, which results from evaluating the mass
matrix determinant in both bases. As it is clear from the expression of m%o above, we use
the sign convention in which my, (my) coincides with my, (mg,) when & = 0.

Summing up, the Higgs-radion system is described by four parameters: the mixing
parameter £, the radion VEV A, the physical radion mass mg, and the physical Higgs mass
my,, which we fix at 125 GeV. There is also a fifth parameter, the first KK photon mass mgg,
which enters indirectly into this interplay by shifting the Higgs VEV. However, one cannot
take arbitrary values for these parameters, as there are two theoretical consistency conditions
which constrain the parameter space. The first condition is the absence of ghost fields in the
theory, which restricts the kinetic mixing matrix determinant to positive values, i.e. Z2 > 0.
The second one concerns the square root appearing in eq. (7.15), whose argument should be
positive in order to have positive m%mo and thus a hermitian Lagrangian. This gives the
following mathematical condition:

Z*(mj, —m3)? > 144 0Pmjm}, (7.16)

which actually supersedes the no-ghost condition, Z? > 0, in the whole parameter space.
Note that, in the case of exact degeneracy between the Higgs and the radion, there can be
no Higgs-radion mixing, as the condition in eq. (7.16) imposes £ = 0 if my, = my.

We can now express the couplings of the physical Higgs and radion states to the gauge
bosons. To ease the notations, we will use the following definitions, which are similiar to the

ones in Ref. [334,335]:

gp=c—Lla, gn=d+10b, g,=—la, g, =1~b. (7.17)
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Figure 7.1 — Iso-contours of the couplings (upper left) g4, (upper right) gp, (lower left) g and
(lower right) g;, in the {&,mg} plane. The four dimensionless couplings plotted above are defined
in eq. (7.17). The white region is excluded by the theoretical consistency condition displayed
in eq. (7.16). The radion VEV A has been fixed at 4 TeV, while we have taken, for simplicity,
MKK — O0.

Using these definitions and the couplings of ¢q, hg, which were derived in the previous section,
one can straightforwardly write down the couplings for the scalar mass eigenstates, ¢ and h.
As we are focusing on the Z¢ (and Zh) production mechanism, we first list the Lagrangian
for ¢Z;Z; interactions, which is obtained by inserting the definitions of eq. (7.17) in eq. (7.7):

m2 m . 5
Ei%zj =2 (9 C4DC4D %—KKC5D> CZSZWZ]” + g—zCEjDQSZi,WZf

v n%(kL)?
=2 P
_ Mz é Gy v
= v Cij Zi,,uZ;L + QTTZQZ Zi,,uZ/Z;'L (718)

The hZ;Z; interactions are obtained by simply substituting ¢ — h in the above equation.
We plot in Fig. 7.1, as a function of £ and my, the four couplings defined in eq. (7.17),

namely gy and gg ,. We have chosen A =4 TeV, and, for simplicity, mxx — oo. In fact, a

finite m g would produce a shift in v and, as the four couplings depend on A only through
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the combination ¢ = v/A, such a VEV shift can be compensated by adjusting A to give the
same £. Hence, the value of mg g is not crucial in this context, which is why we have set it
to infinity. As the four plots indicate, in most of the parameter space g, 5, dominates over the
95, coupling values. In practice, at currently accessible collider energies, one can ignore the
g, couplings when calculating the Z¢ or Zh production cross section (even if those coupling
contributions are included in our numerical calculations). An exception to this rule applies in
the vicinity of the g4 = 0 contour °: in this region, gy becomes dominant, and the radion’s
coupling to a pair of Z bosons is dramatically reduced, as is the Z¢ production cross section,
which tends to render this region blind to current hadronic or even future leptonic colliders.
To conclude on this figure, in the limit of KK decoupling (where CjP — 1), the radion
coupling to two Z bosons corresponds mainly to g, [dimensionless with the normalisation of
eq. (7.18)] and is thus driven by the Higgs-radion mixing [see eq. (7.17)].

Before closing this section, let us a remark on the correlation between the first KK
photon/gluon mass, mgg, and the radion VEV, A. The two quantities are related in the
following way:

mek ko

A B MP] ’
Mp; being the effective 4D Planck mass. In order to avoid significant 5D quantum gravitational
corrections, the above ratio should satisfy k/Mp; < 3 [338]. Throughout this chapter we
indeed systematically consider mgg to be smaller than 3 A. Even when the mgyx — 0o
limit is considered, it means in fact that the KK partners are sufficiently heavy so as to not
influence the numerical results, i.e. mgx = O(10) TeV. Such values of mgx do not conflict
with the considered values of A = 4,5 TeV.

(7.19)

7.3 The ¢Z and hZ Production

We now turn to the study of the ¢Z/hZ production at the LHC and at the ILC, which
proceeds through the s-channel exchange of Z; bosons, qG/ete™ — Z; — Zyp/Zyh. As higher
KK levels are to a very good approximation decoupled, we only consider the Z boson plus
its first two KK excitations, i.e. 1 = 0,1, 2, as intermediate s-channel states. Moreover, in
the LHC case, we consider only the dominant first and second generation quarks as initial
state partons. The Feynman rule for the Z;Z,¢ vertex can be straightforwardly deduced
from the Lagrangian piece in eq. (7.18). We display below the squared absolute value of the
spin-averaged and polarisation-summed Lorentz invariant amplitude:

4Z(,U; + CL?) 2 CZ‘C]'S2

8 Z 2 X

|-M¢>Z|2 = I 2 : ;
(s =my, +imzlz)(s —m7, —imz 7))

i,j=0
-2
x| S (Asin® 0" + 4r2)(CF)? + 8y A+ 415 CHCG + —5 (A1 + cos? 6°) + 12r7) (0?3)2] ,
z Z
(7.20)

where the coupling factors ¢; are defined in eq. (6.37). The notations we used are as follows:
vy and ay are, respectively, the vectorial and axial couplings of the initial state fermions to
the Z boson (i.e. vy = I, /2 — QI sin® Oy and ay = 1], /2, with I, the weak isospin of the
fermion f, and QJ; its electric charge), 1/s the ete™ /partonic center-of-mass energy, and 6*
the scattering angle in the center-of-mass frame. Moreover, A = (1 — 14 — rz)* — 4ryrz, with
r4 = m?%/s, is the usual 2-body phase space function. The wave function overlap integrals

10At high enough m,, the g5 = 0 condition becomes equivalent to the so-called conformal limit, £ = 1/6.
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¢; were defined previously in eq. (6.37). As before, the amplitude for the Zh production
process is obtained trivially from eq. (7.20) by changing ¢ — h. The expression of the
¢»Z/hZ production cross section (in the case of LHC, at the partonic level) is obtained from
the integration over cos 6* of the amplitude displayed in eq. (7.20).

As it is customary, we denote by I'z, the widths of the observed Z boson (i = 0) and of
its first two KK excitations (¢ = 1,2). In our calculations, as the (partonic) center-of-mass
energy is always above my,, we can safely neglect I';,. Regarding Z o, their widths are
approximately equal to 10% of their masses. For example, if one takes myx = 3 TeV, we get

myz, ~2.96 TeV, I'y, >~ 270 GeV and my, ~ 3.15 TeV, I'y, ~ 300 GeV, (7.21)

where we have chosen the dimensionless bulk mass parameters of the top and bottom quarks
to be cg, = 0.4, ¢;;, =0, and ¢, = —0.57, such that their measured masses are reproduced
and the left and right Zbb couplings are close to their SM values. These are values of
the c-parameters that we will use in our analysis. On the other hand, in order to explain
the anomaly on the bottom quark forward-backward asymmetry A% at LEP (and, to a
lesser extent, the anomalous top quark asymmetry ALy measured at Tevatron), a more
suitable choice would be cg, = 0.51, ¢;,, = —1.3, and ¢, = 0.53 [106,296,297]. In this
case, the widths of the KK Z partners change, but not dramatically: 'z, ~ 350 GeV and
'z, ~ 275 GeV. In both cases mentioned above, the Higgs-radion parameters have been
fixed as follows: £ =1, A =4 TeV, and my = 750 GeV. However, the width dependence
on these parameters is weak, as the decay to Z¢ is always subdominant. Throughout most

of the parameter space spanned by &, A, and m, with the c-parameters chosen above, the
dominant decay channel for Z; (Z,) is to WW (Zh).

7.3.1 At the LHC

Radion Production

The LHC cross-section is obtained by convoluting the cross section for the hard scattering,
o(qq — Z; — Z¢), with the parton distribution functions (PDFs). In the following, we use
the MSTW set of PDFs at NNLO [298].

We first show in Fig. 7.2 the Z¢ production cross section as a function of mg and m g, for
a proton-proton center-of-mass energy /s = 13 TeV, with £ = 1 and A = 4 TeV. We consider
mk values above ~ 2 TeV as allowed from the direct Zh searches at LHC (potentially
affected by KK Z mixing), since there is no specific reason to expect unknown effects in this
tree-level production — as discussed in the the first section of this chapter. The radion mass
range was discussed as well in Section 7.1.

For mix 2 5 TeV, we see on Fig. 7.2 that the KK partners of the Z boson no longer
play a significant role in the Z¢ production, thus effectively decoupling. This is due to
the fact that, at partonic center-of-mass energies v/§ bigger than ~ 5 TeV, or equivalently
§/s =71 2 (5/13)?, the quark-anti-quark luminosity drops down to a negligible level which
restricts the on-shell production of Z; 5 states. On the contrary, for myx <S5 TeV, the Z;
and Z, states play an important role, but only for a radion heavier than ~ 500 GeV. This is
because, in order to produce a radion plus a Z boson, V'8 should surpass mg + myz, which
means that, for a 500 GeV radion, the virtual Z boson contribution to the Z¢ production
is cut off by the v/§ threshold and hence becomes comparable to the contribution of its
KK partners, Z; and Z;. However, as one goes to lower radion masses, the cross section
dependence on mg becomes less and less important, as the exchanged virtual Z boson
becomes less and less off-shell and starts to dominate over the contributions coming from
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Figure 7.2 — Contour lines of the Z¢ production cross section (in fb and pb) at the LHC in the
plane m, (in GeV) versus mg g (in TeV). The values of the other involved parameters are £ =1
and A =4 TeV. The light blue region is excluded by the theoretical constraint from eq. (7.16).

the exchanges of Z; and Z5. Nevertheless, we observe a small dependence on m for small
radion masses as well: its origin lies in the dependence of the ¢ZyZ, coupling on m g g, which
is a result of the mixing of the SM-like Z boson with its KK partners.

To better illustrate our argument from the previous paragraph, we show in Fig. 7.3 the
Z ¢ invariant mass distribution for A =4 TeV, £ = 1, mgg = 3 TeV, and two radion masses,
my = 10 GeV (left panel) and m, = 750 GeV (right panel). As the total cross section is
obtained from the integration of the invariant mass distribution over values greater than
the kinematical threshold, v/3 = Mze > Mg + My, it is clear why the KK Z partners play a
role only for the associated production of a heavy radion: in this case, the integral does not
cover the region at low §, where the invariant mass distribution is enhanced by the reduced
“off-shellness” of the Z boson contribution, thus giving more weight to the invariant mass
region around the KK peak.

Moreover, one notices on the right panel of Fig. 7.3 that the two nearly-degenerate KK Z
bosons produce a single peak in the Z¢ invariant mass distribution. In fact, as shown in this
figure, this peak mostly originates from the Z, resonance, as it is, in general, more strongly
coupled to Z¢ than Z;. The other reason is that the Z; eigenstate is mainly composed
of the Z’ boson which has vanishing couplings to the light initial quarks localised towards
the Planck-brane. The interference term was taken at zero to draw those two resonance
distributions separately. The spectacular observation of such a resonant Z¢ production
would represent the simultaneous direct manifestation of the radion and the first KK Z
boson, the rate of the extra boson Z’ (mainly constituting the Z; state) resonance being
probably too small to expect a detection at LHC.

In addition, we have investigated the impact of varying the value of gr on the Z¢
production cross section at the LHC. For this, we have chosen a point in the plane displayed
in Fig. 7.2 and computed the corresponding cross section for gg = g; (Left-Right Parity
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Figure 7.3 — Z¢ invariant mass distribution at LHC (in fb/GeV) for (left) mg = 10 GeV and
(right) mg = 750 GeV. The other parameters are fixed as follows: mgx =3 TeV, A =4 TeV, and
& = 1. On the right plot, we also display the individual contributions from the two KK boson
eigenstates, Z; and Zs.

case [138]) and gr = 291, (gr # g1 is possible in different custodial symmetry implementa-
tions). Since one expects that changing gr would affect mostly the KK Z bosons (not through
small mixing effects, as is the case of Z)), Z; and Z,, we have considered m, = 800 GeV,
such that the heavy KK resonances have a sizeable contribution to the Z¢ production.
Furthermore, we have taken myx = 3 TeV and the other parameters as specified above the
plot in Fig. 7.2. The Z¢ production cross sections for the two values of gr are of the same
order of magnitude: while for gg = g, we find ~ 0.5 fb, for gg = 2g;, the cross section value
is ~ 0.15 fb. The difference comes mostly from the Z;Zy¢ (i = 1,2) couplings, which are
approximately two times stronger in the first case compared to the second case. The impact
of the g variation on the cross section is independent of the £ and A parameters.

In Fig. 7.4, we present the total Z¢ production cross section at the LHC as a function
of £ and my, for two values of the radion VEV, A = 3,4 TeV, with mgx fixed at 3 TeV in
both cases. We observe that for m, > my, the cross section contours have roughly the same
behaviours as the g4 ones (see Fig. 7.1). Indeed, the dimensionless g4 coupling corresponds to
a good approximation to the radion coupling to two Z bosons, as described in the comments
of Fig. 7.1. This is no longer true for mg < my: in this region, as explained in the previous
paragraphs, the cross section typically increases as my decreases, this being a result of the
behaviour of PDFs, which increase at lower values of 7 = §/s. However, even for m, < my,
the lowest Z¢ production cross sections are achieved in the vicinity of the g, = 0 contour.

Higgs Production

In Fig. 7.5, we show the Zh invariant mass distribution, focusing on the region close to the
resonant peak produced by the almost degenerate Z; and Zs states (the peak, as in the
case of Z¢ production, originates mostly from Z5). We have chosen the following realistic
parameters: my = 750 GeV, A = 4 TeV, £ = 0 and a mass of mgx = 3 TeV. The Zh
channel is a favoured discovery avenue for Z,, as the largest branching ratio of Z, is into
Zh (meanwhile, Z; has its highest branching ratio for the WWW decay). The observability
potential for the KK resonance is discussed in Section 7.4.1.
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Figure 7.4 — Iso-contours of Z¢ production cross section (in fb and pb) at the LHC with /s =
13 TeV, as a function of £ and mg (in GeV), for (left) A = 3 TeV and (right) A = 4 TeV with
mix = 3 TeV. The light blue regions are excluded by the theoretical constraint from eq. (7.16),
while the purple, red, and blue zones approximately indicate parameter space regions that will be
probed with 300 fb~! at the LHC via radion decays into hh, dijets (gg + bb), and WWW final states,
respectively.

7.3.2 At the ILC

We now focus our attention on the Z¢ production at a linear electron-positron collider,
taking as an example the International Linear Collider (ILC). For an ete™ collider, the
problem is simpler, as the center-of-mass energy is a known quantity and one does not need
to convolute the cross section with PDFs.

Another simplifying aspect is the fact that, for ILC center-of-mass energies, which in
principle could go up to 1 TeV, the s-channel exchange of the KK partners of the Z boson is
negligible. Indeed as EWPT require that mgy is larger than ~ 2 — 3 TeV, the two heavy
resonances, Z; and Z, are significantly off-shell even at /s = 1 TeV, which renders their
contribution negligible. Therefore, effectively, only the Z boson exchange in the s-channel
has to be considered for the Z¢ production, as we have numerically checked. Concerning the
KK Z mixing effect on the ¢ZZ coupling, for a given Z¢ production cross section, varying
mgk translates to at most a percent-level shifting of £ for a fixed my.

We plot in Fig. 7.6 the Z¢ production cross section in fb at the ILC, for ete™ center-of-
mass energies of 250 and 500 GeV. We have chosen A = 5 TeV and, to ease the calculations,
mix — 00 (see previous paragraph). As described in Section 7.3.1, the ete™ — Z¢
production cross section at the ILC has typically the same dependence on the two parameters
¢ and my as the g, coupling itself, whose values are illustrated on Fig. 7.1 (as a matter of
fact, to a very good approximation, the aforementioned cross section is proportional to gi)
This explains the relative similarity of iso-contour behaviours between Fig. 7.6 and Fig. 7.1
(upper left).

Note that, similarly to the SM Zh production, the Z¢ cross section, for a given radion
mass, is proportional to 1/s. ' Consequently, in order to present the regions with maximal

HDeviations from this behaviour are proportional to 9, and in turn subdominant for most of the parameter
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rates, we show in Fig. 7.6 only small radion masses, m, < my, for /s = 250 GeV, while, for
Vs = 0.5 TeV, we show only moderate to high radion masses, my > my,.

7.4 Radion, Higgs and KK Mode Detection

7.4.1 At the LHC
Radion Decay to bb

For the full reaction pp — Z¢ followed by the radion decay into a bottom quark pair,
¢ — bb (possibly including the decay channel into two gluons), the SM background comes
from double gluon radiation in the process qq¢ — Z-+2jets which has been well studied at
LHC [339]. At a 13 TeV LHC energy, the full rate for the Z boson production followed by a
muonic decay is o(pp — Z)B(Z — pp~) ~ 1900 pb.

A drastic reduction of this background is therefore needed: it can come from a cut
on the transverse momentum of the reconstructed Z, pr(up) > 100 GeV (see the pr(uu)
distribution in Ref. [339]). Such a cut would also induce a penalty on the Z¢ production
rate approximately equivalent to imposing a cut on the Z¢ invariant mass distribution,
mze > 200 GeV, which would lead to a drastic reduction factor of 1/40 for example for the
distribution of Fig. 7.3 (left plot), obtained for a radion mass m, = 10 GeV. For heavier
radions, m, 2 100 GeV, the effect of this optimal cut, pr(pup) > 100 GeV, is not significant
since the Z¢ invariant mass distribution is defined on the range, mz4 > my + my. A softer
cut, pr(pp) > 30 GeV, would not alter significantly the signal, even for my = 10 GeV, and
the background would be affected by a still efficient rejection factor of ~ 20.

Let us now present guidelines on the main techniques to detect the Z¢ production,
depending on the radion mass.

e my 2 20 GeV. When my, 2 20 GeV, it is justified to request two jets which further
decreases by an order of magnitude the background (see Ref. [340] for an ATLAS analysis
and Ref. [341] for a CMS one). Then a mass selection should gain a similar factor which
brings us to a rate of ~ 1000 fb for the background. A bottom quark selection should gain
an additional factor of 10 — 100 [342]. Therefore, assuming a future integrated luminosity of
300 fb~! at the LHC, with a 20% reconstruction efficiency on the signal and background,

space.
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Figure 7.6 — Iso-contours of the Z¢ production cross section (in fb) at the ILC with (left)
Vs = 250 GeV or (right) /s = 500 GeV, in terms of £ and mg (in GeV), for A = 5 TeV and
my K — 00. The cyan regions are excluded by the theoretical constraint from eq. (7.16), while the
blue zones indicate the parameter space regions estimated to be probed at the ILC through the Z
boson recoil mass technique.

gives a 250 fb sensitivity limit at 20 on the cross section o4,(Z¢), for a branching fraction
B(¢ — bb) + B(¢ — gg) ~ 1. This corresponds to selecting experimentally two inclusive
jets (including two gluons or two b’s). This LHC potential reach is illustrated on Fig. 7.4.
On the obtained domains of the parameter space to which the LHC is potentially sensitive,
one has indeed B(¢ — bb) + B(¢ — gg) ~ 1, assuming standard radion branching ratios
without unknown physics entering the radion-gluon-gluon triangular loop. With b-tagging,
the background should improve by about a factor 2 to 10 (corresponding to a factor up
to v/10 in the limit), depending on the tagging purity and efficiency, due to the further
background reduction.

e my > 100 GeV. At higher masses, say m, > 100 GeV, the pr(uu) selection cut can be
increased up to 100 GeV without damaging the signal acceptance. Besides, for these masses,
the mass resolution increases and therefore the sensitivity limit on o4 (Z¢) should reach
about 100 fb. This LHC potential reach covers higher mass regions in Fig. 7.4.

Radion Decay to WTW~

e my > 160 GeV. In the regime myg > 160 GeV, one benefits from the kinematical opening
of the WW channel: pp — Z¢, ¢ — WHW = 2. The radion branching ratio into ZZ is
smaller. The associated SM background composed of the WW Z production has a cross
section of ~ 200 fb at 14 TeV including NLO QCD corrections [343]. Assuming an integrated
luminosity of 300 fb=! at the LHC and selecting semi-leptonic decays for the WW system
for a reconstruction efficiency of 20% (not including leptonic branching ratios), one expects
170 events for this SM background. The radion mass selection then selects 20 events

120ne could as well benefit from a cut on the transverse momentum of the reconstructed Z based on such
a pr(up) distribution for the associated WW Z background.
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corresponding to a ~ 20 fb sensitivity limit on the o, (Z¢) cross section, for a relevant
branching B(¢ — W*W ™) =~ 0.5; the associated sensitive region, for m, > 160 GeV. This
sensitivity order of magnitude is indicated on Fig. 7.4.

Radion Decay to hh

e my > 250 GeV. Finally, for my > 250 GeV, the LHC can become sensitive to the channel
pp — Z¢, ¢ — hh. The Zhh production background opens up with a cross section of
0.25 fb [344]. Assuming a 20% reconstruction efficiency, including b-tagging, would give a
0.5 event background. So 3 events from the Z¢ signal would be sufficient for a 20 detection.
Hence one obtains a ~ 5 fb cross section sensitivity limit for oy, (Z¢), with a realistic
branching B(¢ — hh) =~ 0.3; the corresponding domain, for mg4 > 250 GeV. The order of
magnitude of this sensitivity is indicated on Fig. 7.4 as well.

This domain and the above sensitivity regions are clearly coarse estimates and a full
analysis would be needed. Those regions however show that the Z¢ search at LHC could be
complementary, in testing some specific regions of the {£,m4} plane, to the search for the
gluon-gluon fusion radion production, in case this loop-induced process is not affected by
some unknown physics underlying the SM. We mention that the gluon fusion production of
the radion allows to cover large domains of the RS parameter space, as shown in the figures
of Ref. [326] (regions below m, = 80 GeV were not studied there).

KK Resonances

The Z¢ production can exhibit degenerate KK mode resonances made of Z boson excitations
as described in Section 7.3.1. These resonances show up in the bump of Fig. 7.3. In
order to discuss the possibility of a KK resonance observation in the radion production,
we now consider some optimised but realistic parameter values, A = 3 TeV, £ = 1.5, and
mgy = 500 GeV (see the upper left plot of Fig. 7.1). Then the integrated rate of such a
resonant process, obtained by considering an interval my, 20"y, on Fig. 7.3, is of ~ 10 fb
(~ 1 1b) for mgx =2 TeV (3 TeV). For a (HL-)LHC luminosity of 300(0) fb~!, the induced
number of events might lead to a possible but challenging observation. The kinematic
selection of the interval around mgg in the Z¢ invariant mass distribution would reduce the
associated SM background. The pr(uu) selection cut keeps a good efficiency if the production
of Z¢ is dominated by the exchange of a KK Z resonance. For mgg ~ 2 TeV and a radion
mass below ~ 120 GeV, a simple kinematical study shows that a cut pr(up) = 1 TeV would
select the signal peaked in this area while eliminating significantly the QCD background. A
complete Monte Carlo simulation of the signal and background would be needed to conclude
on the observability of such a resonance.

This pr(up) selection method is generic and can even be applied for the various processes
of the type q¢ — Y — X Z where Y is a heavy vector boson which can be produced on-shell
and X is a lighter resonance, either SM-like (W, Z, h) or exotic, as is the case for the radion.
An additional advantage of this process is that it provides a combination of two resonances
allowing a double discrimination. In this respect, the LHC could be competitive with ILC
where the production of an on-shell Y resonance is only possible for a mass my < 1 TeV.

Similarly, the Zh production can occur through KK Z boson resonances as shown in
Fig. 7.5. For the optimised parameter values, A = 4 TeV, £ = 1, my, = 500 GeV (see
the upper right plot of Fig. 7.1), and an optimistic low mass mgx ~ 2 TeV, the obtained
integrated rate is of ~ 11.5 fb. Similar remarks as for the Z¢ production hold regarding the
KK resonance observability.
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Figure 7.7 — Iso-contours of g7 in the {&,my} plane, for (left) A =4 TeV and (right) A =5 TeV,
with mg i taken to infinity. The coloured region indicates the future indirect sensitivity of the
ILC on the Higgs-radion parameter space, corresponding to a ~ 2% accuracy (at 20) on the
measurement of the squared hZZ coupling, i.e. 0.98 < g}% < 1.02.

Higgs Production

The Higgs coupling to two Z bosons has been measured at the LHC, via the Higgs production
in association with a Z boson. Assuming decoupling KK modes (which do not affect
significantly the Z¢ production), the Higgs couplings are modified only by the Higgs-radion
mixing. Taking this into account, the experimental values for the hZZ coupling exclude
some domains of the {{, m,} plane. However, as we shall see later on in Section 7.4.2, these
domains are not significant when compared to the ILC sensitivity.

A first LHC analysis combines the run 1 measurements (ATLAS and CMS) [53], with
global fits reporting a central value of ~ 1 (i.e. SM value) and a ~ 10% error at 1o on gy
(defined in eq. (7.17) '* and denoted by rz in Ref. [53]), assuming that the Higgs decays
only into SM states. Therefore, in our case, this constraint is relevant only for mg > my /2.
Moreover, it allows for 0.6 < g7 < 1.4 at 20, which covers a tiny region in the g7 plot from
Fig. 7.7.

Ref. [53] also presents global fits allowing for Higgs boson decays to non-SM states, but
with the extra assumption that g, < 1 (or Kz < 1 in their notation), which is not justified in
our framework. Their result indicates that, at two sigma, 0.6 < g7 < 1, which means that,
once again, only a tiny region from Fig. 7.7 is covered.

Even though, regarding the hZ Z coupling measurement, the LHC is much less competitive
than the ILC, these exclusions can still be seen as a new interpretation of the constraints
on the RS model from the LHC Higgs data, in the presence of a Higgs-radion mixing (see
also Ref. [345]). Higgs physics appears naturally as complementary to the radion sector in
testing their common {&, my} parameter space.

13In the mgr — oo limit employed here (where C§P — 1), g represents indeed the hZZ coupling
normalised to its SM value, since the second term in eq. (7.18) is vanishing in this limit and the third one is
more than 2 orders of magnitude smaller.

133



7.4.2 At the ILC

Radion Production

For the associated Z¢ production at ILC, one can use the same missing mass technique
as for the Zh production [346] which is independent of the radion branching ratio values.
This powerful method is only feasible using the large luminosity provided by this machine
which plans to collect 2000 fb~! at 250 GeV (H-20 scenario [347]), 4000 fb~! at 500 GeV and
8000 fb~! at 1 TeV. This is to be compared to the LEP collider which could only collect a
few fb~! per experiment so that LEP was not able to significantly exclude the presence of a
radion at any mass. This recoil mass technique works best near the Z¢ threshold where the
center-of-mass energy is about m, + myz. One then achieves the most precise recoil mass
reconstruction. For this reason the low mass domain, m, < 160 GeV, will be covered by
running at a center-of-mass energy of 250 GeV.

e my < myz. When my, < mg, one has an easy situation. The Z background from
ZZ*/~* is distributed as a Breit Wigner with a small tail at low masses due to the virtual
photon contribution from Z~*. The sensitivity reaches a limit on the o(Z¢) of ~ 1 fb at the
20 statistical level. When the bb decay mode is considered, this sensitivity limit goes even
down to 0.02 fb.

o my ~ my. For my ~ my, the ZZ background is the largest but still giving a sensitivity
limit on o(Z¢) of ~ 3 tb at 20.

o my > my. If my > my, one ends up with a similar situation as for Zh: the main
background comes from ZZ+ISR, where ISR stands for initial state radiation (i.e. a photon
radiated off et /e™) which, in most cases, remains undetected. The missing mass however
includes both the Z and this photon, creating what one calls a radiative tail (for mg ~ my,
the mass reconstruction of the Z into hadrons is too imprecise to allow a separation of m,
from my). From Ref. [346], one can easily evaluate the o(Z¢) sensitivity in this mass region,
which is at the 1 fb level. The Zh channel itself creates a background which generates a
small blind zone for my ~ my, but in this case the Higgs properties can also be altered, thus
allowing one to feel the presence of the radion.

o my > 130 GeV. At my > 130 GeV, it becomes possible to eliminate the radiative
tail effect by reconstructing the radion mass through its decays into two jets. The o(Z¢)
sensitivity improves to 0.5 fb.

o my > 150 GeV. When my > 150 GeV, one starts crossing the kinematical limit for
the Z¢ production and it becomes necessary to use data taken at a 500 GeV center-of-mass
energy. The recoil mass precision is poor since one operates far above the Z¢ threshold, but
the good energy resolution on jets (0 E;/E; ~ 3%) allows to use direct mass reconstruction
with a mass resolution on the radion at the 2% level. One can then include the leptonic
and neutrino decay modes from Z, gaining a factor ~ 10 in efficiency. Since one is no more
suffering from the ISR effect this method turns out to give a sensitivity for o(Z¢) at the
0.1 fb level.

e m, > 160 GeV. For my > 160 GeV, the situation changes radically since the WW, ZZ
channels become accessible for the radion decay, which helps the recoil techniques. For the
SM background, the Ref. [348] on WW Z cross sections shows that the WW Z contribution
can be reduced down to 10 fb by using right-handed polarization (eg) for the electron beam.
The SM ZZZ background is at the 1 fb level. For ZWW one can simply use the Z — uu
tagging. The WW component can be identified through semi-leptonic decays where a W
decays hadronically and the other leptonically. Taking into account the branching ratios,
one expects 350 background events. At the counting level one reaches a 1 fb sensitivity on
o(Z¢). One can then select the ¢ mass allowing an increased sensitivity of about 0.3 fb.
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Figure 7.8 — Summary plots for direct and indirect radion searches at the three stages of operation
of the ILC (/s = 250 GeV, 500 GeV, and 1 TeV), in the {{,me} plane, for (left) A = 4 TeV
and (right) A =5 TeV, with mg g taken to be infinite. The blue region covers the Higgs-radion
parameter space estimated to be probed by the ILC through direct radion searches, while the red
region represents the domain potentially probed by the precise measurement of the hZZ coupling.
The theoretical constraint is superimposed once more, as the cyan domain.

e my > 250 GeV. For my > 250 GeV, the hh channel becomes accessible for the radion
decay. The Zhh SM background [349] is even smaller and with strong signatures given by
the Higgs decay into bb. Assuming a 50% efficiency with a relevant B(¢ — hh) ~ 0.3 and
low extra backgrounds (from ZZZ essentially), one could reach a sensitivity on o(Z¢) at
the 0.01 b level. For the ILC option with a 1 TeV center-of-mass energy and an integrated
luminosity of 8000 fb™!, the factor 2 increase in luminosity (with respect to the 500 GeV
scenario) induces a factor v/2 of improvement in the cross section sensitivity (the Zhh
background is only slightly smaller).

The various estimates given so far constitute a reasonable first guess of the ILC sensitivity
for a radion search. All the obtained orders of magnitude for the sensitivities on o(Z¢) given
in the text are drawn as indicative coloured regions in Fig. 7.6. On Fig. 7.8, we summarize
on a unique plot the covered regions issued from two possible ILC runs respectively at
250 GeV, 500 GeV and 1 TeV, for infinite myx (i.e. decoupled KK resonances) and two
values of the radion VEV, A = 4,5 TeV. A dedicated analysis would be needed to fully assess
such performances but it is clear that ILC can dig into the radion scenario with excellent
sensitivity.

We notice that the region corresponding to { = 0 and my ~ 60 — 110 GeV, left uncovered
on Fig. 7.8, might be tested via the search for the reaction gg — ¢ — vy at the HL-LHC
extension with an integrated luminosity of 3000 fb~!: this is the conclusion of Ref. [350] in
the case of SM fields localised on the TeV-brane.

Besides, as for the SM Higgs case, the vector boson fusion mechanism could provide
additional information on the radion, in particular allowing the determination of the total
width and in turn of absolute widths [349].
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Higgs Production

The Higgs coupling to two Z bosons would possibly be measured at the 0.51% (1.3%)
lo error level at the ILC with an energy option of 1 TeV (250 GeV), for a luminosity of
2500 fb~! (250 fb~1) [351], via the Higgs production in association with a Z boson. Such
measurements would exclude at 20 the regions of the {{, m,} plane, as illustrated in Fig. 7.7,
assuming a central value equal to the predicted SM hZZ coupling constant. Notice that this
measurement is independent of the Higgs branching ratio values due to the recoil technique
used to tag the associated Z boson. The future precision Higgs physics at ILC would thus
be extremely efficient in testing the {£, m,} parameter space, as illustrated in Fig. 7.7. The
obtained exclusion regions are superimposed as well on the summary plot of Fig. 7.8, showing
the whole parameter space than can be covered using both the Z¢ and Zh production at
ILC.

7.5 Discussion

Let us finish this chapter on radion production by a short discussion, now that the numerical
results have been studied in detail with respect to the possibilities of observation. The
investigation of the reaction qg — Z¢ at LHC could allow to cover significant parts of the RS
parameter space. This reaction could even benefit from the resonance of degenerate neutral
KK vector bosons, which would enhance the reaction rate and allow for tight selections against
the QCD background. It will take the ILC program at high luminosity, though, to cover
most of the theoretically allowed parameter space, via the ete™ — Z¢ process. The ILC, by
investigating this process, is indeed complementary to the LHC for testing the low radion
masses (below the Higgs mass), while the reaction gg — ¢ — 77 is quite efficient in principle
to probe the high mass regime. The ILC benefits also from the complementarity between
the direct radion searches and the high accuracy measurements of the Higgs couplings, in
the exploration of the RS parameter space (typically the {{, m,} plane).
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Chapter 8

Summary and Outlook

The idea of extra spatial dimensions, either flat or warped, has proven to be a very fruitful
ground for both theoretical and phenomenological studies. While motivated mainly by the
gauge hierarchy problem, this paradigm can nonetheless provide solutions to a wide range
of problems of the Standard Model. The most prominent examples in this direction are
the Dark Matter abundance in the Universe, the flavour hierarchy, neutrino masses, and
Grand Unification. Furthermore, such extra-dimensional scenarios have a valid theoretical
motivation, since they can be embedded into (Super)String Theory, which is, up to date,
one of the few candidates for a fundamental theory of Nature.

In this thesis, we adopted two approaches towards the phenomenological study of these
models. In a first part, we focused on effective models inspired from extra-dimensional
scenarios, considering minimal and non-minimal scalar sectors extended with Vector-Like
Fermions (VLFs), whose existence is predicted in theories with extra dimensions. Firstly, we
showed how Vector-Like Quarks (VLQs), through SM quark - VLQ mixing, can simultaneously
explain two anomalies related to the third generation of SM quarks: the b-quark forward-
backward asymmetry, A%y, measured at LEP, and the excess in the tth production cross
section, observed in the LHC 8 TeV data. Moreover, we estimated the indirect reach of the
HL-LHC in probing VLQs. For our estimation, we considered two so-called Higgs decay
ratios, D, and Dy, and reached the conclusion that VLQs in the 5-10 TeV range can be
indirectly probed through either their contribution to the hyy loop-induced coupling (D, ),
or through their mixing with the SM b-quark (Dy,). Moreover, a precise measurement of
the D., decay ratio would be essential for the future of particle physics: with a projected
1% accuracy in the measurement of the hZZ coupling at the LHC, one would thus have a
precise experimental handle on the loop-induced h~vy~y coupling.

Afterwards, we provided an interpretation for the 750 GeV resonance, which appeared
in the first batch of data collected at the 13 TeV LHC, but was discarded as a statistical
fluctuation with in the subsequent data. In our model, the bump was due to a superposition
of two (almost) mass-degenerate particles, a CP-odd scalar A and a CP-even scalar H. Such
new fields arise naturally in the Minimal Supersymmetric Standard Model (MSSM) or in
Two Higgs Doublet Models (2HDMs). However, as we showed, the particle content of these
two theories was not enough to explain the abnormally high diphoton decay rate of the
“resonance”. Therefore, we added several families of charged Vector-Like Leptons (VLLs),
with the purpose of enhancing the diphoton branching ratios of the two heavy scalars, A
and H.

Focusing on a similar 2HDM plus VLL scenario, we then proposed a plausible Dark
Matter (DM) candidate in the guise of a mostly SM-singlet vector-like neutrino. While in the
case of a minimal Higgs sector as in the SM, the DM particle has to be heavier than ~ 2 TeV,
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we showed that extending the SM scalar sector with an extra doublet can lower the DM
mass till mpy; ~ 200 GeV. Such a dramatic lowering of the bound on the DM mass came
essentially from two mechanisms which improved the annihilation rate of the DM: resonant
annihilation mediated by the heavy neutral scalars from a 2HDM, and annihilation into final
states involving at least one non-SM scalar, typically the charged scalar H*. At the same
time, the DM-nucleon scattering cross section was kept under control, allowing our model to
pass the stringent constraints coming from DM direct detection from LUX. Moreover, we
showed that our model shall be tested at future DM direct detection experiments such as
XenonlT and LZ, the upgraded version of LUX.

In a second part of this thesis, we considered a more concrete extra-dimensional scenario,
namely the custodially protected version of the warped ED model of Randall and Sundrum.
In the context of this model, we first interpreted the 2 TeV diboson excess(es) in the
WW, W Z, and Wh final states, observed in the 8 TeV data at LHC, as a first signal of the
KK excitations of the neutral (and charged, depending on the final state) gauge bosons
predicted by the enlarged bulk gauge group. Unfortunately, as the diphoton excess, this
would-be resonance was not confirmed in subsequent data.

Finally, in the last chapter of this thesis, we studied in detail the scalar sector of the
custodial RS model, which is comprised of the SM-like Higgs and a new scalar, dubbed the
radion (denoted as ¢), which arises as a fluctuation of the length of the extra dimension.
More precisely, we focused on the process of radion production in association with a Z boson
at the LHC and at the ILC, taking into account also the effects of the KK partners of the
Z boson. We argued that, even if this production channel can test the mixed Higgs-radion
hypothesis quite well at the LHC, it is the ILC (or another future linear collider) who will
be able to dig deep into this scenario, especially in the case of a light radion. Moreover, we
showed that the precise measurement of the hZZ coupling (~ 1%) at the ILC would also
provide important (indirect) constraints on the mixed Higgs-radion parameter space. We
also noticed an interesting complementarity between the direct (Z¢ production) and indirect
(hZ Z coupling) searches for a radion at the ILC: indeed, at low radion masses, a region of
the h—¢ parameter space to which the Z¢ production is blind can be excellently covered by
the precise measurement of the hZZ coupling.

All in all, the past three years, during which the content of this thesis was written, have
proved both exciting and agonizing for particle physics. The few anomalies/excesses that
showed up in the LHC data at various stages lead us to the study of various interesting and
testable scenarios, such as the ones in chapters 3, 4, and 6 of this thesis. Clearly, those were
the exciting times. The agonizing times came afterwards, first while waiting for more LHC
data, and then, even more, when the new data arrived and the excesses were not confirmed.
Thus, it might seem that, at present times, the high-energy community has lost some of its
hope of discovering new physics (however, the current Lepton Flavour Universality Violation
hints reported in LHCb data have caused a new stir in the community).

In any case, the future has many important new information to bring. To start with, the
High-Luminosity LHC will measure the Higgs signal strengths to an impressive accuracy of
order 5%, which will bring us closer to knowing if and where the long-sought New Physics
lives. Furthermore, various theoretical groups are now working to reduce the theoretical
uncertainty on Higgs production and decay rates by trying to reach higher orders in the QCD
(and electroweak) perturbative calculations (and trying to go beyong the large quark mass
limits in the loop amplitudes). Moreover, the D.,, ratio will be one of the most interesting
Higgs-related observables, mainly because of the very high accuracy to which it will be
measured (order 1%). As shown in chapter 3, D.,, would allow the (indirect) probing of new
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particles living in the multi-TeV range. Through this ratio, the HL-LHC will stride into the
new era of Higgs precision physics.

Moreover, the value of the D, ratio will become an invaluable piece of information when
a lepton collider, such as the ILC, will be built. At a first stage of the ILC, the /s = 250 GeV
electron-positron collisions will produce around 5 x 10°> h + Z pairs (assuming 2000 fb~*
of integrated luminosity) which, if analyzed through the so-called missing mass technique,
would allow a 1% measurement of the hZZ coupling in a model-independent way. Thus,
combining D., and the precise measurement of the hZZ vertex would allow one to infer the
absolute value of the hyy loop-induced coupling independently of other Higgs couplings (to
be contrasted with LHC, where only products of Higgs couplings are directly measured).
Furthermore, at a later stage, the ILC can be used to perform indirect searches for new
physics through precision top physics, by scanning the ¢t production threshold, similarly to
how LEP scanned the W+~ threshold during its Run 2. For example, it was shown in
Ref. [352] that top quark pair production at the ILC can probe new Kaluza-Klein states in
the 10-20 TeV range, in the realistic case of matter propagating in the bulk.

Besides Higgs physics, the /s = 250 GeV ILC run will have an immense potential of
discovering light scalar particles that couple to pairs of Z bosons. As for the case of the Higgs
boson, the missing mass (or Z recoil mass) technique will allow the detection of such a scalar
(if it exists) without even demanding a certain final state to which the new scalar should
decay. In chapter 7, we provided an example of such a scalar, namely the radion, which is
predicted in extra-dimensional scenarios. Moreover, a light scalar (e.g. a light radion) that
mixes with the Higgs will be tested also indirectly by measuring the hZZ vertex, which is
sensitive to scalar mixing effects. Interestingly, a light radion is an example of a new particle
that might escape detection at the LHC but be discovered the ILC.

Gazing even further into the future, a 100 TeV machine, such as the FCC-hh hadron
collider, would also have a huge potential for discovering or constraining new physics. New
particles, with masses in the range of tens of TeVs, such as very heavy superpartners or
KK partners, could be studied at such a collider, thus putting the idea of naturalness to a
stringent test.

Finally, let us point out that new physics does not hide only in a particle collider tunnel
below us: it also hides above us, in the skies, as Dark Matter remains, up to date, as elusive
as its name suggests. Current Dark Matter direct detection experiments, such as LUX, can
probe WIMP-nucleon scattering cross sections as low as 107%* ¢cm?. In a particle physicist’s
language, this number is equal to the remarkably low value of 107% fb. These measurements
tightly constrain WIMP scenarios, as we have seen in chapter 5. There are reasons for
excitement, as this cross-section value will be pushed down by two orders of magnitude by
next-generation direct-detection experiments, such as XENONI1T and LZ. With this in mind,
probably the best course of action for a high-energy physicist would be to keep one eye on
the collider tunnel and the other one on the skies.
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