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EFFETS DES NEUTRINOS SINGULETS FERMIONIQUES SUR LESOBSERVABLES DE HAUTE ET BASSE ÉNERGIERésuméDans ette thèse, nous étudions à la fois des observables de basse et de haute éner-gie liées à la présene de neutrinos massifs. Les osillations de neutrino ont apportédes preuves indisutables en faveur de l'existene d'angles de mélange et de massesnon-nuls. Néanmoins, la formulation originale du Modèle Standard ne permet pasd'expliquer es observations, d'où la néessité d'introduire de nouveaux modèles. Parmide nombreuses possibilités, nous nous onentrons ii sur le seesaw inverse, un méan-isme générant des neutrinos massifs via l'ajout de fermions singulets de jauge au ModèleStandard. Ce modèle o�re une alternative attrative aux réalisations habituelles duseesaw puisqu'il a des ouplages de Yukawa potentiellement naturels (O(1)) tout enonservant l'éhelle de la nouvelle physique à des énergies aessibles au LHC. Parmide nombreux e�ets, e sénario peut générer de larges éarts à l'universalité leptonique.Nous avons étudié es signatures et trouvé que les rapports RK et Rπ onstituent denouvelles ontraintes pour le seesaw inverse. Nous nous sommes aussi intéressés àl'intégration de l'inverse seesaw dans di�érents modèles supersymétriques. Cei on-duit à une augmentation de la setion e�ae de divers proessus violant la saveurleptonique du fait de ontributions plus importantes venant des diagrammes pingouinsomportant un boson de Higgs ou Z0. Finalement, nous avons aussi montré que lesnouveaux anaux de désintégration ouverts par la présene de neutrinos stériles dansles modèles de seesaw inverse supersymétriques peuvent signi�ativement relaxer lesontraintes sur la masse et les ouplages d'un boson de Higgs CP-impair.Mots Clés: Modèle Standard, Neutrinos, Inverse Seesaw, Supersymétrie, Violationde la saveur leptonique, Violation de l'universalité leptoniqueThèse préparée au LABORATOIRE DE PHYSIQUE THÉORIQUE D'ORSAY,Bâtiment 210, Université Paris-Sud 11, 91405 Orsay Cedex
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EFFECTS OF FERMIONIC SINGLET NEUTRINOS ON HIGH- ANDLOW-ENERGY OBSERVABLESAbstratIn this dotoral thesis, we study both low- and high-energy observables related tomassive neutrinos. Neutrino osillations have provided indisputable evidene in favourof non-zero neutrino masses and mixings. However, the original formulation of theStandard Model annot aount for these observations, whih alls for the introdu-tion of new Physis. Among many possibilities, we fous here on the inverse seesaw,a neutrino mass generation mehanism in whih the Standard Model is extended withfermioni gauge singlets. This model o�ers an attrative alternative to the usual see-saw realisations sine it an potentially have natural Yukawa ouplings (O(1)) whilekeeping the new Physis sale at energies within reah of the LHC. Among the manypossible e�ets, this senario an lead to deviations from lepton �avour universality.We have investigated these signatures and found that the ratios RK and Rπ providenew, additional onstraints on the inverse seesaw. We have also onsidered the em-bedding of the inverse seesaw in supersymmetri models. This leads to inreased ratesfor various lepton �avour violating proesses, due to enhaned ontributions from pen-guin diagrams mediated by the Higgs and Z0 bosons. Finally, we also found that thenew invisible deay hannels assoiated with the sterile neutrinos present in the super-symmetri inverse seesaw ould signi�antly weaken the onstraints on the mass andouplings of a light CP-odd Higgs boson.Keywords: Standard Model, Neutrinos, Inverse Seesaw, Supersymmetry, LeptonFlavour Violation, Lepton Universality ViolationThesis prepared at the LABORATOIRE DE PHYSIQUE THÉORIQUE D'ORSAY,Bâtiment 210, Université Paris-Sud 11, 91405 Orsay Cedex
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Die Forshung war aufs vernehmlihstedaran erinnert worden, dass dasFundament der Wissenshaft, wenn ihrGebäude höher und höher geführt wird,gleihzeitig in die Tiefe sinken muss, wennes sein Gewiht noh tragen soll. Denn derBoden, in dem dieses Gebäude ruht, ist janiht der Fels einer siheren vor allerWissenshaft stehenden Erkenntnis,sondern ist das fruhtbare Erdreih derSprahe, die aus Handeln und Erfahrensih bildet. Ordnung der WirklihkeitWerner Heisenberg
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Introdution
Despite being the most ommon matter fermions that we know, neutrinos remainsmysterious partiles. While they are approximately as numerous as the photons in theUniverse (for every eletron there exist more than ten billion neutrinos), they are soelusive that a light-year of lead would only stop half of the neutrinos emitted by theSun. Their existene is ruial to supernovae, whih produe heavy elements, but alsoto nulear β-deays whih are at the heart of the thermonulear reations of stellarevolution. Their density also has important onsequenes in the evolution of the earlyUniverse.Fousing on Partile Physis, neutrinos are unique partiles sine they only interatweakly. Their masses are a million times smaller than the eletron mass and, beingeletrially neutral, they have the unique possibility to be their own antipartile. Thishas fuelled the interest in the experimental determination of their properties but alsoin theoretial models that ould explain neutrino masses and mixings. The seesawmehanisms are very attrative options sine they an generate naturally small neutrinomasses and ould possibly address the problem of the baryoni asymmetry of theUniverse. Among them, the inverse seesaw seems very appealing sine its naturallylow sale an lead to sizeable e�ets in a number of observables that an be tested atthe urrent generation of experiments.This dissertation is divided into three parts, the �rst one presenting the StandardModel of Partile Physis and the neutrino setor. In the �rst hapter, we fous onthe Standard Model, providing a brief historial introdution before proeeding todesribe the model in detail. In Chapter 2 after a historial aount of experimentaland theoretial progresses in the neutrino setor, we present the basi priniple behindneutrino osillations and the urrent experimental e�orts to determine the parametersassoiated with the neutrino setor.In the seond part of this thesis, we disuss neutrino mass generation mehanismsand their impat on lepton universality tests. The Chapter 3 introdues the theory ofmassive fermions and the impossibility to generate neutrino masses in the StandardModel. This alls for new Physis: one possibility is the seesaw mehanism in itsdi�erent realisations, whih an be embedded in the Standard Model or in extendedframeworks. Among the seesaw realisations, we have foused here on the inverse seesaw.In Chapter 4, we desribe how some of the best preditions of the Standard Model,whih have been measured with an unertainty below one perent, an be modi�ed bythe inlusion of extra fermioni singlets.Finally, in the last part, we onsider extended frameworks. In partiular, we fous17



List of Tableson supersymmetri extensions of the Standard Model whih addresses some of theissues of the Standard Model. In Chapter 5, we introdue supersymmetri modelswhile, in Chapter 6, we disuss how embedding the inverse seesaw in supersymmetriframeworks an lead to interesting experimental signatures like invisible CP-odd Higgsboson deays and lepton �avour violation.The original results derived during this PhD thesis are olleted in Chapters 4 and 6.
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Part IThe Standard Model and NeutrinoPhysisAll opinions are not equal. Some are a verygreat deal more robust, sophistiated andwell supported in logi and argument thanothers. The Salmon of DoubtDouglas Adams
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Chapter OneIntroduing the Standard Model
The Standard Model (SM) of Partile Physis is one of the most suessful and thor-oughly tested physial theory. Building on Quantum Mehanis and Speial Relativity,it gives a oherent piture of the mirosopi world with its fundamental bloks andtheir interations in the language of quantum �eld theory and gauge theory. Desribingexperimental results with a remarkable preision, it an also make de�nite preditions.Sine it ontains falsi�able statements, the SM thus veri�es Karl Popper's riterion ofdemaration between sienti� and unsienti� theories.Being onvined of its importane in modern Physis, we now provide a shorthistorial introdution to the Standard Model. In a seond setion, we will brush atheoretial portrait of this forty years old model.1.1 A tapestry �made by many artisans�As Sheldon Glashow, Abdus Salam and Steven Weinberg reminded us in their respe-tive Nobel letures in 1979, the Standard Model was not devised by one person. Itsformulation was a olletive e�ort, spanning deades and making use of many di�erentontributions. This short historial aount will fous on some of the theoretial ideasand experimental results whih made the development of this �integral work of art� [1℄possible. It is of the utmost importane to keep in mind that the SM did not originatefrom a lear, de�nite and evident researh program. It is the ombination of theoriesthat were devised in parallel, exhanging onepts and building on the suesses ofeah others.Quantum eletrodynamisThe �rst among those theories was Quantum Eletrodynamis (QED). Its foundationswere laid in 1927 when Paul Dira introdued the annihilation and reation opera-tors [2℄. The following year, trying to get rid of the negative energy solutions thatappeared in the Klein-Gordon equation, a relativisti version of the Shrödinger equa-tion, he formulated the relativisti wave equation for the eletron [3℄ and subsequently20



1.1. A tapestry �made by many artisans�used it to derive the magneti moment of that partile [4℄. However, when he omputedthe self-energy of the eletron in 1931, Robert Oppenheimer found that this theory di-verges at high-energies [5℄. The existene of divergenes in QED and in other �eldtheories would prove ruial to the development of the Standard Model, sine it wouldlater drive the searh for a theory of weak interations beyond the one formulated byEnrio Fermi.A �rst way to overome low-energy divergenes was proposed in 1937 by FelixBloh and Arnold Nordsiek [6℄. Later, in 1947, Hans Bethe introdued the proedureof renormalization in his alulation of the energy shift of the levels of a hydrogenatom [7℄, whih showed exellent agreement with the previous measurement by WillisLamb and Robert Retherford [8℄. The same year, Henry Foley and Polykarp Kushmeasured the anomalous moment of the eletron [9℄, whih would be alulated byJulian Shwinger one year later [10℄ and found to agree within 3%.Building on a �rst paper by Shin'ihir	o Tomonaga [11℄ that introdued a ovariantformulation of QED, Rihard Feynman [12℄, J. S. Shwinger [13℄, Takao Tati and S. I.Tomonaga [14℄ wrote down, in 1948, a fully ovariant and renormalized version ofQED. The following year, Freeman Dyson demonstrated the equivalene of Feynman's,Shwinger's and Tomonaga's theories [15℄ and linked ovariant QED [16℄ with the
S matrix formalism developed by Werner Heisenberg in 1943 [17℄. With this, a ompletedesription of QED had been devised and the most important subsequent developmentswould be the Ward identities [18℄ and the introdution of the renormalization groupby Ernst Stükelberg and André Petermann [19℄, whih was later explored by MurrayGell-Mann and Franis Low [20℄.Early theories of weak interationsWhile QED progressively provided a omplete piture of partiles interating througheletromagnetism, the elaboration of a theory desribing the weak fore was a veryeventful journey. Many of the early preoneptions about Physis had to be ast away,new partiles were predited and, in the end, it was found that the weak fore was onlya low-energy omponent of the eletroweak theory.Assuming the existene of the neutrino proposed by Wolfgang Pauli four yearsearlier, E. Fermi wrote down in 1934 a four-fermion interation [21℄ inspired by theeletromagneti urrent,

Lweak =
GF√
2
(ψ̄pγ

µψn)(ψ̄eγµψν) . (1.1)This would be extended in 1936 by George Gamow and Edward Teller to inludesalar, pseudo-salar, vetor, axial and tensor strutures [22℄. In 1949, Jayme Tiomnoand John Wheeler [23℄, independently from Tsung-Dao Lee, Marshall Rosenbluth andChen-Ning Yang [24℄, proposed that Fermi weak interations were universal, whih isto say that the oupling onstant is the same for di�erent proesses like β deay ormuon apture.Until then it was thought that parity, the reversal of spatial axes, was a fundamentalsymmetry of nature, leaving the laws of Physis invariant. However, what was supposed21



1. Introduing the Standard Modelto be two mesons deaying into �nal states with opposite parity, θ+ → π+π0 and
τ+ → π+π+π−, seemed to be a single partile sine they had the same deay width andthe same mass as measured by Luis Alvarez and Sulamith Goldhaber [25℄ and RobertBirge, James Peterson, Donald Stork and Marian Whitehead [26℄. That situation wasknown as the θ − τ puzzle. T. D. Lee and C. N. Yang suggested in 1956 that parityould be violated in weak interations along with possible experimental tests [27℄. Thiswas on�rmed by the measure of the angular distribution of eletrons in β deay of
60Co the following year by Chien-Shiung Wu et al. [28℄. Then, in 1958, the violationof parity was inorporated in the theory of weak interations by R. P. Feynman andM. Gell-Mann [29℄, Robert Marshak and George Sudarshan [30℄ and Jun Sakurai [31℄.This was done by onsidering a universal V −A urrent for the Fermi interation. Thusthe weak interations would violate parity (and harge onjugation) but onserve theirprodut, CP. But that symmetry was found, a few years later, to be violated too.
Non-Abelian gauge theories and spontaneous symmetry breakingFrom a gauge theory point of view, QED is relatively simple sine it is based on theabelian group U(1). However this an only desribe interations with one intermediatevetor boson. In a seminal paper written in 1954, C. N. Yang and Robert Mills extendedthe onept of gauge theories to non-abelian groups [32℄. They tried to onstrut atheory of the strong interations based on the isotopi spin onservation group SU(2).Their model sueeded in having three intermediate vetor bosons with eletri harge
0 and ±e when, at the time, pions were thought to be the mediators of the strong fore.However, they predited a massless vetor boson while pions were known to have a non-zero mass of approximately 135 GeV. A. Salam and John Ward introdued in 1961 thegauge priniple as a method for building interating �eld theories [33℄. However, gaugetheories were not really well thought of at that time. Indeed, the vetor bosons mustremain massless in order to preserve gauge invariane, whih ontradited the idea thatthe bosons mediating the fores should be massive sine weak and strong interationsare short-ranged.This apparent ontradition was solved three years later when Gerald Guralnik,Carl Hagen and Tom Kibble [34℄, Robert Brout and François Englert [35℄ and PeterHiggs [36℄ proposed a mehanism for spontaneous symmetry breaking that gives rise tomassive vetor bosons. Their work built on an earlier disovery by Yoihiro Nambu [37℄and Je�rey Goldstone [38℄ that a symmetry an be onserved at the urrent level whilethe vauum is not invariant under the ation of the orresponding generators, sponta-neously breaking the symmetry. Moreover, if a ontinuous global symmetry is brokenin that way, new massless salar bosons appear in the theory. In 1967, T. Kibbleextended this mehanism to non-Abelian gauge theories [39℄. The same year, LudvigFaddeev and Vitor Popov devised a method for the alulation of Feynman diagramsin Yang-Mills theories [40℄. As for QED, the renormalizability of those theories re-mained an open question for some time. Indeed, it was only in 1971 that Gerard 'tHooft demonstrated that massless and massive Yang-Mills theories with spontaneoussymmetry breaking are renormalizable.22



1.1. A tapestry �made by many artisans�The quark model and quantum hromodynamisWhile theorists were developing the tools of gauge theories, experimentalists were dis-overing new partiles at an inreasing rate, espeially sine they were shifting fromthe study of osmi ray showers to aelerator based experiments. In fat, the �ftiessaw an avalanhe of new partiles. Trying to make sense of all these new states, M.Gell-Mann [41℄ and Yuval Ne'eman [42℄ made use of the �eightfold way�, the SU(3)�avour symmetry, to lassify known hadrons. But this was learly an approximatesymmetry beause the mesons grouped in the same otet had di�erent masses. Thisindependently led M. Gell-Mann [43℄ and George Zweig [44℄ to suggest that hadronswere made of quarks and anti-quarks in 1964. This was on�rmed four years later bydeep inelasti sattering experiments at SLAC [45℄. The large angle at whih eletronswere sometimes deviated led James Bjørken and R. P. Feynman to interpret neutronand proton as being made of point-like partiles [46℄.However, the quark model su�ered from a problem: baryons are fermions but, forexample, the ∆++ is made of three up quarks and has a positive parity, whih isforbidden by the Pauli exlusion priniple. To solve this issue, Osar Greenberg [47℄,Y. Nambu and Moo-Young Han [48℄ introdued, in 1964, an extra quantum number,known today as olour, with a SU(3) symmetry. Y. Nambu and M. Y. Han alsoassigned the interations to an otet of vetor bosons, the gluons. At the same time,J. D. Bjørken and S. L. Glashow [49℄ proposed the existene of a fourth quark, namedharm, to improve the Gell-Mann�Okubo mass formula (and obtain the orret massof the ρ meson), restore the lepton�quark symmetry and give a better desriptionof weak interations. Building on the quark�lepton symmetry, S. L. Glashow, JeanIliopoulos and Luiano Maiani predited the existene of the harm quark through thesuppression of the �avour hanging neutral urrent by the GIM mehanism [50℄. Whilethis predition was made in 1970, the harm quark existene was only on�rmed fouryears later by the parallel disovery at SLAC and Brookhaven of the J/ψ [51℄.The formulation of the eletroweak theory and its suesses restored due interest inYang-Mills theories during the early seventies. Using the renormalization group methodintrodued by M. Gell-Mann and F. E. Low [20℄, David Gross and Frank Wilzek [52℄,and independently David Politzer [53℄, showed that, in Yang-Mills theories with asmall number of fermions, the β funtion1 is negative, driving the e�etive oupling tozero. This remarkable property, named asymptoti freedom, is very important sine itprevents the apparition of a Landau pole2 in the theory. Subsequently, the Lagrangianof quantum hromodynamis (QCD) was written down and the non-observation of themassless gluon was linked to olour on�nement in unbroken SU(3) [54℄.
1The β funtion desribes the shift of the renormalized oupling due to a hange in the renormal-ization sale. The renormalization group equation gives β(ḡ) = dḡ

d log(Q/M) with the initial onditionfor the running oupling ḡ(M) = g.2A Landau pole orresponds to a diverge in the running of a renormalized oupling, with theoupling beoming in�nite at a �nite energy sale. 23



1. Introduing the Standard ModelCP violation and the CKM matrixThe �rst experiments studying strange hadrons found that strangeness hanging weakdeays with ∆s = 1 were strongly suppressed. In order to explain this and write downa universal hadroni urrent, Niola Cabibbo introdued in 1963 a mixing between thedown and the strange quarks [55℄,
(
d′

s′

)
=

(
cos θC sin θC
− sin θC cos θC

)(
d
s

)
, (1.2)where d′, s′ are the interation eigenstates while d and s are the mass eigenstates. Thefollowing year, an experiment made a surprising disovery. While it was known thatparity was violated, it was thought at that time, as suggested by Lev Landau [56℄,that CP was a true symmetry of nature. However by studying the deay of K0

L intwo pions, James Christenson, James Cronin, Val Fith and René Turlay found the�rst evidene of CP violation. However, the four-quark piture that emerged fromthe GIM mehanism was not able to aount for CP violation. This ould only beaommodated if a third generation of quarks existed as shown by Makoto Kobayashiand Toshihide Maskawa in 1973 [57℄. The two generation mixing matrix parametrizedby the Cabbibo angle beame then a unitary mixing matrix parametrized by threemixing angles and a omplex phase responsible for CP violation.
Unifying eletromagnetism with the weak interationEven though the V −A theory appeared to give an appropriate desription of the weakinteration, it was plagued with theoretial inonsistenies. The Fermi interation isa four-fermions interation and, as suh, its oupling onstant GF has a dimensionof [m]−2. Therefore, the ross setion for a proess desribed by the Fermi theorygrows as σ ∼ G2

Fs with s the invariant mass of the olliding partiles, whih is learlydivergent and ends up violating unitarity. In 1957, J. Shwinger [58℄, T. D. Lee andC. N. Yang [59℄ introdued the idea of a possible intermediate vetor boson for weakinterations, making the new oupling onstant dimensionless. However, this onlydelays unitarity violation sine the ross setion for the intermediate boson satteringis still divergent. Besides, to aount for the short range of the weak interation,the mediators should be massive. But adding a mass term for a gauge boson to aYang-Mills theory would expliitly break gauge invariane. As mentioned earlier, theHiggs mehanism provided a way out of this issue, immediately exploited by A. Salamand J. C. Ward, giving rise to the eletroweak Lagrangian and prediting the W±mass [60℄. Three years later, in 1967, S. Weinberg also formulated a Lagrangian for theeletroweak theory and predited the mass of the W± and Z0 bosons [61℄, the latterhaving already been introdued by S. L. Glashow in 1961 [62℄. When ombined withQCD, the eletroweak theory forms what is now alled the Standard Model of partilephysis.24



1.2. The Standard Model in a nutshellReent developmentsThe newly formulated Standard Model quikly reeived a strong experimental supportfrom the observation of weak neutral urrent in the Gargamelle experiment at CERNin 1973 [63℄, an observation that was on�rmed the following year at Fermilab [64℄.The �rst partile from the third generation, the τ lepton, was produed at SLAC [65℄in 1975. Two years later, the �rst meson ontaining a third generation quark, the Υ,was disovered at Fermilab [66℄, while evidene for the existene of gluons appearedtwo years later in the proess e+e− → 3 jets [67℄. The eletroweak theory reeived animportant experimental on�rmation in 1983 when the weak bosons W± and Z0 wereobserved by the UA1 and UA2 ollaborations at CERN [68℄. The last missing quark,the top, was disovered in 1995 by the CDF and DØ experiments [69℄. Finally, lastyear saw the observation of a new boson by the ATLAS and CMS ollaborations withproperties ompatible with the �nal piee of the Standard Model, the Higgs boson [70℄.With all these developments, the Standard Model is now a full-�edged theory whosepartiles have all been observed. It has been thoroughly tested and only one of itspredition has been found to strongly disagree with experiments yet: the absene ofneutrino mass. In the following setion, we will desribe the piture that has beenforged over the years.1.2 The Standard Model in a nutshellAfter quikly explaining the idea behind gauge theories, we will introdue the StandardModel gauge group. Then, we will present its partile ontent and the onept ofspontaneous symmetry breaking. Finally, we will expliitly write the Standard ModelLagrangian and desribe how masses are generated, disussing the preditions omingfrom the eletroweak symmetry breaking [71℄.Gauge theories and the Standard Model gauge groupGauge theories have the very interesting property that their dynamis is determinedby an underlying symmetry. When the Lagrangian is invariant under loal symmetrytransformations assoiated with a Lie group, the Hermitian matries ta (a = 1, ..., N),whih form a unitary representation of the N generators of the Lie algebra, satisfy theommutation relations
[ta, tb] = ıfabctc , (1.3)where fabc are the struture onstants. If all the latter are zero, then the group is said tobe Abelian. Under a transformation desribed by the parameters θa(x) (a = 1, ..., N),a matter �eld transforms as

ψ(x) → ψ′(x) = eıθ
a(x)taψ(x) . (1.4)However, the kineti term in the Lagrangian for the matter �eld annot be invariantunder this loal transformation sine the �eld derivative transforms di�erently. 25



1. Introduing the Standard ModelThis issue is solved by introduing a set of N real spin-1 gauge �elds Aa
µ (a =

1, ..., N) and replaing the ordinary derivative by the ovariant derivative de�ned by
Dµ = ∂µ + ıgtaAa

µ , (1.5)where g is a real oupling onstant and the vetor �eld Aa
µ transforms as

taAa
µ → taAa

µ′ = eıθ
a(x)ta

(
taAa

µ −
ı

g
∂µ

)
e−ıθa(x)ta . (1.6)To make this vetor gauge �eld dynamial, a �eld strength should be added. So thatthe Lagrangian is invariant under loal gauge transformations, the �eld strengh musthave the form

F a
µν = ∂µA

a
ν − ∂νA

a
µ − gfabcAb

µA
c
ν . (1.7)It is worth noting that the invariane of the Lagrangian under loal gauge transforma-tion requires the introdution of gauge bosons, and determines their oupling to matterup to a universal sale given by the oupling onstant. This invariane also forbids massterms for the gauge �elds sine they would expliitly break the loal symmetry. Thisis true as long as the symmetry remains unbroken. Conversely, expliit mass terms formatter �elds are allowed.Let us now fous on the Standard Model. As mentioned in the historial intro-dution, it has two setors that do not mix. The �rst one, quantum hromodynamis,desribes strong interations via the unbroken gauge group SU(3)c, where c stands forolour, the assoiated harge. The seond one, the eletroweak theory, desribes theweak and eletromagneti interations through the produt SU(2)L × U(1)Y . L de-notes the fat that the weak interation maximally violates parity by ating only onleft-handed fermions, while Y is the hyperharge, related to the eletrial harge Qthrough the Gell-Mann�Nishijima relation

Q = I3 +
Y

2
, (1.8)where I3 is the third omponent of weak isospin. As we will see below, the eletroweaksymmetry is broken at low energy to U(1)em, whih allows the weak interation bosonsto be massive while the photon remains massless.The partile ontentBuilt on the gauge group SU(3)c×SU(2)L×U(1)Y , the Standard Model should inludethe gauge �elds assoiated with this symmetry group. Let us �rst onsider the unbro-ken SU(3)c. It has eight generators, whih, in its 3-dimensional unitary representation,are given by the eight 3 × 3 Hermitian traeless Gell-Mann matries λa. Those areassoiated with eight vetor gauge boson, the gluons, whih are massless sine SU(3)cremains unbroken. If we look at the eletroweak theory, things are slightly more om-pliated: SU(2)L has three generators, whih orrespond in the 2-dimensional unitaryrepresentation to the Pauli matries

σ1 =

(
0 1
1 0

)
, σ2 =

(
0 −ı
ı 0

)
, σ3 =

(
1 0
0 −1

)
. (1.9)26



1.2. The Standard Model in a nutshellField Mass (GeV) Spin U(1)em harge SU(3)c rep.
G 0 1 0 8

W± 80.385± 0.015 1 ±1 1

Z0 91.1876± 0.0021 1 0 1

γ 0 1 0 1

φ0 ATLAS : 125.5± 0.7
CMS : 125.8± 0.6

0 0 1Table 1.1: The bosoni ontent of the Standard Model after eletroweak symmetrybreaking. The masses are extrated from the Review of Partile Physis [72℄, with theexeption of the so alled �Higgs� mass [73℄.They add three gauge bosons while a fourth one omes from U(1)Y . However, atlow energy SU(2)L × U(1)Y is spontaneously broken to U(1)em, whih means thatone gauge boson should remain massless. Moreover, U(1)Y and U(1)em orrespond todi�erent harges, even if they are related through the Gell-Mann�Nishijima relation.This indiates that the massless spin-1 �eld will be a mixture of spin-1 �elds from
SU(2)L × U(1)Y . We will expliitly show this below when desribing the Higgs meh-anism. The only other boson in the Standard Model is a spin-0 partile, the Higgsboson, whih is required to spontaneously break SU(2)L×U(1)Y . The bosoni ontentof the Standard Model, in unitary gauge after eletroweak symmetry breaking, is givenin table 1.1.Fermions belong to irreduible unitary representations of the Lie groups. As aonsequene, they an be lassi�ed aording to the representations they belong to. Forexample, leptons and quarks form singlets and triplets of SU(3)c, respetively, whileantiquarks are assigned to the onjugate 3

∗ representation. However, the number ofgenerations is unonstrained whereas the number of fermions for eah generation andthe representation they belong to must ensure anomaly anellation. Three generationsare present in the Standard Model in order to aount for the observed partiles andCP violation. All partiles have two hiralities, with the exeption of neutrinos whihhave no right-handed omponent, making them massless by onstrution3. Left-handed�elds are grouped in SU(2) doublets with the third omponent of weak isospin written
I3. All the Standard Model fundamental fermions have a 1/2 spin, an eletrial hargegiven by the Gell-Mann�Nishijima relation (eq. 1.8) and are listed in table A.2.The Standard Model LagrangianWith the desription of the gauge group and the partile ontent of the SM given inthe previous setions, we an now write down the orresponding Lagrangian. However,as we have mentioned for bosons, expliit mass terms violate gauge invariane. This isalso true for fermioni Dira mass terms. To respet Lorentz invariane, these termsshould relate the two hiralities of a fermion through m(ψRψL +ψLψR). However, left-handed and right-handed �elds belong to di�erent SU(2)L representations and their3However, this has been proven to be in disagreement with the experimental observation of neu-trino osillations. We will return to this issue in the next hapter. 27



1. Introduing the Standard ModelField Mass (GeV) U(1)em harge I3 SU(3)c rep.
νe < 2× 10−9 0 1/2 1

e (5.10998928± 0.00000011)× 10−4 −1 −1/2 1

νµ < 1.9× 10−4 0 1/2 1

µ (1.056583715± 0.000000035)× 10−1 −1 −1/2 1

ντ < 1.82× 10−2 0 1/2 1

τ 1.77682± 0.00016 −1 −1/2 1

u (2.27± 0.14)× 10−3 (MS) 2/3 1/2 3

d (4.78± 0.09)× 10−3 (MS) −1/3 −1/2 3

c 1.275± 0.004 (MS) 2/3 1/2 3

s (9.43± 0.12)× 10−2 (MS) −1/3 −1/2 3

t 173.5± 1.0 2/3 1/2 3

b 4.18± 0.03 (MS) −1/3 −1/2 3Table 1.2: The fermioni ontent of the Standard Model. All masses are extratedfrom the Review of Partile Physis [72℄.produt is not gauge invariant. A way out of this issue is to introdue a salar �eld,whih belongs to a SU(2)L doublet φ, that will take a non-zero vauum expetationvalue (vev). This is, in fat, the same salar �eld that generates masses for the weakbosons through the Higgs mehanism, whih will be desribed in more detail in thenext setion.In the following, we will write the SM Lagrangian before eletroweak symmetrybreaking. The �eld strengths for the eight gluons Ga
µ (a = 1, ..., 8), the three gaugebosons W a

µ (a = 1, 2, 3) assoiated with SU(2)L and the U(1)Y vetor boson Bµ aregiven by
Ga

µν = ∂µG
a
ν − ∂νG

a
µ − gsf

abcGb
µG

c
ν , (1.10)

W a
µν = ∂µW

a
ν − ∂νW

a
µ − gεabcW b

µW
c
ν , (1.11)

Bµν = ∂µBν − ∂νBµ , (1.12)where gs and g are the SU(3)c and SU(2)L oupling onstants, respetively, fabc =
−ıTr([λa, λb]λc)/4 and εabc is the three-dimensional Levi-Civita tensor. For omplete-ness, we also de�ne the U(1)Y oupling onstant as g′. With this, it is now possible toexpress the ovariant derivative as

Dµ = ∂µ + ıgs
λa

2
Ga

µ + ıg
σa

2
W a

µ + ıg′Y
2
Bµ . (1.13)For example, a left-handed neutrino will (only) see the term assoiated with the strongoupling drop from the ovariant derivative.The SM Lagrangian an be deomposed as follows

LSM = Lgauge + Lmatter + LHiggs + LY ukawa , (1.14)where, noting the SU(2)L doublets L =
(
νL
eL

), Q =
(
uL

dL

) and φ =
(
φ+

φ0

), the di�erent28



1.2. The Standard Model in a nutshell

Figure 1.1: The salar potential of the Standard Model: spontaneous symmetry break-ing ours when the �eld leaves the unstable extremum at φ = 0 to reah a minimum ina randomly hosen diretion, thus aquiring a non-zero vev. Reprinted by permissionfrom Mamillan Publishers Ltd: Nature Physis [74℄, opyright 2011.ontributions are
Lgauge = −1

4
Ga

µνG
aµν − 1

4
W a

µνW
aµν − 1

4
BµνB

µν , (1.15)
Lmatter = ı

∑

i=e,µ,τ

Li /DLi + ı
∑

i=1,2,3

Qi /DQi + ı
∑

i=e,µ,τ

ℓRi /DℓRi (1.16)
+ı

∑

i=u,c,t

qRi /DqRi + ı
∑

i=d,s,b

qRi /DqRi ,

LHiggs = (Dµφ)†(Dµφ)− µ2φ†φ− λ(φ†φ)2 , (1.17)
LY ukawa = −

∑

i,j=e,µ,τ

(
Y ij
ℓ LiφeRj + h.c.

)
−

∑

i=1,2,3,j=u,c,t

(
Y ij
u Qiφ̃qRj + h.c.

)(1.18)
−

∑

i=1,2,3,j=d,s,b

(
Y ij
d QiφqRj + h.c.

)
,with φ̃ = ıσ2φ

∗. But what happens after eletroweak symmetry breaking when theHiggs salar develops a non-zero vev ?Spontaneous symmetry breaking and the Higgs mehanismLet us �rst reall that even if a Lagrangian is invariant under a given global ontinuoussymmetry, the orresponding theory might not respet this symmetry. Symmetries anbe realized in two ways in Nature. The �rst one is the Wigner-Weyl mode where thevauum is also invariant under the symmetry onsidered. This would, for example,imply that partiles that are related through the symmetry are degenerate in mass.The seond ase orresponds to the Nambu-Goldstone mode where the ground stateof the theory is not invariant. As a onsequene, a massless salar will appear in thetheory for every generator of the broken symmetry.Applying this idea to loal symmetries is the basis of the Higgs mehanism. Whenone onsiders the salar potential of the SM, pitured in 1.1
V (φ) = µ2φ†φ+ λ(φ†φ)2 , (1.19)29



1. Introduing the Standard Modelthe ondition µ2 < 0 is required to have a vauum state that breaks SU(2)L invariane.Thus, the vev of the Higgs doublet is
〈φ〉 = 1√

2

(
0

v

)
, (1.20)where

v =

√
−µ2

λ
. (1.21)The gauge boson masses an be derived by onsidering the kineti term of the Higgsdoublet. The ovariant derivative reads
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.If the physial �elds are de�ned as
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, (1.24)then one an immediately see from eq. (1.24) that there are three massive vetor bosons,the two W± with a mass of
mW =

gv

2
, (1.25)and the Z0 with a mass of

mZ =

√
g2 + g′2
2

v , (1.26)and a massless photon in aordane to the fat that U(1)em remains unbroken. It isalso possible to de�ne the weak mixing angle θw whih relates W 3
µ and Bµ to Z0

µ and
Aµ through the relation

tan θw =
g′
g
. (1.27)From this and the fermion ouplings to the weak gauge bosons, the eletri harge ofthe positron is given by

e = g sin θw , (1.28)and the Fermi onstant reads
GF√
2
=

g2

8m2
W

, (1.29)whih, from the experimental measurement of the Fermi onstant and the W± mass,an be translated to v ≃ 246 GeV.It is worth noting that the Higgs salar doublet being omplex, it has four degreesof freedom. Three of them are Goldstone bosons that end up ombining with the30



1.2. The Standard Model in a nutshell
W± and Z0 to give them their longitudinal omponent. This has a onsequene athigh-energy, whih is the Goldstone boson equivalene theorem [75℄: at energies muhhigher than mW , the leading-order amplitude of a proess involving a longitudinallypolarized on-shell vetor boson is equal to the one where the vetor boson has beenreplaed with the orresponding Goldstone boson.Finally, it is straightforward to �nd that fermion masses arise from the Yukawaterms. However, Yukawa ouplings are generally omplex matries that should bedeomposed by biunitary transformations of ψL and ψR. If the resulting diagonalmatrix is written yijα then the orresponding fermion masses are given by

mi =
yiiαv√
2
, (1.30)while the produt of the unitary transformations of the left-handed up and down quarksresults in the CKM matrix [57℄. The leptoni setor having only one Yukawa ouplingmatrix in the SM, it is possible to de�ne a basis, the �avour basis, in whih the hargedlepton mass matrix and the harged lepton interations with the neutrinos are diagonal.However, this forbids the possibility of neutrino osillations, ontraditing experimentalobservations. This will be disussed in more details in the next hapter, along somepossible ways out of this issue.
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Chapter TwoThe neutrino setor
Due to their unique properties, neutrino are fasinating partiles: they are the onlyneutral elementary fermions in the Standard Model (SM), whih opens the possibilityfor them to be of Majorana nature. They are only sensitive to weak interations,rendering them very elusive. While all fermions have masses around or above the MeV,their masses lie at the eV sale, or below. Neutrinos an have a ruial role in a widevariety of phenomena, ranging from the formulation of β deay to supernovae dynamisand Universe and stellar evolutions. All these features ontribute to their uniquenessamong all other SM fermions.In this hapter, we will summarise some important disoveries in neutrino Physisbefore proeeding to a survey of di�erent topis and urrent related experimental issues.2.1 A brief history of neutrinosThe beginning of neutrino history an be traed bak to the β deay problem and to itssolution. In 1914, James Chadwik observed for the �rst time that the β spetrum wasontinuous [76℄, whih was on�rmed in 1927 by Charles Ellis and WilliamWooster [77℄.This proved to be a very serious issue at that time sine the eletron spetrum shouldbe monohromati if the β deays orresponded to two body deays. Suh a puzzleeven led Niels Bohr to suggest that energy might not be onserved after all. Thesolution ame, in 1930, from W. Pauli who proposed, in a now famous letter (see�g. 2.1), the existene of a third partile, the neutron, later to be renamed neutrino(�little� neutron in Italian) by E. Fermi. But it was only three years later that W. Paulipublily presented and ommitted his idea to paper [78℄. In 1934, E. Fermi inludedthe neutrino in its four-fermion desription of the β deay [21℄ while, during the sameyear, H. A. Bethe and Rudolf Peierls ame to the disouraging onlusion that, with aross-setion for the inverse β deay below 10−43cm2, �there is no pratially possibleway of observing the neutrino� [79℄. This period of intense theoretial developmentreeived another important ontribution in 1937, when Ettore Majorana formulated atheory where the neutrino and its antipartile are one and the same [80℄.The next important period in neutrino history ourred during the �fties with the32



2.1. A brief history of neutrinos

Figure 2.1: Pauli's open letter to the Tübingen ongress. From the Pauli LetterColletion at CERN, referene meitner_0393, reprodued by permission of the PauliCommittee.
33



2. The neutrino setor

(a) Coneptual proposal of the �rst experiment. (b) Shemati of Savannah River detetor.Figure 2.2: The experiments designed to detet neutrinos by F. Reines and C. L.Cowan. Reprinted from [81℄, opyright 1994, with permission from Elsevier.�rst observation of the eletron anti-neutrino by Frederik Reines and Clyde Cowan.The former started addressing the problem of neutrino detetion in 1951, oming to theonlusion that the best soure of neutrinos would be an atom bomb, onlusion sharedby E. Fermi [81℄. With C. L. Cowan, F. Reines subsequently designed the experimentpresented in �g. 2.2(a), whih involved an atom bomb and a ton-sale detetor (usingliquid sintillator) that should free fall in vauum in order to esape the shok wave fromthe blast. Surprisingly enough, the experiment, whih used inverse β deay to detetneutrinos, was approved by the Los Alamos National Laboratory diretion. However,F. Reines and C. L. Cowan preferred to use a nulear reator as a soure, �nding thatthe bakground ould be su�iently redued to make the experiment viable, providedthat they searhed for the positron annihilation signal and the delayed signal from theneutron apture by admium. A �rst experiment onduted at the Hanford nulearreator found evidene of the neutrino but was plagued by a high level of bakgrounddue to osmi rays [82℄. The experiment was later moved to the Savannah River Plantwhih, being 12 meters underground, o�ered a shielded loation. This allowed theteam to on�rm the observation of the neutrino and to measure the inverse β deayross-setion [83℄. A shemati desription of the experiment is given in �g. 2.2(b).This observation was followed by two important theoretial developments in 1957.First, A. Salam [84℄, L. D. Landau [85℄, T. D. Lee and C. N. Yang [86℄ introdued thetwo omponent theory of neutrino aording to whih the neutrino has to be either rightor left-handed. It had been found that eletrons emitted in weak deays were mostlyleft-handed [87℄, implying that if weak urrents were vetorial or axial, then the neu-trino was neessarily left-handed. Conversely, if weak urrents were salar or tensorial,then the neutrino had to be right-handed. Seond, Bruno Ponteorvo realised the pos-sibility of neutrino osillations [88℄, although he was onsidering neutrino�antineutrinoosillations at the time. The following year, Maurie Goldhaber, Lee Grodzins andAndrew Sunyar found the �rst evidene of a negative heliity for neutrinos [89℄, imply-34



2.2. Theoretial interlude on neutrino osillationsing that weak urrents have a V −A struture.In 1962, a group at the Brookhaven AGS aelerator observed the muon neutrinofor the �rst time [90℄. Three years later, atmospheri neutrinos from osmi rays weredeteted for the �rst time in mines in South Afria [91℄ and India [92℄. Finally, theend of the deade saw the start of one of the longest ever running experiments, theHomestake experiment, based on a radiohemial detetion method �rst proposed byB. Ponteorvo in 1946 [93℄ and L. W. Alvarez in 1949 [94℄.During the 1970s, the �rst indiation of neutrino osillations appeared at theHomestake experiment [95℄. A de�it in the expeted neutrino �ux from the Sunemerged, pointing towards either an inonsisteny in the Standard Solar Model orto neutrino osillations. This was known as the solar neutrino problem. In 1989, theMARK-II ollaboration obtained the �rst evidene of the existene of three ative lightneutrinos [96℄, whih would later be on�rmed by experiments at the Large Eletron�Positron Collider (LEP) [97℄. The de�nitive on�rmation of neutrino osillations wouldome in 1998 from the Super-Kamiokande ollaboration [98℄: they observed a zenith de-pendant de�it of muon neutrinos, onsistent with the two-�avour osillation νµ → ντhypothesis. Around the same time, the DONUT ollaboration announed the disov-ery of the tau neutrino [99℄. The osillation hypothesis was further on�rmed by theSudbury Neutrino Observatory (SNO) ollaboration [100℄, while the KamLAND ex-periment, in 2005, observed with a very high signi�ane a distortion in the neutrinoenergy spetrum in agreement with ν̄e osillations [101℄.In the following setion, we will brie�y desribe the basi theoretial frameworkbehind neutrino osillations. We will also introdue and de�ne notions that will beuseful when summarising urrent issues in the last setion.2.2 Theoretial interlude on neutrino osillationsThe simplest explanation for neutrino osillations is to onsider that they are massiveand non-aligned with the harged leptons, whih orresponds to a mixing in hargedurrents
Jµ
W =

1√
2
νiU

∗
jiγ

µPLℓj , (2.1)where U is the Ponteorvo-Maki-Nakagawa-Sakata (PMNS) matrix, from the names ofB. Ponteorvo who proposed neutrino osillations and Ziro Maki, Masami Nakagawaand Shoihi Sakata who introdued this mixing matrix [102℄. Here, νi and ℓj are masseigenstates, whih means that they are eigenstates of the Casimir operator P 2, Pµ beingthe 4-momentum operator. They are, equivalently, eigenvetors of their respetive massmatries, using the approah introdued in Chapter 3. It is also possible to de�ne�avour eigenstates as the neutrinos assoiated with the transition ℓ−α → να, in thebasis where harged leptons are diagonal. The �avour eigenstates are related to themass eigenstates through
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U∗
αi|νi〉 , (2.2)35



2. The neutrino setorwhen neutrinos are desribed by plane waves and experiments are not sensitive tothe neutrino mass di�erenes in the prodution and detetion proesses. Nevertheless,neutrino prodution and detetion are loalized and neutrino are properly desribedby wave pakets.A neutrino that is produed or deteted in assoiation with a harged lepton is a�avour eigenstate, whih orresponds to a superposition of mass eigenstates. However,if the mass eigenstates are non-degenerate, the assoiated plane waves will have di�erenttime evolutions via the Shrödinger equation. This results in a superposition of masseigenstates that is di�erent from the initial �avour eigenstates, generating neutrinoosillations. Following [103℄, the transition probability for ultrarelativisti neutrinos is
Pνα→νβ(L,E) =

3∑

k,j=1

U∗
αkUβkUαjU

∗
βjexp

(
−ı∆m

2
kjL

2E

)
, (2.3)where L is the distane between the soure and the detetor, E ≃ |~p| is the neutrinoenergy and the squared mass di�erene is

∆m2
kj = m2

k −m2
j . (2.4)It is lear from eq. (2.3) that the osillation probability is non-zero only if mixing ispresent and the neutrino masses are di�erent.The PMNS matrix an be parametrized as

UPMNS = UD × diag(1 , eıα21/2 , eıα31/2) , (2.5)where α21 and α31 are two physial Majorana phases that are absent if the neutrinosare Dira fermions. The part of the PMNS matrix parametrized similarly to the CKMmatrix is
UD =




c13c12 c13s12 s13e
−iδ

−c23s12 − s23s13c12e
iδ c23c12 − s23s13s12e

iδ s23c13
s23s12 − c23s13c12e

iδ −s23c12 − c23s13s12e
iδ c23c13


 . (2.6)where cij = cos θij , sij = sin θij and δ is the CP violating phase. It is worth notingthat while the PMNS and CKM matrix are similar, they belong to two di�erent mix-ing regimes, the CKM matrix being muh more hierarhial than the PMNS matrix.Another interesting feature is that neutrino osillation probabilities do not depend onMajorana phases. The dependene of the osillation probability (2.3) on the mixingmatrix an be rewritten
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∗
Dβj , (2.7)with α11 = 0 and all the Majorana phases anelling out. As a onsequene, experi-ments based on osillations annot test the Majorana or Dira nature the neutrino.Nowadays, most of the osillation parameters have been experimentally measured,with the exeption of a CP violating phase in the lepton mixing matrix. Three groups36



2.3. The urrent experimental status

Figure 2.3: Mass eigenstates omposition and ordering in the normal (left, NH) andinverted (right, IH) hierarhy of the neutrino spetrum. For eah eigenstate, the on-tribution from the eletron neutrino is given in yellow, red for the muon neutrino andblue for the tau neutrino. Figure by kismala on Wikimedia Commons.have published �ts to the data from atmospheri, solar, reator and aelerator exper-iments [104�106℄. The global �t ollaboration NuFIT established [106℄
sin2 θ12 = 0.3060.012−0.012 , ∆m2

12 = 7.45+0.19
−0.16 × 10−5 eV2 ,

sin2 θ23 = 0.437+0.061
−0.031 , ∆m2

32 = −2.410+0.062
−0.063 × 10−3 eV2 (IH) ,

sin2 θ13 = 0.0231+0.0023
−0.0022 , ∆m2

31 = +2.421+0.022
−0.023 × 10−3 eV2 (NH) , (2.8)where NH and IH refer to the normal and inverted hierarhies of the neutrino spetrum,respetively. Both hierarhies are depited in �gure 2.3 and orrespond to possible massorderings allowed due to the absene of a deisive measurement of ∆m2

32 sign.Reently, huge improvements have been made in the determination of the osillationparameters leading to the global �t presented above and they will be desribed in thenext setion. Moreover, neutrinos oming from many di�erent soures, astrophysialor terrestrial, have been observed and we will brie�y survey the di�erent dediatedexperiments in the following setion.2.3 The urrent experimental statusThe disovery of neutrinos fuelled numerous impressive experimental ahievements,from the detetion of neutrinos emitted by a supernova 168000 light-years away tothe measurement of a squared mass di�erene of less than 10−65 kg2. We summarizein this setion the urrent experimental situation starting from neutrino osillationexperiments, moving afterwards to mass measurements and ending with results fromosmology and astrophysis. 37



2. The neutrino setorSolar neutrinos and the MSW e�etThe foundation of the urrent solar model an be traed bak to an artile by H. A.Bethe [107℄ where he desribed the major thermonulear reations ourring in ordinarystars. These are the CNO yle and pp hains whih results in the onversion offour protons into a 4He nuleus, aompanied by the emission of two positrons, twoeletron neutrinos and photons. This led to the publiation in 1964 of bak-to-bakartiles by John Bahall and Raymond Davis [108℄ that triggered the searh for solarneutrinos. The pioneering experiment took plae at the Homestake Gold Mine in SouthDakota, ontinuously operating between 1970 and 1994. While sueeding in detetingneutrinos emitted by the Sun, the Homestake experiment was at the origin of thesolar neutrino problem. Indeed, the experiment measured a neutrino apture rate of
2.56 ± 0.16(statistical) ± 0.16(systematic) SNU [95℄, where a Solar Neutrino Unit isde�ned as 1 SNU = 10−36events.atom−1.s−1. This roughly orresponded to a third ofthe apture rate predited by the Standard Solar Model (SSM). However, as the SSMwas being inreasingly substantiated by helioseismi measurements, it beame di�ultto �nd an astrophysial explanation to the solar neutrino problem.The solution to the solar neutrino problem ame from neutrino osillations and theMikheev�Smirnov�Wolfenstein (MSW) e�et. In 1978, Linoln Wolfenstein introduedan e�etive potential due to oherent forward elasti sattering in matter [109℄. Allneutrino �avours an interat through neutral urrents with the medium, whih mod-i�es the total Hamiltonian in matter. However, sine this potential is the same forall �avours, it only results in a ommon phase shift that does not a�et the osilla-tion probability. On the ontrary, only eletron neutrinos an interat with eletronsthrough harged urrents, whih introdues an e�etive potential that modi�es theosillation probabilities involving eletron neutrinos. Later, in 1985, Stanislav Mikeevand Alexei Smirnov realised that for a spei� eletron density the transition beomesresonant with a maximal mixing angle [110℄.Solar neutrinos have di�erent energies, depending on their prodution mehanismwithin the Sun as depited in �g. 2.4. Sine low-energy neutrinos (pp, pep, 7Be, CNO)have an osillation length shorter than the size of the solar ore, the MSW e�et isaveraged and the osillation probability is driven by the vauum e�ets. However, thisis not true for more energeti neutrinos (8B, hep). In fat, at the enter of the Sun, theeletron neutrino νe nearly oinides with the mass eigenstate νM2 , see �g. 2.5. If theMSW resonane region is rossed adiabatially, there is no transition between di�erentmass eigenstates and the neutrino emerges from the Sun as a mass eigenstate ν2 whihhas a large νµ omponent. As a onsequene, through neutrino osillations and theMSW e�et, eletron neutrinos produed in the Sun osillate into other �avours, whihexplains the observed de�it.This hypothesis reeived a de�nite on�rmation from the SNO experiment (SudburyNeutrino Observatory) whih measured the rate of three di�erent reations in heavywater

νx + d → p+ n+ νx , (neutral current) (2.9)
νx + e− → νx + e− , (elastic scattering) (2.10)
νe + d → p+ p+ e− . (charged current) (2.11)38



2.3. The urrent experimental status

Figure 2.4: Energy spetra of solar neutrinos aording to the prodution meha-nism for the BS05 solar model. The di�erential �uxes for ontinuous soures are in
cm−2.s−1.MeV−1. Reprodued by permission of the Amerian Astronomial Soietyfrom [111℄.

Figure 2.5: Illustration of the level rossing in the Sun due to the MSW e�et.The detetion is made through a ombination of Cherenkov light emitted by the ele-tron in the last two reations, and sintillation from the neutron apture by heavywater for the �rst reation. This allowed to on�rm that the total 8B neutrino �uxwas in agreement with the SSM predition and to determine the mixing angle θ12 aswell as the squared mass di�erene ∆m2
12 [112℄. The SNO experiment, loated in theCreighton Mine in Sudbury (Ontario, Canada), stopped data taking in November 2006.It is urrently being upgraded into SNO+, a kton sale liquid sintillator detetor.There are urrently four running experiments that make use of solar neutrinos: Super-39



2. The neutrino setorKamiokande (SK), Borexino, the Imaging Cosmi And Rare Underground Signals(ICARUS) experiment and the KAMioka Liquid sintillator Anti-Neutrino Detetor(KamLAND). Super-Kamiokande is a 50 kton water Cherenkov detetor built in theKamioka mine in Japan. Neutrinos are deteted via the Cherenkov light emitted bythe �nal harged lepton in elasti sattering and inverse β deay proesses. It is worthnoting that Super-Kamiokande is able to distinguish between di�erent �avours throughthe topology of the Cherenkov ring. However, due to the relatively high threshold ofthis detetion method, only 8B neutrinos an be deteted. The results onerning solarneutrinos of the �rst three running phases an be found in [113℄. Borexino is loated atthe Laboratori Nazionali del Gran Sasso (LNGS) in Italy and detets neutrinos throughtheir elasti sattering on eletrons in a 278 tons organi liquid sintillator target. Dueto its low threshold, it has been possible to detet 8B, 7Be and pep neutrinos and hasbeen able to onstrain the MSW e�et in Earth by searhing for a day-night asym-metry [114℄. ICARUS is a 760 tons liquid argon time projetion hamber (TPC), alsoloated at the LNGS. Neutrinos interat via neutral urrents, harged urrents andquasi-elasti sattering. The harged partile emitted in the proess is deteted viathe sintillation of the liquid argon and the ionization along the trak. ICARUS so-lar program is detailed in [115℄ and fouses on 8B neutrinos. Finally, KamLAND, asits name states, is situated at the Kamioka Observatory. 8B neutrinos are detetedthrough their elasti sattering on the eletrons of a 1 kton target made of organiliquid sintillator [116℄.Atmospheri neutrinosAtmospheri neutrinos are produed when osmi rays reah the Earth atmosphere.Primary osmi rays are mostly made of proton and alpha partiles and generate se-ondary osmi rays in the form of atmospheri showers by interating with nulei inthe atmosphere. These seondary rays ontain many hadrons that deay into muons,whih subsequently deay, leading to neutrinos with an energy between 100 MeV and
100 GeV. The orresponding �uxes an be seen in �g. 2.6. For energies below 1 GeV,most muons deay in the atmosphere and the neutrino prodution is driven by

π+(π−) → µ+(µ−) + νµ(νµ) ,

µ+(µ−) → e+(e−) + νe(νe) + νµ(νµ) , (2.12)whih leads to the following �ux ratios
φνµ + φνµ

φνe + φνe

≃ 2 ,
φνµ

φνµ

≃ 1 ,
φνe

φνe

≃ φµ+

φµ−

. (2.13)At higher energies, the fration of muons that have deayed dereases, whih in turninreases the ratio (φνµ + φνµ)/(φνe + φνe). Moreover, the length dependene of thisratio an be probed by looking at the zenith-angle dependene of the measurement.As already mentioned in Setion 2.1, the �rst atmospheri neutrinos were detetedin 1965 [91, 92℄ and a deviation from the expeted value of the ratio (φνµ +φνµ)/(φνe +
φνe) prompted the SK ollaboration to laim an evidene for neutrino osillations in1998 [98℄. Currently, six experiments have an atmospheri neutrino program: SK, the40



2.3. The urrent experimental status

Figure 2.6: All diretion average of the atmospheri neutrino �uxes: (left) absolutevalues for eah type of neutrino, (right) ratios de�ned in eq. 2.13. The �gure is takenfrom [117℄; opyright 2011 by the Amerian Physial Soiety.
Main Injetor Neutrino Osillation Searh (MINOS), ICARUS, the Astronomy witha Neutrino Telesope and Abyss environmental RESearh (ANTARES) experiment,IeCube and the Baikal NT200 neutrino telesope. SK has had a very rih programinvolving atmospheri neutrinos, measuring the mixing angle θ23 and the squared massdi�erene ∆m2, searhing for CP violation, non-standard neutrino interations andtau neutrinos [118℄. MINOS is an aelerator-based experiment whose far detetor isa magnetized steel-sintillator alorimeter. Muon neutrinos are deteted through theirharged urrent interations and the magneti �eld is used to determine the harge ofthe produed muons, allowing to distinguish between neutrino and antineutrino events.MINOS an also detet eletron neutrinos via the shower indued by harged and neu-tral interations. The orresponding interation rate an be used to determine themixing angle and squared mass di�erene for atmospheri neutrinos [119℄. ICARUSalso has a program dediated to atmospheri neutrino searhes with the possibilityto observe harged and neutral urrent proesses involving all neutrino �avours [120℄.ANTARES, IeCube and Baikal are neutrino telesopes with similar operating prini-ples: high-energy neutrinos interat with a medium generating harged partiles thatwill emit Cherenkov light along their trak. By measuring the light one harateris-tis, like its opening or its fuzziness, these experiments an distinguish between di�erentevent types. Loated in the Mediterranean Sea, o� the oast of Toulon, ANTARESan detet muons with energies higher than 20 GeV and this ability has been usedto measure the atmospheri mixing angle [121℄. As for IeCube, it makes use of theSouth Pole ie ap as a detetion medium and overs now around 1 km3. It reentlymeasured the eletron neutrino �ux in the energy range from 80 GeV to 6 TeV and ob-served atmospheri neutrino osillations using a sample of low-energy muons between
20 GeV and 100 GeV [122℄. Finally, Baikal is similar to ANTARES, exept for itsloation sine it is more than 1 km below the surfae of lake Baikal in Russia [123℄.41



2. The neutrino setorReator neutrinosNulear reators have been instrumental in probing neutrino properties. They areimportant soures of neutrinos sine they yield roughly 1020νe.s
−1.GWth

−1, produedin the β deay of �ssion produts. However, nulear reators have some drawbaks asneutrino soures. First, the neutrino �ux is isotropi, whih means that it dereases as
L−2, making it rapidly quite small and di�ult to distinguish from natural bakgrounds.Seond, the emitted neutrinos have energies of a few MeV, with a rapidly dereasing �uxwhen the energy inreases. As a onsequene, only eletron antineutrino disappearanean be studied, sine the heavier harged leptons annot be produed at suh energies(mµ ≃ 106 MeV , mτ ≃ 1777 MeV). Moreover, the detetion through inverse β deayhas an energy threshold of roughly mn − mp + me ≃ 1.8 MeV, reduing the �ux ofdetetable neutrinos to a quarter of the emitted �ux. Finally, the spetrum of emitted
νe is very di�ult to ompute beause many isotopes ontribute to the deay hains.A reent alulation [124℄ led to a new evaluation of the �ux, approximately 3% higherthan the previous one, in disagreement with the measurements of short-baseline (SBL,
10 m < L < 100 m) reator experiments. This issue is known as the reator anomaly.There are urrently four running reator experiments, all of them measuring long-baseline (LBL, L ≥ 1 km) osillations: KamLAND, Double Chooz, the ReatorExperiment for Neutrino Osillation (RENO) and Daya Bay. KamLAND is uniquesine it is the only one with a very long baseline, having a �ux-weighted average dis-tane of 180 km between the detetor and the 53 nulear power reators in Japan.KamLAND was able to provide a preise measurement of the squared mass di�erenefor the solar neutrino osillations and has reently used the extensive shutdown ofJapanese nulear reators to study the bakground of this measurement [125℄. Thethree other experiments all use a ommon approah with near detetors lose to thenulear reators and far detetors roughly 1 km away. Moreover, the near detetorsare saled down versions of the far detetors, both �lled with gadolinium-doped liquidsintillator, and the disappearane probability is measured between them. This allowsthe experiments to remove many systemati unertainties, espeially those assoiatedwith the �ux of neutrinos produed in the power reators. This was instrumental tomeasure the last mixing angle θ13 [126℄.Aelerator neutrinosAelerator neutrinos may be produed through three di�erent methods: deays in�ight of pions and kaons, muon deays at rest and beam dumps. Hadron deays pro-due a beam of muon neutrinos and antineutrinos, whose omposition an be seletedthrough fousing horns and whih is in turn used to searh for muon neutrino dis-appearane and eletron and tau neutrino appearane. Muon deay at rest was usedin νµ → νe experiments, while beam dumps were used in historial experiments likeDONUT, whih disovered the tau neutrino [99℄, or Gargamelle, whih disovered weakneutral urrents [63℄.Present aelerator neutrino experiments an be separated in two lasses. The �rstontains �ve experiments with long baselines: ICARUS, the Osillation Projet withEmulsion-tRaking Apparatus (OPERA), MINOS, the NuMI O�-axis νe Appearane42
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Figure 2.7: Neutrino energy spetra in an o�-axis detetor for various positions.Reprinted from [133℄, opyright 2013, with permission from Elsevier.(NOνA) experiment and the Tokai to Kamioka (T2K) experiment. All use beamsfrom in �ight deay of hadrons that were produed by the ollision of a proton beamwith a graphite target. Protons extrated from the SPS at 400 GeV generate theCERN Neutrinos to Gran Sasso (CNGS) beam, whih is then sent to ICARUS andOPERA loated 730 km away from CERN. The high energy of the beam is ruialsine it allows the detetion of tau neutrinos through harged urrent interations.ICARUS has reently published a result [127℄ that severely onstrains an earlier laimfrom the LSND experiment of an osillation with a squared mass di�erene at the eVsale [128℄. OPERA has been optimized for the detetion of τ leptons produed inthe detetor. Thus, it is has two Super-Modules omposed of a target setion followedby a magneti muon spetrometer. The target is made of briks, in whih lead platesand nulear emulsion �lms alternate, separated along the beam diretion by sintillatorstrips. The ollaboration has reently announed the observation of τ leptons [129℄ andhas also restrited the parameter spae ompatible with the LSND signal by searh-ing for νe appearane [130℄. The Neutrinos at the Main Injetor, or NuMI, beam isprodued at Fermilab from 120 GeV protons and then sent to MINOS and NOνA.As previously mentioned, the MINOS far detetor is a magnetized steel-sintillatoralorimeter, 735 km away from Fermilab. But MINOS also has a near detetor, whihis a smaller replia of the far one, providing essentially the same advantages that thetwo detetor on�guration onveys for reator experiments. Its observation of νµ and
νµ disappearane provided a measurement of the atmospheri squared mass di�er-ene [131℄ but MINOS has also searhed for νe and νe appearane and non-standardinterations [132℄. NOνA has a 14 kton highly segmented liquid sintillator far de-tetor, with traking apabilities, loated 810 km away from the soure and 14 mrado� the beam axis, and a similar 0.3 kton near detetor. This on�guration is veryinteresting sine it gives a narrower neutrino spetrum in the far detetor as an beseen in �g. 2.7. Data taking should begin in 2013 in neutrino mode and the experimentwill, in the end, searh for νµ and νµ disappearane and νe and νe appearane [133℄.The last LBL experiment is T2K, whih uses a beam from J-PARC in Tokai where
50 GeV protons are extrated from the Main Ring. Its far detetor is SK, 22 mrad o�43
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Figure 2.8: Expeted geo-neutrino energy distributions. The vertial dotted line is theenergy threshold for detetion through inverse beta deay. Reprinted by permissionfrom Mamillan Publishers Ltd: Nature [138℄, opyright 2005.the beam axis with a 295 km baseline between Tokai and Kamioka. T2K uses 2 neardetetors, one on-axis to preisely monitor the beam and another one o�-axis to studyneutrino interations and measure the neutrino �ux. Its physi program is similar tothe one from MINOS or NOνA and the ollaboration reently published results for νµdisappearane and νe appearane [134℄.The seond lass of aelerator-based experiments searhes for short baseline osil-lations, with the aim of on�rming, or exluding, the LSND anomaly. Currently takingdata, MiniBooNE is the �rst stage of the Booster Neutrino Experiment (BooNE) usingonly one detetor 541 m from the target on whih 8 GeV protons from the FermilabBooster ollide. The seond stage of the experiment will be the operation of a se-ond detetor, only 200 m from the target. Neutrinos are deteted through Cherenkovlight and sintillation generated when they interat within 806 tons of mineral oil.MiniBooNE has seen evidene of νe and νe appearane for whih there is a small over-lap in the osillation parameter spae with LSND [135℄. The MiniBooNE ollaborationalso worked with the SiBar Booster Neutrino Experiment (SiBooNE) ollaboration,searhing for νµ and νµ disappearane [136℄. The SiBooNE detetor is loated 100 mafter the target and uses a sintillator traker, an eletromagneti alorimeter and amuon detetor to measure the neutrino beam �ux for MiniBooNE.A last aelerator experiment, that is atively taking data, is the Main INjetorExpeRiment for ν-A (MINERνA). Deteting neutrinos from the NuMI beam, it aims atimproving the urrent measurement of neutrino detetion ross-setions and at studyingthe neutrino�nuleus interations [137℄.Geo-neutrinosGeo-neutrinos are eletron antineutrinos from natural radioativity. They are mostlyprodued in β deays of 40K and isotopes from the 238U and 232Th deay hains. As anbe seen from their energy distribution on �g. 2.8, eletron antineutrinos emitted by 40K44



2.3. The urrent experimental statusare not energeti enough to be deteted. As of today, geo-neutrinos have been detetedin two experiments: KamLAND and Borexino [138, 139℄. Studies of geo-neutrinos areinteresting sine they ould help distinguish between models with di�erent rust ormantle ompositions and dedue the Earth radiogeni heat power.Diret mass measurementsNeutrino osillations imply that neutrinos are massive with non-zero mixing angles.However, osillation experiments an only measure squared mass di�erenes and thus,the question of the absolute mass sale of neutrinos remains open. Many experimentshave been devoted to this searh and the methods employed inlude neutrinoless double
β deay, whih will be desribed in more detail below, monohromati lines in the muonenergy spetrum in pion deays [140℄ and the measurement of the eletron spetrum in
β deay. The latter tehnique was originally proposed by E. Fermi and Franis Perrinin 1933 [21, 141℄. The Q-value of a β deay is de�ned by

Q = mi −mf −me , (2.14)where mi and mf are respetively the mass of the initial and �nal nuleus and me isthe eletron mass. Negleting the reoil energy of the �nal nuleus with respet to itsmass energy, the kineti energy of the eletron, de�ned as T = Ee − me, is maximalwhen the neutrino has a zero momentum in the rest frame of the deaying nuleus
Tmax = Q−mνe . (2.15)From the above formula, one an see that the neutrino mass will diretly in�uenethe end-point of the eletron energy spetrum. The latter was derived assuming noneutrino mixing. Taking into aount lepton mixing in harged urrent interationsparametrized by the PMNS matrix given in eq. 2.6, the di�erential deay rate is mod-i�ed via the following substitution [142, 143℄

(Q− T )
√
(Q− T )2 −m2

νe → (Q− T )
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√

(Q− T )2 −m2
i , (2.16)where mi (i = 1, 2, 3) are the masses of neutrino eigenstates. This leads to a shift of theend-point value to Tmax = Q−m1 in the normal hierarhy and Tmax = Q−m3 in theinverted hierarhy. It also introdues kinks at T = Q−mi, whose sizes are proportionalto |Uei|2. Finally, if an experiment does not observe the e�ets of neutrino masses, itimplies that its resolution in T is muh larger than the neutrino masses. Eq. (2.16)an then be expanded in powers of mk/(Q− T ), leading to
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mβ < 2.05 eV at 95% CL . (2.19)These experiments both used tritium as the β deaying isotope, beause its low Q-value(18.6 keV) allows the use of eletromagneti spetrometers with an energy resolutionas low as 3 − 4 eV. The two ollaborations have subsequently merged and workon the onstrution of the Karlsruhe Tritium Neutrino (KATRIN) experiment, thenext generation of spetrometer experiment, whih is designed to reah a sensitivity of

0.4 eV at 90% CL within three years of running [145℄. The other experimental approahmakes use of ryogeni miroalorimeters. In this ase, all the energy released by the
β deay is deteted, exept for the energy arried away by the neutrino, whih reduesunertainties by removing all atomi and moleular �nal state e�ets. The urrentlyrunning MARE experiment built thermal detetors made of 187Re, whih has one ofthe lowest known transition energies Q ≃ 2.47 keV. This is a strong experimentaladvantage sine the number of deays near the spetrum end-point is proportional to
Q−3. As a onsequene, the useful fration of events is roughly 350 times higher inrhenium than in tritium. The aim of the experiment is to reah a sensitivity of 0.2 eVby deploying an array of 50000 detetors [146℄.Neutrinoless double beta deayNeutrinoless double β deays (2β0ν) have �rst been proposed by Wendell Furry in1939 [147℄. Sine 2β0ν deays require a partile-antipartile and heliity mathing,they are forbidden in the Standard Model. Indeed, suh deays would violate leptonnumber onservation. Nevertheless, they an be present if the neutrinos are massiveMajorana partiles. These proesses then our at tree-level through the diagram in�g. 2.9(b). Moreover, the heliity mathing implies that the 2β0ν deay rate dependson the neutrino mass. Taking neutrino mixing into aount, the deay amplitude is46



2.3. The urrent experimental statusproportional to the e�etive Majorana mass [103℄
m2β =

3∑

i=1

U2
eimi . (2.20)The ability of 2β0ν proesses to give information on the neutrino mass sale makesthese experiments attrative but, more important, its observation would prove thatneutrinos are Majorana partiles. Indeed, as was demonstrated by Joseph Sheter,José Valle and, later, Eiihi Takasugi [148℄, the mehanism behind the 2β0ν deayan always generate a ontribution to the Majorana mass term. This ontributionould be anelled at every order in perturbation theory. However, this is not naturalsine it would imply a �ne-tuning of masses and mixings at every order, unless theMajorana mass term is forbidden by an additional global symmetry. Beause theLagrangian should be invariant under this global symmetry, the latter an only be aphase transformation. If it were a ontinuous symmetry, then it would orrespond to

U(1)L, whih would be broken by the 2β0ν deay only for the two emitted eletrons.But a broken U(1)L annot forbid a Majorana mass term. If it were disrete, then theinvariane of weak harged-urrent interations would imply
φW = φν − φe , (2.21)
φW = φu − φd , (2.22)while the 2β0ν is due to 2d→ 2u+ 2e−, whih gives
φd = φu + φe . (2.23)Combining these onditions together, one �nds φν = 0 in ontradition with the as-sumption that the disrete symmetry forbids the Majorana mass term. As a onse-quene, an operator generating 2β0ν deays always gives rise to Majorana mass terms.A omparison between the theoretial preditions and the experimental limits an befound in �g. 2.10. It is worth noting that in the ase of the IH, the e�etive Majoranamass has a lower bound, whih means that exluding m2β > 0.01 eV will rule out thepossibility of an IH neutrino spetrum.There is urrently an intense experimental ativity searhing for 2β0ν deays. Theexperiments an be grouped aording to the nulei studied and the tehnology hosen.Two broad ategories emerge when the experimental setup is onsidered, one that usesthe soure as a detetor and another with separated soures and detetor. The �rstategory ontains germanium detetors, bolometers, liquid sintillators, xenon TPC,while the seond one is muh less populated, with only one experiment that om-bines a traker and a alorimeter. In germanium diodes, where the detetor materialalso serves as the radioative soure, a deay is deteted by olleting the emittedharges. The Heidelberg-Mosow Double Beta Deay Experiment, whih reported aontroversial positive signal [150℄, and the GERmanium Detetor Array (GERDA),whih is urrently taking data and aims to probe values of m2β below 0.3 eV [151℄,are both based on this tehnology. The MAJORANA experiment urrently operates ademonstrator to test the feasibility of a ton-sale experiment based on germanium de-tetors [152℄. The main representative of the experiments using bolometers, where thedeay is deteted through the temperature variation of the detetor, is the Cryogeni47
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Figure 2.10: Allowed e�etive Majorana mass range as a funtion of the lightest neu-trino mass m0. Here |<mν > | = m2β and the allowed range is determined from theosillation parameters. The urrent limits and expeted sensitivities of some experi-ments are given by the horizontal lines. The �gure is taken from [149℄, opyright IOPPublishing. Reprodued by permission of IOP Publishing. All rights reserved.Underground Observatory for Rare Events (CUORE/CUORICINO). CUORICINO isa tower of Te02 rystals, the �rst stage of the CUORE experiment, whih will have19 towers similar to CUORICINO and a sensitivity below 0.1 eV. CUORICINO datataking has been ompleted in 2008 and allowed the ollaboration to put an upperbound m2β < 0.3−0.7 eV, depending on the nulear matrix element evaluation onsid-ered [153℄. An improvement on this bolometri tehnique would be to use sintillatingrystals, sine the bakground ould be strongly redued by the oinidene requirementbetween the light and heat signal. A few experiments (LUCIFER [154℄, AMORE [155℄,MOON [156℄) are urrently haraterising di�erent rystals in order to evaluate theirpotential. Another searh strategy is based on large detetors using liquid sintillatorwith dissolved soure isotopes, as KamLAND-Zen or SNO+ [157℄, or using the Xenonsintillator as the soure, as in XMASS [158℄ or DAMA-LXe [159℄. KamLAND-Zendissolved 136Xe in its organi sintillator and already ompleted the analysis of the datafrom its �rst phase, resulting in a strong tension with the Heidelberg-Mosow laimsine KamLAND-Zen has derived m2β < 0.12−0.25 eV [160℄. Xenon TPC are used bythe Enrihed Xenon Observatory 200 (EXO 200), whih published a very ompetitiveupper-limit last year: m2β < 0.14 − 0.38 eV [161℄. The last experiment that we willmention is the Neutrino Ettore Majorana Observatory (NEMO). Using a ompletelydi�erent tehnique, where the soure is made of thin foils distributed within the de-tetor, it enjoys a large bakground rejetion sine both the energy spetrum and theeletron traks an be measured. However, it is limited by the mass of the radioativesoures that it an ontain. NEMO-3 �nished taking data in 2011 and most of the om-plete dataset has been analysed, yielding the upper bound m2β < 0.31− 0.96 eV [162℄.48
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Figure 2.11: Cosmi ray energy spetrum. Diret measurements refers to �ux measure-ments with detetors outside the atmosphere. Reprinted from [163℄, opyright 2009,with permission from Elsevier.The ollaboration wishes to keep working on this tehnology sine it is omplementaryto the soure-detetor approah and a demonstrator for SuperNEMO is urrently beingbuilt.Astrophysial neutrinosAs mentioned in the subsetion disussing atmospheri neutrinos, many neutrinos areprodued when osmi rays interat with the atmosphere. As an be seen in �g. 2.11,most of the osmi rays are protons with energies below 100 GeV and these are thesoures of the neutrinos studied by experiments searhing for atmospheri osillations.However, osmi rays an be far more energeti and high-energy neutrinos are ex-peted to be produed. Up to the knee, muh of the osmi rays are supposed toome from galati soures like supernovae remnants or miroquasars. At energiesabove the PeV, the ontributions from extra-galati soures, suh as ative galatinulei (AGN) or gamma-ray bursts (GRB), beome important. However, at the highestenergies, above 1010GeV, the spetrum exhibits a sharp ut-o�, the GZK ut-o�, thatwas predited by Kenneth Greisen, George Zatsepin and Vadim Kuzmin in 1966 [164℄.This is due to the interation of osmi rays with photons of the Cosmi Mirowave49



2. The neutrino setorBakground (CMB). It has reently been on�rmed by the atmospheri shower ob-servatory Pierre Auger [165℄. The Baikal [166℄, ANTARES [167℄ and IeCube [168℄telesope experiments have reently put upper limits on the neutrino �ux from GRB,binary systems or point-like soures within our galaxy. Last year, IeCube also re-ported the observation of two PeV neutrino events [169℄. Another type of experimentsuses radio emissions due to the Askaryan e�et [170℄ when ultra-high-energy (UHE)neutrinos interat in a dense dieletri medium and emit a one of oherent radiation,analogous to Cherenkov light. The interation an be searhed for in the South Poleie as done by the Antarti Impulsive Transient Antenna (ANITA) [171℄, the RadioIe Cherenkov Experiment (RICE) [172℄ and the Askaryan Radio Array [173℄. Otherexperiments like the NuMoon projet [174℄ or the Goldstone Lunar Ultra-high energyneutrino Experiment (GLUE) [175℄ use lunar regolith as the interation medium. UHEneutrinos an also be searhed through the horizontal air-shower they produe in theatmosphere lose to the detetor or when they interat with dense matter in its viinity.Using this detetion method, the Pierre Auger observatory has not yet reported anyandidate event [176℄.Another important soure of astrophysial neutrinos is the explosion of supernovae.Supernovae ome either from thermonulear explosions or from the gravitational ol-lapse of the ore. The latter senario is interesting for neutrino Physis sine, in thesesupernovae, 99% of the emitted energy is arried by neutrinos [177℄. Moreover, theyonstitute unique many body systems dominated by neutrinos, where the MSW e�etarises from neutrino-neutrino interations. Supernovae also are important laboratoriesfor nuleosynthesis, in whih neutrinos an have major e�ets. In 1987, the neutrinoburst from the explosion of SN1987A was deteted by four experiments: Baksan, IMB,Kamiokande and LSD, using di�erent tehnologies [178℄. The absene of detetion ofany other supernova in our galaxy (sine SN1987A) puts an upper limit on the rateof ore-ollapse supernovae in the Milky Way. The detetion of the neutrino burstfrom SN1987A has also been used to onstrain neutrino masses [179℄, neutrino mixingswith heavier neutrinos, the eletron antineutrino lifetime [180℄, the eletron neutrinomagneti moment [181℄ and the neutrino harge [182℄. Extra-galati supernovae analso generate a reli neutrino bakground that has been searhed for by SK [183℄.MiniBooNE, SNO, LVD, Borexino, SK and IeCube even joined together to reate anearly warning system and serve as trigger for other experiments [184℄.Finally, a onstraint on the neutrino magneti momentum an be derived fromstellar evolution. When a star with a mass omparable with the Sun leaves the mainsequene to beome a red giant, its ore ontrats and, when its temperature and den-sity are high enough, it starts onsuming helium. However, if the ooling is enhanedby the neutrino magneti moment, the ore will grow for a longer period, whih willhange the ratio of red giants to horizontal branh stars. As a onsequene, the neu-trino magneti moment has to be smaller than µij . 10−12µB, µB being the Bohrmagneton [185℄.Neutrinos in osmologySine they an arry muh of the energy and entropy and an modify the ompositionof the osmologial �uid through weak interations, neutrinos are major players in the50



2.3. The urrent experimental statusType L (in km) E (in MeV) ∆m2 (in eV2)Atmospheri 104 103 10−4LBL aelerator 103 103 10−3SBL aelerator 1 103 1LBL reator 1 1 10−3SBL reator 10−2 1 10−1Solar 108 1 10−11KamLAND 102 1 10−5Table 2.1: Order of magnitude estimate of the squared mass di�erene sensitivities fordi�erent type of osillation experiments.early Universe. Before deoupling around T ∼ 1 MeV, neutrinos partiipate in BigBang Nuleosynthesis through reations that onvert neutrons into protons and vieversa. The prodution of 4He is very sensitive to the neutron-to-proton ratio whihdepends on the freeze-out temperature. Inreasing the number of neutrino speies willontribute to the number of relativisti quantum degrees of freedom, parametrized byan e�etive number of neutrinos Neff , thus inreasing the deoupling temperature andultimately the amount of 4He. Taking also into aount the abundane of deuteriumyields the limit Neff < 4.08 [186℄.After their deoupling, neutrinos will free stream and remain relativisti muhlonger than the other fermions. This will leave imprints in the CMB that an beused to determine the e�etive number of light relativisti degrees of freedom and putan upper bound on neutrino masses. The reently released data from Plank gives
Neff = 3.36+0.68

−0.64 and ∑mν < 0.98 eV at 95% CL [187℄. Inreasing the number ofneutrino speies will inrease the expansion rate before deoupling, enhaning the �rstaousti peak in the angular power spetrum and shifting all the peaks towards highermultipole moments. Inreasing the neutrino mass will inrease the amount of hot darkmatter, modifying the angular spetrum through an early integrated Sahs-Wolfe ef-fet1 for example. Being a form of hot dark matter, massive neutrinos will also reduethe lustering at small sales, modifying the matter power spetrum. This an beveri�ed through the measurement of distant quasar spetra, espeially the e�et ofintermediate hydrogen louds known as the Lyman-α forest [188℄. Combining Plankdata with the baryon aousti osillations and the Hubble parameter measurementgives ∑mν < 0.23 eV and Neff = 3.52+0.48
−0.45 [187℄ under the assumption of a �atUniverse.To onlude this hapter, we an say that the last two deades have been very rihin disoveries, on�rming the existene of three ative massive neutrinos with massesat the eV sale or below, whih are a mixture of the �avour eigenstates as depitedin �g. 2.3. We summarised the di�erent types of neutrino osillation experiments in1The Sahs-Wolfe e�et orresponds to a gravitational redshift of the CMB photon. In the aseof the integrated Sahs-Wolfe e�et, the CMB photons travel towards us through area of di�erentgravitational potential and the time evolution of these gravitational potentials auses the redshift.The adjetive early insists here on the integrated Sahs-Wolfe e�et ourring during the radiationdomination era. 51



2. The neutrino setortable 2.1 together with their key parameters. Nevertheless, some questions remain openwhen it omes to the absolute mass of neutrinos, their hierarhy, the θ23 quadrant, theCP violating phases of the leptoni mixing matrix, the short-baseline anomaly observedby LSND and MiniBooNE and the reator anomaly whih seem to point towards theexistene of an extra sterile neutrino with a mass around the eV. Other more theoretialissues are still to be lari�ed as, for instane, the mass generation mehanism or thepossible explanation of the baryoni asymmetry of the Universe through leptogenesis.
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Part IIFermioni singlets and massiveneutrinosThere is a theory whih states that if everanyone disovers exatly what the Universeis for and why it is here, it will instantlydisappear and be replaed by somethingeven more bizarre and inexpliable.There is another theory whih states thatthis has already happened.The Restaurant at the End of the UniverseDouglas Adams

53



Chapter ThreeNeutrino mass generation mehanisms
As disussed in the previous hapters, a tremendous amount of data has strongly sub-stantiated the hypothesis of osillating massive neutrinos. In this hapter, we disusswhy massive neutrinos neessarily require an extension of the Standard Model. Then,we desribe how neutrino masses an be generated, (mostly) following the onventionsof [103℄.3.1 Massive neutrinos and the Standard ModelThe Standard Model has been built along the priniple of minimality, whih meanswith a minimal �eld ontent and the simplest gauge struture in agreement with ob-servations. As a onsequene, the gauge group is SU(3)c × SU(2)L × U(1)Y and allthe fermions have right-handed (RH) and left-handed (LH) omponents, exept for thethree neutrinos. What put them aside ? Neutrinos only interat through the weak in-teration, whih maximally violates parity by oupling only to the LH omponent of afermion. Moreover, when the Standard Model was built, there was no need to inorpo-rate massive neutrinos, sine no mass e�et had been seen, either in diret kinematisearhes from meson deays or from hirality �ips, with neutrinos always produingLH leptons and antineutrinos RH antileptons. As a onsequene, the neutrino wasdesribed in the Standard Model by the two-omponent theory [84�86℄, being purelyleft-handed.In the two omponent theory, the neutrino is desribed by a (two-omponent) om-plex spinor, known as a Weyl spinor. These spinors form an irreduible representationof the Cli�ord algebra Cl(1,3)(C)1. However, it is more pratial to work with bispinorssine the fundamental representation of Cl(1,3)(C) is 4-dimensional. Then, the mostgeneri bispinor is the ombination of two Weyl spinors

ψ =

(
χ

η

)
. (3.1)1 The Cli�ord algebra Cl(1,3)(C) is the algebra of the spin representation of the Lorentz group

SO(1, 3). 54



3.1. Massive neutrinos and the Standard ModelIn the hiral representation, the Dira matries are given by
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, (3.2)and the RH and LH projetions are
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. (3.3)The (free) Dira equation

(ı/∂ −m)ψ = 0 , (3.4)applied to this bispinor is
(

−m ı(−∂0 + ~σ.~γ)
ı(−∂0 − ~σ.~γ) −m

)(
χ

η

)
= 0 , (3.5)whih an be rewritten using the hiral omponents

ı/∂ψL = mψR , (3.6)
ı/∂ψR = mψL . (3.7)It is worth noting that in the massless limit, the right-hand side of eq. (3.6) and (3.7)vanishes. The equations thus deouple and orrespond to the desription of two dif-ferent partiles. However, when the fermion is massive, this bispinor is named a Diraspinor whih, using hiral omponents, is written as
ψ = ψL + ψR , (3.8)for whih the orresponding mass term in the Lagrangian reads

m(ψLψR + ψRψL) . (3.9)Being built from two di�erent Weyl spinors, the Dira spinor has 4 degrees of freedom.It is interesting to onsider how the Dira spinor behaves under harge onjugation.In the hiral representation de�ned by eq. 3.2, the harge onjugation matrix is givenby
C = ıγ2γ0 , (3.10)and the harge onjugated �eld reads
ψC = ξCψT

, (3.11)where ξ is an arbitrary phase fator that an be reabsorbed by rephasing the �eld ψ.If we expliitly rewrite eq. (3.11) using the hiral omponents of the Dira spinor, we�nd
ψC
L = ıγ2ψ∗

L , (3.12)
ψC
R = ıγ2ψ∗

R . (3.13)55



3. Neutrino mass generation mehanismsInterestingly, this allows to onlude that ψC
L is right-handed. Would it be possible touse this property to de�ne a bispinor from a single Weyl spinor? The answer to thisquestion an be found by onsidering the Dira equation for an eletromagnetiallyinterating �eld ψ:

(ı/∂ − q /A−m)ψ = 0 , (3.14)
(ı/∂ + q /A−m)ψC = 0 . (3.15)It is lear that for harged partiles, eqs. (3.14) and (3.15) are di�erent and in-deed desribe two di�erent partiles. However, neutrinos are singlets of the unbrokengauge group U(1)em after eletroweak symmetry breaking (EWSB). Thus eqs. (3.14)and (3.15) are idential and one �nds that these �elds ould obey the Majorana on-dition

ψ = ψC . (3.16)Using Weyl spinors, this ondition an be rewritten
(
ξ

η

)
= ı

(
0 σ2

−σ2 0

)(
ξ∗

η∗

)
= ı

(
σ2η∗

−σ2ξ∗

)
, (3.17)and the bispinor an be expressed with only one Weyl spinor η:

ψ =

(
ıσ2η∗

η

)
. (3.18)This type of bispinor is alled Majorana spinor and an also be de�ned using only theLH hiral omponent as

ψ = ψL + CψL
T
, (3.19)with a mass term in the Lagrangian

1

2
m(ψC

LψL + ψLψ
C
L ) . (3.20)As a onsequene, a Majorana spinor only has two degrees of freedom. Moreover,sine in the massless limit both Dira and Majorana spinors verify the same deoupledset of equations and only the LH omponent has gauge interations, the only wayto experimentally probe the nature (Dira or Majorana) of neutrinos is to identifyobservables that have a dependene on the neutrino mass in their transition amplitude.Indeed, e�ets that ome from kinematial fators are the same for Dira and Majorananeutrinos, whih explains why osillations annot probe the nature of the neutrino.So far, we have seen that neutrinos are the only partiles that an be desribedeither by a Majorana or a Dira spinor, let us turn to the Standard Model and seehow neutrinos ould aquire a mass. Notie that the mass term in eq. (3.20) violateslepton number onservation by two units. However, lepton number onservation is anaidental symmetry of the SM arising from the gauge group, the partile �eld ontentand the renormalizability of the theory. In order to provide a Majorana mass term(3.20) in the SM, one must violate lepton number. In a bottom-up approah, onean try to extend the SM by e�etive operators of dimension greater than four thatparametrize the e�ets of the new Physis de�ned at a sale Λ

Leff = LSM + δLd=5 + δLd=6 + ... (3.21)56



3.2. Mass generation and the seesaw mehanismsThese operators respet the gauge symmetry of the Standard Model but ombine SM�elds in a non-renormalizable way, violating aidental symmetries like lepton numberonservation. Neutrinos belongs to an SU(2) doublet with a non-zero hyperharge, theleptoni doublet L. In order to have a mass term in the Lagrangian whih is invariantunder SU(2), a naive idea would be to ontrat L with itself but this gives a term
ν̄LνL = ν̄PRPLν = 0. One may also onsider a term L̄LC , whih has a hyperharge of
+2 and should therefore be ontrated with another �eld to form a gauge invariant.However, there is no �eld in the SM with suh a hyperharge. The lowest dimensionaloperator able to generate neutrino masses was pointed out in 1979 by S. Weinberg [189℄,

O5 =
1

2
fij

(LC
i φ̃

∗)(φ̃†Lj)

Λ
, (3.22)where fij is a dimensionless oe�ient for the operator, whih is a omplex number,

i, j being generation indies i, j = 1, ..., 3. It is the only dimension 5 operator thatan generate neutrino masses and it violates lepton number onservation by two units.After EWSB, the Majorana neutrino mass term is given by
1

2
fij

v2

2Λ
(νCi νj + h.c.) . (3.23)It is worth emphasing that every new Physis model that generates Majorana massterms for the neutrinos gives rise to the Weinberg operator, eq. (3.22), when the degreesof freedom above the eletroweak sale are integrated out.Sine the Weinberg operator is ommon to all senarios with Majorana neutri-nos, higher-dimensional operators should be onsidered in order to disentangle thedi�erent mass generation mehanisms. A �rst dimension 6 operator would be the four-fermion interation (L̄γµL)(L̄γ

µL) that ould lead to lepton �avour violating signalslike τ → µµµ for example. Another dimension 6 operator is (L̄φ̃)/∂(φ̃†L) that induesnon-standard interations for the neutrinos [190℄. But what are the possible massgeneration mehanisms that would lead to these operators ?3.2 Mass generation and the seesaw mehanismsAs we have seen in the previous setion, it is neessary to extend the SM in orderto generate neutrino masses. This an be done in many di�erent ways, making theneutrino a Majorana or a Dira fermion, extending the gauge setor or the �eld ontent,et. But every mehanism should generate a small �nite mass to explain the data. Forexample, one may want to onsider the simplest SM extension that onsists in theaddition of RH neutrinos providing a Dira mass term to the Lagrangian. But in thatase, the Yukawa oupling of the neutrino will have to be O(10−11) in order to haveneutrinos with masses around the eV sale. This is not really satisfatory sine it addssix orders of magnitude to the mass hierarhy between the SM fermions, whih alreadylaks a lear explanation. Besides, the RH neutrinos being gauge singlets, no symmetryforbids the existene of a Majorana mass term. This idea will atually prove usefullater, when we will disuss the type I seesaw mehanism. 57



3. Neutrino mass generation mehanismsGenerating a small neutrino mass using natural Yukawa ouplings requires a meha-nism to suppress the resulting neutrino mass. The mehanism in whih this suppressionours an arise from di�erent types of new Physis. The absene of a RH neutrinoan forbid the Dira mass at tree-level, hene the neutrino mass has to be generatedradiatively and will be suppressed by loop fators. This is the neutrino mass generationmehanism of the Zee-Babu model [191℄, for example. The Dira mass term ould alsobe forbidden by a disrete symmetry like Z2 [192℄, whih an also turn the right-handedneutrino into a dark matter andidate. As a whole, these models and their variantsare know as radiative seesaws.Another possibility is to forbid mass terms with a symmetry whose spontaneousbreaking or small violation naturally generates small neutrino masses. This idea ap-pears for instane in R-parity violating supersymmetri models [193℄. It also oursin models with a spontaneously broken extension of the SM gauge group [194℄, like
SU(3)c × SU(2)L × U(1)Y ×U(1)B−L.In a larger framework involving extra-dimensions, the smallness of the neutrino massan be related to the small overlap between the wave funtions of the RH neutrinos andthe lepton doublets [195℄. The hierarhy of the neutrino spetrum an be predited insome senarios, like [196℄.Finally the neutrino mass an be made small beause the Dira mass term is sup-pressed by a large mass sale like in the seesaw mehanisms or through the presene ofmultiple singlets as in the inverse seesaw. In the SM, neutrinos are part of an SU(2)doublet and the produt of two doublets belongs either to the singlet or triplet rep-resentation of SU(2). Requiring the mass new terms to be renormalizable, the SMan be minimally extended by adding new fermions, belonging to singlets or triplets,or salar triplets. The possibility of a salar singlet is preluded by the ondition ofeletri neutrality of the vauum state. Indeed, the produt L̄LC has a hyperharge of
+2, whih would lead to an eletrially harged vev for the salar singlet. The threedi�erent new �elds an be used to distinguish three types of seesaw mehanisms, whihwe will present below.
Type I seesawIn the original formulation of the SM, neutrinos only have one hirality. A minimalextension of the SM would be to inorporate RH omponents for the neutrinos. Withthis addition, a Dira mass term an be onstruted using the Higgs mehanism as forany other SM fermion. However, the RH neutrinos are gauge singlets under the SMgauge group: they have no strong or weak interations and sine they are eletriallyneutral, they have a zero hyperharge aording to the Gell-Mann�Nishijima formula.Besides, no symmetry in the SM gauge group prevents the existene of a Majoranamass term for the RH neutrinos. Thus, with three RH neutrinos2 and before EWSB,2In order to explain the osillation data, the minimal number of RH neutrinos that has to beadded to the SM is 2.58



3.2. Mass generation and the seesaw mehanisms
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L() Type IIIFigure 3.1: Feynman diagrams of the 3 seesaw mehanisms.the terms in the Lagrangian that will generate neutrino masses are
Ltype I = −

∑

i,j

(
Y ij
ν Liφ̃νRj +

1

2
M ij

R ν
C
RiνRj + h.c.

)
, (3.24)where i, j are generation indies that run between 1 and 3, Yν is the neutrino Yukawaomplex matrix and MR is a omplex symmetri matrix. These are the mass terms inthe Lagrangian of the type I seesaw [197℄ whih give after EWSB

Ltype I = −
∑

i,j

(
mij

DνLiνRj +
1

2
M ij

R ν
C
RiνRj + h.c.

)
, (3.25)where the Dira mass matrix is

mD =
Yνv√
2
. (3.26)De�ning the vetor olumn of LH �elds NL = (νL1, ..., νL3 , ν

C
R1, ..., ν

C
R3)

T , the massterms an be rewritten as
Ltype I = −1

2
NC

LMtype INL + h.c. = −1

2
NC

L

(
0 mD

mT
D MR

)
NL + h.c. . (3.27)In the limit where the values of MR are muh larger than the values of mD, the soalled �seesaw limit�, the neutrino mass matrix Mtype I an be blok-diagonalized [198℄to give

Mlight ≃ −mDM
−1
R mT

D , Mheavy ≃ MR . (3.28)The masses of the light neutrinos, whih are mostly omposed of the LH �eld sinethe ative-sterile mixing3 given by mDM
−1
R is suppressed, arise through the diagram of�g. 3.1(a).Moreover, the Majorana mass term is not proteted by any symmetry and annaturally take values around the Grand Uni�ation sale, making the light neutrinomass small enough, even with O(1) Yukawa ouplings. In that ase, light neutrinomasses at the eV sale are generated by taking MR ∼ 1015 GeV and Yν ∼ O(1). Aseesaw sale around the TeV an also be onsidered, where the Yukawa ouplings are of3The ative-sterile mixing parametrizes the amount of the left-handed omponent in heavy masseigenstates. 59



3. Neutrino mass generation mehanismsthe order Yν ∼ 10−6. In the framework of the type I seesaw, the dimension �ve operatorthat generate neutrino masses and the dimension six operators (eq. (3.21)) leading tolow-energy signatures are orrelated. As a onsequene, the neessary suppressionof the Weinberg operator to omply with the smallness of ative neutrino masses alsosuppresses higher-order operators that give rise to non-standard interations or hargedlepton �avour violating proesses. Moreover, the smallness of the Yukawa ouplingswhen the seesaw sale is around 1 TeV redues the prodution ross-setion of heavyneutrinos at the LHC, making their prodution and indiret detetion muh moredi�ult.Type II seesawThe type II seesaw mehanism [199℄ is di�erent from the type I in that it diretly leadsto a Majorana mass term from the leptoni doublet. It naturally arises in GUT modelslike SO(10) [194℄ for instane4. The SM is extended by a salar SU(2) triplet ∆ withhyperharge Y = 2

∆ =

(
∆+/

√
2 ∆++

∆0 −∆+/
√
2

)
, (3.29)whih allows to write the following relevant terms of the Lagrangian

Ltype II = −
∑

i,j

(
fijL

C
i iσ2∆Lj + h.c.

)
− (µφ̃T∆∗ıσ2φ+ h.c.)−M2

∆Tr(∆
†∆) . (3.30)where fif is a omplex symmetri matrix playing the role of a Yukawa oupling, µ is areal dimensionful parameter haraterising the violation of lepton number onservationand M∆ is the mass sale of the new triplet. In the limit where M∆ ≫ v, the neutralomponent of the triplet ∆0 aquires a vev

v∆ ≃ µv2

M2
∆

, (3.31)and the neutrino mass matrix is given by
Mtype II ≃ −2fv∆ . (3.32)The neutrino mass is generated through the diagram 3.1(b). This senario is quite dif-ferent from the type I seesaw sine the smallness of the neutrino mass is diretly relatedto the smallness of the µ parameter. Beause the size of this parameter ontrols thesize of a symmetry breaking, its smallness is natural in the sense of 't Hooft [200℄ sineputting it to zero would inrease the symmetry of the model. Due to the presene of the

µ parameter in the light neutrino masses, the type II seesaw an lie at any sale withYukawa ouplings that are possibly of order Yν ∼ 1. The introdution of new salarsan a�et the Higgs setor, via the mixing of neutral salars for example. Moreover,sine the new salars are harged under the SM gauge group, they also ontribute toeletroweak observables. A partiular attention should be paid to the ontribution toeletroweak preision observables arising from the salar setor, ensuring ompatibilitywith urrent observations and experimental measurements.4In SO(10) extensions, RH neutrinos are already part of the {16} spinorial representation. Henetype II atually means type I+II in this framework.60



3.3. The inverse seesawType III seesawFinally, a third type of seesaw an be onstruted. It is similar to the type I seesaw,under the exeption that the singlet neutrinos are replaed with fermioni SU(2) tripletsof zero hyperharge
Σ =

(
Σ0/

√
2 Σ+

Σ− −Σ0/
√
2

)
. (3.33)The relevant part of the type III seesaw Lagrangian is [201℄

Ltype III = −
∑

i,j

(√
2Y ij

Σ LiΣφ̃+
1

2
M ij

ΣTr(ΣC
i Σj) + h.c.

)
, (3.34)and, as in the type I seesaw, the light neutrino mass, in the limit where the Majoranamass term dominates, MΣ ≫ mD, reads

Mlight ≃ −mDM
−1
Σ mT

D . (3.35)As far as light neutrinos are onerned, the type III seesaw is similar to the type I,see �g 3.1(). However, sine the fermioni triplets also have gauge ouplings, theyhave a riher phenomenology than singlet neutrinos. In partiular, they allow fortree-level �avour hanging neutral urrents (FCNC) whih are strongly onstrained byexperimental data.As we have seen, there are many di�erent mehanisms to generate neutrino masses.The seesaw mehanisms are very attrative models sine they naturally suppress theneutrino mass term and explain the smallness of the neutrino mass within the sameframework, without the need of any extra symmetry. In all of them, having a largenew Physis sale makes the neutrino very light. However, beause of the extra saleintrodued by µ, the type II seesaw also o�ers the possibility to link the smallness ofthe neutrino mass to the smallness of the dimensionful oupling that violates leptonnumber onservation. This property also appears in multi-singlet mehanisms like theinverse seesaw.3.3 The inverse seesawMulti-singlet neutrino mass mehanisms extend the Standard Model by adding fermi-oni singlets with equal lepton number. Then, depending on the mass terms onsidered,one an have either the inverse [202℄ or the linear seesaw [203℄. From now, we will foushere on the inverse seesaw, desribed by the diagram 3.2, sine the study of its phe-nomenology was the main purpose of my thesis. While it was historially introduedin supersymmetri E(6) models inspired by superstring theories or more reently insupersymmetri SO(10) Grand Uni�ed Theory (GUT) [204℄, the low-energy e�etiveinverse seesaw Lagrangian before EWSB an be written
LISS = −

∑

i,j

(
Y ij
ν Liφ̃νRj +M ij

R νRiXj +
1

2
µij
Rν

C
RiνRj +

1

2
µij
XX

C
i Xj + h.c.

)
, (3.36)61



3. Neutrino mass generation mehanisms
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Figure 3.2: Diagram generating the light neutrino mass in the inverse seesaw.where Yν is the neutrino Yukawa oupling,MR is a omplex mass matrix that generatesa lepton number onserving mass term and the two Majorana omplex symmetri massmatries µR and µX violate lepton number onservation by two units and have smallelements. The smallness of the entries in the µR and µX matries is natural sineputting them to zero would restore the onservation of lepton number, inreasing thesymmetries of the model [200℄. Here, we have onsidered a generi framework withthree generations of singlet pairs, νR (L = +1) and X (L = +1), but the minimalmodel that �ts osillation data only requires two pairs of singlets [205℄. After EWSB,in the basis of (νL , νCR , X), the 9× 9 neutrino mass matrix is given by
MISS =




0 mD 0
mT

D µR MR

0 MT
R µX


 . (3.37)To simplify the disussion, one an onsider a model with only one generation: in thelimit µR , µX ≪ mD,MR, the mass eigenvalues are then given by

m1 =
m2

D

m2
D +M2

R

µX , (3.38)
m2,3 = ±

√
M2

R +m2
D +

M2
RµX

2(m2
D +M2

R)
+
µR

2
. (3.39)From eq. (3.38, 3.39), it is easy to see that the smallness of the neutrino mass arisesfrom the smallness of µX and, as in the type II seesaw, this smallness is natural. It isthe same for µR, whih only enters the neutrino masses as a subdominant orretion.As a onsequene, and sine none of the observables we studied, like lepton �avourviolating deays or ratios of leptoni kaon deays, depends on µR, we will neglet it forall pratial purposes, like when omputing ontributions to the studied observables.Another observation is that the heavy neutrino eigenstates are nearly degenerate inmass, implying that they will behave as the two omponents of a pseudo-Dira fermion.Under the more onstraining assumption µR , µX ≪ mD ≪ MR, the mass matrix

MISS an be blok diagonalized to give the light neutrino mass matrix [206℄
Mlight ≃ mDM

T
R

−1
µXM

−1
R mT

D , (3.40)with the ative-sterile mixing given by mDM
−1
R . Sine the smallness of light neutrinomasses is linked to µX in the inverse seesaw, it is possible to have at the same time62



3.4. Parametrization of the leptoni mixing
O(1) Yukawa ouplings and sterile neutrinos with masses at the TeV sale. This willhave important phenomenologial onsequenes like an enhaned ative-sterile mixingor the possibility to diretly produe the heavy neutrinos at the LHC.The di�erene between the type I and inverse seesaw for indiret searhes of newPhysis an be better understood in the framework of e�etive theories. For example, inthese, harged lepton �avour violating (LFV) observables originate from a dimension 6operator proportional to Y †

ν Yν/M
2
R in both mehanisms. In the type I seesaw, the massof the light neutrinos omes from the dimension 5 operator, whih is proportional to

Y T
ν Yν/MR, diretly linking the size of the two operators in the absene of CP violation.In the inverse seesaw, the dimension 5 operator is further suppressed by a fator of
µX/MR, whih e�etively deouples the two operators, allowing large LFV e�etswhile keeping the light neutrino masses small.3.4 Parametrization of the leptoni mixingSine the n × n neutrino mass matrix Mν is omplex and symmetri (beause of theMajorana nature of the neutrino), it an be deomposed using the Takagi fatorisation

V T
ν MνVν = diag(m1 , ... , mn) , (3.41)where Vν is a unitary matrix and D is the diagonal matrix whose elements are the realpositive square roots of the eigenvalues of M †

νMν . So, if we onsider for example aninverse seesaw mehanism with 3 pairs of singlet neutrinos, then n = 9 and Vν is a 9×9unitary matrix, relating the weak eigenstates to the the mass eigenstates through



νL
νCR
X


 = Vν




ν1...
ν9


 , (3.42)while the harged lepton mass matrix an be fatorised through the singular valuedeomposition V †

LMℓVR = diag(me , mµ , mτ )

(eL)weak = VL




eL
µL

τL




mass

, (eR)weak = VR




eR
µR

τR




mass

, (3.43)where VR and VL are 3× 3 unitary matries.In general, neutrinos and harged leptons are not diagonal in the same basis. Thismisalignment introdues a mixing between di�erent lepton �avours, whih is the soureof neutrino osillations and other harged lepton �avour violating proesses. At energiesmuh lower than the W± mass, the harged-urrent Lagrangian reads
∆LW =

g2

m2
W

Jµ−
W J+

Wµ , (3.44)63



3. Neutrino mass generation mehanismswith the harged urrent given by
Jµ+
Wij

=
1√
2
νi(V

†
ν VL)ijγ

µPLℓj

=
1√
2
νi(U

†)ijγ
µPLℓj . (3.45)The mixing matrix U is expliitly written as

Uji =
3∑

k=1

V ∗
Lkj
Vνki , (3.46)where j runs between 1 and 3 for the harged leptons and i between 1 and 9 forthe neutrinos. Then U is a retangular matrix, whih prevents it from being unitary.Indeed, we have

UU † = 1 , (3.47)
U †U 6= 1 , (3.48)beause

(U †U)αα =

3∑

i=1

(U †)αiUiα

=

3∑

i,j,k=1

V ∗
νjα
VLji

V ∗
Lki
Vνkα

=

3∑

j=1

V ∗
νjα
Vνjα 6= 1 . (3.49)However, in the limit where extra neutrinos are very heavy and deouple, the leptonimixing matrix is 3× 3, unitary and orrespond to the PMNS matrix.The Casas-Ibarra parametrization [207℄ is a method of reonstruting generi neu-trino Yukawa textures ompatible with the osillation data. It was originally introduedin the type I seesaw [207℄, but it an be diretly extended to the inverse seesaw. In thelatter, the light neutrino mass matrix is given by eq. (3.40)

Mlight ≃ YνM
T
R

−1
µXM

−1
R Y T

ν

v2

2
, (3.50)whih is fatorised using the PMNS matrix

UT
PMNSMlightUPMNS = diag(m1 , m2 , m3) . (3.51)If we de�ne the matrix M = MRµ

−1
X MT

R , then the light mass matrix an be reast ina form similar to the type I seesaw
Mlight ≃ YνM

−1Y T
ν

v2

2
. (3.52)64



3.4. Parametrization of the leptoni mixingIf the matrix M is deomposed with a unitary matrix V aording to
M = V †diag(M1 ,M2 ,M3)V

∗ , (3.53)the Casas-Ibarra parametrization an be diretly applied to the inverse seesaw meha-nism:
Y T
ν =

√
2

v
V †diag(

√
M1 ,

√
M2 ,

√
M3) R diag(

√
m1 ,

√
m2 ,

√
m3)U

†
PMNS , (3.54)where R is a omplex orthogonal matrix, whih has 6 independent parameters. Withthe 6 independent parameters in the PMNS matrix and the 6 masses in the diagonalmatries, the right-hand side of eq. (3.54) has 18 independent parameters, whih or-responds to the number of independent parameters in the Yukawa oupling. The Vmatrix does not ontribute to the above ounting sine it is ompletely determined bythe requirement that it should deompose M into a diagonal matrix. Then, assum-ing R = 1 is equivalent to hypothesis that Yν and M are simultaneously diagonal,while assuming that the neutrino mass matrix is real results in R ∈ O3(R). Theadapted Casas-Ibarra parametrization will prove extremely useful when studying thephenomenology of the inverse seesaw sine it allows to san the parameter spae whilemaking sure that every point omply with the osillation data, thus saving a lot ofomputing time.In this hapter, we have presented the two types of spinors that an be used todesribe fermions, motivated by the fat that, neutrinos being neutral partiles, theyould potentially be Majorana fermions. Sine the experimental data presented inChapter 2 requires neutrinos to have non-zero masses, we desribed mass generationmehanisms, fousing on seesaw mehanisms. Neutrino osillations also implies thatneutrino mix and we disussed lepton mixing and the Casas-Ibarra parametrization inthe last setion. However, there are numerous mass generation mehanisms whih leadto very di�erent experimental signatures at low-energies. In the following hapter, wewill disuss how mehanisms that introdue new fermioni singlets lead to deviationsfrom lepton universality.
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Chapter FourImpat of fermioni singlets on leptonuniversality tests
A fundamental onsequene of the Standard Model gauge struture is the �avour uni-versality of the oupling onstants. Sine the gauge interations do not distinguishbetween di�erent generations, leptons from di�erent families have idential gauge ou-plings. Any deviation from the expeted SM estimates in lepton universality tests willpoint towards new Physis. Lepton Flavour Universality (LFU) an be violated due toa new Lorentz struture in the fermion interations arising from a new �eld ontent, likea harged Higgs salar, or due to orretions to the SM interations. The �rst possibil-ity has been intensively investigated in senarios beyond the SM with extended Higgssetors for leptoni pseudosalar meson deays (e.g. two Higgs doublet models [208℄,supersymmetri extensions of the SM [209, 210℄). However, in these senarios, thenew tree-level orretions are lepton universal and loop-level orretions have to beonsidered. As seen in Chapter 3, extensions of the SM with fermioni singlets indueorretions to the Wℓν vertex leading to LFU violation in harged urrents.
4.1 Lepton universality testsLepton universality has been extensively disussed in [211℄, overing both the theo-retial and experimental aspets of the subjet. Sine the harged leptons ouple tothe photon and to the weak gauge bosons, lepton universality tests an be ategorisedaording to the gauge boson involved: photon, W± or Z0. The universality of ele-tri harge has been thoroughly tested for the muon. Measuring the energy di�erenebetween 1s and 2s levels in muonium, a bound system made from an eletron and anantimuon, a harge ratio anomaly 1+ qµ+/qe− of (1.1±2.1)×10−9 was extrated [212℄.Here, we are interested in the impat of sterile neutrinos. Sine neutrinos only oupleto weak gauge bosons, let us fous on tree-level universality tests involving W± and
Z0 bosons. 66



4.1. Lepton universality testsLeptoni Z0 ouplingsLepton universality an be diretly tested in Z0 deays through ratios of deay widthsinto di�erent leptons. Combined measurements from experiments at the eletron-positron olliders LEP and SLC (Stanford Linear Collider) have given [97℄
B(Z0 → µ+µ−)

B(Z0 → e+e−)
= 1.0009± 0.0028 , (4.1)

B(Z0 → τ+τ−)

B(Z0 → e+e−)
= 1.0019± 0.0032 , (4.2)whih are in agreement with the hypothesis of lepton universality at the 1σ level.Other proesses ould be onsidered like leptoni meson and quarkonium deays,harged lepton prodution ross-setions at eletron-positron olliders or hadron ollid-ers via the Drell-Yan proess. Unfortunately, all these observables an also be mediatedby a photon, making the extration of onstraints on non-universal Z0 ouplings veryhallenging. On the opposite, W±-mediated proesses o�er lear signatures and havebeen widely used to test lepton universality.Leptoni W± ouplingsThe most straightforward observables one an think of are the leptoni deay widthsof W± bosons and their ratios. They have been measured at LEP-II by the ALEPH,L3, DELPHI and OPAL ollaborations [213℄. The ombined measurements of thebranhing ratios give [214℄

B(W → µν̄µ)

B(W → eν̄e)
= 0.994± 0.020 , (4.3)

B(W → τ ν̄τ )

B(W → eν̄e)
= 1.074± 0.029 , (4.4)

B(W → τ ν̄τ )

B(W → µν̄µ)
= 1.080± 0.028 , (4.5)showing a slight deviation from universality in the third generation. Assuming partialuniversality, this an be better quanti�ed through the ratio

RW
τℓ =

2B(W → τ ν̄τ )

B(W → µν̄µ) + B(W → eν̄e)
= 1.077± 0.026, (4.6)whih orresponds to a 2.8σ deviation from the Standard Model predition [215℄

RW
τℓ |SM = 0.999 . (4.7)Equally interesting are leptoni meson deays. For these, measuring ratios of deaywidths is often more interesting sine it redues the experimental unertainties, the ra-tios being independent of the �ux of the deaying mesons [216℄. Moreover, onsideringthese ratios also improves the preision of theoretial preditions sine the hadroni67



4. Impat of fermioni singlets on lepton universality testsunertainties anel to a good approximation. For pions and kaons, the only kinemat-ially aessible harged leptons are the eletron and muon. Denoting the deayingpseudosalar meson by P , with P = π ,K, the appropriate ratios are
RP =

Γ(P+ → e+ν)

Γ(P+ → µ+ν)
, (4.8)where the most reent experimental measurements are

Rexp
K = (2.488± 0.010)× 10−5 , (4.9)

Rexp
π = (1.230± 0.004)× 10−4 , (4.10)from, respetively, the NA62 ollaboration [216℄ and the PDG evaluation [72℄ based onthe measurements [217℄. The SM predition is given by [218℄

RSM
P =

(
me

mµ

)2(
m2

P −m2
e

m2
P −m2

µ

)2

(1 + δQED) , (4.11)where δQED are QED orretions oming, for example, from long-range interations andinternal bremsstrahlung. The experimental results eqs. (4.9, 4.10) an be omparedwith the SM preditions [218, 219℄
RSM

K = (2.477± 0.001)× 10−5 , (4.12)
RSM

π = (1.2354± 0.0002)× 10−4 . (4.13)Introduing a parameter ∆rP haraterising the deviation from the SM predition as
Rexp

P = RSM
P (1 + ∆rP ) or equivalently ∆rP =

Rexp
P

RSM
P

− 1 , (4.14)the experimental results an be rewritten as
∆rK = (4± 4) × 10−3 , ∆rπ = (−4± 3) × 10−3 . (4.15)From this, it is lear that the SM preditions agree at the 1σ level with the observations.However, the smallness of the theoretial errors with respet to the unertainty inexperimental measurements has motivated new experiments that are expeted to reduethe experimental unertainty on Rπ by a fator �ve or more [220℄. Beyond the StandardModel senarios have been onsidered too. For instane, new ontributions to∆rK thatarise in supersymmetri models have shown to be below 10−3 [209, 210℄.Unfortunately, while pion and kaon deays seem very attrative due to the preiseSM preditions and the small experimental unertainties, they annot test the univer-sality of the τ oupling. A �rst solution is to onsider heavier mesons. This is forexample the ase of the harged B or Ds mesons. The orresponding deay rates andthose into other leptons are given in table 4.1, with the orresponding SM preditions.It is worth noting that some measurements deviate from the theoretial values, even ifthe pulls are mild, below 2σ. Similarly to RP , one an onstrut another observable,

RDs, de�ned as
RDs =

Γ(D+
s → τ+ν)

Γ(D+
s → µ+ν)

. (4.16)68



4.1. Lepton universality testsDeay hannel Branhing ratio SM predition Pull
D+ → µ+ν (3.82± 0.34)× 10−4 [221℄ (4.18+0.13

−0.20)× 10−4 [222℄ 0.6σ [222℄
D+

s → µ+ν (5.9± 0.33)× 10−3 [72℄ (5.39+0.21
−0.22)× 10−3 [222℄ 1.3σ [222℄

D+
s → τ+ν (5.43± 0.31)× 10−2 [72℄ (5.44+0.05

−0.17)× 10−2 [222℄ 0.03σ
B+ → τ+ν (1.15± 0.23)× 10−4 [223℄ (0.757+0.098

−0.061)× 10−4 [222℄ 1.6σTable 4.1: Measured branhing ratios of heavy meson deays, orresponding SM pre-ditions and pulls between the experimental and theoretial values.Other ratios ould also be onsidered, but are less attrative sine they reintrodue thedependene on deay onstants and CKM elements.Another possibility to test the τ oupling universality is to onsider τ deays intoa pseudosalar meson, namely a pion or a kaon, and a neutrino. For instane, the SMbranhing frations of τ− → K−ν is given by
Γ(τ− → K−ν) =

G2
FF

2
K

8πmτ

|Vus|2(m2
τ −m2

K)
2 . (4.17)The experimental measurements of the orresponding branhing ratios are [72℄

B(τ− → π−ν) = 0.1083± 0.0006 , (4.18)
B(τ− → K−ν) = (7.0± 0.1)× 10−3 , (4.19)and ratios similar to RP an be built

Rτ
P,µ =

B(τ− → P−ν)

B(P+ → µ+ν)
, and Rτ

P,e =
B(τ− → P−ν)

B(P+ → e+ν)
, (4.20)where the hadroni unertainties anel to a good approximation, as in RP .Another observable is the ratio between leptoni 3-body τ deays. It has the ad-vantage of being purely leptoni and, as suh, it is subjet to muh less theoretialunertainties than meson deays. Unfortunately, two neutrinos are present in the �nalstate, making the experimental reonstrution more hallenging. The CLEO [224℄ andBaBar [225℄ experiments measured this ratio to a preision better than that of theindividual deay widths. The PDG average stands at [72℄

Rτ =
B(τ− → µ−ν̄µντ )

B(τ− → e−ν̄eντ )
= 0.979± 0.004 . (4.21)Finally, lepton universality an also be tested in ratios of semileptoni meson deays.However, hadroni matrix elements will not anel out, making it harder to disentanglenon-universality e�ets from hadron Physis. Nevertheless, we will onsider the ratioreently measured by BaBar [226℄

R(D) =
B(B → Dτ−ν̄τ )

B(B → Dℓ−ν̄ℓ)
= 0.440± 0.072 , (4.22)where B = B−, B0, D = D0, D+ and ℓ = e, µ. This should be ompared with the SMpredition based on lattie estimation of the hadroni matrix element [227℄

R(D)SM = 0.31± 0.02 , (4.23)69



4. Impat of fermioni singlets on lepton universality testswhih deviates by 1.7σ from the experimental results. We will not onsider otherobservables, like B(B → D∗τ−ν̄τ ) or Γ(K → πℓ−ν̄ℓ) sine they either do not exhibita large deviation from the SM predition or their form fators have large theoretialunertainties.In this study, we minimally extend the SM with fermioni singlets, whih modi�esthe leptoni harged urrents oupling to the W± boson. It is worth mentionningthat other studies using these observables have been onduted in supersymmetrimodels [209, 210℄ or in the presene of a fourth generation [228℄.4.2 Constraints on sterile neutrinosIn this hapter we are interested in the e�et of fermioni singlets oupled to leptons viaYukawa terms like in the type I or in the inverse seesaw mehanisms (see Chapter 3).In the presene of additional states, the diagonalization of the neutrino mass matrixyields three light ative neutrinos and other heavier states, mostly omposed of sterileneutrinos, with ouplings to the weak bosons suppressed by small elements of theleptoni mixing matrix. We stress, here, that sterile neutrinos an be muh heavierthan 1 eV and do not neessarily provide a solution to the neutrino anomalies disussedin Chapter 2. There are strong experimental and observational bounds on the massregimes and on the size of the ative-sterile mixings that must be satis�ed in additionto neutrino masses and mixings disussed in Chapter 2.First, there are robust laboratory bounds from diret sterile neutrinos searhes [229,230℄. Below 100 eV, sterile neutrinos an have an impat on neutrino osillations [231℄.However, onstraints in this mass range are not relevant for this study, sine onlyneutrinos with a mass around the eletron mass or above have a notieable e�et onthe observables onsidered here. In the eV to MeV mass range, sterile neutrinos mixingwith the eletron neutrino will appear as kinks in the β eletron spetrum [142℄, ina similar way to the other ative neutrinos. In the MeV to GeV mass range, sterileneutrinos an be searhed via monohromati lines in the harged lepton spetra oftwo-body meson deays [142, 232℄. Another possibility is to try to detet visible deayproduts from sterile neutrinos [233℄, as the Belle ollaboration reently did for sterileneutrinos produed in B meson deays [234℄. Negative searhes for the above signalsan be translated into bounds for mνs − θiα ombinations, where θiα parametrizes theative-sterile mixing. Finally, the Z0 invisible deay width ould be modi�ed [235℄,whih adds further onstraints.The non-unitarity of the leptoni mixing matrix is also subjet to onstraints: therates for leptoni and hadroni proesses with �nal state neutrinos usually dependon ∑i |Uji|2, where the sum extends over all neutrino states kinematially aessi-ble (i = 1, . . . , Nmax), and thus onstrain the departure from unitarity ∑i |Uji|2 = 1.Noting ŨPMNS the 3 × 3 blok of U that orresponds to the mixing between theharged leptons and the ative neutrinos, the deviation of ŨPMNS from unitarity anbe parametrized by
ŨPMNS = (1− η)UPMNS . (4.24)where UPMNS is the unitary mixing matrix that arises when only three massive neutrinos70



4.2. Constraints on sterile neutrinosare present. Bounds on the non-unitarity parameter η were derived using Non-StandardInterations [190℄. However, these are not relevant when all the sterile neutrinos arelighter than the deaying partile sine then all the neutrino mass eigenstates areaessible and unitarity is restored.Unless the ative-sterile mixings are negligible, the modi�ed Wℓν vertex may alsoontribute to lepton �avour violating proesses1, with potentially large rates. The ra-diative µ → eγ deay, searhed for by the MEG experiment [237℄, is the most stringentone2. The rate indued by sterile neutrinos must satisfy B(µ → eγ) ≤ 5.7×10−13. Anyhange in the Wℓν vertex will also a�et other leptoni meson deays, in partiular
B → ℓν. The following bounds are partiularly relevant [72℄:

B(B → eν) < 9.8× 10−7 , (4.25)
B(B → µν) < 10−6 , (4.26)
B(B → τν) = (1.65± 0.34)× 10−4 . (4.27)Important onstraints an also be derived from LHC Higgs searhes [239℄ and ele-troweak preision data [229, 240℄. LHC data on Higgs deays already provides someimportant bounds when the sterile states are slightly below 125 GeV (due to the poten-tial Higgs boson deays to left- and right-handed neutrinos). The ative-sterile mixingsan also introdue small deviations in the eletroweak �ts, whih allows to onstrainthem. An e�etive approah was applied in [240℄, assuming very heavy sterile neutri-nos, and thus these bounds will only be applied when all sterile neutrinos are heavierthan the deaying partile.If the neutrinos are Majorana fermions, onstraints also arise from spei� observ-ables. Neutrinoless double beta deays will be a�eted through modi�ations of thee�etive mass m2β but also via new exhanges of heavy sterile neutrinos [231℄. Newobservables an also be searhed for at olliders, for example same-sign dilepton andsame-sign dimeson signals [229℄. Their non-observation puts limits in the mνs − θiαplane.Under the assumption of a standard osmology, the most onstraining bounds onsterile neutrinos stem from a wide variety of osmologial observations [230, 231℄. UsingLarge Sale Struture (LSS), Lyman-α, CMB, Big Bang nuleosynthesis and super-novae (SN1987A) data, one an also set relevant bounds on sterile neutrinos via e�etsanalogous to those desribed in Setion 2.3 for ative neutrinos. Ative-sterile mixingalso indues radiative deays νi → νjγ, well onstrained by osmi X-ray searhes.Limits on eletron-sterile mixing are given in �gure 4.1 and similar plots for muon-sterile and tau-sterile mixings an be found in [230℄. However, all the above osmologi-al bounds an be evaded if a non-standard osmology is onsidered. In fat, the aboveosmologial onstraints disappear in senarios with a low reheating temperature [241℄.In our numerial analysis we will allow for the violation of the osmologial bounds,expliitly distinguishing results that are in on�it with them.1LFV is typially dipole dominated when the sterile neutrinos are light (mνs . 300 GeV), sothat µ → eγ is the most onstraining LFV observable. For heavier sterile neutrinos, other (model-dependent) ontributions beyond the dipole might be more relevant [236℄.2Reently, it has been also notied that in the framework of a low-sale type I seesaw, the ex-peted future sensitivity of µ− e onversion experiments an also play a relevant role in deteting oronstraining sterile neutrino senarios in the 2 GeV - 1000 TeV mass range [238℄. 71



4. Impat of fermioni singlets on lepton universality tests

Figure 4.1: Limits on the size of the eletron omponent of a sterile neutrino, withrespet to the sterile neutrino mass. Reprinted from [230℄, opyright 2009, with per-mission from Elsevier.4.3 RK in the inverse seesaw modelWe fous here on leptoni deays of light pseudosalar mesons beause of the preiseSM preditions and the relatively small experimental unertainties. We will �rst om-pute ∆rP in a model-independent approah, allowing additional fermioni states toontribute. Then, we will onsider the ase of the inverse seesaw model in order tonumerially illustrate the impat of sterile neutrinos on ∆rP [242℄.
∆rP in the presene of sterile neutrinosLet us onsider the SM extended by Ns additional sterile states and ondut a generalalulation of the leptoni meson deay widths, where the meson is a pseudosalar.The deay K+ → ℓ+ν is desribed at the quark level by the diagram of �g. 4.3. Sinethe deaying meson mass is muh smaller than the W± mass, the intermediate bosonpropagator an be approximated by ıgµν/m2

W and the matrix element is
ıMij = 〈ℓ+j (q1) νi(q2)|ı

GF√
2
U∗
jiν̄iγµ(1− γ5)ℓj s̄γ

µ(1− γ5)V
∗
usu|K+(p)〉 , (4.28)with V the CKM matrix, GF the Fermi oupling onstant and no sum implied overthe indies of the outgoing leptons i, j. Notie that now one has to onsider all the�nal state neutrinos i = 1, ..., N

(ℓ)
max, where N (l)max denotes the heaviest neutrino masseigenstate whih is kinematially allowed. Considering a purely tree-level proess, we72



4.3. RK in the inverse seesaw model
u

s̄
W+

K+

ℓ+

νFigure 4.2: Feynman diagram of a pseudosalar meson deaying into a harged leptonand a neutrino.neglet long-distane orretions and insert the vauum state
ıMij = ı

GF√
2
U∗
jiV

∗
us〈ℓ+j (q1) νi(q2)|ν̄iγµ(1− γ5)ℓj |0〉〈0|s̄γµ(1− γ5)u|K+(p)〉 . (4.29)However, the isospin vetor urrent is onserved and thus 〈0|s̄γµu|K+(p)〉 = 0. De�ningthe meson deay onstant by 〈0|s̄γµγ5u|K+(p)〉 = ı

√
2FKp

µ and ontrating the urrentwith the asymptoti states, the matrix element reads
ıMij = −GFFKU

∗
jiV

∗
usūνi(q2)/p(1− γ5)vℓj(q1) , (4.30)where u and v are the positive and negative frequeny (partile and antipartile) solu-tions of the Dira equation, respetively. This gives the spin averaged squared matrixelement

|Mij|2 = 4G2
FF

2
K |Uji|2|Vus|2

[
m2

K(m
2
νi
+m2

ℓj
)− (m2

νi
−m2

ℓj
)2
]
, (4.31)where mK is the mass of the harged kaon.The deay rate is given by [71℄

Γ =

∫
1

2mK

(
d3q1
(2π)3

1

2Eℓj

d3q2
(2π)3

1

2Eνi

)
|Mij|2(2π)4δ(4)(p− q1 − q2) . (4.32)Sine the spin averaged squared matrix element is independent from the momenta ofthe leptons, it an be taken out of the integral leaving only the sum over the two-bodyLorentz-invariant phase spae, whih is

∫
dLips2 =

1

16πm3
K

[
(m2

K −m2
ℓj
−m2

νi
)2 − 4m2

ℓj
m2

νi

]1/2
. (4.33)This gives the deay rate into the mass eigenstates νi, ℓj

Γ =
G2

FF
2
K

4πm3
K

|Uji|2|Vus|2
[
m2

K(m
2
νi
+m2

ℓj
)− (m2

νi
−m2

ℓj
)2
]

×
[
(m2

K −m2
ℓj
−m2

νi
)2 − 4m2

ℓj
m2

νi

]1/2
, (4.34)73



4. Impat of fermioni singlets on lepton universality testswhih an be easily applied to other pseudosalar mesons by hanging the meson mass
mP and the orresponding deay onstant.The expression for RP is �nally given by

RP =

∑
i F

i1Gi1

∑
k F

k2Gk2
, with (4.35)

F ij = |Uji|2 and
Gij =

[
m2

P (m
2
νi
+m2

lj
)− (m2

νi
−m2

lj
)2
] [

(m2
P −m2

lj
−m2

νi
)2 − 4m2

lj
m2

νi

]1/2
. (4.36)The result of eq. (4.35) has a straightforward interpretation: F ij represents the impatof new interations (absent in the SM), whereas Gij enodes the mass-dependent fa-tors. Notie however that all states (harged and neutral fermions) do not neessarilyontribute to RP : this an be seen from inspetion of Gij, see eq. (4.36), whih mustbe a positive de�nite quantity.The SM result an easily be reovered from eq. (4.35), in the limit mνi = 0 and

Uji = δji,
RSM

P =
m2

e

m2
µ

(m2
P −m2

e)
2

(m2
P −m2

µ)
2
, (4.37)to whih small eletromagneti orretions (aounting for internal bremsstrahlung andstruture-dependent e�ets) should be added [218℄.The general expression for ∆rP now reads

∆rP =
m2

µ(m
2
P −m2

µ)
2

m2
e(m

2
P −m2

e)
2

∑N
(e)max

m=1 F
m1Gm1

∑N
(µ)max

n=1 F n2Gn2
− 1 . (4.38)Thus, depending on the masses of the new states (and their hierarhy) and most im-portantly, on their mixings to the ative neutrinos, ∆rP an onsiderably deviate fromzero. In order to illustrate this, we onsider two regimes: in the �rst (A), all sterileneutrinos are lighter than the deaying meson, but heavier than the ative neutrinostates, i.e. mative

ν ≪ mνs . mP ; in the seond (B), all νs are heavier than mP . Notiethat in ase (A), all the mass eigenstates an be kinematially available and one shouldsum over all 3 + Ns states; furthermore there is an enhanement to ∆rP arising fromphase spae fators, see eq. (4.36).We further emphasise that senarios (A) and (B) are in general experimentally in-distinguishable onerning lepton �avour universality, the only exeption orrespondingto a very partiular regime where the sterile neutrinos are very lose in mass to thedeaying pseudosalar meson. In suh a situation, the resulting harged lepton wouldeither be less energeti and not pass the experimental kinematial uts [142, 232℄ orhave a learly redued momentum.Numerial evaluation of ∆rK in the inverse seesaw modelWe numerially evaluate the ontributions to RK in the framework of the inverse seesawmodel and address the two senarios disussed before, whih an be translated in terms74



4.3. RK in the inverse seesaw model

10-7 10-6 10-5 10-4 10-3 10-2
10-8

10-6

10-4

10-2

100

102

Η
�

D
r K

(a) Senario (A) 10-7 10-6 10-5 10-4 10-3 10-2 10-1 100

10-8

10-6

10-4

10-2

100

Η
�

D
r K

(b) Senario (B)Figure 4.3: ∆rK in the SM extended by the inverse seesaw as a funtion of η̃ =
1 − |Det(ŨPMNS)|: senarios A (left) and B (right). The upper (lower) dashed linedenotes the urrent experimental limit (expeted sensitivity). On the right panel, redpoints denote ases where Yν & 10−2. All points omply with laboratory onstraints.Points in (B) are also in agreement with osmologial bounds, while those in (A) requireonsidering a non-standard osmology. Figure reprinted from [242℄ by the author, withkind permission from Springer Siene and Business Media.of ranges for the (random) entries of the MR matrix, de�ned in eq. (3.36): senario(A) (mνs < mP ) - MRi ∈ [0.1, 200] MeV; senario (B) (mνs > mP ) - MRi ∈ [1, 106]GeV. The entries of µX have also been randomly varied in the [0.01 eV, 1 MeV] rangefor both ases.The adapted Casas-Ibarra parametrization for Yν , in eq. (3.54), ensures that neu-trino osillation data are satis�ed (the best-�t values of the global analysis of [104℄ areused and the CP violating phases of UPMNS is set to zero). For illustrative purposes,the R matrix angles are taken to be real (thus no ontributions to lepton eletri dipolemoments are expeted) and randomly varied in the range θi ∈ [0, 2π]. Although we donot disuss it here, we have veri�ed that similar ontributions to ∆rK are found whenonsidering the more general omplex R matrix ase.In �gure 4.3, we ollet our results for∆rK in senarios (A) on the left panel and (B)on the right panel, as a funtion of η̃, whih parametrizes the departure from unitarityof the light ative neutrino mixing sub-matrix ŨPMNS,

η̃ = 1− |Det(ŨPMNS)| . (4.39)Although the osmologial onstraints are not always satis�ed, we stress that all pointsdisplayed omply with the di�erent laboratory bounds disussed in the previous setion.For the ase of senario (A), one an have very large ontributions to RK , whih aneven reah values ∆rK ∼ O(1) (in some spei� ases we �nd ∆rK as large as ∼ 100).The hierarhy of the sterile neutrino spetrum in ase (A) is suh that one an indeedhave a signi�ant amount of LFU violation, while still avoiding non-unitarity bounds.Although this senario would in priniple allow to produe sterile neutrinos in lightmeson deays, the smallness of the assoiated Yν (. O(10−4)), together with the loopfuntion suppression, preludes the observation of LFV proesses, even those withvery good assoiated experimental sensitivity, as is the ase of µ → eγ. The strong75



4. Impat of fermioni singlets on lepton universality testsonstraints from CMB and X-rays would exlude senario (A); in order to render itviable, one would require a non-standard osmology, see for instane [241℄Despite the fat that in ase (B) the hierarhy of the sterile states is suh thatnon-unitarity bounds beome very stringent (sine the sterile neutrinos are not kine-matially viable meson deay �nal states), sizeable LFU violation is also possible, withdeviations from the SM preditions as large as ∆rK ∼ O(1). Contrary to ase (A),whose results ould also arise in other frameworks with light sterile neutrinos, the largedeviations in (B) typially our when all the singlet states are onsiderably heavierthan the deaying meson, and re�et spei� features of the ISS. As an be inferredfrom eq. (3.40), in the inverse seesaw framework, one has mν ∼ (Yν v/MR)
2 µX ; hene,for �low� (when ompared to, for instane, the type I seesaw sale) MR, light neutrinodata an still be aommodated with large Yukawa ouplings, Yν ∼ few × 10−1. As aonsequene, large ative-sterile mixings an our, thus leading to an enhanement of

RK . Even if in this ase one annot produe sterile states in meson deays, the large Yνopen the possibility of having larger ontributions to LFV observables so that, for ex-ample, BR(µ→ eγ) an be within MEG reah. It should be stressed that, at the timeof this study, we used the latest published upper limit of B(µ → eγ) ≤ 2.4×10−12 [243℄.Although we do not expliitly display it here, the prospets for ∆rπ are similar:in the same framework, one ould have ∆rπ ∼ O(∆rK), and thus ∆rπ ∼ O(1) inboth senarios. Depending on the singlet spetrum, these observables an also bestrongly orrelated: if all the sterile states are either lighter than the pion (as it isthe ase of senario (A)) or then heavier than the kaon, one �nds ∆rπ ≈ ∆rK . Thelatter possibilities are a feature of the inverse seesaw mehanism (not possible in theunonstrained MSSM, for example) and are expeted to be present in other low-saleseesaw models that allow for large ative-sterile mixing angles.The impat of this mehanism is not restrited to light meson deays. Moreover,there are urrently some hints of lepton �avour universality violation inD and B mesondeays. This has motivated the study of other observables, whih we present in thefollowing setion.4.4 Other lepton universality testsAs we have seen, sterile neutrinos an lead to large deviations from the SM preditionsin RK and Rπ, and even saturate the experimental bounds. This fuels the interest inonsidering other lepton universality tests and searhing for deviations with respet tothe SM preditions. The expressions derived for RP an be diretly generalized to RDs(see eq. (4.16)), whih allows to probe universality violation in the τ setor. Anotherpossibility to do this is to onsider the ratios Rτ
P,ℓ de�ned in eq. (4.20). One needs thento evaluate the τ− → P−ν deay width in the presene of additional fermioni singlets.For the ase of a harged kaon K− in the �nal state, the Feynman diagram is shownin �g. 4.4 and the orresponding matrix element reads

ıM = 〈νi(q2)K−(q1)|ı
GF√
2
U∗
jiν̄iγµ(1− γ5)ℓj s̄γ

µ(1− γ5)V
∗
usu|τ−(p)〉 . (4.40)76
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Figure 4.4: Tree-level quark diagram for the semileptoni τ deay τ− → K−ν.Proeeding similarly to eqs. (4.28-4.31), we obtain the spin-averaged squared matrixelement
|M|2 = 2G2

FF
2
K |Uτi|2|Vus|2

[
(m2

τ −m2
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)2 −m2

K(m
2
τ +m2

νi
)
]
, (4.41)whih is independent of any partile momentum. Thus, we an diretly multiply it bythe integrated two-body Lorentz-invariant phase spae of eq. (4.33) to �nd the followingdeay width
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]
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. (4.42)The expression for Rτ

P,ℓ is �nally given by
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, with (4.43)
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2
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] [
(m2

τ −m2
P −m2

νi
)2 − 4m2

Pm
2
νi

]1/2
, (4.44)and F kj and Gkj are given by eq. (4.36). Although more involved than the formula for

RK , the above expression is still free from hadroni unertainties, so that at �rst order,any deviation from the SM predition is due to the presene of the sterile neutrinos.Lepton universality an also be tested by studying ratios of leptoni three-bodymuon and tau deays. One should then ompute the harged lepton deay widths inthe hannel ℓ−i → ℓ−j νν. Sine, until now, only one neutrino was present in the �nalstate and esaped the detetor without interating, its Dira or Majorana nature wasof little onern. But here we have two neutrinos in the �nal state, and the statistiswill be di�erent aording to the neutrino nature. Sine we will illustrate our resultin the inverse seesaw model, we present here the alulation for Majorana neutrinos.This deay is desribed by the Feynman diagram in �g. 4.5 and its symmetri underthe exhange of να and νβ. The matrix element for the diagram in �g. 4.5 is
ıM1 = − ıg2

8m2
W

U∗
iαUjβūναγ

µ(1− γ5)uℓiūℓjγµ(1− γ5)vνβ , (4.45)while the matrix element of the symmetri diagram reads
ıM2 =

ıg2

8m2
W

U∗
iβUjαūνβγ

µ(1− γ5)uℓiūℓjγµ(1− γ5)vνα , (4.46)77
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Figure 4.5: One of the two tree-level quark diagrams for the leptoni three-body muonand tau deays. The other one is its symmetri under the exhange of να and νβ.where the fator −1 between M1 and M2 is due to the exhange of external fermions.The omplete matrix element is the sum of the two ontributions
ıMtot = ıM1 + ıM2 , (4.47)and the spin-averaged squared matrix element is thus given by

|Mtot|2 = |M1|2 + |M2|2 + 2ℜ(M1M∗
2) . (4.48)From eq. (4.45), the �rst ontribution gives

|M1|2 =
G2
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4
|Uiα|2|Ujβ|2Tr
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(/pα +mνα)γ
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]
, (4.49)whih redues to

|M1|2 = 64G2
F |Uiα|2|Ujβ|2[pα · pj][pi · pβ] . (4.50)Likewise, one has for the symmetri diagram

|M2|2 = 64G2
F |Uiβ|2|Ujα|2[pβ · pj][pi · pα] , (4.51)while the interferene term is given by

M1M∗
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iαUjβUiβU
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µ(1− γ5)uℓiūℓjγµ(1− γ5)vνβ

× v̄ναγν(1− γ5)uℓj ūℓiγ
ν(1− γ5)uνβ . (4.52)Usual spinor ontrations annot be straightforwardly used beause of the mismathbetween neutrino spinors. Dira and Majorana spinors both verify [103℄

u = Cv̄T , and v = CūT , (4.53)whih implies
ū = −vTC† , and v̄ = −uTC† . (4.54)Thus the harged urrent an be reast as

ūℓjγµ(1− γ5)vνβ = vTℓjγ
T
µ (1− γ5)ū

T
νβ

= ūνβ(1− γ5)γµvℓj , (4.55)78



4.4. Other lepton universality testswhere the last equality is due to the fat that the urrent is a Hermitian ovariantbilinear. Using this transformation of the urrent, we have
M1M∗
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ν(1− γ5)uνβ , (4.56)whih, after averaging on the spins and simplifying Dira matries, gives
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jαmναmνβ [pi · pj ] . (4.57)Introduing the Dalitz variables [244℄ de�ned as

sjα = m2
jα = (pj + pα)

2 , (4.58)
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2 , (4.60)the di�erential deay width reads
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, (4.61)where the δαβ appears beause neutrinos are Majorana fermions. When the two masseigenstates are idential, the sterile neutrinos annot be distinguished and integratingover the whole phase spae would lead to a double ounting of the �nal states. Thisan be aounted for by a fator (1− δαβ/2). Then we have to evaluate the integrationdomain boundaries. If we integrate �rst over sjβ, they are
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jβ , mℓi, mνα) . (4.68)Rewriting the di�erential matrix element as expliitly symmetri under the exhange

να ↔ νβ and summing over all the kinematially aessible neutrinos, the deay width79
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+ α↔ β . (4.70)For omparison, in the ase of Dira neutrinos, the deay width would be given by
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jα , mℓi , mνβ) . (4.72)Notie from eq. (4.70) that the interferene term is spei� to Majorana neutrinos andproportional to their masses. This is to be ompared with the SM predition
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G2

Fm
5
ℓi

192π3
. (4.73)We expliitly veri�ed that in the limit of massless partiles in the �nal state the deaywidths agree with the SM predition.Another observable that ould lead to interesting results is the ratio of semileptonipseudosalar meson deays, for example

Γ(P → P ′eν)

Γ(P → P ′µν)
. (4.74)The total width of a semileptoni deay an be deomposed as

Γtot = Γc1 + Γc2 + Γc3 + Γc4 , (4.75)where eah partial width is assoiated with the form fators F+(q2), F 0(q2) (and om-binations thereof), where q denotes the momentum transfer, as follows
Γc1,c2  |F+(q2)|2 ; Γc3  |F 0(q2)|2 ; Γc4  2ℜ(F 0F+∗) . (4.76)80



4.4. Other lepton universality testsThe above widths an be written as
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Γc4 = 0 , (4.77)where ∆M2 = M2−M2
3 , with M the mass of the deaying meson, M1,2 the �nal stateharged and neutral leptons, and M3 the �nal state meson.Finally, the W± deay width ould also be modi�ed by the presene of sterileneutrinos. It an be written as
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.The oupling aL is given by aijL = 23/4mW

√
GFUij .As seen in leptoni kaon deays, the existene of sterile neutrinos an potentiallylead to a signi�ant violation of lepton �avour universality at tree-level in light mesondeays. Provided that the ative-sterile mixings are su�iently large, the modi�edleptoni interations an generate large ontributions to lepton universality tests, withmeasurable deviations from the standard model expetations. As an illustrative exam-ple, we have evaluated the ontributions to RK in the inverse seesaw extension of theSM, for distint hierarhies of the sterile states. In partiular, we have studied the im-pat of non-unitarity in a low mass regime for the additional singlets, an inverse seesawmass regime onsiderably lower than what had previously been addressed [190, 245℄.Our analysis reveals that very large deviations from the SM preditions an be foundwith ∆rK ∼ O(1) or even larger, well within reah of the NA62 experiment at CERN.This is in lear ontrast with other models of new physis (for example unonstrainedSUSY models, where one typially has ∆rK . O(10−3) [210℄, and in models with fourgenerations [228℄). We further notie that these large deviations are a generi and non81



4. Impat of fermioni singlets on lepton universality tests�ne-tuned feature of this model. It is worth emphasising that, in view of the poten-tially large new ontributions to these observables, suh an analysis of LFU violationin light meson deays atually allows to set bounds on the amount of unitarity vio-lation (parametrized by η̃, eq. (4.39)). The lepton universality tests mentioned abovedeserve a areful study, whih is urrently under way [246℄. It will also be very inter-esting to searh for orrelations between the di�erent observables that are spei� tothe presene of additional fermioni singlets.The inverse seesaw model is a very attrative extension of the SM sine it generatesneutrino masses lose to the eletroweak sale. This allows the urrent generationof experiments to onstrain this model, either from high-energy searhes, like diretprodution of the heavy neutrinos or its potential impat on the Higgs setor, or fromlow-energy experiments at the high-intensity frontier, whose Physis programs inludelepton universality tests or searhes for harged lepton �avour violation. However,there exists other models that address problems of the SM not solved by the inverseseesaw, like the dark matter issue or the hierarhy problem. In the next hapters,we will onsider supersymmetri models addressing the latter issues and disuss theimplementation of the inverse seesaw in suh a framework.

82



Part IIISupersymmetri inverse seesaw modelsCuriously enough, the only thing that wentthrough the mind of the bowl of petuniasas it fell was Oh no, not again. Manypeople have speulated that if we knewexatly why the bowl of petunias hadthought that we would know a lot moreabout the nature of the Universe than wedo now.The Hithhiker's Guide to the GalaxyDouglas Adams
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Chapter FiveSupersymmetri extensions of theStandard Model
In the previous hapters we have disussed how the generation of neutrino masses allsfor the introdution of new �elds (suh as new fermioni singlets) and we have alsoaddressed a number of spei� signatures of these extensions. However, other aveatsof the SM have motivated the study of larger frameworks. A number of New Physismodels have been onsidered during the last deades. Supersymmetri extensions of theSM are among them. In this hapter, we will introdue the onept of supersymmetry(SUSY) and present two supersymmetri models. But �rst, we will disuss some of themotivations that led to the introdution of supersymmetry and why it has attratedso muh attention over the years.5.1 The appeal of supersymmetryThe onept of supersymmetry has many attrative aspets. First, it gives a uni�eddesription of bosons and fermions, relating them through the generator of SUSY trans-formations. Thus, using the super�eld formalism that will be introdued in the nextsetion, they appear as di�erent omponents of a supermultiplet and any supersym-metri Lagrangian has to be invariant under the exhange of the bosoni and fermioniomponents of the same supermultiplet.The seond appealing aspet of supersymmetry omes from the fat that it ex-tends the Poinaré algebra in a very spei� way. In 1967, Sidney Coleman andJe�rey Mandula derived a no-go theorem about extended spaetime symmetries [247℄.Following [248℄, it states that:If (1) the S matrix is based on a loal, relativisti quantum �eld theory in four-dimensional spaetime, (2) there are only a �nite number of di�erent partiles assoi-ated with one-partile states of a given mass, (3) and there is an energy gap between thevauum and the one partile states, then the most general Lie algebra of symmetriesof the S matrix ontains the Poinaré algebra and a �nite number of Lorentz salaroperators that must belong to the Lie algebra of a ompat Lie subgroup.84



5.1. The appeal of supersymmetryRephrasing the above statement, the most general Lie algebra of the S matrix sym-metries is the diret produt of the Poinaré algebra with the internal symmetries,whih should be desribed by a ompat Lie algebra. In partiular, this implies thatthe internal symmetry generators ommute with the Poinaré generators. However,the Coleman-Mandula theorem only applies to Lie algebras, onsidering only bosonioperators that de�ne an algebra via ommutation relations. Supersymmetry evades theColeman-Mandula theorem sine it introdues a fermioni generator and antiommu-tation relations. Moreover, in 1975, Rudolf Haag, Jan Lopuszanski and Martin Sohniusproved that the SUSY algebra (see eq (5.1-5.6)) is, in fat, the most general extensionof the Poinaré algebra assuming a single spinorial generator Q [249℄.Third, supersymmetri theories have an improved ultra-violet (UV) behaviour. Thisis known as the non-renormalization theorem, whih states that in SUSY theoriesouplings and masses are only renormalized through the wave funtion renormalizationof the �elds [250℄. Indeed, all loop orretions an be expressed as non-dynamial�elds [251℄, known as D-terms, leading to kineti terms that generate wave funtionrenormalization. Moreover, this renormalization is at most logarithmially divergentin the UV ut-o�. As a onsequene, SUSY theories are free of quadrati divergenesand thus provide a solution to the hierarhy problem that plagues the Standard Model.The latter issue omes from the fat that, in the SM, the Higgs mass is not protetedby any symmetry and ends up being quadratially divergent in the ut-o�. Assumingthat the SM is valid up to the Plank sale ΛP ∼ 1018 GeV1, the ounter terms tothe Higgs squared mass would have to be �ne-tuned to 10−32 to anel out the newradiative orretions to the Higgs mass, whih is highly unnatural. Sine the quadratidivergenes are absent in SUSY theories, the ounter terms do not need suh a �neadjustment, making SUSY models more natural. Moreover, if the Higgs mass were tobe driven to a very high sale, why would the eletroweak sale be lose to 100 GeV ?This question is the essene of the hierarhy problem.Fourth, supersymmetry improves the onvergene of the running gauge ouplingsat high energy, as demonstrated in [252℄. In fat, there is an approximate onvergenein the SM as shown in �g. 5.1(a), whih would hint towards the idea of a Grand Uni�edTheory2. Unfortunately, sine the ouplings do not meet in one point, GUT theorieswith diret breaking to the SM gauge group are exluded. However, the superpartnersthat are introdued in SUSY theories also ontribute to the gauge oupling β fun-tions, improving the onvergene of the running ouplings. Atually, in the MinimalSupersymmetri extension of the Standard Model (MSSM), they unify within experi-mental error for MGUT ∼ 1016 GeV as seen in �g. 5.1(b).Fifth, loal supersymmetry o�ers a natural onnetion to gravity. Indeed, whensupersymmetry is gauged, it is neessary to introdue a spin 3/2 partile whose su-perpartner is a spin 2 partile [248, 253℄. The latter ouples to the energy-momentumtensor as in general relativity, allowing the identi�ation of the spin 2 �eld as thegraviton [254℄, whose superpartner is the gravitino. Unfortunately, as in general rel-ativity, the new oupling is dimensionful, with a mass dimension of −1, introduing1Above the Plank sale, gravitational interations beome relevant and a theory of quantumgravity is required.2At higher sales, there would be an unbroken phase of a larger gauge group where the ouplingsunify in a ommon value. 85



5. Supersymmetri extensions of the Standard Model

(a) SM (b) MSSMFigure 5.1: Running gauge ouplings in a supersymmetri and non-supersymmetrimodel as a funtion of the renormalization sale. The �gures are taken from [252℄,reprodued by permission of the Amerian Physial Soiety.
non-renormalizable interations in the theory.Sixth, supersymmetry o�ers a framework to understand eletroweak symmetrybreaking. In the SM, the ondition leading to EWSB, µ < 0, has to be enfored byhand. In many SUSY models, radiative orretions to the Higgs mass assoiated withthe up-quark setor indue its running from a positive value at the ultraviolet sale,down to negative values in the infrared thus triggering eletroweak symmetry breaking.This mehanism is named radiative eletroweak symmetry breaking (REWSB) and itan take plae over a wide range of parameters [255℄.Finally, supersymmetri models with onserved R-parity3, a global Z2 symmetryunder whih SM �elds are even while their superpartners are odd, may ontain a andi-date for dark matter [253℄. In R-parity onserving models, the Lightest SupersymmetriPartile (LSP), being the lightest partile with a onserved quantum number, is stable.Thus, if it is eletrially neutral and does not interat strongly, it onstitutes a naturaldark matter andidate. Astrophysial and osmologial observations, like the galaxyrotation urves or matter distribution in the bullet luster, point towards the existeneof a non-baryoni, non-luminous type of matter. The most reent measurement of theCMB anisotropies by the Plank satellite yields a dark matter density ΩDM ≃ 0.26,whih is roughly �ve times the density of baryoni matter [187℄.It is worth mentioning that SUSY extensions of the SM are not the only frame-works that have been onsidered. For example, many theories have been proposed toaddress the hierarhy problem. Among them are extra-dimensions, large [256, 257℄ orwarped [258℄, whih lower the Plank sale, e�etively reduing the �ne-tuning, andeven ompositeness [259℄, where the Higgs �eld is a ondensate from a new stronglyinterating setor.

3R-parity will be disussed in Setion 5.3.86



5.2. A brief introdution to supersymmetry5.2 A brief introdution to supersymmetryThe idea of a symmetry relating fermions and bosons was �rst introdued by HironariMiyazawa in 1966 as a symmetry between baryons and mesons [260℄. It was later rein-terpreted as a symmetry of spaetime and fundamental �elds in 1971 by Yu Golfandand Evgeny Likhtman [261℄, who introdued it as an extension of the Poinaré groupalgebra. Three years later, Julius Wess and Bruno Zumino wrote down the �rst four-dimensional supersymmetri quantum �eld theory with supersymmetry realised lin-early [262℄. But it was only in the 1980s that the Minimal Supersymmetri StandardModel (MSSM), the simplest viable SUSY extension of the SM, was formulated andstudied from a phenomenologial point of view. In this setion, we will use the on-ventions of [253℄.The supersymmetry algebraDenoting the generators of the Lorentz boost M0i = −Ki, those of the rotations
Mij = ǫijkJk and the ones of spaetime translations Pµ, the Poinaré algebra is de-�ned by the following ommutation relations:

[Pµ , Pν ] = 0 , (5.1)
[Mµν , Pλ] = ı(gνλPµ − gµλPν) , (5.2)

[Mµν ,Mρσ] = ı(gνρMµσ + gµσMνρ − gµρMνσ − gνσMµρ) , (5.3)where gµν is the Minkowski metri with the signature (+,−,−,−). The Poinaréalgebra an then be enlarged by adding a new generator Q, whih is a four-omponentMajorana spinor, and the resulting super-Poinaré algebra is de�ned by the aboveommutation relations extended by
{Qa , Q̄b} = 2(γµ)abPµ , (5.4)
[Qa , Pµ] = 0 , (5.5)

[Qa ,Mµν ] =
1

2
(σµν)abQb , (5.6)with a , b spinorial indies and σµν = ı

2
[γµ , γν ].Two omments are in order. First, as mentioned in Setion 3.1, an irreduiblerepresentation of the Lorentz group, and by extension of the super-Poinaré group, isformed by Weyl spinors of a de�nite hirality. Thus, supersymmetri theories haveto be built from either Weyl or Majorana spinors, whih have as many independentomponent as the Weyl spinors. The usual onvention is to hoose all the �elds in theleft-handed representation of the super-Poinaré algebra. The right-handed omponentof the SM fermions an then be inluded through their harge onjugate given byeq. (3.12). Seond, eq. (5.5) implies that [Qa , P

2] = 0. Sine the eigenvalue of theCasimir operator P 2 applied to a partile is the squared mass, partiles related by SUSYtransformations (i.e. partile and superpartile) have the same mass if supersymmetryremains unbroken.As we have seen above, the Poinaré algebra an be enlarged by a spinorial gen-erator, whih an hange a boson into a fermion and vie versa. A onvenient way to87



5. Supersymmetri extensions of the Standard Modeldesribe this is to group superpartners into one multiplet, known as a supermultiplet,making use of the super�eld formalism.The super�eld formalismSupersymmetri theories and transformations an be formulated in a very simple andelegant way using the super�eld formalism. The �rst step is to enlarge the four-dimensional spaetime with a four-omponent Grassmannian oordinate θ, whih be-haves like a Majorana spinor whose omponents are Grassmann (antiommuting) num-bers
{θa , θb} = 0 , (5.7)
{θa , ψa} = 0 , (5.8)

θ̄ = θTC . (5.9)It is easy to see from eq. (5.7) that any produt of θ that ontains �ve or more θ vanishes.This enlarged spaetime is alled a superspae and illustrates the deep onnetion thatsupersymmetri transformations have with more usual spaetime symmetries4. Fieldsan now be de�ned on this superspae and be expanded as a �nite series of Grasmannvariables. Following [253℄, a salar super�eld Ψ̂(x, θ) an be deomposed as
Ψ̂ =S − ı

√
2θ̄γ5ψ − ı

2
(θ̄γ5θ)M+

1

2
(θ̄θ)N +

1

2
(θ̄γ5γµθ)V

µ

+ ı(θ̄γ5θ)

[
θ̄

(
λ+

i√
2
/∂ψ

)]
− 1

4
(θ̄γ5θ)

2

[
D − 1

2
�S
]
, (5.10)where S, M, N and D are salar �elds, ψ and λ are spinor �elds and V µ is a vetor�eld. From eq. (5.10), one an see that multiplying by the Grassmann oordinateor deriving with respet to it orresponds to transitions between superpartners. ASUSY transformation with the Majorana spinor parameter α is then desribed by thegenerator Q ating on the super�eld Ψ̂ as:

[ᾱQ , Ψ̂] = ı

(
ᾱ
∂

∂θ̄
+ ıᾱ/∂θ

)
Ψ̂ . (5.11)Thus, all the omponent �elds of the salar super�eld transform into eah other. Butis there a redued set of �elds that would transform into eah other and form anirreduible representation of the supersymmetry algebra?The salar super�eld in eq. (5.10) is reduible in the same way as a Dira spinorby hoosing λ = 0, D = 0 and Vµ = ∂µξ, with ξ a salar �eld. Then, the LH hiralsuper�eld orresponds to the hoie ψR = 0, Vµ = ı∂µS and N = ıM = ıF , whihgiveŝ

SL = S + ı
√
2θ̄ψL + ı(θ̄θL)F +

ı

2
(θ̄γ5γµθ)∂

µS − 1√
2
(θ̄γ5θ)θ̄ /∂ψL +

1

8
(θ̄γ5θ)

2�S ,(5.12)4The usual transformations of the Poinaré algebra are translations, rotations and Lorentz boostand at on the oordinates of the 4-dimensional spaetime. Through the super�eld formalism,SUSY transformations orrespond to the ation on the extra Grassmannian oordinate as de�nedby eq. (5.11).88



5.2. A brief introdution to supersymmetrywith θL = 1−γ5
2
θ. In the same way, the RH hiral super�eld reads

ŜR = S − ı
√
2θ̄ψR − ı(θ̄θR)F − ı

2
(θ̄γ5γµθ)∂

µS − 1√
2
(θ̄γ5θ)θ̄ /∂ψL +

1

8
(θ̄γ5θ)

2�S ,(5.13)when the onditions ψL = 0, Vµ = −ı∂µS and N = −ıM = −ıF are applied. Eahof these hiral super�elds forms an irreduible representation of the SUSY algebra andan be used to desribe super�elds that orrespond to SM fermions and salars. Theyan be rewritten in a simpler form
ŜL(x̂) =S(x̂) + ı

√
2θ̄ψL(x̂) + ı(θ̄θL)F(x̂) , (5.14)

ŜR(x̂) =S(x̂†)− ı
√
2θ̄ψR(x̂

†)− ı(θ̄θR)F(x̂†) , (5.15)using the new variable x̂µ = xµ + ı
2
θ̄γ5γµθ. Here, F is a non-dynamial �eld, namedan auxiliary �eld, whih is needed to ensure SUSY invariane.Due to the seond term in the right-hand side of eq. (5.11), Ψ̂ and ∂Ψ̂/∂θ̄ behavedi�erently under a SUSY transformation. Supersymmetri ovariant derivatives mustbe introdued in order to make the onstrution of a SUSY invariant Lagrangian easier.The ondition that omponents of DΨ̂ transform in the same way as those of ψ̂ imposes
D =

∂

∂θ
− ı/∂θ , (5.16)with the orresponding derivative de�ned as D̄ = DTC, whih implies

D̄ = − ∂

∂θ
+ ıθ̄ /∂ . (5.17)Left and right ovariant derivatives an be de�ned too, through DL = PLD and DR =

PRD, giving
DL =

∂

∂θ̂R
− ı/∂θR , (5.18)

DR =
∂

∂θ̂L
− ı/∂θL . (5.19)These derivatives will be useful when expressing the super�eld that ontains the �eldstrength.But what is the representation of gauge �elds? Starting with the salar super�eldfrom eq. (5.10), the reality ondition

Ψ̂† = Ψ̂ (5.20)is applied in order to ensure that bosoni omponents are real and the fermioni om-ponents are Majorana �elds, making the �eld strength real. The next step is to applythe Wess-Zumino gauge ondition, whih sets S, M, N and ψ to zero. Thus, the vetorsuper�eld reads
Ψ̂A =

1

2
(θ̄γ5γµθ)V

µ
A + ı(θ̄γ5θ)θ̄λA − 1

4
(θ̄γ5θ)

2DA , (5.21)89



5. Supersymmetri extensions of the Standard Modelwhere the subsript A runs over the gauge group generators tA (A = 1 , ... , N) and Dis an auxiliary �eld. From the vetor super�eld it is possible to de�ne a url super�eld
ŴA

5, whih, in the Wess-Zumino gauge, reads
ŴA(x̂) = λLA

(x̂) +
1

2
γµγνFµνA(x̂)θL − ıθ̄θL( /DλR)A − ıDA(x̂)θL , (5.22)with /DAB = /∂δAB + ıg(t†C)AB /V C .Equipped with the de�nition and representation of hiral super�elds that an beused to desribe hiral fermions and their superpartners, with vetor super�elds for thegauge mediators and even a url super�eld that ontains a �eld strength, we an nowmove to the onstrution of a supersymmetri Lagrangian.The supersymmetri LagrangianThe SUSY transformation of the omponents of the super�elds de�ned above leadsto interesting results: the �rst one is that the D omponent of the salar super�eldtransforms as a total derivative under SUSY transformation. Sine all super�elds, bethem hiral or vetor, are derived from this generi salar super�eld, the D-term ofany produt of super�elds and their hermitian onjugates will only transform as atotal derivative, making it a good andidate to write a SUSY Lagrangian. With thenotation adopted, the D-term is given by 2D. From eq. (5.14), one veri�es that LHhiral super�elds only depend on x̂ and θL. Thus the produt of LH hiral super�eldsis a LH hiral super�eld, whose F -term transforms as a total derivative, making itanother andidate for a SUSY Lagrangian. Again, with the onvention used, the F -term is de�ned by −F .These results will be taken into aount when de�ning two potentials that willserve as building bloks to the supersymmetri Lagrangian. The �rst one is the Kählerpotential, whih, in a gauge theory, is de�ned as

K = Ŝ†
Le

−2gtAΨ̂AŜL , (5.23)while the seond is the superpotential noted f̂ , a globally gauge-invariant produtof no more than three LH hiral super�elds to ensure renormalizability. Sine theHermitian onjugate of a LH hiral super�eld has the form of a RH hiral super�eld,the superpotential annot ontain Hermitian onjugates. This leads to its holomorphy,a property that su�es to establish the non-renormalization theorem [263℄.Starting from the Kähler potential, the superpotential, the vetor and url super-�elds, the supersymmetri Lagrangian an be de�ned as the sum of di�erent ontribu-tions
L = LGK + Lgauge + LF + LFI , (5.24)with LGK the gauge kineti terms, Lgauge the kineti and gauge interation termsfor fermions, LF the superpotential ontribution and LFI the Fayet-Iliopoulos D-term5The url super�eld orresponds to the supersymmetri generalization of the �eld strength.90



5.2. A brief introdution to supersymmetrywhih orresponds to the D-term from the vetor super�eld of an Abelian gauge group.These ontributions are given by
LF = f̂ |−θ̄θL + h.c. , (5.25)
LFI = ηaDa , (5.26)
LGK =

1

2
ŴC

A ŴA|−θ̄θL , (5.27)
Lgauge = −2K|(θ̄θ)2 , (5.28)where the hoie of −θ̄θL instead of θ̄θL is purely onventional, a runs over the di�erent

U(1) fator of the gauge group and ηa are dimensionful oupling onstants ([ηa] = 2).The derivation ∂/∂θ has been denoted by |θ.Finally, the auxiliary �elds F and D an be eliminated via their purely algebraiEuler-Lagrange equations
Fi = −ı

(
∂f̂

∂Ŝi

)†

Ŝ=S

, (5.29)
DA = g

∑

i

S†
i tASi + ηA , (5.30)leading to the general master Lagrangian for supersymmetri theories.As mentioned previously, the super-Poinaré algebra implies that [Qa , P

2] = 0,meaning that all omponents of a supermultiplet have the same mass if SUSY is un-broken. This means that the seletron, the salar partner of the eletron should have amass of 0.51 MeV [72℄. However no salar partile of this mass has been observed, thelower limit on the seletron mass from negative searhes being 107 GeV at a 95% on-�dene level (CL) [72℄. Thus, supersymmetry annot be an exat symmetry of Natureand has to be broken.Supersymmetry breakingSine they have proven very suessful in partile physis as well as in ondensedmatter, spontaneous symmetry breaking mehanisms are very attrative. Using theelementary �elds in supermultiplets, a spontaneous breaking of supersymmetry an beahieved if the F-term or the D-term develops a vev. The former has been proposedby Lohlainn O'Raifeartaigh in 1975 [264℄, while the latter was pointed out in 1974by Pierre Fayet and Jean Iliopoulos [265℄. However, building a phenomenologially vi-able model where this spontaneous symmetry breaking is realised expliitly has provenextremely di�ult. As a onsequene, most of the supersymmetri models studiednowadays onsider that this breaking ours in an �hidden� setor and is subsequentlytransmitted to our �visible� setor by a mediator, be it gravity (e.g. in minimal su-pergravity or mSUGRA [266℄), gauge interations (in gauge mediated supersymmetrybreaking or GMSB [267℄) or an anomaly (in anomaly mediated supersymmetry break-ing or AMSB [268℄).Sine the exat dynamis behind supersymmetry breaking is unknown, its e�etsare parametrized by new terms in the Lagrangian that expliitly break SUSY. However,91



5. Supersymmetri extensions of the Standard ModelGauge group Vetor super�eld Spinor Vetor
U(1)Y B̂ b̃ Bµ

SU(2)L Ŵ i w̃i W i
µ

SU(3)c Ĝα g̃α Gα
µTable 5.1: Vetor super�elds of the MSSM. Tilded omponents are odd under R-parityand olletively known as gauginos.this expliit breaking should be arefully introdued in order to retain some relationsbetween tree-level ouplings, not spoiling the improved ultra-violet behaviour of super-symmetri theories. This riterion is used to distinguish between hard and soft SUSYbreaking operators. More preisely, SUSY breaking operators that do not introduequadratial divergenes are alled soft while the others are known as hard. It is impor-tant to introdue only soft SUSY breaking operators in order to preserve the appealof SUSY as a solution to the hierarhy problem by keeping ouplings idential for par-tiles belonging to the same supermultiplet. Marus Grisaru and Luiano Girardellostudied and lassi�ed these operators in 1982 [269℄. As a result, the soft SUSY breakingLagrangian generially ontains the following operators

Lsoft =(
∑

i

CiSi +
∑

i ,j

BijµijSiSj +
∑

i ,j ,k

AijkfijkSiSjSk + h.c.)

−
∑

i ,j

S†
im

2
ijSj −

1

2

∑

A

MAλ̄AλA − ı

2

∑

A

M ′
Aλ̄Aγ5λA , (5.31)where the terms µijŜiŜj and fijkŜiŜjŜk appear in the superpotential. The variousmasses and oupling onstants are generially omplex and M ′

Aλ̄Aγ5λA is CP-odd,introduing new soures of CP violation unless those are expliitly forbidden. The linearterm CiSi only appears for singlet hiral super�elds. The presene of singlet salarsintrodues further restritions that ome from the possible quadrati divergenes intadpole graphs. Finally, in a theory free of gauge singlets, additional operators ouldbe inluded like SiSjS∗
k or the mixing mass term between gauginos and fermions fromhiral super�elds in the adjoint representation of the gauge group.After having brie�y introdued the supersymmetri extension of the Poinaré alge-bra that relates bosons and fermions and desribed the method used to build super-symmetri models, let us move to spei� SUSY models in the next setions.5.3 The Minimal Supersymmetri Standard ModelThe Minimal Supersymmetri Standard Model (MSSM) is the most minimal, viableSUSY extension of the Standard Model. It is based on the same gauge group SU(3)c×

SU(2)L×U(1)Y as the SM. Its �eld ontent, given in tables 5.1 and 5.2 orresponds tothe SM partiles and their superpartners, the only exeption being the Higgs setor,whih ontains two SU(2) doublets. The superpotential being a funtion of LH hiralsuper�elds, RH fermions are introdued through their LH harge onjugates. For92



5.3. The Minimal Supersymmetri Standard ModelChiral super�eld Salar Spinor SU(3)c SU(2)L U(1)Y

Q̂i =
(ûLi

d̂Li

)
Q̃i Qi 3 2

1
3

Ûi Ũi Ui 3
∗

1 −4
3

D̂i D̃i Di 3
∗

1
2
3

L̂ =
(ν̂Li

ℓ̂Li

)
L̃i Li 1 2 −1

Êi Ẽi Ei 1 1 2

Ĥu =
(ĥ+

u

ĥ0
u

)
Hu H̃u 1 2 1

Ĥd =
( ĥ0

d

ĥ−

d

)
Hd H̃d 1 2 −1Table 5.2: Chiral super�elds of the MSSM and their gauge transformation properties,where i is the generation index, running from 1 to 3. Tilded omponents are odd underR-parity and are known as squarks, sleptons and higgsinos, being the superpartners ofquarks, leptons and Higgs bosons, respetively.example, if the Dira spinor of the eletron is given by e = eL + eR, then the RHeletron omponent is introdued via the Majorana spinor E1 = (eR)

C + eR. Thus, theseletron is given by Ẽ1 = ẽ∗R.The Higgs setor is slightly more ompliated in the MSSM for two reasons. First,being holomorphi, the superpotential does not ontain onjugate supermultiplets. Asa onsequene, the use of φ̃ = ıσ2φ
∗ as in the SM is impossible and the 2 and 2

∗representations are no longer equivalent in SUSY. Seond, the supersymmetrisationof the SM would add a fermioni partner to the SM Higgs doublet, a higgsino, withhyperharge Y = 1. The presene of this new harged fermion will spoil the an-ellation of gauge anomalies that ours in the SM, espeially the Adler-Bell-Jakiwanomaly [270℄ oming from triangular fermioni loops with an axial urrent. A solu-tion to these issues lies in the introdution of a seond Higgs hiral super�eld withopposite hyperharge, whih ouples to the down-type super�elds (this orrespondsto a two Higgs doublet model (2HDM) of type II). The opposite hyperharge ensuresanomaly anellation while the Yukawa terms arise from the oupling to two di�erentHiggs doublets, one that ouples to the up-type fermions while the other one ouplesto down-type fermions [271℄.In the early 1980's when the MSSM was formulated, a ontinuous U(1) symmetrywas also introdued in SUSY models. After SUSY breaking, it led to a Z2 parity knownas R-parity and de�ned by
R = (−1)3(B−L)+2s , (5.32)where B and L are the baryoni and leptoni number, respetively, and s is the spin.From a model building perspetive, it ould be the remnant of a broken ontinuoussymmetry U(1)R, whih would be present in unbroken SUSY models with onservedbaryon and lepton numbers [272℄. Moreover, from a phenomenologial point of view,it has the desirable e�et of forbidding B or L violating renormalizable operators inmany SUSY models, while the non-renormalization theorem ensures that they do notreappear radiatively. This, in turn, ensures the proton stability, making sure that the93



5. Supersymmetri extensions of the Standard Modelmodel omplies with the stringent experimental bounds, whih give a proton mean lifegreater than 2.1× 1029 years [72℄ at 90% CL.Sine the MSSM was built as an R-parity onserving model [272℄, it is de�ned bythe following superpotential
f̂MSSM = εab

[
Y ij
d D̂iQ̂

b
jĤ

a
d + Y ij

u ÛiQ̂
a
j Ĥ

b
u + Y ij

e ÊiL̂
b
jĤ

a
d − µĤa

d Ĥ
b
u

]
, (5.33)where a , b are SU(2) indies, i , j runs over the three generations and the olour indieshave been omitted. Here and in the rest of this hapter, we use the onvention thatrepeated indies are summed over. Sine all SU(2) doublets belong to the 2 represen-tation, the antisymmetri tensor εab is neessary to ombine doublets in an invariantway. Keeping ouplings idential for partiles belonging to the same supermultiplet,supersymmetry is broken via the soft SUSY breaking part of the MSSM Lagrangian,whih reads
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+M1b̃b̃+M2w̃iw̃i +M3g̃αg̃α + h.c. , (5.34)where the salar mass squared matries are 3 × 3 Hermitian, Mi are omplex gauginomass parameters, the trilinear ouplings A are 3× 3 omplex matries and m2
Hu
, m2

Huand B are real parameters.After EWSB, the neutral omponents of the two Higgs doublets develop a vev.Noting vu and vd the vev of Hu and Hd, they verify v =
√
v2u + v2d, where v is the SMHiggs vev. Then the vev vu and vd are related by

tan β =
vu
vd
. (5.35)Let us now disuss the low-energy spetrum of the MSSM, beginning with the Higgssetor where mixing ours between di�erent gauge eigenstates. Under the assumptionof no CP violation in the Higgs setor, this results in two CP-even and one CP-oddneutral Higgs bosons and two harged salars. The mixing of the neutral higgsinoomponents with the neutral winos and binos gives rise to four neutralinos, whih areMajorana fermions. The harged winos mix with the harged omponents of higgsinosleading to four harginos. This is summarised in table 5.3. Sine SU(3) remains un-broken, the gluino otet annot mix with other fermions. It is a mass eigenstate witha tree-level mass |M3|. We mentioned in the �rst setion that R-parity onservationresults in the presene of a dark matter andidate in the spetrum. In the MSSM, thisandidate is very often the lightest neutralino χ̃0
1. However, some regions of the pa-rameter spae will lead to a harged LSP, whih exludes them sine the DM andidatean only interat weakly.In the SM, �avour hanging neutral urrents (FCNC) are forbidden at tree-leveland suppressed at loop-level due to the GIM mehanism, in agreement with the exper-imental measurements of the KL�KS mass di�erene or the deay rates of proesses94



5.3. The Minimal Supersymmetri Standard ModelSetor Spin Gauge eigenstates Mass eigenstatesHiggs 0 h+u , h
0
u , h

−
d , h

0
d h ,H ,A ,H±Neutralinos 1/2 W̃ 3 , B̃ , h̃0u , h̃
0
d χ̃0

1 , χ̃
0
2 , χ̃

0
3 , χ̃

0
4Charginos 1/2 W̃ 1 , W̃ 2 , h̃+u , h̃

−
d χ̃±

1 , χ̃
±
2Table 5.3: Higgs bosons, harginos and neutralinos in the MSSM after EWSB. h and

H are CP-even, while A is CP-odd.like Bs → µ+µ− or µ → eγ. However, in the MSSM, the squark and slepton massmatries are in general omplex, with potentially large o�-diagonal entries. Besides,the deompositions that give a diagonal quark or lepton mass matrix do not simulta-neously make the squark or slepton mass matrix diagonal. This an results in largeFCNC, whih leads to the SUSY �avour problem. This issue an be solved in threedi�erent ways. First, the squarks and sleptons with the same quantum number an bedegenerate, having the same mass. In this ase, the loop funtion is the same for every�avour and the sum over every �avour make the o�-diagonal terms vanish due to theunitarity of the mixing matries. Seond, the squark and quark (and similarly the slep-ton and lepton) mass matries an be aligned, whih means that they are deomposedby the same unitary transformation [273℄. Third, the squarks and sleptons an be veryheavy, deoupling from the low-sale phenomenology, whih suppresses their ontribu-tions. But the soft SUSY breaking parameters are, in general, omplex, introduingnew soures of CP violation. Nevertheless, those are experimentally very onstrained,by preise measurement in the kaon setor for example, whih leads to the SUSY CPproblem. A ommon solution to both the SUSY �avour and CP problems is to assumethat the squarks and sleptons masses are universal and real, while the trilinear ou-plings are proportional to the orresponding Yukawa matries. A general analysis ofthese issues is given in [274℄, while reent developments an be found in [275�277℄.This assumption of real and universal squarks and sleptons masses, with trilinearouplings proportional to the orresponding Yukawa matries is naturally satis�ed bygravity mediated SUSY breaking mehanism. Moreover, spei� SUSY breaking meh-anisms, like mSUGRA, dramatially redues the number of free parameters6. In thefollowing phenomenologial studies, we will onsider two of these frameworks. The�rst one is the onstrained MSSM or CMSSM, whih is inspired by a minimal gravitymediated SUSY breaking senario. It has only �ve universal parameters at the GUTsale:
m0 , m1/2 , A0 , tanβ , sign(µ) , (5.36)where

m2
0 = m2

Hu
= m2

Hd
, (5.37)

m2
01 = m2

Q = m2
U = m2

D = m2
L = m2

E , (5.38)
m1/2 =M1 =M2 =M3 (5.39)
A01 = Au = Ad = Ae . (5.40)6The MSSM has 124 paramaters, most of them oming from the soft SUSY breaking terms.Choosing a spei� SUSY breaking mehanism will strongly redue the number of free parameters inthe soft SUSY breaking terms, thus allowing to ondut phenomenologial analyses 95



5. Supersymmetri extensions of the Standard ModelThe seond framework we onsidered is the non-universal Higgs masses (NUHM) se-nario were the onstraints on the soft SUSY breaking Higgs masses are relaxed aord-ing to
m2

0 6= m2
Hu

6= m2
Hd
, (5.41)leading to a senario with six parameters

m0 , m1/2 , mA , A0 , tan β , µ . (5.42)Starting with these onditions at the GUT sale, it is then neessary to run the variousparameters down to the sale at whih the phenomenologial study is onduted viathe renormalization group equations.However, the MSSM is also onstrained by many experimental measurement andobservations. First, the reent disovery of a Higgs-like boson and the measurementof its mass, prodution rates and branhing frations puts stringent onstraints on theparameter spae [278�280℄. The searhes for heavier or harged Higgs bosons an alsoput additional limits [281℄. The extra degrees of freedom an also lead to dangerousmodi�ations of the eletroweak preision tests [282℄. Obviously, the non-observationof spartiles in diret searhes also strongly onstrains the available parameter spae,putting lower bounds on their masses and upper bounds on their prodution rates [283℄.We mentioned above that, in the MSSM, the LSP is a andidate for dark matter if itis eletrially neutral. The reent measurement of the dark matter reli density by thePlank ollaboration [187℄ limits the DM prodution in the early Universe, whih inturn restrits the MSSM parameter spae, espeially when limits from diret searhesare inluded [276, 277, 279, 284℄.The MSSM is only the most minimal SUSY extension of the SM and su�ers fromsome issues in itself. We will desribe them and see how a spei� extension of theMSSM addresses them.5.4 The Next-to-Minimal Supersymmetri StandardModelAlthough very appealing, the MSSM still have some aveats, among them the so-alled
µ problem [285℄, whih omes from the fat that the dimensionful parameter µ thatappears in the MSSM superpotential (5.33) is not proteted by any symmetry. As suh,its natural values would be zero or lose to the GUT or Plank sale, where new Physiswould appear in the theory. However, EWSB and phenomenologial onstraints, likethe lower bound on the hargino mass, require that µ should be of the order of the softSUSY breaking terms, in the interval 100 GeV ≤ µ ≤ MSUSY [286℄. The lower boundomes from negative searhes of harginos, whih give mχ̃±

1
≥ 94GeV at 95% CL [72℄.Sine [253℄
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= µ2 +M2

2 + 2m2
W , (5.43)the lower bound on the lightest hargino mass an be diretly translated into a lowerbound on µ, for arbitrary values of the other parameters. Besides, one of the EWSB96



5.4. The Next-to-Minimal Supersymmetri Standard Modelsymmetry breaking ondition in the MSSM is [253℄
µ2 =

m2
Hd

−m2
Hu

tan2 β

tan2 β − 1
− m2

Z

2
, (5.44)whih implies that µ is smaller than the SUSY breaking sale MSUSY. Moreover, attree-level in the MSSM, the Higgs boson mass is smaller than the mass of the Z0 bo-son [253℄. This an only be reoniled with the mass measured by the CMS and ATLASollaborations [73℄ at the prie of large radiative orretions. But this reintrodues some�ne-tuning in the MSSM, leading to the little �ne tuning problem [287℄.A simple and elegant solution to the µ problem lies in the introdution of a singlethiral super�eld Ŝ, whose salar omponent S takes a vev indued by SUSY breakingand generates an e�etive µ term. This leads to the Next-to-Minimal SupersymmetriStandard Model (NMSSM), whih has been reviewed in [286℄ and was shown to reduethe amount of �ne-tuning in the Higgs setor [288, 289℄. We will onsider here a simpleNMSSM formulation with the sale invariant superpotential
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Ŝ3 , (5.45)where λ and κ are dimensionless ouplings. This orresponds to a model where theLagrangian has a Z3 symmetry. The soft SUSY breaking Lagrangian are thus given by
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†
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+M1b̃b̃+M2w̃iw̃i +M3g̃αg̃α + h.c. , (5.46)with Aλ and Aκ the new trilinear ouplings assoiated with the introdution of thesinglet super�eld Ŝ. When the singlet salar develops a vev s, it will generate ane�etive µ term
µeff = λs , (5.47)whih will naturally be of the order of the SUSY breaking sale, sine this is the saleof the vev s7. Thus it will provide a solution to the µ problem.Another advantage of the sale invariant superpotential of eq. (5.45) is that itavoids the tadpole problem beause no term linear in Ŝ is present. Indeed, a singletsuper�eld an usually ouple to the heavy �elds that are present at the GUT or Planksale, generating very large radiative orretions to terms linear in Ŝ or S in thesuperpotential or soft SUSY breaking Lagrangian, respetively. Nevertheless, if theheavy setor is invariant with respet to a disrete symmetry under whih Ŝ transforms,then these large radiative orretions are absent as long as the symmetry remainsunbroken. Otherwise, they an reappear but at the sale of the disrete symmetrybreaking. Thus having a onserved Z3, as we onsider, prevents the tadpole problem.7We reall that for A2
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S, the absolute minimum of s is s = 1
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√
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S) [286℄.97



5. Supersymmetri extensions of the Standard ModelHowever, the introdution of a disrete symmetry an generate another problem: whena �eld harged under the symmetry takes a vev, domains with di�erent vaua an arisereating domain walls, large anisotropies in the osmi mirowave bakground andspoiling nuleosynthesis [290℄. Finding a ommon solution to the tadpole and domainproblem an be very di�ult but solutions have been suggested making use of additionalsymmetries that would radiatively generate strongly suppressed Z3-symmetry breakingterms [291℄.Sine the NMSSM ontains an extra hiral super�eld, its partile spetrum is anextended version of the MSSM one. The super�eld being a singlet, it will only addneutral �elds leading to 3 CP-even Higgs bosons H1 ,2 ,3, 2 CP-odd Higgs bosons A1 ,2,and �ve neutralinos χ̃0
1 ,... ,5. However, the phenomenology is quite di�erent from theMSSM sine the dark matter andidate an be mostly singlino or have new annihilationhannels via the extra Higgs bosons [292℄. The latter will also modify the behaviourof the Higgs setor, reduing the ouplings of the SM-like Higgs boson or making thelatter be H2 [289, 293℄. Moreover, the addition of extra degrees of freedom in the Higgssetor redues the �ne-tuning of the model. Finally, it is also possible to have a lightCP-odd Higgs boson, whih would then impat �avour Physis, espeially b Physis if

tanβ is quite high (10 and more).In this hapter, we have exposed the basi ideas behind supersymmetry and whyit is an attrative framework to extend the Standard Model. We have then introduedtwo of these extensions, namely the MSSM and in the NMSSM. Unfortunately, as theStandard Model, they ontain massless neutrinos. We have presented the advantagesof the inverse seesaw in hapter 3 and will disuss in the next hapter how it anbe embedded in the MSSM or the NMSSM, leading to models that address at thesame time the issue of neutrino mass, the hierarhy problem and give a dark matterandidate.
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Chapter SixPhenomenology of supersymmetriinverse seesaw models
The simplest supersymmetrization of the SM annot aount for massive neutrinos.However, strong experimental evidene (see Chapter 2) motivate the introdution ofneutrino mass generation mehanism in supersymmetri models. The inverse seesaw isan attrative mehanism sine its sale is naturally low, around the TeV. Hene, all thenew Physis, oming from supersymmetry and the inverse seesaw mehanism, ouldlie at the TeV sale, leading to a very appealing phenomenology in neutrinoless doublebeta deay [294℄, the Higgs setor [295�297℄, lepton �avour violating proesses [236, 298,300℄, at the LHC or at a future linear ollider [301℄, when the right-handed sneutrino isa dark matter andidate [297, 302℄ or in a leptogenesis senario based on SUSY-GUT in
SO(10) [303℄ for instane. In this hapter, we will disuss di�erent phenomenologialonsequenes of embedding the inverse seesaw in supersymmetri extensions of theSM. Among them, we will present the e�et of the embedding the inverse seesaw inthe MSSM on lepton �avour violating observables [236, 300℄. We will also addressthe impat of the inverse seesaw on the NMSSM with an emphasis on invisible Higgsdeays (this analysis [295℄ was onduted prior to the 2012 LHC results).6.1 Charged lepton �avour violating observablesNeutrino osillations have provided indisputable evidene for �avour violation in theneutral lepton setor. In the absene of any fundamental priniple that preventsharged lepton �avour violation, one expets that extensions of the Standard Modelaommodating neutrino masses and mixings should also allow for lepton �avour vio-lation in the harged lepton setor. Indeed, the additional new �avour dynamis andnew �eld ontent present in many extensions of the SM may provide ontributions toharged LFV proesses suh as radiative (e.g. µ → eγ) and three-body lepton deays(for instane τ → µµµ). These deays generally arise from higher order proesses, andso their branhing ratios are expeted to be small, making them di�ult to observe.Sine in the SM these signals are strongly suppressed, any LFV signal would providelear evidene for new physis: mixing in the lepton setor and probably the presene99



6. Phenomenology of supersymmetri inverse seesaw modelsof new partiles, possibly shedding light on the origin of neutrino mass generation.There are a large number of failities [237, 304�306℄, dediated to the searh ofproesses suh as rare radiative deays, 3-body deays and muon-eletron onversionin nulei. Likewise, rare leptoni and semi-leptoni meson deays also o�er a rihtesting ground to experimentally probe LFV. These low-energy searhes are omple-mentary to the LHC whih, in addition to diretly searhing for new physis states,also allows to study numerous signals of LFV at high-energy. One an have sizeablewidths for proesses like χ0
2 → χ0

1ℓ
±
i ℓ

∓
j , �avoured slepton mass splittings (espeiallybetween the �rst and seond generation of left-handed sleptons) and �nally the ap-pearane of new edges in same-�avour dilepton mass distributions [307℄. Assuminga unique soure of LFV, namely neutrino mass generation, the interplay of low- andhigh-energy LFV observables an strengthen or disfavour the underlying model of newphysis. Illustrative examples of the potential of this interplay an be found for in-stane in [307�310℄. However, there are other avenues that an be explored in thisquest to disentangle the underlying mehanism of neutrino mass generation, at theorigin of lepton �avour violation: this approah is based upon exploring the orrela-tion (or lak thereof) between di�erent low-energy LFV observables. The distintivefeatures of the underlying model will be manifest in the nature and spei� hierarhyof the di�erent ontributions. For instane, in SUSY models where γ-penguins providethe dominant ontribution to radiative and 3-body LFV deays, one expets a stritorrelation between B(µ → eγ) and CR(µ − e, N). This is the ase of onstrainedMinimal Supersymmetry Standard Model (CMSSM) based senarios where additionallepton �avour violating soures have been introdued. Deviations from strit uni-versality (as is the ase of non-universal Higgs masses, NUHM), where for exampleHiggs-mediated penguins might play a signi�ant role in µ − e onversion, break thisstrit orrelation [311℄.The experiments looking for leptoni radiative deays are quite di�erent dependingon the lepton in the initial state. If it is a muon, the only deay is µ → eγ whih isstudied by dediated experiments suh as MEG [237℄. This ollaboration has plans foran upgrade that would improve the sensitivity to O(10−14) [312℄. Radiative τ deaysare studied at B fatories, whih are also τ fatories, sine the prodution ross-setionsare very lose at the Υ(4s) resonane. The urrent upper limits on B(τ → µγ) and

B(τ → eγ) are given by the BaBar experiment, together with expeted sensitivities atthe future generation of B fatories, e.g. Belle II [313℄.For the same reasons 3-body deays of the τ lepton are also usually searhed for at Bfatories. The urrent upper limits ome from the Belle experiment [305, 314℄ beauseof its larger data sample ompared to BaBar. Sine these observables are urrently notlimited by the bakground, signi�ant improvements are expeted at Belle II [313℄. Thedeay µ → 3e has been investigated by the SINDRUM experiment [315℄ and the futureexperiment Mu3e at PSI ould reah a sensitivity of 10−15 (after upgrades 10−16) [316℄.Neutrinoless onversion in muoni atoms has also been studied for di�erent nuleiby the SINDRUM II ollaboration [304, 317℄ whih has set the urrent upper limits.In the future, the sensitivity is expeted to be greatly improved by di�erent projets.Mu2e [318, 319℄ is a future experiment at Fermilab with expeted sensitivities of re-spetively 10−17 (phase I) and 10−18 (phase II with Projet X). On the other hand,100



6.2. Embedding the inverse seesaw in the MSSMLFV Proess Present Bound Future Sensitivity
τ → µµµ 2.1× 10−8 [305℄ 8.2× 10−10 [323℄

τ− → e−µ+µ− 2.7× 10−8 [305℄ ∼ 10−10 [323℄
τ → eee 2.7× 10−8 [305℄ 2.3× 10−10 [323℄
µ→ eee 1.0× 10−12 [315℄ ∼ 10−16 [316℄
τ → µη 2.3× 10−8 [314℄ ∼ 10−10 [323℄
τ → µη′ 3.8× 10−8 [314℄ ∼ 10−10 [323℄
τ → µπ0 2.2× 10−8 [314℄ ∼ 10−10 [323℄
B0

d → µτ 2.2× 10−5 [324℄
B0

d → eµ 6.4× 10−8 [325℄ 1.6× 10−8 [326℄
B0

s → eµ 2.0× 10−7 [325℄ 6.5× 10−8 [326℄
µ−,Ti → e−,Ti 4.3× 10−12 [317℄ ∼ 10−18 [322℄
µ−,Au → e−,Au 7× 10−13 [304℄Table 6.1: Current experimental bounds and future sensitivities for some Higgs and

Z0-mediated LFV observables.the �rst experiment that ould be built at J-PARC is DeeMe [320℄ with an expetedsensitivity of 2× 10−14 in 2015. Then COMET [321℄ and PRISM/PRIME [322℄ wouldome with sensitivities of 10−15 (COMET Phase I, 2017), 10−17 (COMET phase II,2021) and 10−18 (PRISM/PRIME) for a titanium nuleus. Current upper limits andfuture sensitivities for various LFV observables are listed in table 6.1.6.2 Embedding the inverse seesaw in the MSSMWhile minimal extensions of the Standard Model an easily aommodate lepton�avour violation in the neutral lepton setor (i.e. neutrino osillations), the ontri-butions of these models to LFV observables are in general extremely small1. On theother hand, when suh models - for example, the seesaw in its di�erent realisations -are embedded within a larger framework, one an expet large ontributions to LFVobservables, well within experimental reah. This is the ase of supersymmetri ver-sions of the seesaw mehanism, whih, in addition to solving many theoretial andphenomenologial issues, suh as the hierarhy problem, gauge oupling uni�ationand dark matter, an also aount for neutrino masses and mixings.However, one of the most upsetting aveats of these senarios is that they prove tobe extremely hard to test, and thus an neither be on�rmed nor exluded. This isdue to the fat that, in order to have Yukawa ouplings su�iently large to aount formeasurable LFV branhing ratios, the typial sale of the extra partiles is in generalvery high, potentially lose to the gauge oupling uni�ation sale, thus suppressingnew ontributions to LFV proesses.This an be avoided if one simultaneously sueeds in having TeV-sale mediators,while preserving the possibility of large Yukawa ouplings. From an e�etive theory1However, in spei� senarios, these ontributions ould be strongly enhaned [238, 327, 328℄.101



6. Phenomenology of supersymmetri inverse seesaw modelspoint of view, this is equivalent to the deoupling of the oe�ients assoiated with thedimension-�ve operator at the origin of neutrino masses and dimension-six operators,like the the four-fermion operators. In other words, the smallness of the light neutrinomasses will be independant from the amount of �avour violation. For instane, thisis possible in the type II seesaw [199℄, as well as in the inverse seesaw [202℄ and theirSUSY realisations [204, 298, 329, 330℄.The modelThe inverse seesaw an be embedded in the Minimal Supersymmetri extension ofthe SM by the addition of two extra gauge singlet super�elds, with opposite leptonnumbers. When ompared to other SUSY seesaw realisations, LFV observables areenhaned in this framework, and suh an enhanement an be attributed to largeneutrino Yukawa ouplings (Yν ∼ O(1)), ompatible with a seesaw sale Mseesaw loseto the eletroweak one, thus within LHC reah (see Chapter 3). In what follows,we onsidered three pairs of singlet super�elds, ν̂Ci and X̂i (i = 1, 2, 3)2 with leptonnumbers assigned to be −1 and +1, respetively, whih are added to the super�eldontent of the model [300℄. We nevertheless reall that neutrino data an be suessfullyaommodated with only one generation of ν̂C and X̂ [299℄. The SUSY inverse seesawmodel is de�ned by the following superpotential
f̂ = f̂MSSM + εabY

ij
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j Ĥ

b
u +MRij

ν̂Ci X̂j +
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2
µXij

X̂iX̂j , (6.1)where f̂MSSM is the MSSM superpotential in eq. (5.33) and i, j = 1, 2, 3 are genera-tion indies. The �Dira�-type right-handed neutrino mass term MRij
onserves leptonnumber, while the �Majorana� mass term µXij

violates it by two units. Sine MRijonserves lepton number, in the limit µXij
→ 0, lepton number onservation an berestored, making the smallness of µX natural in the sense of 't Hooft [200℄.The soft SUSY breaking Lagrangian is given by
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X̃iX̃j + h.c.), (6.2)where Lsoft
MSSM ollets the soft SUSY breaking terms of the MSSM. Bij

MR
and Bij

µX
arethe new parameters involving the salar partners of the sterile neutrino states. Notiethat while the former onserves lepton number, the latter gives rise to a lepton numberviolating ∆L = 2 term. Assuming a �avour-blind mehanism for SUSY breaking, weonsider universal boundary onditions for the soft SUSY breaking parameters at somevery high energy sale3 (e.g. the gauge oupling uni�ation sale ∼ 1016 GeV),

mφ = m0 ,Mgaugino =M1/2 , Ai = A0 I , BµX
= BMR

= B0 I . (6.3)2We use the notation: ν̃C = ν̃∗R.3This orresponds to the CMSSM senario. In our subsequent analysis, we will relax some of theseuniversality onditions, onsidering non-universal soft breaking terms for the Higgs setor, a senarioknown as the NUHM.102



6.2. Embedding the inverse seesaw in the MSSMWithout loss of generality, we hoose a basis where MR is diagonal at the SUSY sale,i.e.,
MR = diag MRii

. (6.4)In addition, in the numerial evaluations, we also assume µX to be diagonal, a simpli-fying assumption motivated by the fat that LFV observables depend only indiretlyon µX .Finally, it is worth noting that the e�etive right-handed sneutrino mass term isgiven by
M2

ν̃C ≃ m2
ν̃C +M2

R + |Yν|2v2u . (6.5)AssumingMR ∼ O(TeV), the e�etive mass term will not be very large, in lear ontrastto what ours in the standard (type I) SUSY seesaw [331℄. In our analysis, we arepartiularly interested in the role of suh a light sneutrino (i.e. M2
ν̃C ∼ M2SUSY) in theenhanement of the Higgs and Z0 mediated ontributions to lepton �avour violatingobservables.Higgs-mediated ontributionsFor any seesaw realisation, the neutrino Yukawa ouplings ould leave their imprintsin the SUSY soft-breaking slepton mass matries, and onsequently indue �avourviolation at low energies due to the renormalisation group evolution of the SUSY soft-breaking parameters. Even under the assumption of universal soft breaking terms at theGUT sale, radiative e�ets proportional to Yν indue �avour violation in the sleptonmass matries, whih in turn gives rise to slepton mediated LFV observables [332�334℄. As an example with CMSSM boundary onditions (eqs. (5.37-5.40)), in theleading logarithmi approximation, the RGE orretions to the left-handed sleptonsoft-breaking masses are given by
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MGUT
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= ξ(Y †
ν Yν)ij , (6.6)where, for simpliity, a degenerate right-handed neutrino spetrum, MRi

= MR isassumed.Compared to the standard (type I) SUSY seesaw, where MR ∼ 1014 GeV, theinverse seesaw is haraterised by a right handed neutrino mass sale MR ∼ O(TeV)and this in turn leads to an enhanement of the fator ξ, see eq. (6.6), and henewill indue sizeable e�ets in all low-energy LFV observables. Furthermore, havingright-handed sneutrinos whose mass is of the same order of the other sfermions, i.e.
M2

ν̃C ∼ M2SUSY, the ν̃C-mediated proesses are no longer suppressed, and might evensigni�antly ontribute to the low-energy �avour violating observables. Here, we fouson the impat of suh a light ν̃C in the Higgs mediated proesses whih are expetedto be important in the large tanβ regime.Although at tree level Higgs-mediated neutral urrents are �avour onserving, non-holomorphi Yukawa interations of the type D̄RQLH
∗
u an be indued at the one-loop level, as �rst notied in [335℄. Similarly, in the lepton setor, the origin of the103



6. Phenomenology of supersymmetri inverse seesaw modelsHiggs-mediated �avour violating ouplings an be traed to a non-holomorphi Yukawaterm of the form ĒRLH
∗
u [336℄. Other than the orretions to the lepton masses,these new ouplings give rise to additional ontributions to several LFV proessesmediated by Higgs exhange. In partiular Bs → µτ , Bs → eτ (the so-alled doublepenguin proesses) were onsidered in [337℄, while τ → µη was studied in [338℄. Adetailed analysis of the several µ−τ lepton �avour violating proesses, namely τ → µX(X = γ, e+e−, µ+µ−, ρ, π, η, η′) an be found in [331, 339℄.Even though the �avour violating proesses in the quark and lepton setors havea similar diagrammati origin, the soure of �avour violation is di�erent in eah ase.In the quark setor, trilinear soft SUSY breaking ouplings involving up-type squarksprovide the dominant soure of �avour violation [340℄, while in the lepton ase, LFVstems from the radiatively indued non-diagonal terms in the slepton masses (seeeq. (6.6)) [336℄.In the standard SUSY seesaw (type I), the term ν̃Ci HuL̃Lj is usually negleted,as it is suppressed by the very heavy right handed sneutrino masses, Mν̃Ci

∼ 1014GeV.However, in senarios suh as the inverse SUSY seesaw, whereMν̃Ci
∼ O(TeV), this termmay provide the dominant ontributions to Higgs-mediated lepton �avour violation.The e�etive Lagrangian desribing the ouplings of the neutral Higgs �elds to theharged leptons is given by
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L + h.. . (6.7)In the above, the �rst term orresponds to the usual Yukawa interation, while theoe�ient ǫ1 enodes the orretions to the harged lepton Yukawa ouplings. In thebasis where the harged lepton Yukawa ouplings are diagonal, the last term in eq. (6.7),i.e. ǫ2ij(Y
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ν Yν)ij, is in general non-diagonal, thus providing a new soure of hargedlepton �avour violation through Higgs mediation. Its origin an be diagrammatiallyunderstood from �g.6.1, where �avour violation is parametrized via a mass insertion
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α′ = g′2/4π and α2 = g2/4π are the redued U(1)Y and SU(2)L ouplings, respetively.On the other hand, the �avour onserving loop-indued form fator ǫ1 (notie thatthe diagrams of �g.6.1 ontribute to this form fator, but without the slepton �avourmixings in the internal lines) an be expressed as [336, 337℄
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6.2. Embedding the inverse seesaw in the MSSM
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Figure 6.2: Right-handed sneutrino ontribution to ǫ′2. This ontribution is partiularlyrelevant when ν̃C is light.with
F1 (x, y, z) = −xy ln(x/y) + yz ln(y/z) + zx ln(z/x)

(x− y)(y − z)(z − x)
. (6.11)In the standard (type I) seesaw mehanism, the diagrams of �g. 6.1 provide the onlysoure of Higgs-mediated lepton �avour violation. However, in the framework of theinverse SUSY seesaw, there is an additional diagram that may even aount for thedominant Higgs-mediated lepton �avour violation ontribution: the sneutrino-harginomediated loop, depited in �g. 6.2. Due to the large masses of ν̃C in the type I seesaw,this proess provides negligible ontributions, and is hene not taken into aount.The new ontribution from the sneutrino-hargino mediated loop gives an e�etiveLagrangian term whih reads

−L′ = ıY ii
e (Y †

ν Yν)ijA
†
νµ

∗ǫtot2ijĒ
i
RIH

0∗
u E

j
L + h.. , (6.12)105



6. Phenomenology of supersymmetri inverse seesaw modelswith
I =

∫
d4k

(2π)4
/p+ /k + µ

(p+ k)2 − µ2

/p+ /k − µ

(p+ k)2 − µ2

1

k2 −M2
ν̃C

1

(k + q)2 −m2
ν̃L

. (6.13)Using the loop integrals de�ned in [339℄,
I =

1

16π2

[
−J4

(
µ2, µ2,M2

ν̃C , m
2
ν̃L

)
+ µ2I4

(
µ2, µ2,M2

ν̃C , m
2
ν̃L

)] (6.14)whih gives
I =

−ı
16π2

I3
(
µ2,M2

ν̃C , m
2
ν̃L

)
. (6.15)Consequently, the e�etive Lagrangian terms enoding lepton �avour violation areaordingly modi�ed as

−LLFV = Ēi
RY

ii
e ǫ

tot
2ij(Y

†
ν Yν)ijH

0∗
u E

j
L + h.. , (6.16)where ǫtot2 = ǫ2+ǫ

′
2, ǫ′2 being the ontribution from the new diagram. This ontributionan be expressed as

ǫ′2ij =
1

16π2
µAνF1(µ

2, m2
ν̃i
,M2

ν̃cj
), (6.17)sine the soft trilinear term for the neutral sleptons is parametrized by AνYν, where

Aν is a �avour independent real mass term, and µ is real beause we onsider senarioswith no extra soure of CP violation, namely the CMSSM and the NUHM.A quik estimate reveals that in the inverse SUSY seesaw, ǫtot2 is enhaned by afator of order ∼ 10 ompared to the standard seesaw. The large enhanement of ǫtot2will have an impat regarding all Higgs-mediated lepton �avour violating observables.The omputation of the LFV observables requires speifying the ouplings of thephysial Higgs bosons to the leptons, in partiular Ēi
RE

j
LHk (where Hk = h,H,A).The e�etive Lagrangian desribing this interation an be derived from eq. (6.7), andreads [336, 337℄

−Le�
i 6=j = (2G2

F )
1/4

mEi
κEij

cos2 β

(
Ēi

RE
j
L

)
[cos(α− β)h+ sin(α− β)H − iA] + h.. , (6.18)where α is the CP-even Higgs mixing angle and

κEij =
ǫtot2ij(Y

†
ν Yν)ij[

1 +
(
ǫ1 + ǫtot2ii(Y

†
ν Yν)ii

)
tan β

]2 . (6.19)As lear from the above equation, large values of ǫtot2 lead to an inrease of κEij . Giventhat the LFV branhing ratios are proportional to (κEij)
2, a sizeable enhanement, aslarge as two orders of magnitude, is expeted for all Higgs-mediated LFV observablesin this framework.106



6.2. Embedding the inverse seesaw in the MSSMHiggs-mediated lepton �avour violating observablesHere we fous our attention on the LFV observables where the dominant ontribu-tion to �avour violation arises from the Higgs penguin diagrams, in partiular thoseinvolving τ -leptons (due to the omparatively large value of Yτ).In what follows, we disuss some of these LFV deays in detail.
• τ → 3µIn the large tanβ regime, Higgs-mediated �avour violating diagrams would bepartiularly important in this deay mode. The branhing ratio an be expressedas [336, 337℄
B(τ → 3µ) =

G2
F m

2
µm

7
τ ττ

1536 π3 cos6 β
|κEτµ|2

[(
sin(α− β) cosα

m2
H

− cos(α− β) sinα

m2
h

)2

+
sin2 β

m4
A

]

≃ G2
F m

2
µm

7
τ ττ

768 π3m4
A

|κEτµ|2 tan6 β . (6.20)In the above, ττ is the τ life time and the approximate result has been obtainedin the large tanβ regime. For other Higgs-mediated lepton �avour violating 3-body deays, τ → eµµ, τ → 3e or µ → 3e, their orresponding branhing ratiosan easily be obtained with the appropriate kinemati fators and the proper�avour hanging fator κ. While B(τ → eµµ) an be as large as B(τ → 3µ)when (Y †
ν Yν)13 ∼ O(1) (whih is possible in the ase of an inverted hierarhiallight neutrino spetrum), other �avour violating deays with �nal state eletronssuh as µ → 3e are onsiderably suppressed due to the smallness of the eletronYukawa ouplings.

• Bs → ℓiℓj

B mesons an also have Higgs-mediated LFV deays, whih are signi�antlyenhaned in the large tanβ regime. The orresponding branhing fration isgiven by
B(Bs → ℓiℓj) =

G4
F m

4
W

8 π5
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tbVts|2m5
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f 2
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τBs

(
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2
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2

m2
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)
|cijP |2

}
,(6.21)where Vij represents the Cabibbo-Kobayashi-Maskawa (CKM) matrix, mBs and

τBs respetively denote the mass and lifetime of the Bs meson, while fBs =
230± 30 MeV [341℄ is the Bs meson deay onstant and cijP , cijS are form fators.As an example, the lepton �avour violating (double-penguin) Bs → µτ deay an107



6. Phenomenology of supersymmetri inverse seesaw modelsbe omputed with the following form fators [337℄:
cµτS = cµτP =

√
2 π2

GF m
2
W

mτ κ
d
bs κ

E
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cos4 β λ̄tbs

[
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+
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m2
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]

≈8 π2mτ m
2
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ǫY κEτµ tan4 β

[1 + (ǫ0 + ǫY Y 2
t ) tanβ] [1 + ǫ0 tan β]

1

m2
A

. (6.22)Here, κdbs represents the �avour mixing in the quark setor while λ̄tbs = V ∗
tbVts.Similarly, ǫ0 and ǫY are the down type quark form fators mediated by gluinoand squark exhange diagrams. The �nal result was, one again, derived in thelarge tanβ regime. The branhing frations of other �avour violating deays suhas B(Bd,s → τe), would reeive idential ontribution from the Higgs penguins.Likewise, the branhing ratio B(Bd,s → µe) an be alulated using the appropri-ate form fators and lepton masses; as expeted, these will be suppressed whenompared to B(Bd,s → τµ).

• τ → µPSimilar to what ourred in the previous proesses, virtual Higgs exhange ouldalso indue deays suh as τ → µP , where P denotes a neutral pseudosalarmeson (P = π, η, η′). In the large tan β limit, where the pseudosalar Higgsouplings to down-type quarks are enhaned, CP-odd Higgs boson exhangesprovide the dominant ontribution to the τ → µP deay. The orrespondingoupling an be written as
− i(

√
2GF )

1/2 tanβ A(ξdmd d̄ d+ ξsms s̄ s+ ξbmb b̄ b) + h.c.. (6.23)Here, the parameters ξd, ξs, ξb are of orderO(1). Sine we are mostly interested inthe Higgs-mediated ontributions, we estimate the amplitude of these proesses inthe limit when both τ → 3µ and τ → µP are indeed dominated by the exhangeof the salar �elds. Aordingly, and following [339℄, one an write
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, (6.26)where z = mu/md, mπ, fπ are the pion mass and deay onstant, mη,η′ arethe masses of η, η′, xη,η′ = m2
η,η′/m

2
π, and f 8

η,η′ and f 0
η,η′ are evaluated from theorresponding matrix elements. As �rst disussed in [338℄, and taking ξs, ξb ∼ 1and �xing the other parameters as in [339℄, one �nds B(τ→µη)

B(τ→3µ)
≃ 5. The otherbranhing frations suh as B(τ → µη′, µπ) are onsiderably suppressed omparedto B(τ → µη). While the ratio B(τ→µη′)

B(τ→µη)
an be as large as 6×10−3, B(τ→µπ)

B(τ→µη)
wouldapproximately lie in the range 10−3 − 4 × 10−3 [339℄. Sine all these ratios are108
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Figure 6.3: Branhing ratio of the proess τ → 3µ as a funtion of mA (GeV) and
tanβ. From left to right, the ontours orrespond to B(τ → 3µ) = 2.1 × 10−8, 10−9,
10−10, 10−11. The purple region has already been experimentally exluded [305℄. Figurereprinted from [300℄ by the author, with kind permission from Springer Siene andBusiness Media.independent of κEτµ, the above quoted numbers an also be applied to the presentframework. However, an enhanement in the B(τ → 3µ), due to the large valuesof κEτµ, would also imply sizeable values of B(τ → µη).

• Hk → µτ (Hk = h,H,A)The branhing ratios of �avour violating Higgs deays provide another interestingprobe of lepton �avour violation. Following [342℄, the branhing frationHk → µτ(normalised to the �avour onserving one Hk → ττ) an be ast as:
B(Hk → µτ) = tan2 β (|κEτµ|2) CΦ B(Hk → ττ) , (6.27)where we approximated 1/ cos2 β ≃ tan2 β. The oe�ients CΦ are given by:

Ch =

[
cos(β − α)

sinα

]2
, CH =

[
sin(β − α)

cosα

]2
, CA = 1. (6.28)Numerial results for the Higgs-mediated ontributionAs expeted from the analytial study above, mA and tan β are the most relevantparameters in the Higgs-mediated �avour violating proesses. To better illustrate this,in �g. 6.3 we study the dependene of B(τ → 3µ) on the aforementioned parameters.We have assumed a ommon value for the squark masses, mq̃ ∼ TeV, while for left- andright-handed sleptons we take mℓ̃ ∼ 400 GeV and Mν̃c ∼ 3 TeV for the right handedsneutrinos. The ontours orrespond to di�erent values of the branhing ratios andthe purple region has already been experimentally exluded. From this �gure one aneasily identify the regimes for mA and tanβ whih are assoiated with values of theLFV observables within reah of the present and future experiments. 109



6. Phenomenology of supersymmetri inverse seesaw modelsPoint tan β m1/2 m0 m2
HU

m2
HD

A0 µ mACMSSM-A 10 550 225 (225)2 (225)2 0 690 782CMSSM-B 40 500 330 (330)2 (330)2 -500 698 604NUHM-C 15 550 225 (652)2 −(570)2 0 478 150Table 6.2: Benhmark points used in the numerial analysis (dimensionful parametersin GeV). CMSSM-A and CMSSM-B orrespond to 10.2.2 and 40.1.1 benhmark pointsof [343℄.
In what follows, we numerially evaluate some LFV observables. Conerning theCMSSM parameters (and instead of sanning over the parameter spae), we have se-leted a few benhmark points [343℄ that took into aount the most reent LHConstraints [344℄ at the time of this study. However, searhes for supersymmetri par-tiles and the Higgs mass measurements onduted at the LHC in 2012 now exludethese spei� points [345℄. Nevertheless, they illustrate well the impat of the variousparameters on the predited branhing ratios. We have also onsidered the ase inwhih the GUT sale universality onditions are relaxed for the Higgs setor, i.e. se-narios of Non-Universal Higgs Masses (NUHM), as this allows to explore the impatof a light CP-odd Higgs boson. In table 6.2, we list the hosen points: CMSSM-A andCMSSM-B respetively orrespond to the 10.2.2 and 40.1.1 benhmark points in [343℄,while NUHM-C is an example of a non-universal senario.For eah point onsidered, the low-energy SUSY parameters were obtained usingSuSpet [346℄. In what onerns the evolution of the soft-breaking right-handed sneu-trino masses M2

ν̃C , we have assumed that the latter hardly run between the GUTsale and the low-energy one. The �avour-violating harged slepton parameters (e.g.
(∆m2

L̃
)ij or ξ), were estimated at the leading order using eq. (6.6). Conerning NUHM,we use the same value of ξ as for CMSSM-A. Here, we are partiularly interested tostudy the e�et of light CP-odd Higgs boson and this naive approximation will serveour purpose. Furthermore, we use the mass insertion approximation, assuming thatmixing between left and right hiral slepton states are relatively small. In omputingthe branhing frations and the �avour violating fator κEij we have assumed (physial)right-handed sneutrino masses Mν̃C ≈ 3 TeV and (Y †

ν Yν
)
= 0.7, in agreement withlow-energy neutrino data as well as other low-energy onstraints, whih are partiu-larly relevant in the inverse seesaw ase suh as Non-Standard Neutrino Interationsbounds [190, 347℄. Moreover, in our numerial analysis, we have �xed the trilinear softbreaking parameter Aν = −500 GeV (at the SUSY sale).We now proeed to present our results for the �avour violating observables disussedpreviously. In table 6.3, we ollet the values of the di�erent branhing ratios, asobtained for the onsidered benhmark points of table 6.1. We have also presented theorresponding urrent experimental bounds and future sensitivity in table 6.1.Another interesting property of the Higgs-mediated proesses is that the orre-sponding amplitude strongly depends on the hirality of the heaviest lepton (be it thedeaying lepton, or the heaviest lepton produed in B deays). Considering the deaysof a left-handed lepton ℓiL → ℓjRX, one �nds that the orresponding branhing ratios110



6.2. Embedding the inverse seesaw in the MSSMLFV Proess CMSSM-A CMSSM-B NUHM-C
τ → µµµ 1.4× 10−15 3.9× 10−11 8.0× 10−12

τ− → e−µ+µ− 1.4× 10−15 3.4× 10−11 8.0× 10−12

τ → eee 3.2× 10−20 9.2× 10−16 1.9× 10−16

µ → eee 6.3× 10−22 1.5× 10−17 3.7× 10−18

τ → µη 8.0× 10−15 3.3× 10−10 4.6× 10−11

τ → µη′ 4.3× 10−16 1.1× 10−10 3.1× 10−12

τ → µπ0 1.8× 10−17 8.5× 10−13 1.0× 10−13

B0
d → µτ 2.7× 10−15 8.5× 10−10 2.7× 10−11

B0
d → eµ 1.2× 10−17 3.1× 10−12 1.2× 10−13

B0
s → µτ 7.7× 10−14 2.5× 10−8 7.8× 10−10

B0
s → eµ 3.4× 10−16 8.9× 10−11 3.4× 10−12

h→ µτ 1.3× 10−8 2.6× 10−7 2.3× 10−6

A,H → µτ 3.4× 10−6 1.3× 10−4 5.0× 10−6Table 6.3: Higgs-mediated ontributions to the branhing ratios of several lepton�avour violating proesses, for the di�erent benhmark points of table 6.1.would be suppressed by a fator m2
ℓj/m

2
ℓi ompared to those of the right-handed lep-ton ℓiR → ℓjLX . This may indue an asymmetry that potentially allows to identify ifHiggs mediation is the dominant ontribution to the LFV observables. Furthermorethis asymmetry would be more pronouned in the inverse seesaw framework.It is important to stress that the numerial results summarised in table 6.3 or-respond to onsidering only Higgs-mediated ontributions. In the low tan β regime,photon- and Z0-penguin diagrams may indue omparable or even larger ontributionsto the observables, and potentially enhane the branhing frations. Thus, the resultsfor small tanβ should be interpreted as onservative estimates, representing only par-tial ontributions. For large tan β values, Higgs penguins do indeed provide the leadingontributions. Comparing our results with those obtained for a type I SUSY seesaw athigh sales (or even with a TeV sale SUSY seesaw), we �nd a large enhanement ofthe branhing frations in the inverse seesaw framework.Z-mediated and other ontributionsRegarding other dipole ontributions in the supersymmetri inverse seesaw, one wouldwonder if the Z0-penguin ould be enhaned or even dominate over the γ-penguin. Forexample, let us disuss the hargino-sneutrino 1-loop diagrams leading to ℓi → 3ℓj.The photon-penguin ontribution an be written as

A(c)L,R
a =

1

16π2m2
ν̃

OL,R
Aa

s(x2) , (6.29)whereas the Z0-ontributions read
FX =

1

16π2g2 sin2 θWm2
Z

OL,R
FX

t(x2) , (6.30)111
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Figure 6.4: One of the right-handed sneutrino diagrams ontributing to Z0-penguinsin the supersymmetri inverse seesaw.with X = {LL, LR,RL,RR}. In the above OL,R
y denote ombinations of rotationmatries and oupling onstants and s(x2) and t(x2) represent the Passarino-Veltmanloop funtions whih depend on x2 = m2

χ̃−/m2
ν̃ (see [331℄). Notie that the only masssale involved in the A form fators ismSUSY (the photon being massless). On the otherhand, the mass sale in the FX form fators is set, in this ase, by the Z0-boson mass.Sine m2

Z ≪ m2SUSY, the Z0-penguin might, in priniple, dominate over the photonpenguin.However, a spei� anellation appears between the di�erent diagrams that on-tribute to the wino-sneutrino loop in the MSSM. This gives, at zeroth order in thehargino mixing angle, a ombination of loop funtions that does not depend on themasses of the partiles running in the loops [348℄. One is then left with a Z-mediatedontribution proportional to (Z†
VZV )

ij where ZV is a 3× 3 unitary matrix that diago-nalizes the mass matrix of the sneutrinos, whih vanishes for i 6= j. In onlusion, the�rst non-vanishing term in the expansion appears at 2nd order in the hargino mixingangle, whih naturally leads to a suppression of Z0-mediated ontributions. This is thereason why the photon ontributions turn out to be dominant in the MSSM [331, 333℄.Nevertheless, in the supersymmetri inverse seesaw the right-handed sneutrino intro-dues new ontributions like the one given by the diagram in �g. 6.4. This new diagraman spoil the anellation that ours in the MSSM, leading to a large enhanementof the Z0-mediated ontributions [236℄. It was also realised in other low-sale (super-symmetri) seesaw models that, at the eletroweak sale, the dominant ontribution to
µ− e onversion arises from box diagrams [238, 349℄.Sine the singlet super�elds ouple to the up-type Higgs super�eld, they mightmodify the phenomenology of the Higgs setor. We will illustrate this in the followingsetions, fousing on invisible deay hannels of the NMSSM lightest pseudosalar.6.3 Constraints on light CP-odd Higgs bosonsContrary to the MSSM, the NMSSM an admit a very light CP-odd Higgs boson A1,with a mass mA1 ∼ 1 − 10 GeV [286, 350℄. This might open interesting phenomeno-logial possibilities like new deays of the SM-like Higgs boson or new annihilationhannels for the dark matter andidate. For example, if the lightest supersymmetri112



6.3. Constraints on light CP-odd Higgs bosonsProesses mA1
< 2mτ [2mτ ,9.2 GeV] [9.2 GeV,MΥ(1S)] [MΥ(1S),2mB]

Υ → γ + (µ+µ−, gg, ss̄) X × × ×
Υ → γτ+τ− × X × ×
A1�ηb mixing × × X ×
e+e− → Z + 4τ × X X X

e+e− → bb̄τ+τ− × × X XTable 6.4: Various visible proesses onstraining di�erent mA1 windows. The �X� symbol in agiven entry attests the existene of important or meaningful onstraints from a given proess,while the �×� symbol implies otherwise. Reprinted from [295℄ by the author, opyright 2011,with permission from Elsevier.partile happens to be very light (a few GeV), then a light A1 o�ers the possibility of
s-hannel LSP pair-annihilation into an on-shell A1.In the NMSSM, the lightest CP-odd physial salar A1 an be deomposed as

A1 = cos θAAMSSM + sin θAAS , (6.31)where AMSSM is the MSSM part of the CP-odd salar, whih arises solely from theHiggs doublets, and AS is the part that arises from the new singlet super�eld Ŝ. It isthe singlet admixture, i.e. the sin θA projetion, that allows the NMSSM pseudosalarto be muh lighter than what it ould have been in the MSSM. On the other hand, if
A1 is very light, its detetion ruially depends on its ouplings to quarks and leptons,whih depend on cos θA. These ouplings an be extrated from the following part ofthe Lagrangian [351℄:

LA1ff̄ = Xu(d)
gmf

2mW
f̄γ5fA1 , (6.32)where g is the SU(2) gauge oupling, Xd(Xu) = cos θA tanβ (cos θA cot β) for down-type (up-type) fermions and tanβ is de�ned in eq. (5.35). However, experimentalonstraints put stringent bounds on the mass and ouplings of the light pseudosalar.The onstraints onXd, de�ned in eq. (6.32), formA1 approximately in the range of 1to 10 GeV have been summarized in [286, 351℄. Measurements of ∆Md,s (the Bd,s−B̄d,smass di�erene), B(B̄ → Xsγ), B(B+ → τ+ντ ), and partiularly, B(B̄s → µ+µ−)severely onstrain mA1 [352℄. The rates of these proesses primarily depend on thehoie of tan β and At, the soft supersymmetry breaking trilinear term. The onstraintsare in general weaker when these parameters are small. Values of mA1 between 1 GeVand mb are generally disfavoured from B-meson data [286℄. Constraints on mA1 alsoarise from radiative Υ deays [353℄, namely, Υ(nS) → γA1, A1 → µ+µ−(τ+τ−) (furtherinvestigated and reviewed in [351℄). Severe onstraints also arise as a onsequene of

ηb − A1 mixing [354℄. The di�erent mA1 windows whih are sensitive to di�erentproesses are listed in table 6.4. The table also shows the ranges where the LEP(ALEPH [355℄ for e+e− → Z + 4τ and OPAL [356℄ for e+e− → bb̄τ+τ− and e+e− →
Z + 4τ) onstraints are appliable. The origin of all these onstraints an be traed tothe visible deay modes of A1. We should add that, sine our study was ompleted,a new searh based on dimuon deays of A1 was published by the CMS ollaborationadding onstraints in the 0.25− 3.55 GeV mass range [357℄. 113



6. Phenomenology of supersymmetri inverse seesaw modelsHowever, the situation may dramatially hange if A1 has dominant invisible deaymodes. Its deay into a pair of stable neutralinos (if kinematially possible) is oneexample. However, the BaBar Collaboration has searhed for radiative Υ-deays wherea large missing mass is aompanied by a monohromati photon, and from its non-observation has set a (preliminary) 90% C.L. upper limit on B(Υ(3S) → γA1) ×
B(A1 → invisible) at (0.7− 31)× 10−6 for mA1 in the range of 3 to 7.8 GeV [358℄ anda 90% C.L. upper limit on B(Υ(3S) → γA1)×B(A1 → invisible) at (1.9− 4.5)× 10−6for mA1 in the range of 0 to 8.0 GeV and (2.7 − 37)× 10−6 for mA1 in the range of 8to 9.2 GeV [359℄.This led us to onsider the possibility of invisible deay hannels that would allowa light A1 to esape detetion even outside the range of 3 to 7.8 GeV. We show thatif we extend the NMSSM by two additional gauge singlets with non-vanishing leptonnumbers, they would not only provide a substantial invisible deay hannel for A1 but,in addition, would also generate small neutrino masses through lepton number violating(∆L = 2) interations. Consequently, the visible deay branhing ratios of A1 wouldthus be redued. As a result, the onstraints on Xd would be weakened and a light A1ould then be omfortably aommodated.6.4 Embedding the inverse seesaw in the NMSSMThe inverse seesaw mehanism an be embedded in the NMSSM by adding a pair ofgauge singlet super�elds ν̂C and X̂ , for eah generation, whih arry lepton numbers
L = −1 and L = +1, respetively. This leads to the superpotential

f̂ = f̂NMSSM + f̂ ′ , (6.33)where f̂NMSSM is the NMSSM superpotential de�ned in eq. (5.45) and the additionalterms involving the new singlet super�elds are
f̂ ′ = εabY

ij
ν ν̂

C
i L̂

a
j Ĥ

b
u + (λν)

iŜν̂Ci X̂i +
1

2
µi
XX̂iX̂i , (6.34)with the generation indies (i, j = 1, 2, 3) and Yν the neutrino Yukawa oupling. Theterms ν̂CX̂ and X̂X̂ an be written in a generation diagonal basis without any loss ofgenerality for our study. One the salar omponent of Ŝ aquires a vev s, not onlythe onventional µ-term is generated with µ = λs (see disussion in Chapter 5), buta lepton number onserving mass term MRνRX is generated as well, with MR = λνs.Another lepton number onserving mass term mDνLνR emerges, with mD = Yνvu/

√
2.The ruial term relevant for the inverse seesaw is the ∆L = 2 term involving µX ,whih is the only mass dimensional term in the superpotential. We assume that the

Z3 symmetry of the superpotential is absent only in this term and treat µX as anextremely tiny e�etive mass parameter generated by some unknown dynamis. Fromeqs. (3.38, 3.39), one an see that if µX is su�iently small then the heavy neutrinosan have masses around 10 GeV or lighter, potentially in�uening the deay patternof A1.We proeed to ompute the branhing ratios of A1 into invisible modes omprisingthe νL, νR and the X states. Rigorously, one should �rst diagonalize the mass matrix of114



6.4. Embedding the inverse seesaw in the NMSSMeq. (3.37) to determine the physial neutrino states. However, for our purpose it su�esto onsider only one generation of fermions and estimate the branhing frations of A1into the νLνR and νRX interation states. Reall from eqs. (6.31) and (6.34) that thedeay of A1 into νLνR depends on how large the doublet omponent of A1 is, i.e. on howlarge cos θA is, whereas the deay into νRX depends on the size of the AS omponentof A1, i.e. on the magnitude of sin θA. From this, we an dedue the ouplings betweenthe lightest pseudosalar and fermions
A1τLτR :

ımτ

v
tanβ cos θA , (6.35)

A1tLtR :− ımt

v tanβ
cos θA , (6.36)

A1νLνR :− ımD

v tanβ
cos θA , (6.37)

A1νRX :
ıMR√
2s

sin θA , (6.38)
A1XX :

iµX√
2s

sin θA , (6.39)where the √
2 di�erene between ouplings (6.38, 6.39) and the others omes from a√

2 di�erene in the de�nition of v and s (〈S〉 = s while 〈Hu〉 = vu/
√
2). Negletingthe phase spae e�ets, the branhing ratios of the A1 deays into invisible modesnormalised to the visible ones are given by

B (A1 → νLνR)
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)
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, (6.40)
B (A1 → νRX)

B
(
A1 → f f̄

)
+ B (A1 → cc̄)

≃ tan2 θA
M2

R

m2
f tan

2 β +m2
c cot

2 β

v2

2s2
. (6.41)Notie that the dominant visible deay modes of A1 are f f̄ (f = µ, τ, b) and cc̄. The

cc̄ mode is only numerially relevant if mA1 < 2mb and tan β is small. Note that thebranhing ratio into νRX dominates over that into νLνR for two reasons. First, thereis a tan2 θA prefator for the former whih an be rather large if A1 has a dominantsinglet omponent. Seond, if the m2
f term in the denominator of the branhing ratioexpressions is numerially relevant, then the νLνR hannel su�ers a suppression by anadditional tan2 β fator.For a numerial illustration, we make two hoies for tanβ = (3, 20), and �x

cos θA = 0.1, whih yield Xd = cos θA tan β = (0.3, 2). We reall that the upperlimit on Xd for mA1 < 8 GeV in the minimal NMSSM has been obtained primarilyfrom radiative Υ-deays, and the limit is between 0.7 to 3.0 for tan β = 50, while it is30 or above for tanβ = 1.5 [360℄. A value of Xd = 2 is in fat slightly above the upperlimit for mA1 in the range of 4 to 8 GeV. In the present senario, A1 has a signi�antbranhing ratio into invisible modes whih, in turn, onsiderably relaxes the upperbound on Xd. Here, we do not hoose a very large value for tanβ sine that wouldinrease the branhing ratio of A1 into visible modes. The value of mA1 is hosen tobe somewhat larger than MR, so that the phase spae suppression, given by the fator
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6. Phenomenology of supersymmetri inverse seesaw models
tan β = 20, cos θA = 0.1 tan β = 3, cos θA = 0.1

MR (GeV) 5 30 5 30

B (A1 → νLνR) 7× 10−5 3× 10−6 4× 10−3 1× 10−4

B (A1 → νRX) 0.7 0.9 ∼ 1 ∼ 1Table 6.5: Invisible branhing ratios of the lightest NMSSM pseudosalar for mD = 10 GeV,
MR = (5, 30) GeV and µX = 1 eV. Reprinted from [295℄ by the author, opyright 2011, withpermission from Elsevier.is not numerially signi�ant. We onsider two values for MR = (5, 30) GeV. Therationale behind hoosing MR = 5 GeV is that it allows to explore mA1 < 10 GeV, aregime where onstraints from Υ- and B-deays are partiularly restritive, see table6.4. On the other hand, the hoie MR = 30 GeV implies that A1 is moderately heavy(mA1 > 30 GeV) whih orresponds to the range where LEP and B-deay onstraintsare relevant. We display our results in table 6.5. For numerial illustration, we haveassumed s ∼ O(v).The main onlusion of this study is that if cos θA is small, A1 has a dominantsinglet omponent (whih is generally the ase when A1 is light [286℄), then for asigni�ant part of the parameter spae, A1 an have a sizeable invisible branhing ratiowhih would weaken many of the onstraints disussed in the beginning of this setion.However, it is important to stress that cos θA should not be exessively small, sine inthat ase the purely singlet A1 would be ompletely deoupled from the visible setor.The possibility of having a very light (of order 10 GeV) pseudosalar in the NMSSMhas many interesting phenomenologial onsequenes. On the one hand, the additionalfermioni singlets assoiated with the inverse seesaw provide a substantial invisible de-ay hannel to the lightest pseudosalar whih helps relaxing or even evading some ofthe tight onstraints from Υ- and B-deays. On the other hand, they naturally setup the stage for implementing the inverse seesaw mehanism in order to generate lightneutrino masses. Besides, the mixing between the MSSM part of the CP-even Higgsand the singlet CP-even omponent and the sizeable branhing ratio of A1 → invisibleopens the possibility of large branhing ratios for invisible deays of the SM-like Higgs,whih is onstrained by the LHC and Tevatron measurements [361℄.To summarise this hapter, should supersymmetry turn out to be realised in Nature,it would be neessary to extend minimal supersymmetri models in order to aount forneutrino masses. Among other possibilities, this an be done by embedding the inverseseesaw mehanism in these frameworks, whih is a very appealing perspetive sine allthe new Physis an be at the TeV sale. In turn, this might lead to interesting phe-nomenologial onsequenes like dominant invisible deays for the lightest pseudosalarof the NMSSM or enhaned harged lepton �avour violating signals, within reah ofthe future generation of experiments. However, only some ontributions have been on-sidered in the supersymmetri inverse seesaw, and a omplete study is required due tothe ontribution of the TeV-sale right-handed neutrinos to many proesses. Finally, it116



6.4. Embedding the inverse seesaw in the NMSSMwould also be interesting to onsider the interplay between the low-energy observablespresented here and high-energy observables like LFV neutralino deays.
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Conlusion
The story so far:In the beginning the Universe was reated.This has made a lot of people very angryand has been widely regarded as a badmove.The Restaurant at the End of the UniverseDouglas AdamsNeutrino osillations all for the introdution of a neutrino mass generation meh-anism. As we disussed in this thesis, an attrative possibility, among many others,is the inverse seesaw. Many reasons make the inverse seesaw mehanism very appeal-ing. First, it has a naturally low-sale whih an make it testable at the LHC viathe prodution of the heavy neutrinos. Seond, the possibility of a omparatively lowseesaw sale in assoiation with sizeable Yukawa ouplings an lead to a number ofphenomenologial e�ets suh as lepton �avour violating proesses, non-standard in-terations and lepton universality violation. In turn, this an be used to onstrain thesize of the neutrino Yukawa ouplings and the seesaw sale.In [242℄, we have shown that in low-sale seesaw extensions of the Standard Modelinluding fermioni singlets, the new heavy neutrinos an indue a violation of lepton�avour universality within reah of urrent experiments. A modi�ed Wℓν vertex leadsto tree-level deviations from the SM predition in observables mediated by aW± boson.This e�et has two possible soures that are not mutually exlusive and depend on theheavy neutrino hierarhy. If the sterile neutrinos are lighter than the deaying partilebut still muh heavier than the three ative neutrinos, then a di�erene in the kinematifator of the proesses appears leading to a phase spae e�et. On the ontrary, if sterileneutrinos are heavier than the deaying partile, they annot be produed in the �nalstate and the non-unitarity of the 3 × 3 submatrix that relates harged leptons andative neutrinos indues a deviation from lepton universality.In [236, 300℄, we have onsidered a model where the inverse seesaw is embedded inthe MSSM and addressed its impat on harged lepton �avour violating observables.We found that the presene of a TeV-sale right-handed neutrino opens the possibilityof new hargino-sneutrino loops that ontribute to LFV observables. Moreover, thelarge neutrino Yukawa ouplings, whih are natural in the inverse seesaw mehanism,may enhane lepton �avour violation via a larger slepton mixing, whih enhanes LFVbranhing ratios. In this thesis manusript, we foused on Higgs-mediated ontributions118



6.4. Embedding the inverse seesaw in the NMSSMand showed that they an lead to branhing ratios within reah of future experiments.In [295℄, we have studied the phenomenologial onsequenes of embedding theinverse seesaw in the NMSSM. More preisely, we foused on the possible new invisibledeay hannels of the lightest pseudosalar A1 that are opened when right-handedneutrinos have a mass around the GeV. Sine most of the onstraints on the massand ouplings of the lightest CP-odd Higgs boson are based on the assumption of a
100% deay branhing ratio into visible hannels, the interesting possibility of dominantinvisible deays weakens these onstraints.However, the omplementarity of diret and indiret searhes for new Physis be-hind neutrino mass generation is a vast topi. We are urrently onsidering the e�etof a modi�ed Wℓν vertex on observables other than RK and Rπ. Besides, the Zννvertex an be modi�ed in a similar fashion, leading to potentially interesting e�etson observables like the invisible Z0 deay width or the branhing ratio of K+ → π+ν̄νwhose experimental unertainty is expeted to be redued in the near future (NA62 andORKA experiments). When in omes to LFV in the supersymmetri inverse seesaw,we have onsidered new ontributions (Higgs- and Z0-mediated). Other ontributionsshould be systematially taken into aount into a future projet.As of today, many problems of the SM remain unsolved. The disovery of theHiggs boson at the LHC appears to on�rm the mehanism of EW symmetry breakingat work in the SM. However, the absene of signals of Physis beyond the StandardModel (other than neutrino osillations) puts strong onstraints on many new Physissenarios. No dark matter andidate has been observed and no de�nitive explanationof the baryoni asymmetry of the Universe nor the family struture has been found.Partile Physis has entered an age where high preision tests of the SM and manyexperimental upoming measurements will probe the SM to an unpreedented auray.In addition the searh for new Physis muh above the TeV sale via higher-order e�etswill also be arried on numerous fronts. Moreover, the measurement of a large θ13mixing angle in the neutrino setor opens the possibility to determine the CP violatingphase and resolve the neutrino mass hierarhy at urrent and future experiments. Dueto its spei�ity and its position at the intersetion of the three frontiers, high-energy,high-intensity and osmology, the neutrino setor o�ers exiting prospets for the yearsto ome.
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Appendix ASynopsis
De nos jours, les neutrinos sont les fermions les plus abondants de l'Univers. Celane les empêhe pas de demeurer des partiules mystérieuses dont les propriétés sontenore mal onnues. Par exemple, l'existene d'une masse non nulle a été on�rméeindiretement par l'observation d'osillations entre di�érentes saveurs plus de trenteans après la déouverte du neutrino. Cependant, leur masse n'a pu être diretementmesurée pour l'instant malgré une forte ativité expérimentale dans e domaine.De nombreux modèles ont été proposés pour expliquer le méanisme par lequel lesneutrinos aquièrent une masse. Durant ette thèse, nous nous sommes onentrés surles extensions du Modèle Standard mettant en jeu des fermions singulets de jauge. Enpartiulier, nous nous sommes intéressés au méanisme de seesaw inverse dont nousavons étudié les onséquenes sur des observables de basse et de haute énergie.Ce synopsis suivra la struture du manusrit prinipal qui a été rédigé en anglais.Ainsi, dans une première setion, nous dérirons le Modèle Standard de la physique despartiules qui forme le sole de notre ompréhension du monde subatomique. La se-tion suivante sera onsarée au seteur des neutrinos ave une résumé de la théorie desosillations et des méanismes générant les masses des neutrinos. La troisième setiondétaillera la paramétrisation de la matrie de mélange leptonique tandis que la qua-trième setion listera les ontraintes qui pèsent sur l'existene de neutrinos stériles. Lainquième présentera l'e�et du seesaw inverse sur di�érentes tests de l'universalité lep-tonique. La sixième partie est onstituée d'une ourte introdution à la supersymétriealors que la septième introduira les modèles de seesaw inverse supersymétriques. En�n,des onséquenes du seesaw inverse supersymétriques sur les observables violant lasaveur leptonique et les ontraintes sur l'existene d'un boson de Higgs CP-impaireléger.A.1 Le Modèle StandardLe Modèle Standard (MS) de la physique des partiules est l'une des théories les mieuxtestées en physique. Fondé sur la méanique quantique et la relativité restreinte, ildérit le monde subatomique dans un adre ohérent utilisant les formalismes issus152



A.1. Le Modèle Standardde la théorie quantique des hamps et des théories de jauge. Une brève introdutionhistorique se trouve dans la setion 1.1.En tant que théorie de jauge, toutes les interations du Modèle Standard sontdéterminées par les symétries sous-jaentes. L'invariane vis-à-vis d'une transforma-tion loale est préservée par l'introdution de hamps de jauge vetoriels réels et d'unedérivée ovariante qui remplae la dérivée ordinaire. En notant ta (a = 1, ..., N) les ma-tries hermitiennes formant une représentation unitaire des N générateurs de l'algèbrede Lie assoiée à la transformation et Aa
µ (a = 1, ..., N) les bosons de jauge, la dérivéeovariante se note

Dµ = ∂µ + ıgtaAa
µ , (A.1)ave g est une onstante de ouplage réelle. Le hamps de jauge est alors rendu dy-namique par l'introdution d'un tenseur

F a
µν = ∂µA

a
ν − ∂νA

a
µ − gfabcAb

µA
c
ν . (A.2)Il est important de noter que l'invariane du Lagrangien sous des transformations dejauge loales interdit également la présene de termes de masse expliites pour lesbosons veteurs.Le groupe de jauge du Modèle Standard est SU(3)c×SU(2)L×U(1)Y et orrespond àdeux seteurs indépendants. Le premier dérit l'interation forte via le groupe SU(3)c,où c signi�e ouleur. Il s'agit de la harge élémentaire en Chromodynamique Quantique.Les interations faibles et életromagnétiques sont, quant à elles, uni�ées dans le seondseteur dont le groupe de jauge est SU(2)L × U(1)Y . La théorie életrofaible violemaximalement la parité puisqu'elle n'agit que sur les partiules de hiralité gauhe,e que l'indie L dénote. En�n, l'hyperharge Y d'un hamp est reliée à sa hargeéletrique Q par la relation de Gell-Mann�Nishijima

Q = I3 +
Y

2
, (A.3)ave I3 la troisième omposante de l'isospin faible. Comme nous le verrons i-dessous,la symétrie életrofaible est brisée à basse énergie en U(1)em, e qui permet aux bosonsveteurs de l'interation faible d'aquérir une masse tandis que le photon reste non-massif.Le ontenu en partiule du Modèle Standard est tout d'abord dité par son groupede jauge. Les bosons veteurs orrespondant aux di�érents générateurs sont regroupésdans la table A.1 ave le boson de Higgs, responsable de la brisure de symétrie éle-trofaible qui sera dérite i-dessous. Les fermions appartiennent, quant à eux, auxreprésentations unitaires irrédutibles des di�érents groupes de Lie et peuvent don êtrelassés selon la représentation à laquelle ils appartiennent, omme dans la table A.2.Il est néanmoins important de noter que le nombre de générations n'est pas ontraintdans le Modèle Standard mais que le nombre de fermions par génération ainsi quela représentation à laquelle ils appartiennent assurent l'absene d'anomalie. De plus,tous les fermions ont deux hiralités, gauhe et droite, à l'exeption du neutrino qui nepossède pas de omposant droit, le rendant non-massif1 par onstrution.1Cela est néanmoins en ontradition ave l'observation expérimentale du phénomène d'osillationentre di�érentes saveurs qui sera disuté dans la partie suivante. 153



A. SynopsisChamp Masse (GeV) Spin Charge éle. Rep. de SU(3)c

G 0 1 0 8

W± 80.385± 0.015 1 ±1 1

Z0 91.1876± 0.0021 1 0 1

γ 0 1 0 1

φ0 ATLAS : 125.5± 0.7
CMS : 125.8± 0.6

0 0 1Table A.1: Contenu bosonique du Modèle Standard après brisure de la symétrie éle-trofaible. Les masses sont extraites du PDG [72℄, à l'exeption de la masse du bosonde �Higgs� [73℄.Champ Masse (GeV) Charge éle. I3 Rep. de SU(3)c

νe < 2× 10−9 0 1/2 1

e (5.10998928± 0.00000011)× 10−4 −1 −1/2 1

νµ < 1.9× 10−4 0 1/2 1

µ (1.056583715± 0.000000035)× 10−1 −1 −1/2 1

ντ < 1.82× 10−2 0 1/2 1

τ 1.77682± 0.00016 −1 −1/2 1

u (2.27± 0.14)× 10−3 (MS) 2/3 1/2 3

d (4.78± 0.09)× 10−3 (MS) −1/3 −1/2 3

c 1.275± 0.004 (MS) 2/3 1/2 3

s (9.43± 0.12)× 10−2 (MS) −1/3 −1/2 3

t 173.5± 1.0 2/3 1/2 3

b 4.18± 0.03 (MS) −1/3 −1/2 3Table A.2: Le ontenu fermionique du Modèle Standard. Toutes les masses sont ex-traites du PDG [72℄.Au début des années 1960, Yoihiro Nambu [37℄ et Je�rey Goldstone [38℄ réalisèrentqu'une théorie peut ne pas respeter une symétrie onservée par son Lagrangien. Ene�et, l'état fondamental peut ne pas être invariant sous ette symétrie. Cette idéeappliquée aux théories de jauge non-abéliennes est le fondement du méanisme deHiggs. Un doublet salaire φ évoluant dans un potentiel
V (φ) = µ2φ†φ+ λ(φ†φ)2 , (A.4)admet un état fondamental qui brise l'invariane sous SU(2)L si µ2 < 0. Il prend alorsune valeur moyenne dans le vide

〈φ〉 = 1√
2

(
0

v

)
, (A.5)ave

v =

√
−µ2

λ
. (A.6)Par le biais de son ouplage aux bosons de jauge életrofaibles et aux fermions, il vaalors générer des masses non-nulles pour eux-i.154



A.1. Le Modèle StandardAyant dérit les prinipaux méanismes et omposants du Modèle Standard, ildevient possible d'érire son Lagrangien avant brisure de la symétrie életrofaible.Les tenseurs assoiées aux huit gluons Ga
µ (a = 1, ..., 8), aux trois bosons de jauge

W a
µ (a = 1, 2, 3) provenant de SU(2)L et au boson veteur de U(1)Y , noté Bµ, sontdérits par

Ga
µν = ∂µG

a
ν − ∂νG

a
µ − gsf

abcGb
µG

c
ν , (A.7)

W a
µν = ∂µW

a
ν − ∂νW

a
µ − gεabcW b

µW
c
ν , (A.8)

Bµν = ∂µBν − ∂νBµ , (A.9)ave gs et g les onstantes de ouplage de SU(3)c et SU(2)L, respetivement, fabc =
−ıTr([λa, λb]λc)/4 et εabc le tenseur de Levi-Civita en trois dimensions. Dans un souid'exhaustivité, le onstante de ouplage de U(1)Y sera notée g′. Il est alors possible dedé�nir la dérivée ovariante omme

Dµ = ∂µ + ıgs
λa

2
Ga

µ + ıg
σa

2
W a

µ + ıg′Y
2
Bµ . (A.10)Le Lagrangien du Modèle Standard peut être déomposé selon

LSM = Lgauge + Lmatter + LHiggs + LY ukawa , (A.11)où, en notant L =
(
νL
eL

), Q =
(
uL

dL

) et φ =
(
φ+

φ0

) les doublets de SU(2)L, les di�érentesontributions sont données par
Lgauge = −1

4
Ga

µνG
aµν − 1

4
W a

µνW
aµν − 1

4
BµνB

µν , (A.12)
Lmatter = ı

∑

i=e,µ,τ

Li /DLi + ı
∑

i=1,2,3

Qi /DQi + ı
∑

i=e,µ,τ

ℓRi /DℓRi (A.13)
+ı

∑

i=u,c,t

qRi /DqRi + ı
∑

i=d,s,b

qRi /DqRi ,

LHiggs = (Dµφ)†(Dµφ)− µ2φ†φ− λ(φ†φ)2 , (A.14)
LY ukawa = −

∑

i,j=e,µ,τ

(
Y ij
ℓ LiφeRj + h.c.

)
−

∑

i=1,2,3,j=u,c,t

(
Y ij
u Qiφ̃qRj + h.c.

)(A.15)
−

∑

i=1,2,3,j=d,s,b

(
Y ij
d QiφqRj + h.c.

)
,ave φ̃ = ıσ2φ

∗.Le neutrino possède un statut partiulier parmi les fermions du Modèle Standard.En e�et, il est le seul à n'interagir que par interations faibles, n'admet qu'une hiralitégauhe et possède une masse au moins six ordres de grandeur plus faible que elles desautres fermions. De plus, il est életriquement neutre, e qui lui ouvre la possibilitéd'être un fermion de Majorana. Les di�érents phénomènes expérimentaux impliquantdes neutrinos sont dérits dans le Chapitre 2. Nous nous onentrerons ii sur lesosillations de neutrinos ainsi que sur la génération de leurs masses. 155



A. SynopsisA.2 Des osillations de saveurs aux neutrinos massifsDurant les années 1970, la possibilité d'osillations entre di�érents saveurs de neutrinoapparut dans l'expériene d'Homestake [95℄. Cette hypothèse fut on�rmée en 1998par la ollaboration Super-Kamiokande [98℄ qui mit en évidene un dé�it de neutrinosmuoniques dépendant de la distane zénithale ompatible ave une osillation entredeux saveurs νµ → ντ . Plus tard, les expérienes SNO [100℄ et KamLAND [101℄on�rmeront l'existene d'osillations entre d'autres saveurs.L'expliation la plus simple à e phénomène est de onsidérer que les neutrinos sontdes partiules massives dont les états propres de masse ne sont pas alignés ave euxdes leptons hargés. Cela se traduit par l'apparition d'une matrie de mélange dansles ourants hargés
Jµ
W =

1√
2
νiU

∗
jiγ

µPLℓj , (A.16)ave U la matrie de Ponteorvo-Maki-Nakagawa-Sakata (PMNS) et νi, ℓj les étatspropres de masse. Il est possible de dé�nir les états propres de saveur omme lesneutrinos assoiés à la transition ℓ−α → να, dans la base où les leptons hargés sontdiagonaux. Les états propres de saveur sont alors reliés aux états propres de masse parla relation
|να〉 =

3∑

i=1

U∗
αi|νi〉 , (A.17)quand les neutrinos sont dérits par des ondes planes. Si les états propres de masses nesont pas dégénérés, les ondes planes assoiées ont une évolution temporelle di�érentevia l'équation de Shrödinger. Par onséquent, leur superposition va di�érer de l'étatpropre de saveur initial, générant les osillations entre di�érentes saveurs. Par exemple,la probabilité de transition pour des neutrinos ultra-relativistes est donnée par [103℄

Pνα→νβ(L,E) =
3∑

k,j=1

U∗
αkUβkUαjU

∗
βjexp

(
−ı∆m

2
kjL

2E

)
, (A.18)ave L la distane entre la soure et le déteteur, E ≃ |~p| l'énergie du neutrino et ladi�érene de masse au arré

∆m2
kj = m2

k −m2
j . (A.19)L'équation (A.18) indique lairement que le probabilité de transition est non-nulleuniquement si un mélange existe et que la di�érene de masse au arré est non-nulle.La matrie PMNS peut être paramétrée selon

UPMNS = UD × diag(1 , eıα21/2 , eıα31/2) , (A.20)où α21 et α31 sont deux phases de Majorana qui sont absentes si les neutrinos sont desfermions de Dira. La partie de la matrie PMNS qui est similaire à la matrie CKMs'érit
UD =




c13c12 c13s12 s13e
−iδ

−c23s12 − s23s13c12e
iδ c23c12 − s23s13s12e

iδ s23c13
s23s12 − c23s13c12e

iδ −s23c12 − c23s13s12e
iδ c23c13


 . (A.21)156



A.2. Des osillations de saveurs aux neutrinos massifs

Figure A.1: Composition des états propres de masse et spetre des neutrinos dans leshiérarhies normale (gauhe, NH) et inverse (droite, IH). Pour haque état propre, laontribution du neutrino életronique est jaune, elle du neutrino muonique est rougeet elle du neutrino tau est bleue. Figure par kismala sur Wikimedia Commons.ave cij = cos θij , sij = sin θij et δ une phase violant CP. Il est intéressant de noterque la probabilité de transition est indépendant des phases α21 et α31 et ne permetdon pas de tester le aratère Dira ou Majorana du neutrino. De nos jours, tous lesparamètres déterminant les osillations de neutrinos ont été mesurés expérimentale-ment, à l'exeption de la phase δ. La ollaboration NuFIT a publié un ajustementglobal des paramètres aux di�érentes expérienes [106℄
sin2 θ12 = 0.3060.012−0.012 , ∆m2

12 = 7.45+0.19
−0.16 × 10−5 eV2 ,

sin2 θ23 = 0.437+0.061
−0.031 , ∆m2

32 = −2.410+0.062
−0.063 × 10−3 eV2 (IH) ,

sin2 θ13 = 0.0231+0.0023
−0.0022 , ∆m2

31 = +2.421+0.022
−0.023 × 10−3 eV2 (NH) , (A.22)où NH et IH orrespondent respetivement aux hiérarhies normale et inverse du spetredes neutrinos. Ces deux hiérarhies sont représentées dans la �gure A.1.L'observation d'osillations de neutrinos implique qu'au moins deux neutrinos sontmassifs. Néanmoins, le Modèle Standard ayant été onstruit omme un modèle mini-mal, il ne ontient don pas de neutrino droit. Cela interdit l'ériture d'une masse deDira

m(νLνR + νRνL) . (A.23)Le neutrino étant un fermion életriquement neutre, il peut véri�er la ondition deMajorana
ψ = ψC , (A.24)ave

ψC = ξCψT
, (A.25)où C est la matrie de onjugaison de harge et ξ est une phase arbitraire qui peut êtreréabsorbée par une redé�nition du hamp ψ. Une masse de Majorana s'érit alors

1

2
m(ψC

LψL + ψLψ
C
L ) . (A.26)157



A. SynopsisCependant, dans le Modèle Standard, le neutrino appartient à un doublet de SU(2)Ld'hyperharge Y = −1. Par onséquent, un terme L̄LC n'est pas invariant de jaugeet le Lagrangien du Modèle Standard ne peut pas ontenir de terme de masse pour leneutrino.À l'instar des autres fermions, il est possible d'étendre le Modèle Standard parl'ajout de neutrinos droits et du terme de Yukawa orrespondant. Cependant, le neu-trino droit est un singulet de jauge et auune symétrie n'interdit la présene d'unemasse de Majorana pour elui-i. En onsidérant trois neutrinos droits, les termes quivont générer la masse des neutrinos s'érivent avant brisure de le symétrie életrofaible
Ltype I = −

∑

i,j

(
Y ij
ν Liφ̃νRj +

1

2
M ij

R ν
C
RiνRj + h.c.

)
, (A.27)ave i et j les indies de saveur qui vont de 1 à 3, Yν la matrie omplexe de Yukawades neutrinos et MR une matrie omplexe symétrique. Après brisure de symétrieéletrofaible, es termes se réduisent dans la base NL = (νL1, ..., νL3 , ν

C
R1, ..., ν

C
R3)

T à
Ltype I = −1

2
NC

LMtype INL + h.c. = −1

2
NC

L

(
0 mD

mT
D MR

)
NL + h.c. , (A.28)oùmD = Yνv/

√
2 e qui orrespond dans la limiteMR ≫ mD au seesaw de type I [197℄.La matrie de masse des neutrinos Mtype I peut alors être diagonalisée par blo e quidonne

Mlight ≃ −mDM
−1
R mT

D , Mheavy ≃MR . (A.29)Une masse des neutrinos légers, majoritairement omposés des hamps gauhes, del'ordre de l'életron-volt est alors générée en prenant MR ∼ 1015 GeV et Yν ∼ O(1).Une autre possibilité est de onsidérer une éhelle de seesaw de l'ordre du TeV ave unouplage de Yukawa Yν ∼ 10−6. Cependant, dans le seesaw de type I, les opérateursgénérant la masse des neutrinos et les signatures de basse énergie omme la violationde saveur leptonique sont orrélés. La néessaire suppression de la masse des neutrinoslégers va alors réduire l'amplitude des observables de basse énergie. De plus, ettesuppression va également réduire la setion e�ae des neutrinos lourds, rendant leurprodution et détetion au LHC di�ile.Il est néanmoins possible de déoupler es opérateurs dans le méanisme de see-saw inverse [202℄. Le Modèle Standard est alors étendu par l'ajout de deux types desingulets fermioniques de même nombre leptonique. Ce méanisme et l'étude de saphénoménologie dans di�érents modèles ont été au ÷ur de ma thèse. Dérit par lediagramme A.2, il ajoute au Lagrangien du MS les termes suivants
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∑
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R νRiXj +
1

2
µij
Rν

C
RiνRj +

1

2
µij
XX
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i Xj + h.c.

)
, (A.30)ave Yν le ouplage de Yukawa des neutrinos, MR une matrie de masse omplexequi onserve le nombre leptonique et µX , µR deux matries de masse de Majoranaomplexes qui violent la onservation du nombre leptonique par deux unités. Aprèsbrisure de la symétrie életrofaible, la matrie de masse des neutrinos est donnée dans158



A.3. Paramétrisation du mélange leptonique
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Figure A.2: Diagramme générant la masse des neutrinos légers dans le seesaw inverse.la base (νL , ν
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 . (A.31)Pour simpli�er la disussion, ette matrie de masse peut être diagonalisée en ne on-sidérant qu'une seule génération. Dans la limite µR , µX ≪ mD,MR, les valeurs propressont
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µX , (A.32)
m2,3 = ±

√
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R +m2
D +
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RµX

2(m2
D +M2

R)
+
µR

2
. (A.33)Dans le as du seesaw inverse, la petitesse de la masse des neutrinos est reliée à lapetitesse de µX et ette petitesse est naturelle au sens de 't Hooft [200℄ puisque, quand

µX et µR valent zéro, la onservation du nombre leptonique est restaurée. Dans la suite,nous négligerons µR ar il ne ontribue à la masse des neutrinos et aux observablesétudiées que par des ontributions sous-dominantes. La petitesse de la masse desneutrinos étant proportionnelle à µX , l'inverse seesaw peut présenter en même tempsdes ouplages de Yukawa Yν ∼ O(1) et des neutrinos stériles ave des masses de l'ordredu TeV. Cela va avoir des onséquenes phénoménologiques importantes omme unmélange atif-stérile aru ou la possibilité de produire diretement les neutrinos lourdsau LHC.A.3 Paramétrisation du mélange leptoniquePuisque la matrie de masse des neutrinos Mν est une matrie n × n omplexe etsymétrique du fait du aratère Majorana du neutrino, elle peut être déomposée enutilisant la fatorisation de Takagi
V T
ν MνVν = diag(m1 , ... , mn) , (A.34)ave Vν une matrie unitaire et D la matrie diagonale dont les éléments sont les rainesarrées des valeurs propres deM †

νMν . Dans un méanisme d'inverse seesaw omportant159



A. Synopsis3 paires de neutrinos singulets, n = 9 et Vν est une matrie unitaire 9× 9 qui relie lesétats propres faibles eux états propres de masse par
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 . (A.35)La matrie de masse des leptons hargés peut être fatorisée en utilisant une déom-position en valeurs singulières V †

LMℓVR = diag(me , mµ , mτ )

(eL)weak = VL
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, (eR)weak = VR
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, (A.36)ave VL et VR des matries unitaires 3× 3.En général, les neutrinos et les leptons hargés ne sont pas diagonaux dans lamême base, e qui induit un mélange entre di�érentes saveurs à la base des osillationsde neutrinos et d'autres proessus violant la saveur leptonique. Aux énergies trèsinférieures à la masse du boson W±, le ourant faible hargé s'érit
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†
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=
1√
2
νi(U

†)ijγ
µPLℓj , (A.37)tandis que la matrie de mélange U est expliitement donnée par

Uji =

3∑

k=1

V ∗
Lkj
Vνki , (A.38)ave j ompris entre 1 et 3 pour les leptons hargés et i ompris entre 1 et 9 pour lesneutrinos. La matrie U est alors retangulaire, e qui l'empêhe d'être unitaire. Ene�et, on a

UU † = 1 , (A.39)
U †U 6= 1 , (A.40)pare que
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A.4. Contraintes sur l'existene de neutrinos stérilesCependant, dans la limite où les neutrinos lourds déouplent de la théorie à basseénergie, la matrie de mélange leptonique est 3× 3, unitaire et orrespond à la matriePMNS.La paramétrisation de Casas-Ibarra [207℄ est une méthode qui reonstruit unetexture générique ompatible ave les données expérimentales pour les ouplages deYukawa des neutrinos. Elle a été initialement introduite dans le seesaw de type I [207℄;mais elle peut diretement être étendue au seesaw inverse. Dans e dernier, la matriede masse des neutrinos légers est donnée par
Mlight ≃ YνM

T
R

−1
µXM

−1
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2
, (A.42)qui est fatorisée par la matrie PMNS

UT
PMNSMlightUPMNS = diag(m1 , m2 , m3) . (A.43)En dé�nissant la matrie M = MRµ

−1
X MT

R , la matrie de masse des neutrinos légersprend une forme similaire à elle du seesaw de type I
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−1Y T
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2
. (A.44)Si la matrie M est déomposée par une matrie unitaire V selon

M = V †diag(M1 ,M2 ,M3)V
∗ , (A.45)alors la paramétrisation de Casas-Ibarra peut diretement être appliquée au seesawinverse:
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PMNS , (A.46)ave R une matrie orthogonale omplexe. Supposer R = 1 est équivalent à l'hypothèseselon laquelle Yν et M sont simultanément diagonales, tandis que supposer que lamatrie de masse des neutrinos est réelles orrespond à R ∈ O3(R). La paramétrisationde Casas-Ibarra sera très utile dans l'étude de la phénoménologie du seesaw inverse arelle permet de sanner l'espae de paramètre tout en s'assurant que haque point est enaord ave les données expérimentales, éonomisant par la même du temps de alul.A.4 Contraintes sur l'existene de neutrinos stérilesDans le méanisme d'inverse seesaw dérit préédemment, le Modèle Standard estétendu par l'ajout de trois paires de singulets de jauge. Cela ajoute don six neutrinosstériles dont les ouplages et les masses sont ontraints par diverses expérienes etobservations. Tout d'abord, et bien que nous ne onsidérons pas e régime de masse, lesouplages des neutrinos stériles aux neutrinos atifs sont ontraints par les osillationsde neutrinos [231℄ pour des masses inférieures à 100 eV. D'autres limites, plus générales,proviennent de la reherhe direte de neutrinos stériles [229, 230℄. Ces reherhespeuvent se faire par l'étude du spetre de l'életron émis lors de désintégrations β [142℄161



A. Synopsisou de elui du lepton produit dans la désintégration à deux orps d'un méson [142, 232℄.Une autre possibilité est d'essayer de déteter les produits visibles de la désintégrationd'un neutrino stérile [233, 234℄ ou de mesurer préisément la largeur de désintégrationinvisible du boson Z0 [235℄.La non-unitarité de la matrie de mélange leptonique est aussi sujette à de nom-breuses ontraintes. En notant ŨPMNS le blo 3 × 3 qui orrespond au mélange en-tre leptons hargés et neutrinos atifs, la déviation à l'unitarité de ŨPMNS peut êtreparamétrée par
ŨPMNS = (1− η)UPMNS , (A.47)ave UPMNS la matrie de mélange quand seulement trois neutrinos massifs sont présents.Des limites sur η ont été dérivées en étudiant des interations non-standards pour lesneutrinos [190℄.La présene d'un mélange atif-stérile peut aussi générer une violation onséquentede la saveur leptonique hargée, e qui est ontraint par l'expériene MEG [237℄.D'autres limites peuvent être dérivées des reherhes du boson de Higgs [239℄, de salargeur de désintégration invisible et des données de préision életrofaibles [229, 240℄.De plus, si les neutrinos stériles sont des fermions de Majorana, alors d'autres pistespeuvent être explorées omme la désintégration double β sans neutrino [231℄ ou dessignaux spéi�ques omportant des partiules de même harge au LHC [229℄.En�n, en supposant la validité du modèle osmologique standard, des limites trèsontraignantes peuvent être extraites de nombreuses observations [230, 231℄. Cependant,es ontraintes osmologiques disparaissent en onsidérant des sénarios non-standardsomme eux omportant une température de réhau�age basse [241℄. Dans notre anal-yse numérique, nous négligerons parfois es ontraintes osmologiques et le mention-nerons alors expliitement.

A.5 Impat des neutrinos stériles sur les tests del'universalité leptoniqueUne onséquene fondamentale de la struture de jauge du Modèle Standard est l'uni-versalité des onstantes de ouplage. Puisque les interations de jauge ne distinguentpas les diverses générations, les leptons de di�érentes saveurs ont des ouplage iden-tiques. La moindre déviation par rapport aux estimations faites dans le MS indiquela présene de nouvelle Physique. Comme les leptons hargés se ouplent au photonet aux bosons veteurs de l'interation faible, les di�érents tests de l'universalité lep-tonique peuvent être atégorisés selon le boson de jauge en jeu: photon, W± ou Z0.Puisque notre intérêt porte sur l'e�et des neutrinos singulets, nous nous onentreronssur les proessus omportant un boson W±.La première observable qui vient à l'esprit est simplement la désintégration lep-tonique du boson W±. Les di�érentes largeurs de désintégration ont été mesurées au162



A.5. Impat des neutrinos stériles sur les tests de l'universalité leptoniqueLEP-II. L'universalité leptonique est testée via les rapports [214℄
B(W → µν̄µ)

B(W → eν̄e)
= 0.994± 0.020 , (A.48)

B(W → τ ν̄τ )

B(W → eν̄e)
= 1.074± 0.029 , (A.49)

B(W → τ ν̄τ )

B(W → µν̄µ)
= 1.080± 0.028 , (A.50)qui présentent un léger éart à l'universalité pour la troisième génération. En prenanten ompte la masse des neutrinos et l'existene de neutrinos stériles, la largeur dedésintégration dans une saveur donnée s'érit
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∑
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L , 0) (A.51)où la fontion ΓV FF = ΓV FF (mV , mF1 , mF2, cL, cR) est
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.Le ouplage aL est donné par aijL = 23/4mW

√
GFUij.Les désintégrations leptonique des mésons pseudo-salaires sont également intéres-santes ar elles sont supprimés dans le MS par la hiralité de l'état �nal. Cependant,ette suppression disparaît si un neutrino droit est aessible dans l'état �nal. Lesrapports

RP =
Γ(P+ → e+ν)

Γ(P+ → µ+ν)
, (A.53)sont quasi-indépendants des inertitudes hadroniques et ont été mesurés pour di�érentsmésons [72, 216℄

Rexp
K = (2.488± 0.010)× 10−5 , (A.54)

Rexp
π = (1.230± 0.004)× 10−4 . (A.55)L'universalité de la troisième génération peut être testée par l'intermédiaire du rapport
RDs =

Γ(D+
s → τ+ν)

Γ(D+
s → µ+ν)

. (A.56)dont la valeur expérimentale est [72℄
RDs = 9.20± 0.46 . (A.57)L'expression analytique de RP à l'arbre est alors donnée par
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k2Gk2
, ave (A.58)163



A. Synopsis
F ij = |Uji|2 et
Gij =
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, (A.59)où il est sous-entendu que la somme se fait sur tous les neutrinos inématiquementaessibles. Il est alors possible d'obtenir un large éart à l'universalité via la non-unitarité de la matrie ŨPMNS mais aussi par un e�et d'espae de phase si ertainsneutrinos sont inématiquement aessibles. Une évaluation de la déviation par rapportà la prédition du MS est donnée dans la �gure 4.3 pour le as du seesaw inverse.L'universalité du ouplage du τ est également testable en onsidérant la désinté-gration d'un lepton τ dans un méson pseudo-salaire. Des rapports similaires à RPpeuvent être onstruits

Rτ
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, et Rτ

P,e =
B(τ− → P−ν)
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, (A.60)où les inertitudes hadroniques s'annulent à une bonne approximation, omme dans

RP . La formule analytique orrespondante est alors donnée par
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, ave (A.61)
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, (A.62)et F kj et Gkj donnés par l'équation (A.59).L'universalité leptonique peut aussi être testée par le rapport des largeurs de dés-intégration leptonique du lepton τ . La moyenne du PDG des di�érentes mesuresdonne [72℄

Rτ =
B(τ− → µ−ν̄µντ )

B(τ− → e−ν̄eντ )
= 0.979± 0.004 . (A.63)Dans le as de neutrinos de Majorana, en sommant sur tout les neutrinos inématique-ment aessibles, la largeur de désintégration de ℓi → ℓjνν est donnée par
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avec
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+ α ↔ β . (A.65)Étant purement leptonique, ette observables a également l'avantage de omporter uneerreur théorique très faible.164



A.6. Une introdution à la supersymétrieNotre analyse a montré que d'importants éarts à l'universalité leptonique peu-vent être observés dans RK [242℄, parfaitement observables à l'expériene NA62. Ceiontraste fortement ave d'autres modèles de nouvelle physique qui peinent à générerune déviation observable. Il est important de noter que, du fait des larges déviationspossibles, les observables testant l'universalité leptonique peuvent être utilisées pourontraindre la déviation de ŨPMNS à l'unitarité. Une étude détaillée des observablesautres que RK et Rπ est atuellement en ours.Le seesaw inverse est une extension du MS très attrative ar elle génère des neutri-nos massifs tout en gardant des ouplages de Yukawa naturels et une éhelle de seesawprohe de l'éhelle életrofaible. Cependant, le MS sou�re de problèmes autres quel'absene de masse de neutrinos, par exemple le problème de hiérarhie ou l'absene deandidat pour la matière noire. Dans la partie suivante, nous présenterons le oneptde supersymétrie qui permet de résoudre ertains de es problèmes.A.6 Une introdution à la supersymétrieLes modèles supersymétriques sont parmi les extensions du Modèle Standard les plusétudiées. Cela est lié aux nombreux aspets attratifs de la supersymétrie. Ainsi,elle donne une desription uni�ée des bosons et des fermions, les dérivant omme lesdi�érentes omposantes d'un supermultiplet. La supersymétrie est aussi l'extension laplus générale de l'algèbre de Poinaré en supposant un seul générateur spinoriel. Lesthéories supersymétriques ont également un meilleur omportement à haute énergieque le MS. Du fait du théorème de non-renormalisation, les divergenes quadratiquesdisparaissent, e qui apporte une solution au problème de hiérarhie. Un autre aspetattratif réside dans l'uni�ation des onstantes de ouplage à haute énergie, qui estbien meilleure que dans le MS. Si la supersymétrie est jaugée et onsidérée ommeune transformation loale, alors le graviton émerge naturellement dans le spetre etonnete naturellement la physique des partiules ave la gravité. La supersymétrieo�re une expliation à la brisure de symétrie életrofaible par le biais des orretionsradiatives qui génèrent µ < 0 à basse énergie. En�n, dans les modèles où la R-parité estonservée, la partiule supersymétrique la plus légère est un andidat pour la matièrenoire.L'extension supersymétrique minimale et viable du MS est le MSSM (MinimalSupersymmetri Standard Model). Il est basé sur le même groupe de jauge SU(3)c ×
SU(2)L × U(1)Y , onserve la R-parité et son ontenu en partiules est donné dans lestables A.3 et A.4. La seule véritable di�érene se trouve dans le seteur du Higgsqui ontient deux doublets de SU(2). Cela s'explique par l'impossibilité d'inorporerun supermultiplet onjugué au superpotentiel, e dernier étant une fontion holomor-phique, interdisant de fait l'utilisation de φ̃ = ıσ2φ

∗ omme dans le MS. De plus, lehiggsino est un fermion supplémentaire d'hyperharge Y = 1 e qui génère une anoma-lie d'Adler-Bell-Jakiw [270℄. La solution est alors d'introduire un seond doublet deHiggs ave une hyperharge opposée. Le superpotentiel étant une fontion de super-hamps gauhes uniquement, les fermions droits sont introduits via le onjugué deharge de la omposante gauhe. Par exemple, si le spineur de Dira de l'életron estdonné par e = eL + eR, alors la omposante droite de l'életron est introduite via le165



A. SynopsisGroupe de jauge Superhamp vetoriel Spineur Veteur
U(1)Y B̂ b̃ Bµ

SU(2)L Ŵ i w̃i W i
µ

SU(3)c Ĝα g̃α Gα
µTable A.3: Superhamps vetoriels du MSSM. Les omposantes tildées sont impairessous la R-parité et onnues olletivement sous le nom de jauginos.Superhamp hiral Salaire Spineur SU(3)c SU(2)L U(1)Y
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Hd H̃d 1 2 −1Table A.4: Superhamps hiraux du MSSM et leurs transformations de jauge, ave i unindie omprit entre 1 et 3 qui orrespond aux di�érentes générations. Les omposantestildées sont impaires sous la R-parité et se nomme squarks, sleptons et higgsinos, étantrespetivement les superpartenaires des quarks, leptons et bosons de Higgs.spineur de Majorana E1 = (eR)
C + eR. Par onséquent, le séletron est donné par

Ẽ1 = ẽ∗R.Puisque le MSSM a été onstruit omme un modèle onservant la R-parité [272℄, ilest dé�ni par le superpotentiel suivant:
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, (A.66)ave a et b des indies de SU(2), i , j orrespondant aux di�érentes générations et lesindies de ouleur ayant été omis. Gardant des ouplages identiques pour les partiulesappartenant au même supermultiplet, la supersymétrie est brisée par les termes debrisure doue du MSSM qui sont
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+M1b̃b̃+M2w̃iw̃i +M3g̃αg̃α + h.c. , (A.67)ave des matries de masse salaire au arré 3 × 3 hermitiennes, Mi les masses om-plexes des jauginos, A des matries 3 × 3 omplexes qui orrespondent aux ouplagestrilinéaires ainsi que m2
Hu

, m2
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et B des paramètres réels.166



A.6. Une introdution à la supersymétrieSeteur Spin État propre de jauge État propre de masseHiggs 0 h+u , h
0
u , h

−
d , h

0
d h ,H ,A ,H±Neutralinos 1/2 W̃ 3 , B̃ , h̃0u , h̃
0
d χ̃0

1 , χ̃
0
2 , χ̃

0
3 , χ̃

0
4Charginos 1/2 W̃ 1 , W̃ 2 , h̃+u , h̃

−
d χ̃±

1 , χ̃
±
2Table A.5: Bosons de Higgs, harginos et neutralinos dans le MSSM après brisure lade symétrie életrofaible. h et H sont CP-pairs, alors que A est CP-impair.Après brisure de la symétrie életrofaible, les omposantes neutres des doublets deHiggs développent une valeur moyenne dans le vide (vev) non-nulle. Notant vu et vdrespetivement les vev des doublets Hu et Hd, elles véri�ent v =
√
v2u + v2d, ave v lavev du doublet de Higgs du MS. Alors les vev vu et vd sont reliées par

tan β =
vu
vd
. (A.68)À basse énergie, le spetre du MSSM ontient alors deux bosons pairs sous CP et unboson impair, en supposant l'absene de violation de CP dans le seteur du Higgs.Les higgsinos neutres vont se mélanger ave le bino et le wino neutre, générant quatreneutralinos, tandis que les higgsinos hargés se mélangent aux winos hargés pourgénérer quatre harginos. Cei est repris dans la table A.5.Puisque les matries de masse des squarks et des sleptons sont en général omplexesave de larges éléments non-diagonaux, des ourants non-hargés peuvent générer destransitions de saveur, e qui n'a pas été observé expérimentalement. Ce premier prob-lème est onnu sous le nom de problème de saveur. Il existe un seond problème,nommé problème CP, qui est lié à la présene de nouvelle soure de violation de CPdans es matries omplexes. Une solution ommune à es deux problèmes est deonsidérer que les masses des squarks et sleptons sont universelles et réelles tandisque les ouplages trilinéaires sont proportionnels aux ouplages de Yukawa. Cei estnaturellement réalisé par les méanismes brisant la supersymétrie par la gravité. Unpremier modèle onsidéré durant ette thèse est le CMSSM qui possède seulement inqparamètres à l'éhelle de grande uni�ation:

m0 , m1/2 , A0 , tanβ , sign(µ) , (A.69)ave
m2

0 = m2
Hu

= m2
Hd
, (A.70)

m2
01 = m2

Q = m2
U = m2

D = m2
L = m2

E , (A.71)
m1/2 =M1 =M2 =M3 (A.72)
A01 = Au = Ad = Ae . (A.73)Un seond modèle, le NUHM, relâhe les ontraintes sur le seteur du Higgs où

m2
0 6= m2

Hu
6= m2

Hd
, (A.74)e qui introduit un sixième paramètre, par exemple mA. 167



A. SynopsisCependant, le MSSM sou�re aussi de ertains problèmes, à l'instar du problèmede µ. Ce paramètre du MSSM doit être ompris dans l'intervalle 100 GeV ≤ µ ≤
MSUSY [286℄ a�n d'avoir un modèle phénoménologiquement viable. Mais e paramètren'est protégé par auune symétrie et devrait naturellement être prohe de zéro, del'éhelle de grande uni�ation ou de l'éhelle de Plank. Une solution simple et élé-gante est d'introduire un superhamps hiral singulet de jauge dont la omposantesalaire prend une vev non-nulle après brisure de la supersymétrie, e qui est amèneau NMSSM (Next-to-Minimal Supersymmetri Standard Model). Ce modèle est dé�nipar le superpotentiel suivant
f̂NMSSM = εab

[
Y ij
d D̂iQ̂
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d Ĥ
b
u

]
− κ

3
Ŝ3 , (A.75)ave λ et κ des ouplages adimensionnés. Le Lagrangien de brisure doue de la super-symétrie est alors
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+M1b̃b̃+M2w̃iw̃i +M3g̃αg̃α + h.c. , (A.76)ave Aλ et Aκ les nouveaux ouplages trilinéaires assoiés à l'introdution du super-hamp singulet Ŝ. Quand la omposante salaire de e dernier prend une vev non-nulle,elle génère un paramètre µ e�etif
µeff = λs , (A.77)qui est naturellement du même ordre que l'éhelle de brisure de la supersymétrie etapporte, par onséquent, une solution au problème de µ.Puisque le NMSSM ontient un hamps hiral supplémentaire, son spetre à basseénergie est plus étendu que elui du MSSM. Le superhamp étant un singulet, il vaseulement introduire de nouveaux hamps neutres e qui onduit à trois bosons deHiggs CP-pairs H1 ,2 ,3, deux bosons de Higgs CP-impaires A1 ,2 et inq neutralinos

χ̃0
1 ,... ,5. Cela peut onduire à une phénoménologie très di�érente [289, 292, 293℄ etréduire l'ajustement exessif des paramètres du modèle.Malheureusement, les deux modèles présentés i-dessus ne ontiennent pas de mé-anisme générant une masse pour les neutrinos. Il onvient don d'étendre es modèleset d'étudier la phénoménologie assoiée, e que nous avons fait dans le as du seesawinverse supersymétrique.A.7 Modèles de seesaw inverse supersymétriqueConjuguer l'inverse seesaw ave des modèles supersymétriques est partiulièrementattratif ar toute le nouvelle Physique se trouve alors à l'éhelle du TeV. Cela onduit à168



A.7. Modèles de seesaw inverse supersymétriqued'intéressantes onséquenes phénoménologiques pour les désintégrations double β sansneutrino [294℄, le seteur du Higgs [295�297℄, les proessus violant la saveur leptoniquehargée [236, 298, 300℄, les observables au LHC et à un futur ollisionneur linéaire [301℄,le neutrino droit omme andidat pour la matière noire [297, 302℄ ou un modèle deleptogénèse [303℄.L'inverse seesaw peut être inlus dans le MSSM par l'addition de deux superhampshiraux singulets de jauge portant un nombre leptonique opposé. Si trois paires desuperhamps singulets sont onsidérées, ν̂Ci et X̂i (i = 1, 2, 3)2, alors le modèle deseesaw inverse supersymétrique est dé�ni par le superpotentiel suivant:
f̂ = f̂MSSM + εabY

ij
ν ν̂

C
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b
u +MRij

ν̂Ci X̂j +
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2
µXij

X̂iX̂j , (A.78)ave f̂MSSM le superpotentiel du MSSM dé�ni dans l'équation (A.66) et i, j = 1, 2, 3 lesindies de saveur. Le terme de masse MRij
onserve le nombre leptonique tandis que

µXij
le viole de deux unités. Le Lagrangien de brisure doue de la supersymétrie estalors
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X̃iX̃j + h.c.), (A.79)ave Lsoft
MSSM le Lagrangien de brisure doue du MSSM. Bij

MR
et Bij

µX
sont de nouveauxparamètres dus à la présene des nouveaux partenaires salaires des neutrinos stériles.Il est important de noter que, tandis que le premier de es termes onserve le nombreleptonique, le seond le viole de deux unités. Supposant un méanisme de brisure dela supersymétrie indépendant de la saveur, nous avons onsidéré des onditions auxlimites universelles à haute énergie (par exemple, à l'éhelle de grande uni�ation)

mφ = m0 ,Mgaugino =M1/2 , Ai = A0 I , BµX
= BMR

= B0 I . (A.80)De manière tout à fait générale, nous travaillons dans une base où MR est diagonale àl'éhelle de brisure de la supersymétrie
MR = diag MRii

. (A.81)Nous avons également supposé lors de nos évaluations numériques que µX est diagonale,une hypothèse simpli�atrie motivée par le fait que les observables violant la saveurleptonique ne dépendent qu'indiretement de µX . En�n, il est important de remarquerque le terme e�etif de masse du sneutrino droit s'érit
M2

ν̃C ≃ m2
ν̃C +M2

R + |Yν|2v2u . (A.82)Si MR ∼ O(TeV), alors le terme de masse sera prohe du TeV, à l'opposé du seesawsupersymétrique de type I [331℄. Nous nous sommes partiulièrement intéressés au r�led'un tel sneutrino léger dans les ontributions médiées par les bosons de Higgs et Z0pour les observables violant la saveur leptonique.2Nous utilisons la notation: ν̃C = ν̃∗R. 169



A. SynopsisL'inverse seesaw peut aussi être inlus dans le NMSSM via l'ajout de paires desuperhamps hiraux singulets de jauge omme dans le MSSM. Le superpotentiel dee modèle est alors
f̂ = f̂NMSSM + εabY

ij
ν ν̂

C
i L̂

a
j Ĥ

b
u + (λν)

iŜν̂Ci X̂i +
1

2
µi
XX̂iX̂i , (A.83)où f̂NMSSM est le superpotentiel du NMSSM, dé�ni à l'équation (A.75) et i, j = 1, 2, 3sont les indies de saveur. Pour notre étude, les termes ν̂CX̂ et X̂X̂ peuvent être éritsdans une base où ils sont diagonaux sans perte de généralité. Lorsque la omposantesalaire de Ŝ aquière une vev, non seulement un terme µ e�etif est généré mais aussiun terme de masse onservant le nombre leptonique MRνRX ave MR = λνs. Nousnous sommes intéressés dans e as à l'impat de neutrinos stériles très légers, e quiest permis dans l'inverse seesaw, sur les modes de désintégration de A1 quand elui-ia une masse inférieure à 10 GeV.A.8 Violation de la saveur leptonique dans le seesawinverse supersymétriqueL'observation des osillations de neutrinos a établi de manière indisutable l'absene deonservation de la saveur leptonique neutre. En l'absene d'un prinipal fondamentalinterdisant la violation de la saveur leptonique hargée (LFV), il est entendu que lesextensions du Modèle Standard qui génèrent les masses et le mélange des neutrinosinduisent aussi une violation de la onservation de la saveur pour les leptons hargés.Puisque la prédition du Modèle Standard est très fortement supprimée ar la violationde saveur est générée par des orretions quantiques, l'observation de signaux de LFVserait une preuve indisutable de l'existene d'une nouvelle physique touhant le seteurleptonique. De nombreuses expérienes reherhent es signaux et les résultats utiles ànotre étude sont repris dans la table A.6.Pour tout seesaw supersymétrique, le ouplage de Yukawa des neutrinos va induiredes termes non-diagonaux dans la matrie de masse des sleptons via les orretionsdues aux équations du groupe de renormalisation [332�334℄. Par exemple, ave lesonditions aux limites du CMSSM, es orretions à la matrie de masse des sleptonsgauhes sont données par
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= ξ(Y †
ν Yν)ij , (A.84)quand un spetre dégénéré est onsidéré pour les neutrinos droits MRi

= MR. Parrapport au seesaw de type I, l'inverse seesaw permet d'avoir simultanément Yν ∼ 1 et
MR ∼ O(TeV), e qui augmente le fateur ξ et au �nal va induire d'importants e�etsdans les observables violant la saveur leptonique à basse énergie.En présene de sneutrinos droits ayant une masse omparable à elle des autressfermions, les proessus ontenant un sneutrino droit ne sont plus supprimés ommeils le sont dans le seesaw supersymétrique de type I. Cela va avoir un e�et marqué170



A.8. Violation de la saveur leptonique dans le seesaw inverse supersymétriqueProessus LFV Limite atuelle Sensibilité future
τ → µµµ 2.1× 10−8 [305℄ 8.2× 10−10 [323℄

τ− → e−µ+µ− 2.7× 10−8 [305℄ ∼ 10−10 [323℄
τ → eee 2.7× 10−8 [305℄ 2.3× 10−10 [323℄
µ→ eee 1.0× 10−12 [315℄ ∼ 10−16 [316℄
τ → µη 2.3× 10−8 [314℄ ∼ 10−10 [323℄
τ → µη′ 3.8× 10−8 [314℄ ∼ 10−10 [323℄
τ → µπ0 2.2× 10−8 [314℄ ∼ 10−10 [323℄
B0

d → µτ 2.2× 10−5 [324℄
B0

d → eµ 6.4× 10−8 [325℄ 1.6× 10−8 [326℄
B0

s → eµ 2.0× 10−7 [325℄ 6.5× 10−8 [326℄
µ−,Ti → e−,Ti 4.3× 10−12 [317℄ ∼ 10−18 [322℄
µ−,Au → e−,Au 7× 10−13 [304℄Table A.6: Limites expérimentales atuelles et sensibilités futures pour ertaines ob-servables LFV médiées par les bosons de Higgs et Z0.
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L + h.. . (A.85)Le dernier terme de e Lagrangien, ǫ2ij(Y †
ν Yν)ij, est en général non-diagonal, e quigénère une violation de la saveur leptonique. Une nouvelle ontribution ǫ′2 est issue dela boule sneutrino-hargino représentée dans la �gure A.3 et elle peut s'érire

ǫ′2ij =
1

16π2
µAνF1(µ

2, m2
ν̃i
,M2

ν̃cj
), (A.86)ave

F1 (x, y, z) = −xy ln(x/y) + yz ln(y/z) + zx ln(z/x)

(x− y)(y − z)(z − x)
. (A.87)Nous avons observé qu'elle peut dominer les autres ontributions médiées par un bo-son de Higgs, étant jusqu'à dix fois plus importante. Nous avons mené une analysenumérique plus poussée de diverses observables dont les résultats sont regroupés dansla table 6.3. Il est intéressant de remarquer que es valeurs ne orrespondent qu'aux171



A. Synopsis
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Figure A.4: Un des diagrammes ontenant un sneutrino droit ontribuant aux dia-grammes pingouins ave un boson Z0 dans le seesaw inverse supersymétrique.ontributions médiées par un boson de Higgs et dépendent fortement des valeurs de
tanβ et mA. De plus, elles sont très sensibles à la hiralité du lepton le plus lourd.Ainsi, le rapport d'embranhement de la désintégration ℓiL → ℓjRX est supprimé parun fateur m2

ℓj/m
2
ℓi par omparaison ave ℓiR → ℓjLX . Cela peut induire une asymétriequi permettrait d'identi�er si la ontribution générée par les diagrammes pingouinsontenant un boson de Higgs domine.Cependant, la présene de sneutrinos droits ave une masse prohe du TeV va aussiaugmenter les ontributions médiées par le boson Z0. En e�et, dans le MSSM étendupar un seesaw de type I à haute énergie, une ompensation spéi�que a lieu entre lesdiagrammes qui ontribuent à la boule wino-sneutrino. À l'ordre zéro dans l'angle demélange du hargino, la ombinaison des fontions de boule ne dépend pas des massesdes partiles dans la boule [348℄. La ontribution médiée par le boson Z0 est alorsproportionnelle à (Z†

VZV )
ij ave ZV la matrie 3×3 unitaire qui diagonalise la matriede masse des sneutrinos. Or e terme s'annule pour i 6= j. C'est ette suppression quiassure la domination habituelle de la ontribution médiée par le photon. Cependantla présene de diagrammes supplémentaires, omme elui de la �gure A.4, dans leseesaw inverse supersymétrique, fait disparaître ette ompensation. Les ontributionsmédiées par le boson Z0 augmentent alors fortement [236℄, pouvant même fournir laontribution dominante.A.9 Désintégrations invisibles d'un bosons de HiggsCP-impairDans e as, nous nous intéressons à une onséquene de l'inorporation de l'inverseseesaw dans le NMSSM et alulons les rapports d'embranhement de A1, le bosonde Higgs CP-impair le plus léger, dans un état �nal ontenant deux neutrinos. Pourillustrer notre propos, il n'est pas néessaire de diagonaliser la matrie de masse desneutrinos et il est don possible de aluler les rapports d'embranhement dans les étatspropres d'interation νLνR et νRX . Dans le NMSSM, A1 peut être déomposé selon
A1 = cos θAAMSSM + sin θAAS . (A.88)172



A.9. Désintégrations invisibles d'un bosons de Higgs CP-impairLes équation (A.88) et (A.83) montrent que la largeur de désintégration de A1 en νLνRdépend de cos θA, tandis que la largeur de désintégration en νRX dépend de sin θA.Il est alors possible de déduire les ouplages entre le pseudo-salaire le plus léger etdi�érents fermions
A1τLτR :
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v
tanβ cos θA , (A.89)
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cos θA , (A.90)
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sin θA , (A.93)où la di�érene de √
2 entre les ouplages (A.92, A.93) et les autres provient d'unedi�érene de √2 dans les dé�nitions de v et s (〈S〉 = s alors que 〈Hu〉 = vu/

√
2). Si lese�ets d'espae de phase sont négligés, alors les rapports d'embranhement de A1 dansles modes de désintégrations invisibles normalisés aux modes visibles sont donnés par
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. (A.95)Les modes de désintégrations visibles dominant sont f f̄ (f = µ, τ, b) et cc̄, e derniern'étant numériquement signi�atif que pour mA1 < 2mb et tanβ petit.L'analyse numérique donnée dans la table 6.5 nous apprend que, si cos θA est petit,le pseudo-salaire le plus léger est dominé par sa omposante singulet et se désintègremajoritairement dans des anaux invisibles. Cela a pour onséquene de relaxer lesontraintes sur la masse et les ouplages de A1. Une autre onséquene importante estd'augmenter la largeur de désintégration invisible du salaire le plus léger, via la haîne

H1 → A1A1, A1 → νRX .Durant ette thèse, nous nous sommes intéressés à un méanisme spéi�que quigénère des masses et mélanges non-nuls pour les neutrinos. Ce méanisme, très attra-tif ar il peut simultanément avoir des ouplages de Yukawa naturels et une éhelle denouvelle physique de l'ordre du TeV, est le seesaw inverse. Nous nous sommes on-entrés tout partiulièrement sur sa phénoménologie lorsqu'il est inlus dans le ModèleStandard, le MSSM et le NMSSM. Dans le MS, nous avons étudié son impat sur lestests de l'universalité leptonique et avons montré que des expérienes omme NA62et sa mesure du rapport RK peuvent déjà ontraindre e modèle. Dans le MSSM,nous nous sommes intéressés aux observables violant la saveur leptonique et à l'impatd'un sneutrino droit à l'éhelle du TeV. Nous avons alors remarqué que les rapportsd'embranhement LFV peuvent atteindre la sensibilité expérimentale des expérienesatuelles et futures. En�n, dans le NMSSM, nous avons mis en évidene la possi-bilité d'obtenir une désintégration majoritairement invisible de A1, e qui relaxe lesontraintes expérimentales sur la masse et les ouplages de e boson. 173
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