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Abstract

The experiments at the Large Hadron Collider (LHC) have confirmed that the
Standard Model (SM) is a good description of particle physics at the electroweak
scale. The Standard Model is still incomplete, since it does not explain e.g.
neutrino masses, dark matter, dark energy or gravity.

Supersymmetry is a well motivated way to extend the Standard Model. The
minimal supersymmetric Standard Model (MSSM) has become somewhat fine-
tuned after the first run of the LHC and therefore the detailed study of non-
minimal supersymmetric models is highly motivated.

We studied phenomenological implications of some nonminimal supersym-
metric models especially in the light of the recent discovery of a Higgs boson.
Our studies focused on supersymmetry without R-parity and left-right symmet-
ric supersymmetric models.

In the MSSM a 125 GeV Higgs requires rather heavy superpartners. In
nonminimal models the Higgs mass can be lifted by contributions from new
particles at tree-level, loop-level or by mixing effects. We found that if we
introduce spontaneous R-parity violation, the mixing between the SM-like Higgs
and a right-handed sneutrino can increase the mass of the SM-like Higgs if
the sneutrino-like state is lighter than 125 GeV. One does not need as heavy
superpartners as in the MSSM and thus fine-tuning is not as severe.

If the Higgs mass gets additional contributions, the squarks of the third
generation can be more easily within the reach of the LHC. If R-parity is not
imposed, the squarks can have new decay modes, which can have a large branch-
ing fraction. As an example we studied a model, where R-charges are identified
with the lepton number and found that the discovery potential for the ¢ — be™
mode is well beyond 1 TeV squark masses.

In left-right supersymmetry we studied the Higgs decay modes and the op-
tion of having a right-handed sneutrino as a dark matter candidate. We found
that a loop-induced mixing of the bidoublets can either enhance or suppress the
Higgs coupling to bottom quarks and thus change the signal strengths consid-
erably. However, in the scan there was also a large number of points, where the
couplings behaved close to those of the SM.

The right-handed sneutrino is a part of a doublet in left-right symmetric
models. We found that sneutrinos may annihilate via a D-term coupling to the
Higgs and produce the observed relic density. If we assume the gauge coupling of
the right-handed gauge interactions to be the same as for the left-handed ones,
we were able to predict a range of masses for the sneutrino. We also showed
that with 100 fb~! we could get a signal of superpartners from the sleptonic
decays of the right-handed Wgr-boson, if its mass is below 3 TeV.



iv
Tiivistelma

Large Hadron Collider -térméyttimelld (LHC) suoritetut kokeet ovat osoitta-
neet, ettd hiukkasfysiikan standardimalli on hyvé kuvaus aineen rakenteesta ja
vuorovaikutuksista nykyisilla kithdytinenergioilla. Standardimalli ei kuitenkaan
voi olla lopullinen hiukkasfysiikan teoria, silld se ei seliti mm. neutriinojen
massoja, pimead ainetta, pimedé energiaa tai painovoimaa.

Standardimallissa alkeishiukkasten massat syntyvéat ns. Higgsin mekanismin
avulla. Siind Higgsin kentdn arvo on nollasta eroava, kun systeemin energia on
pienin. Tatd kentdn arvoa kutsutaan tyhjidodotusarvoksi. Higgsin kentélla on
my0s vastaava hiukkanen, ns. Higgsin bosoni. Higgsin kentén tyhjidodotusarvo
antaa muille hiukkasille massan, joka on verrannollinen kyseisen hiukkasen ja
Higgsin bosonin vélisen vuorovaikutuksen suuruuteen. Kun Higgsin kentalla
on tyhjidodotusarvo, standardimallin liikeyhtéloiden ratkaisut eivét ole teorian
mittasymmetrian mukaisia, vaikka itse yhtalot ovat symmetriset — téata kutsu-
taan mittasymmetrian spontaaniksi rikkoutumiseksi.

Supersymmetria on yksi eniten tutkituista tavoista laajentaa standardimallia.
Supersymmetria liittda jokaiseen hiukkaseen superpartnerin, jonka ominaisu-
udet ovat muuten samanlaiset kuin alkuperaisella hiukkasella, mutta spin eroaa
puolella yksikolld. Supersymmetrisissd malleissa on aina useampi Higgsin bosoni
ja osalla uusista Higgsin bosoneista on séhkévaraus. LHC:n ensimmaéisten vu-
osien tulokset ovat poissulkeneet suuren osan yksinkertaisimman supersym-
metrisen mallin (minimaalinen supersymmetrinen standardimalli, MSSM) para-
metriavaruudesta. Tamén johdosta ei-minimaalisten supersymmetristen mallien
tutkimus on perusteltua.

Tutkimme téssd véaitoskirjassa supersymmetristen mallien fenomenologiaa
erityisesti vuonna 2012 16ydetyn Higgsin bosonin ominaisuuksien pohjalta. Eri-
tyisesti tarkastelimme malleja, joissa ei ole R—pariteettia sekd vasen-oikea-sym-
metristd mallia.

MSSM:ssa kevyimméan Higgsin bosonin massa ilman kvanttikorjauksia voi
olla korkeintaan Z-bosonin massan verran. Loydetyn Higgsin bosonin massa on
tatd suurempi ja niin suuri, ettd tarvittavat kvanttikorjaukset ovat varsin suuria
ja erityisesti top-kvarkin superpartnerin tulisi olla noin 1,5 TeV:n painoinen
tai raskaampi. Ei-minimaalisissa supersymmetrisissa malleissa Higgsin bosonin
massaraja voi olla korkeampi kuin MSSM:ssé tai uusien hiukkasten aiheuttamat
kvanttikorjaukset voivat nostaa Higgsin massaa, jolloin superpartnereiden ei
tarvitse olla yhté raskaita kuin MSSM:ssa.

R-pariteetti on MSSM:ssa liséoletus, joka kieltdd baryoni- tai leptonilukua
muuttavat vuorovaikutukset. Jos R-pariteettia rikkovat vuorovaikutukset olisi-
vat sallittuja, protonit hajoaisivat. R-pariteetin sdilymislaki myos takaa, etta
kevyin superpartneri ei hajoa ja voisi muodostaa pimeén aineen. R-pariteetti
voi rikkoutua spontaanisti, jos jokin sneutriinoista saa tyhjiéodotusarvon. Spon-
taani R-pariteetin rikko synnyttéa vain leptonilukua muuttavia vuorovaikutuk-
sia, joten protonit eivéit hajoa.

Kun R-pariteetti rikkoutuu spontaanisti, sneutriinon sailyvit kvanttiluvut
ovat samat kuin Higgsin bosonilla, joten ne voivat sekoittua. Havaitsimme, etté



jos sneutriino on kevyempi kuin Higgsin bosoni, tdmé sekoittuminen voi nostaa
Higgsin bosonin massaa ja néin ei tarvita yhtd suuria kvanttikorjauksia kuin
MSSM:sséd. Higgsin bosonin ja sneutriinon sekoittuminen johtaisi my6s Higgsin
bosonin tuottotodennéksdisyyden pienenemiseen.

Jos Higgsin bosonin havaittu massa saadaan pienemmilld kvanttikorjauksilla
kuin MSSM:ssé, voivat stop- ja sbottom-skvarkit olla kevyempié. Jos ei oleteta
R-pariteettia, voivat skvarkit hajota eri tavalla kuin yleensé supersymmetrisissa
malleissa oletetaan ja télldisten hajoamisten osuus voi olla suuri. Tésta esimerk-
kind tutkimme mallia, jossa R-symmetrian varaus samaistetaan leptoniluvun
kanssa. Mallissa kvarkkien superpartnereilla on leptoniluku ja ne voivat hajota
kvarkiksi ja leptoniksi. Stop-skvarkin p#dasiallinen hajoamiskanava voi olla  —
bet. Tutkimuksemme perusteella LHC pystyy 16ytdméiin stop-skvarkin téssi
mallissa, vaikka sen massa olisi yli 1 TeV:n.

Heikoissa vuorovaikutuksissa pariteettisymmetria rikkoutuu: Beetahajoami-
sessa syntyvien hiukkasten spinit ovat vasenkatisia ja antihiukkasten oikeakétisié.
Vasen-oikea-symmetrisissd malleissa tdmé selitetddn siten, ettd on olemassa
myos toinen (oikeakétinen) heikko vuorovaikutus, jossa hiukkasten ja antihiukkas-
ten spinit ovat pdinvastaiset, mutta tama vuorovaikutus on spontaanin symme-
triarikon seurauksena paljon tunnettua (vasenkitistd) heikkoa vuorovaikutusta
heikompi.

Vasen-oikea symmetrisen mallin osalta tutkimme Higgsin bosonin hajoamis-
suhteita seké oikeakétistd sneutriinoa pimeén aineen kandidaattina. Kvanttikor-
jaukset aiheuttavat mallin Higgsin bosoneille sekoittumisen, jossa kevyimmén
Higgsin bosonin hajoaminen b-kvarkkipariksi voi poiketa huomattavasti stan-
dardimallin ennusteesta. Toisaalta osassa datapisteistd hajoamissuhteet ovat
lahelld standardimallin ennustetta.

Vasen-oikea symmetrisessé mallissa oikeakétinen neutriino ja sen superpart-
neri vuorovaikuttavat oikeakétisten heikkojen vuorovaikutusten kautta toisin
kuin malleissa, joissa oikeakétisid heikkoja vuorovaikutuksia ei ole. Tama saa
aikaan sen, ettd jos sneutriino on kevyin supersymmetrinen hiukkanen, niiden
annihiloituminen varhaisessa maailmankaikkeudessa voi olla niin voimakasta,
ettd jaljelle jaa havaittu médrd pimedd ainetta. Jos oikeakitisten heikkojen
vuorovaikutusten voimakkuus tunnetaan, havaitusta pimeédn aineen mé&arasta
voidaan ennustaa kevyimman sneutriinon massa. Osoitimme myds, ettd jos
oikeakatisten vuorovaikutusten W-bosoni on kevyempi kuin 3 TeV, sen ha-
joamiset leptonien superpartnereiksi voivat antaa signaalin supersymmetriasta.
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Chapter 1

Introduction

1.1 The era of LHC and the need for new physics

The previous few years have been exceptional in particle physics since we have
witnessed the exploration of a new energy scale at the Large Hadron Collider
(LHC). The proton-proton experiments at center-of-mass energies of 7 TeV and
8 TeV led to the discovery of a new boson [1,2], whose properties are compatible
with the Standard Model Higgs boson'. In addition, the experiments have given
new, more stringent bounds on many experimental observables. Essentially all
experimental data from the LHC is consistent with the Standard Model.

Although the Standard Model (SM) has been extremely successful, there is
still room for new physics and a need for it. The LHC has been able to exclude
only a couple of models completely. The Higgs data exclude the extension of
the Standard Model by a fourth fermion generation and the fermiophobic Higgs
model [3,4]. Also a few minimal supersymmetric models can be considered to be
excluded since they do not allow a heavy enough Higgs boson without extremely
heavy supersymmetric partners [5].

The most direct evidence for the incompleteness of the Standard Model
comes from neutrino experiments, where the existence of non-zero neutrino
masses has been confirmed during the last two decades [6-10]. Majorana neu-
trino masses can be included into the Standard Model by introducing a d = 5
operator [11]. This operator can be a remnant of a seesaw mechanism [12-17]
after the heavy particles have been integrated out. The absolute mass scale, the
mass hierarchy and the Dirac or Majorana nature of neutrinos still remain to
be solved experimentally.

There is also indirect evidence that requires extensions of the Standard

1Various authors can be attributed to the symmetry breaking mechanism and the associ-
ated scalar particle, both commonly carrying the name of Peter Higgs. In addition to Higgs,
at least Philip Anderson, Robert Brout, Francois Englert, Jeffrey Goldstone, Gerald Guralnik,
Carl Hagen, Tom Kibble, Yoichiro Nambu, Abdus Salam and Steven Weinberg were involved
in building the mechanism of electroweak symmetry breaking. For brevity, the particle will
be called Higgs boson in this thesis.
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Model. The power energy spectrum of the cosmic microwave background [18]
can be explained with the so called ACDM-model [19-22], where in addition to
baryonic matter there is cold dark matter and dark energy. The existence of dark
matter can also be inferred from the measurements of galactic velocities [23,24]
and the existence of dark energy is supported by the accelerated expansion of
the Universe [25—-28]. In the Standard Model there are no candidates for dark
matter nor is there an explanation for dark energy.

The Sakharov conditions [29] for matter-antimatter asymmetry require the
violation of C- and CP-symmetries. In the Standard Model the charge conju-
gation symmetry is broken by weak interactions [30] but the only CP-violating
effects come from the single phase of the CKM matrix [31,32]. So far all ob-
served CP-violating reactions [33-37] have been explained with this single pa-
rameter [38,39] but the matter-antimatter asymmetry of the Universe is harder
to explain [40,41].

The value of the Higgs boson mass also gives reasons to expect new physics.
First one of the Sakharov conditions requires a departure from thermal equilib-
rium. However in the SM there is no first order phase transition with a Higgs
mass of 125 GeV [42,43] and hence electroweak baryogenesis is not possible
without extending the SM. Second the stability of the Standard Model scalar
potential depends on the Higgs boson mass. The running of the quartic coupling
turns it negative at an energy scale of the order of 10!° GeV [44-46]|. Hence we
live in a metastable vacuum close to the border where the vacuum becomes too
short-lived or unstable. Hence any extension should improve the stability of the
scalar potential. Since we are not far from the stable region, even some of the
simplest extensions can make the vacuum stable [47-49].

The Standard Model has only one dimensionful parameter, the Higgs boson
mass term. Since scalar masses are not protected by any symmetry?, they
get quantum corrections from several terms of the Lagrangian [50]. In cutoff
regularization the correction diverges quadratically, i.e. the quantum correction
to the mass is proportional to the cutoff scale. In the renormalization procedure
one fixes the mass to the observed value by adding a counterterm. If the cutoff
scale is taken from the other known dimensionful quantity, the gravitational
constant, we end up to the Planck scale, which is 16 orders of magnitude larger
than the Higgs boson mass. Hence the counterterm and the quantum corrections
need to match with an enormous precision and still leave a nonzero result. In
addition, the procedure is not stable against radiative corrections [51,52].

In the Standard Model this fine-tuning can be thought of an artifact of the
regularization procedure (see, e.g. [53]) since there are no other explicit mass
scales than the electroweak scale. In dimensional regularization there are no
quadratic divergences. The problem arises when one uses any model with new
mass scales to explain e.g. neutrino masses or grand unification. In such a case
the question arises how can a large hierarchy between mass scales be maintained

2Fermion masses are protected by chiral symmetry, gauge boson masses by gauge symmetry.
This means that the quantum corrections can come only from the terms that break this
symmetry and hence the correction is always proportional to the mass itself. By simple
dimensional analysis this means that the corrections depend logarithmically on the scale.
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against quantum corrections.

There are also some hints from the precision frontier. The measured value of
the anomalous magnetic moment of the muon [54] is in slight tension with the
best theoretical computations [55-58]. The difference cannot yet be considered
decisive. The next generation of experiments should reduce the experimen-
tal uncertainty and if the theoretical computation will improve as much, the
difference could become significant.

Flavor physics has provided some small hints of new physics and on the
other hand very tight constraints on it. The largest deviations from theoretical
expectations come in the decays of B-mesons to D*)7v [59-62]. The difference
from SM predictions is at most at the level of 3o. In any case, if the errors are
estimated correctly, measuring a large number of observables should produce
deviations larger than 30 in about 0.3% of the measurements and hence definite
conclusions cannot be made yet.

The most constraining are the results on the branching ratios of Bs; 4 —
uT . The LHCb collaboration has found a signal for the former with a
significance of 4.0c0 and the best fit of the branching ratio close to SM ex-
pectations, whereas there is an upper limit for the latter, not too much above
the SM prediction [63-65]. Many scenarios beyond the SM can easily enhance
these branching ratios by a factor of ten or more [66-68]. Hence these branching
ratios constrain the parameter spaces of many models outside the reach of direct
searches (e.g. for minimal supergravity, see [69]).

The LHC is expected to function for at least two decades with the center-
of-mass energy of 14 TeV. The higher collision energy will make it possible to
probe even higher mass scales, up to a few TeV for strongly interacting particles.

The expectations of finding new physics beyond a SM-like Higgs were based
on the Standard Model not to be fine-tuned in the context of the larger theory.
Hence there should be a mass scale not too far from the electroweak scale. The
first run of LHC already makes some fine-tuning inevitable.

1.2 The Higgs boson as a portal to beyond the
Standard Model

There are several ways to go beyond the Standard Model (BSM) without getting
into conflict with existing experimental data. Some of them will be reviewed in
the following chapters.

The energy scale below 100 GeV was explored thoroughly by the precision
experiments at the Large Electron-Positron collider (LEP). The LEP data is in
essential agreement with the Standard Model. The only known particles not
studied by the LEP are the top quark and the Higgs boson. The top quark
was discovered at the Tevatron [70,71] but due to the smaller production cross
section at 2 TeV collision energy and smaller luminosity the number of produced
top quarks was rather limited compared to the first run of the LHC. Both top
and Higgs can be produced copiously at the 14 TeV phase of the LHC and



4 CHAPTER 1. INTRODUCTION

uncertainties related to their properties will be reduced during the next run of
the LHC.

The anomalous decays of the top quark could give hints of new physics but
so far nothing exceptional has been observed. For instance if we had a light
charged Higgs, the top quark could decay via t — H7Tb but the upper limit
for the branching ratio for such a decay is constrained to be at a level of one
percent [72-76]. This is already enough to rule out a light charged Higgs in
the Minimal Supersymmetric Standard Model (MSSM) for some values of the
charged Higgs boson mass. There is no evidence of deviations from the SM in
other decays either [77,78].

The Higgs boson is a potential channel for studying new physics. It couples
most strongly to heavy particles and hence the indirect effects of unknown par-
ticles may be seen in Higgs physics. In addition, as a scalar field, the Higgs field
has the dimension of mass in natural units, whereas fermions have dimension
mass®/2. Since renormalizable terms have a dimension of mass to a power four
or less, the Higgs scalar may have renormalizable couplings to unknown particles
that a fermionic field cannot have.

The leading Higgs production mechanism at the LHC is gluon fusion, where
the leading order is at one-loop level [79,80] and hence it is a potential probe for
new strongly interacting particles. The rough agreement of the Higgs production
with SM expectations rules out the fourth generation of quarks [3,4]. The major
problems in this production mechanism are that it is difficult to tag so that a
limited number of final state are possible to study? and the theoretical errors on
the Standard Model prediction are quite large and somewhat uncertain [81,82].

Among the various decay channels of the Higgs boson the decays to vy
and Z~v are also one-loop processes at leading order [83,84]. They may be
mediated by any charged particle coupling to the Higgs. The interpretation of
any deviation is not straightforward, since the contribution of a given particle
depends on its mass, spin and charge — in addition to possible deviations coming
from the theoretical uncertainties in the production cross section and other
decay widths. In any case the one-loop mediated production and decay channels
complement the flavor physics tests.

If there are new particles that share the good quantum numbers with the
Higgs boson they may mix. This mixing will lead to altered couplings compared
to SM predictions. The LHC can improve the accuracy of coupling measure-
ments to below ten percent errors in the best channels [85] and that could be
sensitive enough to imply a deviation from the SM.

There are two important Higgs couplings that have not been measured so
far directly. The Yukawa coupling to top quarks is mainly responsible for Higgs
production in gluon fusion, but its direct measurement requires observing the
associated pp — tth + X production. This is an important cross-check of the
consistency of the standard picture, since there could be unknown colored par-
ticles coupling to the Higgs. The other important thing to measure is the Higgs

3All final states consisting of only jets are hidden in QCD backgrounds, which are larger
by roughly six orders of magnitude. Final states with leptons or photons are accessible.
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self coupling. In the SM it is determined once the Higgs mass is known but the
coupling could deviate from its standard value in BSM models. The four-point
coupling does not seem to be experimentally accessible at the LHC [86], but
there is a chance of measuring the three-point coupling [87-89].

1.3 Structure of the thesis

After this introductory chapter motivating the need for physics beyond the
Standard Model we study in more detail the physics of the Higgs mechanism
and extended scalar sectors in chapter 2. Chapter 3 is devoted to supersymmetry
and its implications on the Higgs sector. In chapter 4 we discuss supersymmetry
without R-parity and and especially R-symmetric models and spontaneous R-
parity violation. Chapter 5 discusses left-right symmetric models and their
supersymmetric extensions. In chapter 6 we summarize the results.

The idea in this thesis is to use the SM-like Higgs particle as a portal to
study supersymmetric models. Supersymmetry remains as a well-motivated
scenario beyond the Standard Model and can solve many of the problems of
contemporary physics described in section 1.1. Minimal supersymmetric models
are somewhat fine-tuned but nonminimal supersymmetric models can reduce
the amount of fine-tuning, which motivates the study of these extensions in the
view of the Higgs discovery and the LHC bounds on supersymmetry searches.
Supersymmetry, even in its minimal realization, has an extended Higgs sector.
Nonminimal supersymmetric models usually have a rather large Higgs sector.
In each case the other particles of the model can leave fingerprints in the SM-like
Higgs, which can then be observed in collider experiments.

1.3.1 List of publications and author’s contribution

The publications included in this thesis are

I Higgs sector of NMSSM with right-handed neutrinos and spon-
taneous R-parity violation,
Katri Huitu and Harri Waltari, JHEP 1411 (2014) 053.

I1 Left-right supersymmetry after the Higgs boson discovery,
Mariana Frank, Dilip Kumar Ghosh, Katri Huitu, Santosh Kumar Rai,
Ipsita Saha and Harri Waltari, Phys. Rev. D90 (2014) 115021.

III Light top squarks in U(1)gr-lepton number model with a right-
handed neutrino and the LHC,
Sabyasachi Chakraborty, AseshKrishna Datta, Katri Huitu, Sourov Roy
and Harri Waltari, Phys. Rev. D93 (2016) 075005.

IV Resonant slepton production and right sneutrino dark matter in
left-right supersymmetry,
Mariana Frank, Benjamin Fuks, Katri Huitu, Santosh Kumar Rai and
Harri Waltari, accepted for publication in JHEP, arXiv 1702.02112.
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Article I discusses the effects of spontaneous R-parity violation to the Higgs
sector. The original idea was to look at bounds from lepton flavor violation, but
after the Higgs discovery the focus turned more to the implications of sponta-
neous R-parity violation on the Higgs sector. The current author made all of
the computations and figures and wrote the first draft of the manuscript, which
was then jointly edited.

Article II discusses the implications of the Higgs bounds on left-right su-
persymmetry. The original idea was that the model has a light doubly charged
Higgs, which could have an effect on the one-loop decays h — vy and h — Z~.
We performed a thorough parameter scan of the model and discussed the im-
plications. The current author was responsible of making the spectrum and
coupling generator and participated in making the modifications to HIGLU.
The text was written jointly, the current author was responsible for sections 3,
4.3, figures 1-2 and minor parts of sections 2 and 5.

Article ITT studies the top squarks in an R-symmetric model. The current
author made some of the background analyses and wrote some parts of the text
as well as participated in the editing of the text.

Article IV looks at the possibility of having right-handed sneutrino dark
matter in the left-right supersymmetric model. We studied the possibility of
producing right-handed sleptons through the decay of the Wg boson. The
current author was responsible of producing the benchmarks and computing
the constraints from the relic density. The text was written jointly, the current
author being responsible for sections 3 and 4 and parts of section 2.

1.3.2 Conventions

Throughout this text the natural system of units is used, where h = ¢ =
1. Masses, momenta and energies are expressed in electronvolts. The ze-
roth component of four-vectors is timelike and the metric tensor is g, =
diag(1,—1,—1,—1). Repeated indices are summed over. The Feynman slash
means p = p,y". The vacuum expectation value of the SM Higgs field is
246 GeV and, unless otherwise stated, complex neutral scalar fields are of the
form ©°(z) = %(H(x) +iA(x)+v), where H(z) and A(z) are real scalar fields.

The SM Higgs boson or the SM-like Higgs boson* in extended models is
denoted by h, other CP-even Higgs bosons by H; and CP-odd Higgs bosons by
A;.

From chapter 3 onwards the spinors will be written by using the van der
Waerden notation of dotted and undotted two-component spinors. We use o# =
(1,0%) and 6* = (1, —0") where o are the Pauli matrices.

Missing transverse energy is denoted by Fr.

Unless otherwise stated, values of experimental quantities are from [90].

4The neutral CP-even SU(2) doublet scalar with the VEV closest to 246 GeV.



Chapter 2

Fundamentals of Higgs
physics

2.1 Spontaneous symmetry breaking

In physics the concept of symmetry is somewhat different from its everyday
use. In addition to everyday symmetries (of e.g. geometrical shape) we use
the concept to describe the fact that equations of motion remain unchanged
after some transformations. For instance, we might move a system to another
place. If the equations of motion depend only on mutual distances the system
will behave identically in the new place. This is called translational symmetry.
Other space-time symmetries include invariance under rotations, reflections and
time reversal.

In particle physics the most utilized symmetries are internal symmetries.
The simplest example of such a symmetry is the fact that multiplying all the
wave functions by a common phase does not produce any experimental con-
sequences. When we allow the phase to be position-dependent and require
invariance in local phase transformations, we need an additional field to com-
pensate for additional terms from derivatives of the wave function. This field
can be identified with the electromagnetic field.

A symmetry may be broken explicitly. For instance the flavor symmetry
between u, d and s quarks is broken by their different masses or the isospin
symmetry between the proton and the neutron is broken by their electric charges
(and small mass difference). Even in this case there are some remnants of the
symmetry left.

Spontaneous symmetry breaking means that the theory (i.e. the action) is
symmetric but the solutions to the equations of motion are not. A common
example is a ferromagnet. The equations of electromagnetism are rotationally
invariant. When the magnet is in a magnetized phase, the direction of the
magnetic field picks randomly one direction and hence the rotational invariance
is broken. There is still left a symmetry in rotations around the axis pointing

7
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along the magnetic field.

The phenomenological description of spontaneous symmetry breaking is due
to Ginzburg and Landau [91]. They constructed the free energy of a supercon-
ductor using a complex effective wave function ¥(z,t) to describe the supercon-
ducting electrons. The expression for free energy they used is of the form

—

FIU, A] = Fy + /dV [alw? 4+ BIwIt + I DUP 4 5(V x A7), (2)

where D = V — igA(x,t) is the covariant derivative. The functional is invari-
ant under the following transformations: U (z,t) — W(z,t)e®@D  A(z,t) —
Az, t) + g~ 'VO(x, ).

The system is not stable unless 3, v and x are positive. The minimum is
obtained by varying the free energy with respect to ¥ and /f(x) This gives the
equations

oF

o = —(V = igA)?W + (o + 25¥})T = 0, (2.2)
oF . _
3 iy(U*VE — UVT*) + 29¢%|TPA + 2V x B=0,  (2.3)

where B =V x A.

The coefficients depend on temperature. Spontaneous symmetry breaking
occurs when at some temperature o turns negative. In that case the minimum
of the free energy occurs with |¥| # 0, which means that the vacuum state is
not invariant under the gauge transformations. This leads to a phase transition.
From equation (2.3) we find that in the absence of any electric field the current
density is J o< V x B = —L[i{(T* VT — UVT*) + 2¢?|[>A]. When |P| £ 0 at
the ground state there is a current without any voltage applied, i.e. the system
is in a superconducting state.

Spontaneous symmetry breaking is always related to degenerate vacua. If
the Hamiltonian is invariant under a transformation U, i.e. [U, H] = 0, but
the ground state |¥g) is not, also the state U|¥y) is degenerate to the ground
state, since H(U|¥o)) = UH|Ug) = Eo(U|¥0)), where Ey is the energy of the
ground state. This has some consequences. If the broken symmetry is discrete,
the breaking leads to domain walls [92,93], since the vacuum configuration may
be different in different parts of space. If the symmetry is continuous, there is a
long-range mode!, the so called Goldstone mode, which consists of excitations
along the continuous set of degenerate vacuum states. In particle physics this
corresponds to a massless particle.

2.2 The Higgs mechanism in gauge theories

The idea of using spontaneous symmetry breaking in particle physics models
was introduced by Nambu and Jona-Lasinio [94-96].

LCorrelations between field variables are not damped exponentially as the distance in-
creases.
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In relativistic quantum field theories spontaneous breaking of a continuous
symmetry leads to a massless scalar, the Goldstone boson. The theorem was
conjectured by Goldstone [97] and proved by him, Salam and Weinberg [98].
The first one to conjecture a loophole in this theorem was Anderson [99] and the
discussion was continued by Klein and Lee [100]. They studied nonrelativistic
models where spontaneous symmetry breaking does not lead to massless bosons
and argued that a relativistic analogue should exist. Thereafter Gilbert showed
that the exception found by Klein and Lee requires a unit vector in the time
direction [101]. In relativistic theories you do not have such a preferred Lorentz
frame. Hence the Goldstone theorem would hold in the relativistic case.

Higgs noted in [102] that in gauge theories the gauge condition is usually
not Lorentz-invariant. For instance in using the radiation gauge (V - A= 0) or
temporal gauge (A° = 0) a preferred vector in the time direction exists. This
allows to use the loophole in the Goldstone theorem found by Klein and Lee for
relativistic gauge field theories.

Englert and Brout [103] and, independently, Higgs [104] noted that the in-
teraction of gauge fields with a scalar with a vacuum expectation value (VEV)
gives a mass term for the gauge bosons. Guralnik, Hagen and Kibble [105] then
continued the work of Brout, Englert and Higgs and noted that spontaneous
symmetry breaking indeed generates masses for gauge bosons but introducing
explicit mass terms makes the original theory manifestly covariant (since the
freedom of choosing a gauge is gone) and hence the Goldstone bosons reappear.

The Higgs mechanism can be stated in its simplest (and original) form by
considering a complex scalar field in an U(1) gauge theory. We assume the
Lagrangian to be of the form

£ = (D"p(a))* (Dyip(a) — {F* Fros + m2lo(@) = Jle@l',  (24)

where D, = 0, — ieA,(x) is the covariant derivative and Fj,, = 0,4, (z) —
0y A, (x) is the field-strength tensor. The last two terms are (minus) the scalar
potential and the signs have been chosen so that with real parameters there
will be spontaneous symmetry breaking. The Lagrangian has a U(1) symmetry,
where the fields transform as ¢(z) — ¢(2)e®®® and A, (z) — A, (z)+ 19,0(z).
A mass term for the gauge field would not be gauge invariant.

The kinetic term is minimized by choosing ¢(x) to be a constant. The
minimum of the scalar potential is at |p(z)|? = 2m? /), whenever m? > 0. Next
we shall expand the Lagrangian around the minimum of the potential, i.e. write
o(z) = %(U + h(z) + ia(z)), where v = 2m/v/X is the VEV of the scalar field.
The vacuum configuration picks a direction and thus is not gauge invariant.

The new Lagrangian is (omitting constants and linear terms)

1 1 1 22
L = = F" Fyyt 50" hdhet-5 0 ad,a—e A" (00, 0+ hd,a—ad, h)+—— A" A,,
2 A A A A
+ %(hz + 20h + a?)AF A, — §v2h2 - §h2a2 - Zv(ha2 +h3) — E(h4 +a?).

(2.5)
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Particle SU(3) | SU(2) | U(1)
Left-handed quark doublets, Qr = (ur dr)T 3 2 1/3
Right-handed up-type quarks, ug 3 1 4/3
Right-handed down-type quarks, dg 3 1 —-2/3
Left-handed lepton doublets, L, = (v, ¢;)7 1 2 -1
Right-handed charged leptons, {5 1 1 -2
Gluons 8 1 0
w, wo 1 3 0
B (hypercharge gauge boson) 1 1 0
Higgs boson 1 2 1

Table 2.1: The fields of the Standard Model in the gauge basis and the corre-
sponding representations of the gauge groups.

There are several important things to notice. First the gauge field aquires
a mass ev after symmetry breaking. On the other hand the imaginary part of
the scalar field becomes massless, i.e. it is the Goldstone boson. The original
Lagrangian conserves the U(1) charge but after spontaneous symmetry breaking
the terms of the form hA* A, and h3 break charge conservation. All of these are
typical consequences of spontaneous symmetry breaking and they vanish in the
limit ¥ — 0. One may also note that after symmetry breaking the mass term
for the field h(x) has the correct sign.

The remarkable thing about gauge theories is that one can choose a gauge, by
setting 6(x) equal to the negative of the phase of ¢(x), such that the Goldstone
boson vanishes completely from the Lagrangian. This choice of gauge is called
unitary gauge. It leaves only the physical degrees of freedom in the Lagrangian.
The Goldstone boson then becomes the longitudinal polarization state of the
massive gauge boson [105].

The generalization of these results to the non-Abelian case were first derived
by Kibble [106].

2.3 Properties of the Standard Model Higgs

The Standard Model is based on a SU(3)c¢xSU(2), xU(1)y gauge symmetry. In
addition to the gauge fields there are three generations of elementary fermions
and the Higgs boson. The particle content of the SM is summarized in Tables
2.1 and 2.2.

The Standard Model Lagrangian is the most general gauge and Lorentz
invariant expression with at most dimension four terms. It can schematically
be written in the form

1 = _ A
L= fZFé“’FWaJrZ\I’blﬁ\I’bJr(ch(\IfLC-q))\I’RdJrh.c.)Jr|D“<I>\2+u2|<1>\27Z\EI)|4.
(2.6)
Index a runs over the various generators of the SM gauge group, indices b, ¢
and d over the particle species, L and R refer to left- and right-chiral fermion



2.3. PROPERTIES OF THE STANDARD MODEL HIGGS

Particle Spin | Mass (GeV) | Charge
Up quark 1/2 0.0023(7) +2/3
Charm quark 1/2 1.28(3) +2/3
Top quark 1/2 160(5) +2/3
Down quark 1/2 0.0048(5) -1/3
Strange quark 1/2 0.095(5) -1/3
Bottom quark 1/2 4.18(3) -1/3
Electron 1/2 | 5.110 x 104 -1
Muon 1/2 0.1057 -1
Tau 1/2 | 1.7768(2) -1
Neutrinos (3 generations) | 1/2 Small 0
w* 1 80.39(2) +1
20 1 91.188(2) 0
Photon 1 0 0
Gluon 1 0 0
Higgs boson 0 125.1(3) 0

11

Table 2.2: The mass eigenstates of the SM particles. All fermions except neutri-
nos are Dirac fermions, i.e. consist of both left- and right-handed spinors. Quark
masses are running masses in the MS scheme. The mass of the top quark from
the kinematical reconstruction of the decay products is 173.2(9) GeV. Neutri-
nos are linear combinations of flavor eigenstates [107]. Neutrino mass differences
have been measured to be O(0.1) €V and the sum of their masses is constrained
by cosmological observations to be of the same order of magnitude. In the SM
they are assumed massless. The numbers in parentheses are the errors of the
last digit, the relative errors in electron and muon masses are less than 1077,
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fields, F*" is the field strength tensor, D, is the gauge covariant derivative, ¥
denotes a fermion field and ¢ the Higgs doublet.

The Higgs boson is the hero and the villain of the Standard Model. The
Higgs mechanism allows to generate masses for particles and allows to extend
the model without violations of unitarity to very high energy scales?. On the
other hand it creates the naturalness problem discussed in section 1.1 and also
there is no explanation for the hierarchies in the Higgs couplings to fermions,
which break flavor symmetries.

2.3.1 Electroweak symmetry breaking

The idea of the spontaneous breaking of a unified gauge theory of electromag-
netic and weak interactions was developed independently by Weinberg [109]
and Salam [110]. They applied the work of Kibble [106] to the proposition of
Glashow [111] of using SU(2)xU(1) as the gauge group for electromagnetic and
weak interactions of leptons.

The Higgs mechanism must break SU(2)xU(1) down to U(1)ey, and hence
the Higgs field must transform non-trivially under the electroweak gauge group.
The minimal solution is to use a SU(2) doublet with hypercharge® ¥ = +1. In
the Standard Model the option ¥ = +1 is chosen. Hence the Higgs field is a

doublet
+
'
b =
(s@o )

with a charged and a neutral component after symmetry breaking.
The part of the Lagrangian relevant for electroweak symmetry breaking
(EWSB) is

1 A
L=(D'e)'D,®— > T F Fuva = prote — Z(<I>T<1>)2, (2.7)
SU(2),U(1)

where D, = 0, — ngz—aW;j — ig’%Bu is the covariant derivative and 7% are the
Pauli matrices. In the case of SU(2) the field strength tensor has an additional
term due to the non-Abelian nature of the group: F}* = O*W}) — O"WH +
geachf WY, where €qp is the fully antisymmetric Levi-Civita tensor.

Spontaneous symmetry breaking occurs when p? < 0. The minimum of the
scalar potential is then at ®'® = —2u2 /). There is a continuum of degenerate
vacua. Of these we assign the VEV to the real part of the neutral component
so that electric charge is conserved.

There is one combination of generators, the sum of the third component
of SU(2) and hypercharge, that is left unbroken. We assign it to the electric
charge. With three broken generators we get three Goldstone bosons, which can

2There will be a Landau pole for the U(1) gauge coupling at around 1034 GeV [108]. Below
that energy scale the Standard Model is self-consistent.

30ther values of hypercharge for a SU(2) doublet violate charge conservation once the
symmetry is spontaneously broken, since there are no neutral components.
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be gauged away so that they become the longitudinal polarization states of the
weak gauge bosons.
In the unitary gauge the Higgs field can be represented as

® = \/% (v +(;L(z))

with v? = —4u%/\. The Lagrangian (2.7) now becomes

1 g? _ 1
L= 58“h8ﬂh+z(v2+2vh+h2)W“W# +g(—gW3+g’B#)2(UQ+2vh+h2)

1 A
- > T F4 Fuva — (3\02/8 4 u2/2)h? — %h?’ - Eh4. (2.8)

SU(2),U(1)

The charged gauge bosons W= acquire a mass gv/2. In the neutral sector
the combination proportional to —gW?° + ¢’B gets a mass, but the orthogonal
combination proportional to ¢'W° + ¢gB remains massless. The latter is the
gauge boson of the unbroken U(1)e,, symmetry, the photon. The normalized
mass eigenstates are

_ Op ' BH \/ﬁ
v . —gWih+yg Vgt g
zZr = —\/W I (2.9)
"W Ok B#
A = SIS (2.10)

One usually defines the so called weak mixing angle (or Weinberg angle) by
setting g/+/g%? + ¢’ = cosfy and ¢'/\/g%? + ¢’ = sinfy. One can measure
sin® fyy by several methods, including the comparison of muon neutrino and
antineutrino scattering with electrons [112], the ratio of charged and neutral
currents in neutrino-nucleus scattering [113], parity violation in Moller scatter-

ing [114] and asymmetries of Z-boson decays [115]. All of the measurements

show that the so called p-parameter, defined p = mQZcoisWQGW
predicted by the SM*.

We also find that there are couplings between a single Higgs boson and two
W- or Z-bosons, which are absent in the symmetric phase. Hence the observation
of the decays h — WW™* [116,117] and h — ZZ* [118,119] already is a strong
indication of electroweak symmetry breaking via the Higgs mechanism.

After inserting v? = —4u2/\ we find that the Higgs mass term gets the
correct sign and the mass is my, = /—2p2. If one identifies the scalar resonance
found by the LHC with the SM Higgs, one may determine all of the SM input
parameters.

, is close to one as

4The value of sin? fy and hence the p-parameter depends on the chosen renormalization
scheme when loop corrections are taken into account. Hence there is no unique value for the
p-parameter, but in any scheme the value is close to one.
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2.3.2 Fermion masses

Fermion masses can be generated via so called Yukawa couplings. To be able
to generate masses for all charged fermions one needs in addition to the usual
Higgs representation also the charge-conjugated representation ®°¢ = ioo®*.
The Yukawa terms of the Standard Model are

Ly =Y @) o), + VP Q)T ed), + VY (L) TR + he.,  (211)

where Y(U':PL) are 3 x 3 matrices. To find the mass eigenstates one must
diagonalize the Yukawa matrices. The diagonalizing transformations will not
be the same for different matrices. This has its implications on charged weak
interactions. Namely, the charged current interactions in the gauge basis can
be written as )
g _

Lee = 7uj’y“WM(1 —v5)d; + h.c. (2.12)
The transformation to the mass basis can be done by unitary matrices, say V()
for the up quark sector and V{4 for the down quark sector. Hence the charged
current interactions in the mass basis are

(27—
Loe = Eguj‘/(u)jkfyuwu(l — ’Y5)VY(d)kldl + h.c., (2.13)

where V(Z)V(d) = Vekwum is the Cabibbo—Kobayashi-Maskawa (CKM) matrix
[31,32]. The CKM matrix is nearly diagonal so generation changing processes
have smaller rates than processes involving only one generation.

One may notice that the coupling between the Higgs and fermions is A ¢ 7 =
V2m #/v, i.e. the Higgs couples most strongly to heavy fermions. However, the
fermion masses are free parameters so they have to be taken as inputs of the
SM. There is no explanation for the nearly diagonal form of the CKM matrix
either.

2.3.3 SM Higgs production at the LHC

The LHC is a circular proton-proton collider with a designed center-of-mass
energy /s = 14 TeV. In 2010-2012 the LHC operated at energies of 7 TeV and
8 TeV and after the shutdown in 2015 the collision energy was 13 TeV.

The dominant production mechanism of the SM Higgs at the LHC is gluon
fusion. At leading order it is a one-loop process [79, 80|, mostly proceeding
via a top quark loop, with a subleading contribution from bottom loops as
shown in Figure 2.1. The next-to-leading order (NLO) QCD corrections were
computed almost 25 years ago [120-122] and they almost double the production
cross section from the leading order estimate. Even the next-to-next-to-leading
order (NNLO) corrections are rather large [123-128|, although smaller than
the LO and NLO contributions. The NLO electroweak corrections are also
known [129-132] and they are an order of magnitude smaller than the NLO
QCD corrections. Also the mixed QCD-electroweak corrections O(acs) have
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Figure 2.1: The leading order Feynman diagram of Higgs production via gluon
fusion.

Figure 2.2: The leading order Feynman diagram of Higgs production via vector
boson fusion. The recoiling quarks lead to jets with transverse momentum,
which can be tagged.

been evaluated [133]. Recently the full N°LO QCD corrections to the cross
section were computed [134] after a number of partial results obtained over
several years [135-141].

The predicted production cross section for gluon fusion with my, = 125 GeV
computed in [142] is 49 pb (55 pb) for /s = 13 TeV (14 TeV) with errors around
7%. Now that the N3LO computation has been implemented the errors related
to the QCD computation (scale variation, missing higher orders) are now at a
level comparable to other uncertainties. The problem with gluon fusion is that
the events are hard to distinguish from the background. Quarks are produced
copiously via standard QCD processes and they outnumber any contribution
coming from the Higgs decays. Hence only final states with leptons, photons or
missing transverse energy can be identified.

There are two production modes based on electroweak production. They
are subleading modes at hadron colliders but nevertheless important since they
are easier to tag and allow to study the decays to quarks also. The first one
is vector boson fusion (VBF) [143,144]. There W- or Z-bosons are radiated off
quarks and they thereafter collide forming a Higgs boson as shown in Figure
2.2. The quarks which radiate the gauge bosons get a kick and are seen as jets
with transverse momentum, which can be tagged. The NLO QCD corrections
to the total cross section were computed more than two decades ago [145] but
since cuts on the jet momenta are made to reduce the background, the NLO
differential cross section, computed in [146], is essential. These corrections are
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W, 2

Figure 2.3: The leading order Feynman diagram of associated Higgs production
with a vector boson. The additional boson makes the process easier to tag.

not as large as in gluon fusion but may reach 30%.

The NNLO corrections to VBF have been computed a few years ago [147,
148| and very recently also the differential cross section has been computed at
NNLO in QCD [149]. The NNLO correction can be as large as 5%. The SM
prediction for the total VBF cross section computed by the LHC Higgs cross
section working group is 3.7 pb (4.2 pb) for /s = 13 TeV (14 TeV) [150]. The
errors are below 5%.

The second electroweak production mode is the so called Higgs-strahlung
or associated production, shown in Figure 2.3, where a Higgs boson is radiated
from an off-shell W- or Z-boson [151,152]. The decay products of the gauge
boson can be identified. This mode is the leading production mode at electron-
positron colliders, at hadron colliders it is comparable to VBF.

The NLO QCD corrections to this process have been computed nearly 25
years ago [153] and they increase the cross section at the LHC by roughly 30%.
Most of the NNLO QCD corrections have also been computed 10 years ago [154]
and corrections from top quarks at NNLO quite recently [155]. They increase
the production cross section at the LHC by a few per cent compared to the
NLO prediction. The NLO electroweak corrections have also been computed
and they decrease the cross section by 5% [156]. The SM prediction for the
cross section of WH production is 1.36 pb (1.50 pb) at /s = 13 TeV (14 TeV)
and for ZH production 0.86 pb (0.96 pb). The errors are below 5%.

In the second run there is still one production mechanism that could be
measured. The Higgs coupling to top quarks is large and hence it may be
produced with a top-quark pair [157-162] as shown in Figure 2.4. The NLO
QCD corrections have been computed [163-165] and at the LHC this enhances
the cross section by about 20% compared to the LO result. Also the NLO EW
correction has been computed recently [166]. The SM prediction for the cross
section is 0.50 pb (0.60 pb) for /s = 13 TeV (14 TeV). The errors are below
10%.

The associated production with top quarks seems to be the simplest way
to probe the Higgs coupling to top quarks. The cross section of gluon fusion
depends on the top Yukawa coupling but it is not too sensitive to it. When the
Yukawa coupling gets larger, the particle is heavier and the propagators in the
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Figure 2.4: The leading contribution to associated Higgs production with a top
quark pair.

loop are suppressed so that in the limit m; > m;, the amplitude approaches a
constant value. The Higgs-top coupling also gives a subleading contribution to
the decay h — v but it can constrain the coupling only in a model-dependent
way.

2.3.4 SM Higgs decay channels

The Higgs couples most strongly to heavy particles so it decays mainly to the
heaviest particles kinematically available. With a mass of 125 GeV the top
quark channel and on-shell gauge boson channels are not open and hence the
dominant decay mode is h — bb. The subleading fermionic decay channels are
h — 7777 and h — cé. Even though the decay h — WTW ™ is not allowed
on-shell, the branching ratio for the off-shell decay h — WW™* is still rather
large.

There are two rare decay modes which have become extremely important.
The decay to ZZ* which subsequently decay to four charged leptons has a
small branching ratio. This channel has almost no background and provides
a good mass resolution and a possibility to study the spin and parity of the
particle. The one-loop mediated decay h — ~7 has also a small branching ratio
but it provides a good mass resolution and a reasonable signal compared to
the deviation of the background. These channels were the ones that made it
possible to claim the discovery in July 2012 [1,2].

The fermionic tree-level decay width is [167,168]

_ NCQQm?mh 3

L(h— ff)= 2, D (2.14)

where N, is the color factor (3 for quarks and 1 for leptons) and § = (1 —
4m3%/m3)/2. For quarks the leading-log (LL) QCD correction to the decay
width can be obtained by replacing the mass with the running quark mass
evaluated at the Higgs boson mass [169]. For bottom quarks this correction is
rather large bringing the decay width down by 50% hence effecting essentially to
the total decay width. The O(as) QCD correction [169] is positive but smaller
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than the LL contribution. These have also been computed in the limit my, > m;
in [170,171].

The O(a?) QCD corrections in the limit of massless quarks were computed
in [172,173] and the correction O(m%/mj) to this in [174]. This correction is
about one third of the O(as) correction. Even the corrections O(a?) [175] and
O(al) [176] have been computed in the massless limit. Since m2/m? ~ 1073
the corrections from the finite quark masses are small. The differential cross
section has been recently computed to O(a?) [177].

The NLO electroweak corrections have also been evaluated long time ago
[178]. They are of the order of a few percent.

QCD backgrounds for bb production are large and hence one can search for
h — bb only using VBF or VH production so that either the recoiling jets or
gauge boson can be tagged. The same applies to h — c¢. The h — 777~
channel is cleaner so that also gluon fusion production can be considered.

The Higgs cannot decay to two on-shell gauge bosons but still the off-shell
decays to WW* and ZZ* are relevant. The decay widths to these modes are
[179]

3g*my,
r ") = 2.1
(h—WW*) = T3 F(a), (2.15)
where
3(1 — 8a? + 202" 3a% -1 o (47 5 13 1
F(x) = (422 —1)1/2 arccos g5 — (1 —2%) 71« 77+ﬁ
—3(1 =62 + 4z*) Inz, x = mw /mp, (2.16)
and
4
. g'mp 40 ., 160 . ,
T(h— Z2") = s (T — —sin® O + ——sin* 0w | F(y), (2.17
(h~ 227 20487T3cos49w< 5 sin” Ow + —=sin® O | F(y), (217)

where y = mz/my, and F'is given in equation (2.16). (These results were derived
already in [180] but the integral that gives F'(x) was evaluated numerically.)

The one-loop electroweak correction to these decays can be evaluated from
the on-shell four-point amplitudes ffVh, which were first computed in the
context of ete™ — Zh production [181-183|. For the SM Higgs with a mass of
125 GeV this gives an enhancement of a few percent [184].

The leptonic decays of gauge bosons do not have a too large background
but channels with neutrinos produce a broad excess and hence make it more
difficult to distinguish the resonance from background. The “golden channel”
of four charged leptons from h — ZZ* has almost no background and despite
the small branching ratio it has been one of the most important channels so far
since one can make a full kinematical reconstruction of the final state.

The Higgs decay to two photons is a one-loop process at leading order and
it can be mediated by any charged particle that interacts with the Higgs. The
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partial width is [83,168]

, (2.18)

a?g’®m?
L(h—v7) = 10247T3m" ‘Zquz

where NV, is the number of colors and ¢; the charge of particle i. F; is a loop
function that depends on the mass and spin of the particle. It is larger for
heavy particles and in the limit where the particle in the loop is very heavy
(light) compared to the Higgs®, the functions have the limits Fy = —1/3 (0)
Fyj; = —4/3 (0) and Fy; = 7 (2), where the subscript indicates the spin of
the particle. Hence vector bosons give the largest contribution to this decay
mode. In the SM, the dominant contribution comes from the W boson with
a subleading distructive contribution from the top quark loop. Due to the
intermediate loop this decay mode is sensitive to new charged particles.

The NLO QCD corrections to this mode have been evaluated in [185]. Since
quarks form only a subleading contribution to the amplitude the efect to the
partial width is only an enhancement of about two percent.

In addition to the decay to quarks the Higgs can decay to jets also via the
loop-induced decay to gluons [80]. This is the inverse of gluon fusion produc-
tion and will be mediated mostly by the top quark loop. Due to large QCD
backgrounds this mode will be hard to detect at hadron colliders. This decay
mode will dominate over any contribution from light quarks, which would also
be seen as dijets and hence one cannot determine Yukawa couplings for light
quarks by collider experiments. Those Yukawa couplings can be mildly con-
strained from the total width but better constraints can be put by accurate
atomic measurements [186].

Yet another loop-level decay is h — Z~. Like the diphoton decay the me-
diating particle can be any charged particle that couples also to the Z boson.
The partial width [84] has a similar structure than in the case of the diphoton
decay and again the dominant contribution comes from spin-1 mediators. The
NLO QCD corrections to this mode have been evaluated but similarly to the
diphoton channel the corrections are small, less than a percent [187].

If h —» v and h — Z~ can both be measured with a fairly good accuracy
they will place very tight constraints on the charged particle content.

The predicted SM Higgs branching ratios are given in Table 2.3. The uncer-
tainties in the SM predictions of decay modes are smaller than in the production
modes since the uncertainties of parton distribution functions do not affect the
decay processes. The predictions related to Higgs production and decay are
among the most impressive results of perturbative QCD.

5Here it is also assumed that the particle gets its mass solely from the VEV of the Higgs
field. If there are other scalars whose VEVs contribute to the mass, the amplitude will be
suppressed.
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Mode Submode Branching ratio
bb 59.2%
WW* 21.5%
— 202v 2.3%
— fvqq’ 9.4%
—hadronic 9.7%
g9 (jets) 6.9%
Ttr— 6.2%
cé 3.0%
Z7* 2.7%
— 4f 0.027%
— 4v (inv.) 0.11%
vy 0.23%
Zy 0.16%

Table 2.3: The branching ratios of the Standard Model Higgs boson with a mass
mp, = 125.5 GeV.The branching ratios are computed with HDECAY [188]. The
submodes are computed with the experimental branching ratios from PDG. Here
¢ denotes any charged lepton.

2.3.5 Comparison of the 125 GeV boson and the SM Higgs

We can be certain that the SM needs to be extended. The SM offers a minimal
model of EWSB and many extensions do have alternative ways to introduce
masses. Although one typically needs a particle which somewhat resembles the
SM Higgs boson, its properties will be modified from the SM predictions. Hence
one needs to compare the new particle and the SM Higgs to see, if are there any
hints of new physics and if not, how large contributions from new physics are
still allowed.

Already from the decay products one could infer that the new particle is
neutral and it is a boson. The spin and parity were studied from the angular
correlations of the Higgs decaying to four leptons via weak gauge bosons. The
SM quantum numbers J¥ = 07 are favored over all other possibilities [189,
190]. If parity is not a good quantum number the positive parity component is
dominant. The upper limit (at 95% CL) for the negative parity component is
43% measured from the ZZ* channel [190].

The overall Higgs production rate, both untagged and with various tags re-
lated to the production mechanism is compatible with the SM prediction. The
typical way to parametrize the experimental results is to define yp as the ra-
tio of the experimentally fitted production cross section and the prediction for
the SM Higgs. CMS finds g = 1.00 £ 0.14 [191] and untagged, VBF tagged
and VH tagged Higgs production to be within one standard deviation from the
SM prediction. The tth production seems to be larger than the SM prediction,
een, = 2.75 £ 0.99, but the result is not even strong enough to claim the obser-
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vation of tth production. ATLAS finds an overall rate u = 1.1815 ] compared
to the SM prediction [192]. ATLAS has all production modes roughly within
one standard deviation from the SM prediction. The tth production is also
above the SM prediction, s, = 1.7 & 0.8 [193], but not enough to make any
conclusions of deviations from the SM.

The consistency of the gluon fusion production rate with the SM can exclude
the direct extension of the SM with a fourth generation of fermions [3,4]. A
new quark doublet should increase the gluon fusion production cross section by
roughly a factor of nine [79] and that is not seen in the data.

The essential feature of SU(2)xU(1) breaking with a doublet field is the rela-
tionship between W and Z masses and the couplings A\pww /Anzz = m3, /m%.
This can be measured both from VH Higgs production and Higgs decays to WW
and ZZ. Assuming the ratio to be positive ATLAS finds it to be 0.92+513 times
the SM value [192] and CMS finds it to be 0.947032 times the SM value [191],
both consistent with the SM prediction.

Out of the individual decay modes, the decays to vy, ZZ* and WW™* have
been measured to an accuracy better than 20%. The decay modes to bb and
77~ have a nonzero width but the errors in the signal strengths are still large.
In all of these decay channels the signal strengths are reasonably close to the
SM prediction [191,192], at most slightly more than one standard deviation
off. Other decay modes remain unobserved with upper limits clearly above the
SM predictions [194-196]. So far there is no evidence of lepton flavor violating
Higgs decays, although both ATLAS and CMS see a small excess in the channel
h — pr [197-199].

In the SM there is only the rare decay h — ZZ* — 4v, in which the decay
products of the Higgs remain completely unobserved. In BSM scenarios with
light dark matter coupling to the Higgs there could be new invisible decay
modes. The h — invisible branching ratio can be constrained by looking at
V' H production in the cases where the vector boson can be fully reconstructed.
The SM background comes from events where there is a Z boson decaying to
neutrinos instead of the Higgs boson. Using this method and assuming SM
production rates, ATLAS has placed an upper limit (at 95% CL) of 75% for
the h — invisible branching ratio [200,201] and CMS finds an upper limit of
24% [202]. Both experiments are consistent with the SM expectation.

The SM predicts the total decay width of the Higgs boson to be about 4 MeV.
The resolution of the calorimeters will not allow to measure such a small width
directly. Currently CMS finds an upper limit of 1.7 GeV from the combination
of h = vy and h — ZZ* — 4¢ channels [191]. However one may indirectly
constrain the decay width by comparing the on-shell and off-shell decays to
ZZ* [203]. With this method CMS obtains an upper limit of 13 MeV for the
decay width [204], not too much above the SM prediction.

Altogether there are currently no clear indications of deviations from the SM
Higgs predictions. However, the uncertainties are still large in many observables
and they leave room for the fingerprints of new physics.
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2.4 Extended Higgs sectors

One way to extend the Standard Model is to extend the sector of fundamental
scalars. Such extensions can help to solve some of the problems of the Standard
Model. In principle there are no limitations to the dimensionalities of the Higgs
representations. However, from the known physics, models with doublets, sin-
glets or triplets seem to be more motivated than larger representations. Next
we briefly review the reasons for this and some of their basic features.

2.4.1 Additional doublets

The most studied extension of the scalar sector is the so called two Higgs doublet
model (2HDM), originally proposed by T.D. Lee [205]. The original motivation
for the model was the possibility of CP-violation in the Higgs sector. It is
also possible to have a dark matter candidate in the 2HDM, such a model is
called Inert Higgs doublet model [206-209]. A strong motivation for additional
doublets is that they are necessary in supersymmetric models. The reasons will
be discussed in chapter 3. The 2HDM is a minimal model for Higgs sector flavor
violation.

The first constraint for an extension of the SM scalar sector is to correctly
reproduce the pattern of electroweak symmetry breaking. For a general scalar
sector the ratio of W and Z boson masses squared, usually called the p param-
eter, is at tree-level [210]

myy,  LryWT(T+1)-Y?)|[Vry Pery
p m2Z COS2 0W B ZT v 2Y2 |VT,Y ‘2 ’

(2.19)

where T' is the isospin, Y the hypercharge and Vry the vacuum expectation
value of the Higgs field. The factor cry is one for a complex representation and
1/2 for a real representation.

Experimentally we know that the p parameter is close to one. At tree-level
p = 1 for any number of doublets with hypercharge ¥ = +1.

The most general renormalizable and gauge invariant scalar potential for two
Y =1 doublets is of the form

A
V(®1,85) = m3®® +m3®ids + (m2, @]y + h.c) + 71(<1>§<1>1)2 (2.20)

A

+ 5 (B122)° + 3@ B12] Dy + A (D[ 2)(0101)
As
2
with @1 = (¢f )T, @3 = (5 ©3)7. We denote the VEV of ! by v;/v/2.
Since the potential is Hermitian, m?,, m3, and A1 2 3 4 are real, other parameters
can be complex.

Vacuum stability gives some conditions on the quartic couplings. For in-
stance if A\¢ = Ay = 0 the conditions are [206] A\; > 0, A2 > 0, A3 + /A1 A2 > 0,
A3+ Ay £ ‘/\5| + VA1 Ao > 0.

+2((®1®9)% + hoc) + [(M6(DTDB1) 4+ A (BLD2)) (B Do) + h.c]
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Type ) T, hut | hdd | ROV~ | RVV

Type I — u,d, €| e | emse e in (5 — a)
Type 11 d, t u Hf | imE | o5 | sin(B-a)
Lepton-specific | ¢ u, d L2 S5 | 5 [ sin(B-a)
Flipped d u, ¢ S| s | F | sin(B-a)
Type 111 u, d, | u,d, l sin(B — )

Table 2.4: Various types of 2HDM. Up-type quarks are denoted by u, down-type
quarks by d and charged leptons by ¢. There are various conventions for the naming
of these types in the literature. The two latter ones can be called Type IB and Type
IIB or Type X and Type Y. We also tabulated the couplings of the SM-like CP-even
scalar to various particles compared to Higgs couplings in the SM. The couplings in
Type III are those of Type I added with a flavor changing part.

The vacuum state can be either electroweak conserving ((®1) = (®2) = 0),
charge conserving ((¢7) = (¢3) = 0) or charge breaking. There can be at
most one charge breaking minimum and at most two charge conserving minima
[211-213]. For a given potential charged and neutral minima can never coexist.

Gauge boson masses coincide with the SM as long as the vacuum is charge
conserving and v} + v = vy It is common to denote v; = vcosf and
vy = vsinf and to use tan 8 = wy/v; to parametrize the VEVs of the two
Higgs fields.

Flavor changing neutral currents (FCNC) are known experimentally to be
small. Hence the couplings to fermions should be designed so that there will be
no large new sources of FCNC. The most common solution is natural flavor con-
servation [214], which means that each type of fermions gets its mass from one
doublet only. This leads to four alternatives of fermionic couplings with natural
flavor conservation, given in Table 2.4. The fermionic couplings determine what
we mean by the two doublets in Eq. (2.20) — without them we could freely
rotate the doublets and choose whatever basis we want for the Higgs sector.
Supersymmetric models are of Type II and the inert Higgs doublet model is of
Type I having cot 8 = 0.

The option of coupling fermions to both doublets is known as type-II11 2HDM.
There are several ways to suppress FCNC in such a setting: discrete symmetries
[215], approximate U(1) symmetries [216] or just simply constrain the Yukawa
couplings experimentally [217].

The hierarchies of fermion masses may get a partial explanation in some
types of 2HDM, since they can be produced by two VEVs of different size. For
example if in Type II we had tan 8 ~ m/my, the two Yukawa couplings would
be of the same size and the Yukawa coupling for 7 would not be much smaller.

Also the most general Higgs potential (2.20) can mediate FCNC via the Ag 7
couplings and the mixing term proportional to m?,. Typically one avoids Higgs
sector FCNC simply by setting A = Ay = 0. This leads to an approximate Z5
symmetry in the Higgs sector which is broken softly by the dimension-2 mixing
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term. This soft breaking will not generate FCNC at tree-level.

After electroweak symmetry breaking there are five physical scalars, three
neutral ones and a charged pair (H i). If CP is conserved, two of the neutral
scalars are CP-even (h, H) and one CP-odd (A). The 125 GeV scalar is one of
the CP-even states. It may be the lighter or the heavier one [218], though in
the latter case the viable parameter space is quite limited.

The mass eigenstates are linear combinations of the doublets. In the CP-
conserving case the CP-odd and charged eigenstates are given by the VEV
mixing angle 8 but in the CP-even sector the mixing is nontrivial:

h = —(V2Re0 —v1)sina + (V2Re) — vs) cos a, (2.21)
H = (V2Rg) — ) cosa+ (V2Re) — vg) sina, (2.22)
A = —\/5%90(1) sin 8 + \/5%908 cos 3, (2.23)
H* = —pifsinf+ ¢fcosp. (2.24)
The mixing angles a and [ are related at tree-level by
2m? 2(A3 4+ A in 2
tan 20 = M1y + 0" (s + Aa + A ) sin 28 (2.25)

m?,(tan B — cot B) + v2(\; cos? B — Ao sin? B)

assuming A\g = A7 = 0.

Since the Higgs coupling to vector bosons is proportional to the VEV and
there does not seem to be a large deviation from the SM couplings, the 125 GeV
scalar is the mass eigenstate with the larger VEV.

The CP-odd Higgs and the charged Higgs have tree-level masses

2m? X6 cos? B+ A7 sin®

2 12 6 7 2

= — — A 2.26

ma sin 23 { sin 23 + 5} v (2.26)
A

mie = mi+ A5~ 2 (2.27)

The tree-level CP-even mass matrix is of the form

2 A1 tanﬂ + Bl’l}2 A3 + 831}2
M = ( A3 + 1331)2 A2 cot ﬂ + BQ’U2) (228>
where A7 = —m3, + (3\g cos? B — Arsin? B)v2/2, Ay = —m3, + (3\7sin? B —
X6 cos? B)v? /2, Az = m3y + (3Ng cos? B + 3A7sin? B)v? /2, By = A\ cos? B, By =
Ao sin® 8 and Bs = %()\3 + A4+ A5)sin 2.

One sees immediately that the charged Higgs and the CP-odd Higgs are
roughly degenerate if they are much heavier than 125 GeV. Also one of the
CP-even states is nearly degenerate with them and one will be lighter. This
comes from the fact that if A\¢7 ~ 0 as the smallness of FCNC suggests, the
determinant of the ” A-parts” will be nearly® zero. Treating the ” B-terms” as a
perturbation there will be one state getting its mass from the B-terms O(A\v?)

6 All terms are proportional to either Ag or A7.
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and another with a mass mainly from A-terms O(A; + Az) ~ m?. This case is
known as the decoupling limit.

In 2HDM the Higgs couplings are modified compared to the SM. The SM
couplings are multiplied by factors given in Table 2.47. The couplings to gauge
bosons are always suppressed but couplings to fermions can either be enhanced
or suppressed. This will modify the production and decay rates compared to
the SM. In Type I and the lepton-specific model the cross section gluon fusion
will be modified by a factor (cosa/sin3)2. In Type II and the flipped model
the gluon fusion cross section may be different if the coupling of the SM-like
Higgs to bottom quarks is enhanced. In that case also bbh production will be
enhanced. The electroweak production modes will be suppressed by a factor
sin?(8 — ). The branching ratios can also be altered through the modified
couplings. The Higgs decay to photons or Z~ will get a new contribution from
the charged Higgs, but the contribution from scalar loops is small compared to
vector loops. The phenomenology of 2HDM has been reviewed in [219, 220].

Since the 125 GeV scalar does not seem to show large deviations from the
SM Higgs, the viable parameter space is near the alignment limit. This means
that the vacuum expectation value is aligned in the direction of one of the CP-
even mass eigenstates so that sin(8 — «) = 1. In such a case there will be a
scalar that has couplings like the SM Higgs. The eigenstates are close to the
alignment limit if we are at another limit, the decoupling limit, discussed above.
However, alignment is possible without decoupling [221,222].

In the alignment limit the couplings of the other CP-even state to vector
bosons are small since they are proportional to cos(8 — «). The CP-odd state
does not couple to WW or ZZ. Hence the heavier neutral states are mainly
produced via gluon fusion and they decay mainly to fermions of the third gen-
eration. On the other hand charged Higgs bosons production rates are smaller
since one either needs quarks in the initial state (like gb — tH ) or production
of heavy quarks in the final state (like gg — tbH ~). This will make finding the
other scalar states difficult.

Models with more than two doublets have a very large number of free pa-
rameters unless there are symmetries that forbid a subset of terms from the
Lagrangian. One also has more freedom in choosing the fermionic couplings.
One may for instance use three doublets to give masses to up-type quarks,
down-type quarks and leptons [223]. One can have one or several doublets that
couple to fermions and simultaneously inert doublets, which are viable dark
matter candidates [224].

Most of the studies have concentrated on the three Higgs doublet model
(3HDM). All finite symmetry groups of the Higgs sector of 3HDM have been
identified [225]. Examples of recent phenomenological studies of 3HDM are
[226-228], where some features and constraints of the Higgs sector have been
studied. However the diversity of the SHDM phenomenology still remains largely
unexplored.

"The couplings of all scalars to fermions can be found e.g. in [219], Tables 2 and 3.
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2.4.2 Singlets

Singlet scalars can also be easily added to the Standard Model, since they do not
affect the p parameter. There are several motivations to study such an extension.
First of all one may use the singlet as a dark matter candidate [229,230]. Another
motivation is that cosmic inflation needs a scalar field called inflaton, which
could be a singlet under the SM gauge group [231]. If there is a hidden sector,
the messenger between the hidden sector and the visible sector could also be
a singlet scalar particle coupling to the Higgs with renormalizable couplings.
Such a scenario is called the Higgs portal [232]. A singlet, when mixing with
the doublet Higgs, can also help to stabilize the scalar potential [47] or modify
the electroweak phase transition [233-236].

The simplest possible singlet extension of the Standard Model is to simply
add a (real or complex) singlet scalar to the SM and impose a Z3 symmetry.
This allows the singlet to be a dark matter candidate. The scalar potential of
such a model is

V(®,8) =mi®T®+m2STS + \g(®T0)2 + A (ST9)? + \as(®TD)(STS). (2.29)

If m% > 0 the VEV of the singlet will be zero and its Z, symmetry will remain
unbroken. Hence the singlet will be stable.

The singlet can also be a viable dark matter candidate in the freeze-in sce-
nario [237,238], where the dark matter component is not in thermal equilibrium
with the other particle species. However in that case the portal coupling Apg is
so small that it will make the singlet unobservable at collider experiments.

If one does not impose the Z, symmetry, one can also include the cubic 3
term to the Lagrangian. Such a term can help in having a strong first order
electroweak phase transition [233].

If we allow a singlet VEV, the two scalars will mix. If the singlet-dominated
state is heavier, the mixing will push the mass of the doublet-dominated Higgs
down. Hence one will need a larger quartic coupling to have a 125 GeV Higgs
than in the SM. If Aps = 0.03 this effect is large enough to make the scalar
potential stable to arbitrarily high energies [47]. One may notice that the singlet
VEYV is not constrained by the p parameter so it may be small or large and hence
the singlet-dominated state can be light or heavy.

One may also extend a model with more than one doublet with singlets. Such
an extension is rather natural in supersymmetric models, where the addition of
a singlet state solves the so called p problem. We shall discuss such models in
section 3.4.1.

The main difference in phenomenology is that mixing with a singlet state
will result in an universal suppression on all production rates but branching
ratios will be unaltered. If the singlet is lighter than my, /2 it can contribute to
the invisible Higgs branching ratio if it is stable. The invisible branching ratio
can be large [239]. If the singlet can decay, it will look like a SM Higgs of that
mass and could lead to decay chains like Hy — 2H; — 4b, 2b27 [240].
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2.4.3 Triplets

Triplet scalar extensions can be motivated in various ways. SU(2) triplets can
be used to give masses to neutrinos, this is commonly known as type-II see-
saw [12-16]. Another type of models, where triplets often exist, is that of
left-right symmetric models [241,242], where parity is broken spontaneously.
This breaking is often due to right-handed scalar triplets. Left-right symmetric
models will be discussed in detail in chapter 5.

Unlike doublets and singlets, triplet scalars, if their neutral components
have VEVs, change the p parameter. For a triplet with ¥ = 0 Eq. (2.19)
gives p ~ 1 + 4(vr/v)?, where vy is the VEV of the triplet field. The current
constraints on the p parameter® require the VEVs of left-handed triplets to be
below a few GeV’s. One may still construct models, where p = 1 at tree-level
even if triplet VEVs are larger by arranging suitable Higgs representations. An
example of such a model is the one by Georgi and Machacek [243], where there
is a complex Y = 2 triplet and a real Y = 0 triplet in addition to the usual
doublet.

It is possible to write a dimension four term for neutrino masses with SU(2),
triplets [12-16]. Gauge invariance requires the hypercharge to be Y = 2. The
simplest model for this is called the Higgs triplet model (HTM), where one has
one doublet and one triplet, usually given in the form

o= (:’;) A= (6+§0\/§ ;:;/5) _ (2.30)

The scalar potential of the HTM can be written in the form [244, 245]

V(®,A) = —m?(T®) + M>Tr(ATA) + %(qﬂ@)? + %[Tr(ATA)]Q
+ A3Det(ATA) + Xy (@TR)Tr(ATA) + A5 (@T7,0) (AT A)
M X

V2

For such a model Eq. (2.19) gives p ~ 1 — 2(vs/v)?, so we need vs < v. The Ag
term is linear in A so v; is always nonzero. Assuming vs to be small and hence
neglecting quartic terms, one gets vs = A\gv?/4M. Thus if the triplet states are
heavy, the triplet VEV will be small.

The neutrino masses will be generated from the term

(®TiooAT® +hec.). (2.31)

L=y LTiosAL; + h.c. (2.32)

This will give neutrinos a Majorana mass O(y*)vs). This also favors small vs.
The same coupling couples also the doubly charged Higgs to a pair of same

8In the MS scheme, when the top quark loop contribution is removed, one has p = 1.00037+
0.00023 [90].
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sign charged leptons and the singly charged triplet Higgs to a charged lepton-
neutrino pair. The Majorana mass term violates lepton number by two units
and it can contribute to leptogenesis [246].

The important feature of triplets is that one may combine a triplet with two
doublets to form a dimension three term in the Lagrangian. This can introduce
a mixing between triplets and doublets that is larger than that of doublets with
larger representations?. Such a coupling is also possible in the superpotential of
supersymmetric models.

If the triplet states are heavy, the only low-energy feature of HTM will
be neutrino masses. If, however, the small neutrino masses are due to small
couplings, the triplet states could be within the reach of the LHC. The doubly
charged Higgs could change the h — 7~ rate considerably due to its charge if
the A4 coupling is large [247].

The charged Goldstone will be mostly doublet-like, so the physical charged
Higgs is mostly triplet-like. This leads to two interesting features. First, from
Eq. (2.32), we find that the leptonic decay modes are affected by the neutrino
Yukawa couplings, which can alter the branching ratios completely. However,
this requires that the doublet part of the physical charged Higgs is smaller
than the ratio y,/y,, where y, is a typical element of the matrix y). For
M =500 GeV, Ao = Ay = 0.1, A5 = 0, this happens when vs < 0.01 GeV. With
small vs the mixing in the CP-even neutral sector is small and the triplet-like
state will have a large branching ratio to neutrinos. If vs ~ 1 GeV, the mixing
is so large that the doublet part dominates the fermionic decay widths.

The second feature is that there is a coupling between H*W T Z opening the
decay channel Ht — W+ Z. In models with only doublets such a coupling is
zero [248]. This coupling increases with vs and when v; is close to the limits from
the p parameter, could lead to a substantial branching ratio for H™ — W+Z
[249].

2.5 Experimental constraints on extended Higgs
sectors

2.5.1 Neutral scalars

Neutral scalars have been searched in various ways. Many of the Standard
Model Higgs searches can be reinterpreted as searches for other neutral scalars.

For masses below my, the scalars must couple very weakly to the Z-boson.
The LEP limits on the hZ Z-coupling constrain it to be less than 4% of the SM
coupling [250,251]. Hence, if a light scalar exists, its dominant component must
be a singlet under SU(2) or its VEV must be small. The constraints are a lot
milder at masses 80 GeV< m < 110 GeV and above 110 GeV the LEP is no
more sensitive.

9Such mixing will be suppressed by the small VEV of the larger Higgs representation.
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At higher masses the couplings to WW and ZZ are constrained by the LHC
searches in the various decay channels of WW and ZZ, most restricting often
being H — ZZ — 4¢. These constrain the production cross section times
branching ratio to be about 10% of the SM value for a range of masses from
145 GeV to 400 GeV (except the ZZ threshold around 180 GeV) and below the
SM value up to 1 TeV [252].

If we are close to the alignment limit in the 2HDM, the decays to gauge
bosons are rare. Instead the other CP-even state must be searched through its
decays to third generation fermions. Since quarks are produced copiously at
LHC!? the decay H — 717~ will have the lowest background. The sensitivity
to the Higgs signal is enhanced by requiring associated production with at least
one tagged bottom quark. There are no excesses in the data [253-255].

The decays H — ~v and H — Z~ are possible due to the coupling to
charged fermions. In the diphoton data of Run I there are no excesses above
two standard deviations at ATLAS between 65 GeV and 600 GeV [256] and
at CMS between 150 GeV and 850 GeV [257]. Both experiments reported an
excess close to 750 GeV in the first year of Run II, but the 2016 data set does not
support the excess [258]. The analysis of the Z~ final state has been performed
at masses below 160 GeV [194,195]|. The sensitivity is not good enough to give
a clear signal of the SM Higgs so the constraints on additional scalars are very
weak.

If the other CP-even Higgs is heavier than 2my, the decay mode H — hh
becomes possible. So far the non-resonant double Higgs production has not
been observed [259] and the limits for resonant dihiggs production are also
weak [259-261]. The problem is that the main decay channels of the Higgs have
a large background and the overall production rate is not large enough to allow
enough statistics for the rare decay modes. There is a small excess roughly at
750 GeV in searches for resonant dihiggs production [259, 262].

For CP-odd scalars the decay to gauge bosons is not allowed. Hence it is
similar to the search of the other CP-even state in the alignment limit. The
most restrictive bound comes typically from searches of the decay A — 7+7~.
In Type II 2HDM the A77 coupling is proportional to tan § so one can exclude
high values of tan 8 by these searches. The region tan 5 > 10 is excluded up to
ma = 300 GeV and tan 3 > 50 even up to ma = 1 TeV [253,254,263].

For the CP-odd state the decay mode A — Zh is possible on-shell if m 4 >
216 GeV. This is basically studying VH production and looking for resonant
production. No significant excesses have been found [260,264,265]. The limits
for o(pp — A) x B(A — Zh) x B(h — 77) are below 100 fb for a large range of
masses.

The most important low-energy constraint comes from the rare decay B; —
pp. The branching ratio does not seem to deviate largely from its SM value
[63,64]. In extended Higgs models the CP-odd state can be a mediator in this
process and change the branching ratio significantly [266]. At large values of

10Since the couplings to gauge bosons are small, VBF or VH tagging does not help to cut
the background.
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tan B the limits depend on (tan3/ma)?* in Type II 2HDM and hence exclude
high values of tan 3 if the CP-odd state is not too heavy.

For light neutral scalars the bounds are quite restrictive unless the scalar has
a large singlet component. Above 300 GeV the viable parameter space becomes
larger. There are no convincing hints of new scalar states.

2.5.2 Singly charged scalars

Charged scalars have been searched mostly in the context of two Higgs doublet
models. They can either be produced directly or they may be found from top
decays. The dominant decay modes for charged Higgs bosons are 7~ and ¢§ once
they are kinematically allowed. If the charged Higgs boson is heavy enough the
decay modes to tb and W*h are also important.

Searches at LEP gave a model-independent limit my+ > 79.3 GeV [267].
The only assumption was that B(H" — 77v) + B(HT — ¢5) = 1. Recently a
combination of charged Higgs pair production was also released, that excludes
my+ < 80 GeV in Type IT 2HDM and mg+ < 72.5 GeV in Type I 2HDM [268].

Thereafter charged Higgs bosons have been searched in top quark decays
at the Tevatron [269-271] and the LHC [75,76,272]. CDF could constrain the
branching ratio of ¢t — H7Tb below 5.9% assuming the charged Higgs decays
solely to 7v. The bounds from the LHC on the branching ratio are around one
percent. The LHC can exclude the existence of a charged Higgs in Type II
2HDM in the region 80 GeV< mpy+ < 155 GeV if B(H* — 7%v) = 1 [75,76].
In Type I only low values of tan 8 are excluded.

The cross section for direct charged Higgs production is rather small, one
picobarn or less even at /s = 14 TeV for mg+ > m; [273]. Hence only a
small part of the parameter space at large values of tan 8 (or cot 8) can be
excluded [75,76].

As discussed in section 2.4.3, in the case of triplet models, the charged
Higgs can decay to W Z. Searches for such resonances have been made, though
typically not interpreted as searches of the charged Higgs. No significant excess
is seen [274,275].

There are also constraints from low-energy precision measurements. Espe-
cially the decay b — sv is sensitive to the charged Higgs. In Type II 2HDM
the contribution from the charged Higgs is always positive whereas it can be
positive or negative in Type I 2HDM [276]. The branching ratio of B — X,y
has been computed to NNLO in QCD [277,278], giving (3.15+0.23) x 10~*. The
averaged experimental branching fraction is (3.49 £ 0.19) x 10~* [90], slightly
more than one standard deviation above the SM prediction. In the 2HDM this
can be put to a bound my+ = 350 GeV, using the results of [279]. One must
note that this result assumes that there are no other charged particles than
those of the 2HDM.
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2.5.3 Doubly charged scalars

Doubly charged scalars have only a few possible decay modes. The first option
is same sign leptons, the second one is same sign W-bosons if the doubly charged
Higgs is heavier than 2my, and the third one is same sign singly charged Higgs
bosons if the doubly charged Higgs is heavier than 2my=. Also W*H® is
possible if the charged Higgs has a triplet component. Doubly charged Higgses
can be produced in pairs via ete™/q7 — v*, Z* — HTTH~~ [280]. A single
doubly charged Higgs can be produced via the fusion of same sign W bosons or
singly charged Higgs bosons [281,282].

DELPHI found a bound mg++ > 97.3 GeV if the doubly charged Higgs
decays to same sign taus [283]. L3 considered all dilepton final states and
got bounds mpy++ > 95.5 GeV or better [284]. The Tevatron was able to
deduce limits from mpy++ > 112 GeV up to 136 GeV depending on the final
state [285,286].

The LHC has searched for the doubly charged Higgs in the leptonic channels.
ATLAS was able to exclude a right-handed doubly charged Higgs up to 374 GeV
and a left-handed doubly charged Higgs up to 468 GeV in the final states con-
taining electrons or muons [287]. CMS studied all options for left-handed doubly
charged Higgses. For the ditau channel their bound is 396 GeV and for all other
channels 481-712 GeV depending on the channel [288] assuming 100% branching
ratio to each of these channels. For right-handed doubly charged Higgs bosons
the bounds are slightly weaker due to the different couplings to Z bosons and
the absence of vector boson fusion.

The bounds on the W*W= decay mode are weak. In the diboson decay
mode only a bound of mg++ > 60 GeV has been found [289]. They extrapolate
their results so that a dedicated search with full Run I data should be sensitive
to masses close to 100 GeV.

2.6 Unitarity constraints

In addition to constraints from direct searches of new scalar states, there is also
another class of constraints for the quartic scalar interactions. The argument is
based on assuming that weak interactions are weak at all energy scales. This
is not trivial since massive gauge bosons have a longitudinal polarization state,
whose polarization is € = (E,0,0,p)/m. At high energies the amplitude for
the 4-point interaction in VLV — VLV scattering grows like (E..,/ mv)4 for
any single Feynman diagram.

The total cross section in the forward direction is limited by the optical
theorem. If the tree-level cross section increases at high energies beyond the
limit of the optical theorem, higher orders in perturbation theory must cancel
a part of the tree-level amplitude so that the optical theorem is satisfied. Once
this happens the theory becomes non-perturbative.

In Figure 2.5 we have diagrams for VV — V'V scattering neglecting the
Higgs contribution. The sum of the amplitudes of diagrams (a), (b) and (c)
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v

(a)

Figure 2.5: Diagrams contributing to VV — VV (V = W%, Z) scattering. The
amplitude of any single diagram grows like (Ecp/ mv)4 but the sum of the diagrams
grows more slowly, only proportional to EZ,,. If one includes also the s- and ¢-channel
Higgs exchange diagrams, the amplitude grows only logarithmically.

of Fig. 2.5 grows more slowly than any of the single diagrams due to gauge
invariance. However, one needs to add also the Higgs exchange diagrams to get
a cross section, which grows only logarithmically at large energies. The Higgs
exchange diagrams can be neglected at energies E.,, < my so requiring that
the tree-level amplitude does not violate the optical theorem, one gets an upper
limit for the Higgs boson mass. This kind of an analysis was first done by Lee,
Quigg and Thacker [151,290]. One writes the tree-level scattering amplitude in
terms of partial waves and then sets the bound given by the optical theorem on
these.

The bound by Lee, Quigg and Thacker was my; < 1 TeV. One may also
impose a more stringent constraint, as first noted in [291], so that the bound
improves by a factor of v/2 down to m;, < 700 GeV.

After the Higgs discovery we know that there is a state that at least approx-
imately has the couplings of the SM Higgs to gauge bosons. If the couplings are
not exactly those of the SM, the amplitude will reach the unitarity bound at a
higher energy than if there was no Higgs at all. Such an analysis was performed
in [292]. They found that if the Higgs signal strength is at 0.5 (0.8) times the
SM value, there will be no violations of unitarity up to 1.7 (2.7) TeV. Similar
studies can be found also in [293,294].

Often in deriving the bounds it is easiest to use the Goldstone boson equiv-
alence theorem, where one may replace the longitudinal vector bosons by the
Goldstone bosons of the scalar theory [295] with errors O(my /Ecy,). Hence
one essentially will constrain four-point scalar interactions. Such constraints
are relevant also in extended Higgs models.

Unitarity constraints have been considered in the singlet extended SM [296—
298], the 2HDM [299-302] and also lately in the 3HDM [228]. The unitarity
constraints cannot usually be converted to constraints on the full Higgs spec-
trum, since there will be dimensionful parameters that are not constrained by
vacuum conditions, like m?, in the 2HDM. We see from equations (2.26)—(2.28)
that if |m?,| > v? the Higgs spectrum can be arbitrarily heavy except for the
lightest CP-even state.



Chapter 3

Supersymmetry and Higgs
physics

Fundamental scalar masses are not protected by any symmetries in the Standard
Model. Hence light fundamental scalars are considered unnatural. In any model
with higher mass scales, the Higgs mass has to be fine-tuned and in general this
procedure is not stable under radiative corrections.

There are several approaches to this problem. One of them is to assume the
Higgs to be composite [303,304]. In this scenario one assumes an asymptotically
free gauge symmetry, whose confinement scale is beyond current experimental
reach. The Higgs-like state is composed of fermions so there are no elementary
scalars that would cause a hierarchy problem. The Higgs-like state can be light
if it is the pseudo-Goldstone boson of the theory [305,306].

Another option that has been considered are extra dimensions. The intro-
duction of compactified extra dimensions brings the Planck scale closer to the
electroweak scale, if gravity is the only force that propagates through the extra
dimensions. The phenomenologically most interesting alternatives are several
flat dimensions [307] or a single extra dimension with a warped metric [308].
Another type of a model is that of universal extra dimensions (UED) [309],
where also matter fields propagate through the compactified dimensions.

The third option, which will be studied in more depth in this thesis, is
supersymmetry.

3.1 Supersymmetry

Coleman and Mandula studied the possible symmetry groups in particle physics.
They proved a theorem [310] which states that a symmetry group that commutes
with an analytical S-matrix is always a direct product of the Poincaré group and
an internal symmetry group or the S-matrix becomes trivial. Supersymmetry
(SUSY) extends conventional quantum field theory by introducing anticommut-
ing symmetry generators and hence the assumptions of the Coleman-Mandula

33
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theorem do not apply. Although the first models with supersymmetry were in-

troduced already earlier [311-314], Haag, Lopuszanski and Sohnius [315] were

the first ones to generalize the discussion of Coleman and Mandula to the case

of generators with a fermionic nature. They found that the only possibility was

to have generators belonging to either the (4,0) or the (0, 3) representation of

the Poincaré group. In addition the algebra is very restricted.
The algebra of the Poincaré group is

[pu7p'/] = 0, (3~1>
[MWJ, Pp] — i(gVPPM _ gW)PV)7 (32)
[MH#, MP7] = i(ghT MYP 4 g"P MM — ghP MY — gYT MPP), (3.3)

where M* is an antisymmetric tensor with components M%7 = €% ], J; being
the generator of rotations around the axis k, and M% = —K*® with K* being
the generator of boosts in the direction q.

Supersymmetry extends this algebra with anticommuting generators @, €
(3,0) and Q4 € (0, 3), which satisfy the following commutation and anticom-
mutation relations:

{QeQs) = 0 = {QuQs} (3.4
QP = 0 = [Qu.P", (35)
{QuQa} = 20%,P,, (3.6)
M,Q) = —ile"), Qs (3.7)
M,Q%] = —i(e")*,QP. (3.5)

Here the indices on Weyl spinors can be raised and lowered by €,5 = i0? = €ap

and €*f = —io? = ¢ Q% = *F Q4. We also define o = }(0V5"” — o¥5*)
and 6" = (510" — Vo).

In principle one could have more than one set of fermionic generators. If
one restricts oneself to models with no elementary particles with spins s > 2,
the maximum number of generators is eight. These models are called extended
supersymmetries, which are of significant theoretical interest (e.g. [316-323]),
but they are not phenomenologically viable, since fermions are either in the
adjoint representation of the gauge group or fermions of both chirality are in the
same supermultiplet. We shall restrict ourselves to one set of SUSY generators,
so called N =1 supersymmetry only.

By using the rules of addition of angular momentum, one finds that applying
supersymmetric generators produces a state that differs by half a unit of spin
from the original state. Since [Q, P*] = 0, the states are degenerate in mass.
Hence supersymmetry predicts states having the same mass and differing by
half a unit of spin. Such particles have not been observed, so supersymmetry
must be broken.

The anticommutator (3.6) also implies that the energy of a supersymmetric
vacuum, for which Q,|Q) = 0 and Q%|Q) = 0, is zero.
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3.1.1 Superfields

The first supersymmetric models in four dimensions were constructed by Wess
and Zumino [324]. They constructed what are now known as the chiral su-
permultiplet and the vector supermultiplet by more or less brute force and
intelligent guessing. One can construct supermultiplets directly by applying
SUSY transformations of the form e!€2+¢Q) and starting with states of definite
spin. The more systematic way to construct supermultiplets uses the concepts
of superspace and superfields, introduced by Salam and Strathdee [325-327].
In superspace one has in addition to the usual 4D spacetime coordinates
z# four dimensions of Grassmannian coordinates 6, and %, both being two-
component anticommuting variables. We define 60 = %6, and 60 = 6,0°.
The most general commuting field in superspace can be written as

®(z,0,0) = o(x) + 0y (x) + Ox(x) + 00M () + 00N () + 050V, ()
+ 000X (z) + 00c(x) + 0000D(x). (3.9)

This contains four complex scalar fields, four complex Majorana spinors (two of
both chirality) and a vector field. This representation is reducible.

The most systematic way to find the irreducible representations is to intro-
duce supercovariant derivatives D, and Dg, which anticommute with SUSY
generators and commute with the generators of the Poincaré group [327]. Then
one imposes constraints with the help of these supercovariant derivatives. These
constraints will then be invariant under supersymmetry.

The form of the supercovariant derivatives depends on the choice of SUSY
transformations! [328]. If one uses a linear representation in where [329)

Qo =1 % + z‘agdéda#} , QY =i {8%! +i5"%0,0,, (3.10)
the supercovariant derivatives are of the form

_ 9 _
~ 06°

iock0%0,, Ds= 9 i0%a" 0, (3.11)

D, &= =
00«

and these satisfy {D,, Ds} = —2ick .0,
A superfield is called left-chiral if it satisfies the equation Ds® = 0. Such a
field can be given in the form

D (x,0,0) = p(y) + 00 (y) + 00F (y), (3.12)

where y* = z# — ilo"f. A right-chiral superfield is defined by the equation
D,® = 0 and it depends on z* + i#c*f and 0. The chiral superfield contains
a scalar field ¢, a chiral spinor field ¥ and an auxiliary field F', which can be
given in terms of the other fields once the equations of motion are solved.

1Since Grassmann variables do not commute, i (£Q+EQ) £ ei€Q €@ etc.
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The auxiliary field F'(y) transforms as a total derivative under supersymme-
try transformations. It can thus be considered as a candidate Lagrangian for
supersymmetric theories with chiral superfields.

The supercovariant derivatives follow the generalized Leibniz rule D, (®1®2) =
(Dy®1)P2 £+ &1(D,P2), where the sign is plus (minus) when ®; is bosonic
(fermionic), so the product of two left-chiral (right-chiral) superfields is also
a left-chiral (right-chiral) superfield. The superpotential is a polynomial of
superfields with one chirality only. The F-term of a trilinear superpotential
contains Yukawa interactions and quartic scalar interactions. If the superpoten-
tial is gauge invariant, the F-term and hence the Lagrangian will also be gauge
invariant.

The scalar potential for a given superpotential W can be computed from

i

2
: (3.13)

where the sum is taken over all of the fields and the superfields are replaced by
their scalar components.
The Yukawa interactions are given by

1 2
L= 7—2%%%, (3.14)
,J

where the sum is taken over all superfields and the superfields in W are replaced
by their scalar components.

The other superfield needed to construct the supersymmetric extension of the
SM is the vector superfield. It can be constructed by two methods. Historically
the first one was to impose a reality condition for the general superfield (3.9).
The second way is to combine a left-handed and a right-handed superfield, since
the (%, %) representation of the Poincaré group corresponds to a vector field.

When the reality condition has been imposed on the general superfield (3.9),
it may be put to the form

V(z,0,0) = C(z) + ibx(z) — ifx(z) + %HG(M(:U) +iN(@))

GO(M(2) — iN(2)) + 0040V, + 000 (/_\(x) + é&”@wdx))
— 660 (A(x) + %aﬂapx(x)> + %9955 <D(x) - %6”8u0(x)) . (3.15)

When V is written with this rather cumbersome form, V,,, = 9, V,, — 9, V,,, A\, A
and D transform among themselves under supersymmetry transformations and
hence form an irreducible representation containing a vector field and a spinor
field.

The D-field is an auxiliary field, which transforms as a total derivative under
SUSY transformations. It gives the candidate Lagrangian for vector superfields.
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In a more general setting, the D-term contribution comes from the Kéhler po-
tential

K(®,®) = Gpn®! &, + ..., (3.16)

where Gy, is called the Kéhler metric?, ®’s are chiral superfields and the dots
represent nonrenormalizable terms.

One may also construct a chiral superfield from the vector superfield. This
is known as the field strength superfield, which can be defined as

W, = D?*D,V(z,0,0). (3.17)

This is clearly a chiral superfield, since D? = 0. The F-term of 3%W°‘Wa gives
the kinetic terms for the vector field and the associated spinor field and a D-field
contribution to the scalar potential in the form of %D2.

Chiral and vector superfields are the only ones needed for the supersymmet-
ric generalization of the SM. One may still construct other types of superfields.
A real linear superfield [328,330,331] satisfies the constraints

D?® =0, D?*®=0. (3.18)

The real linear superfield consists of a real scalar field, a Majorana spinor and
an antisymmetric rank-2 tensor field. None of these are auxiliary fields.

One can also define a complex linear superfield by requiring only one of the
conditions (3.18), but the quantization of such a field needs an infinite number
of ghost fields [332].

3.1.2 Supersymmetric gauge transformations

The SM is based on gauge invariance. In order to make a supersymmetric
generalization of the SM one needs a prescription for supersymmetric gauge
transformations.

The supersymmetric generalization of quantum electrodynamics (QED) was
developed by Wess and Zumino [333]. They noticed that adding a chiral superfield
to the vector superfield induces a gauge transformation for the vector field,
leaves the other parts of the irreducible multiplet unchanged and allows to elim-
inate the other degrees of freedom completely by choosing a suitable gauge, now
known as the Wess-Zumino gauge.

The supersymmetric non-Abelian gauge transformations were first derived
by Ferrara and Zumino [334]. The vector superfields are transformed like
V(2,0,0) — V(2,0,0) + i(A — AT), where A is a chiral superfield character-
izing the gauge transformation.

If we assume a chiral superfield to transform under a gauge transformation
like ® — ¢~219%"Aa P, we find that the combination

iV P, (3.19)

20ften it is assumed that the K&hler metric is flat, i.e. Gmn is a unit matrix.
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where V' = t*V,, is gauge invariant. It is a vector superfield, whose D-term is
the candidate Lagrangian. It contains the kinetic terms for the components of
the chiral superfield, the gaugino interactions with fermion-sfermion pairs and
quartic scalar interactions.

To get the F-term contribution from the generalization of the field strength
superfield, one needs to generalize the supercovariant derivatives to be also gauge
invariant. One may choose V4 = D4 and Vo = e~V DoeV, where V = 2gt*V,.
These operators satisfy {V,,Vs} = 2i0%,0,. The generalized field strength
superfield is now

2 2 -V V 0
M/ VY §7 —l) e l)je . :;.2

The kinetic terms for the gauge fields and gauginos and the self-interactions of
the gauge field can be obtained from 6%1 (W*W,,)r. This gives also a contribution
to the scalar potential. After eliminating the auxiliary fields, the scalar potential
becomes

1 a 1 2| iqa )12
V= §D D, = 52‘;9 (2R (3.21)

where the sum runs over all of the generators of the gauge group.

One can write the F- and D-terms formally as Grassmann integrals, since
J d# 6 = 1. The Lagrangian can be written as

1 _
L= /d29 (W(fb) + 6—4W’1Wa> +he + /d29d29 iV o, (3.22)

3.1.3 Nonrenormalization theorems

The most important theoretical feature of supersymmetry from the point of
view of model building is the cancellation of radiative corrections in the super-
symmetric limit. Formally this can be stated in the form of nonrenormalization
theorems [335-338].

One may prove that any perturbative correction can be written as a D-term
and hence the superpotential will not receive loop corrections at any order in
perturbation theory. D-terms give the kinetic terms of the Lagrangian and they
need only wave function renormalization. The important consequences are that
quadratic divergences do not appear in any order of perturbation theory and
that new terms are not generated to the superpotential by radiative corrections
even if they were allowed by symmetries. In conventional quantum field theories
one needs to include all terms allowed by symmetries to get all counterterms
needed in the renormalization procedure.

Also the loop contribution to the vacuum energy vanishes to all orders in
perturbation theory in theories with exact supersymmetry [339, 340].
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Superfield Fermion | Boson Superpartner name

Q= (UD)T | (up dp)T | (ag dp)T | Left-handed up- and down-type squarks
Ue UR Uup Right-handed up-type squarks

De dr J}‘% Right-handed down-type squarks
L=(NET | (v 0;)T | (5 £7)T | Left-handed sleptons

E© ﬂ;% 17;% Right-handed charged sleptons

Table 3.1: The superfields corresponding to SM fermions. All superfields are
left-chiral superfields. The superscript ¢ denotes charge conjugation. The rep-
resentations of these fields under the SM gauge group are the same as in Table
2.1.

3.2 The MSSM and its Higgs sector

The supersymmetric model with the minimal field content that contains the
Standard Model is called the Minimal Supersymmetric Standard Model (MSSM),
first formulated by Fayet® [341,342]. As we discuss later, there are reasons to
believe that the MSSM can not be the final theory but it still is a useful bench-
mark for studies of supersymmetry.

3.2.1 Field content

The MSSM contains all the SM particles. None of these have a full set of
identical quantum numbers and a 1/2 unit difference in spins so none of the
superpartners have been found. Hence supersymmetrizing the SM gives two
new complex scalars per each Dirac fermion and one Majorana fermion per
each massless gauge boson. The resulting scalar superpartners of SM fermions
are called squarks and sleptons and the superpartners of SM bosons get an ’ino’
suffix.

The superpotential needs to be constructed of superfields with one chirality
only. Since SM fermions have both left and right chiralities, one needs to intro-
duce right-chiral fermions as left-handed charge conjugated superfields, which
have similar transformation properties. The MSSM superfields corresponding
to SM fermions are given in Table 3.1. The physical squark and slepton states
are mixtures of the left- and right-handed? states, although the mixing is very
small in all but the stop sector.

However, as seen from Eq. (2.11), in the SM one needs both the fundamen-
tal and the charge conjugated representation of the Higgs doublet to generate
masses for all fermions. The charge conjugated representation of a single Higgs

3Fayet assumed that the neutrino is the Goldstone fermion associated with spontaneous
supersymmetry breaking. Nowadays it is known that neutrinos are not massless. Goldstone
fermions can be “eaten” by the super-Higgs mechanism so they are not thought to be in the
physical spectrum.

4Since squarks and sleptons are scalars, the particles are not left- or right-handed. They
are often called so since they are superpartners of left- and right-handed fermions.
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SM boson Superpartner Superpartner

Gluon g Gluino g Gluino g
W-boson W= Wino w* Chargino )Zli X
Charged Higgs H* Higgsino H*

Neutral W wo Neutral wino | W° Neutralino 9 X5
Hypercharge boson | B° Bino BO X3, X9
Higgs bosons h, H, A | Higgsinos H,, H,

Table 3.2: The SM bosons and their superpartners. Except for the gluinos
the mass eigenstates and the gauge eigenstates do not coincide. The gauge
eigenstates are given in the second column and the mass eigenstates in the third
column. The photon and the Z-boson are linear combinations of the W°- and
B-fields as explained on p. 13.

doublet is of the wrong chirality to be included in the superpotential. The solu-
tion is to add a Y = —1 Higgs doublet superfield. This also cancels the triangle
anomaly that would be otherwise generated by the Higgsinos.

The MSSM superpotential is

W =y"(Q- H,)U +y'(Q- Ha)D® +y)(L - Hy) E° + p(H, - Ha). (3.23)

The dot product is A - B = €,,A*B®. The Yukawa terms are those of the SM,
but there is a term with a dimensionful parameter pu. The p-term has to be
nonzero or there will be a light chargino that would have been detected at LEP.
On the other hand, there is a tree-level relation

m2, tan?f — m?2
M SO My e, (3:24)
tan® 8 — 1

m =

N | =

where quu and m%d are soft supersymmetry breaking parameters. This relation

suggests that p should not be too much above the electroweak scale or otherwise
it should cancel almost exactly the contribution from the soft supersymmetry
breaking parameters. If there are high mass scales, like that of grand unification,
one could naively expect p to get such a high value. The cancellation in Eq.
(3.24) would then seem unlikely. There are models, where the p-term is related
to the supersymmetry breaking scale as was shown by Giudice and Masiero [343].
In such a case the cancellation is not so unnatural.

The gauge sector needs vector superfields for the SM gauge fields. In the
fermionic sector the fermionic partners of the electroweak gauge fields get mixed
with the fermionic partners of the Higgs fields. The mixtures of gauge eigen-
states are called neutralinos and charginos. The SM bosons and their super-
partners are given in Table 3.2.

3.2.2 R-parity

The MSSM superpotential (3.23) is not the most general gauge invariant and
renormalizable one that could be constructed out of MSSM superfields. One
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could also add the following terms to the superpotential:

Wrpv = Nijk (Li - L) Ef + X, . (Li - Q) Dj, + A}, Ui DDy, + pi(Li - Hy). (3.25)

ijk ijk

These terms violate either lepton number or baryon number, both of which are
so called accidental symmetries of the SM. There is no evidence of lepton or
baryon number violation experimentally so all of the terms in Eq. (3.25) must
be small. The most constraining limit comes from the absence of proton decay,
which restricts some products of A\’ and M’ \-terms to be O(1072%) [344,345],
though some combinations are constrained only to a level of O(10~10) [346]. The
constraints from proton decay are absent if either all baryon number violating
or all lepton number violating terms are zero. Constraints from various other
processes are reviewed e.g. in [347-350].

Even though in supersymmetry one could set these terms to zero by hand and
due to nonrenormalization theorems they would not be regenerated radiatively,
one can also impose a symmetry that forbids these terms. That is a discrete Z5
symmetry called R-parity [341,351,352]. The quantum numbers are assigned so
that SM particles have R = +1 and their superpartners R = —1. The R-parity
can be defined e.g. by

R = (—1)*B-ht2s, (3.26)

where B and L are baryon and lepton number, respectively, and s is spin.

R-parity conservation implies that R-odd particles can only be produced in
pairs and in the decay chain of a R-odd particle there will always be an odd
number of R-odd particles. Hence the lightest R-odd particle must be stable.
If it is neutral, it is the dark matter candidate of supersymmetry. R-parity
conserving models where the lighest supersymmetric particle (LSP) is charged
or colored are not considered viable.

Relaxing the assumption of R-parity will be discussed in chapter 4.

3.2.3 Soft supersymmetry breaking

Nature has shown us that supersymmetry must be broken. In the MSSM su-
persymmetry is broken by adding the most general set of soft supersymmetry
breaking terms. By soft breaking we mean that the introduction of SUSY break-
ing does not generate quadratic divergences. One may add mass terms for the
scalar components of chiral superfields, Majorana mass terms for the fermionic
components of vector superfields and trilinear scalar interactions without intro-
ducing quadratic divergences [353].

There are several ways to introduce the soft terms. The agnostic way is to
simply write the soft terms as independent parameters. When the soft breaking
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is given by the Lagrangian

L=— [mgQTQ +magig +mhdpdr + mi LTL + m%éqég +my HIH,
1 ~ ~ ]. ~ o~ 1 ~ ~ u A ~ %
+m§{dH§Hd} — SMIBB — SMuWiWi — 5 Magy, + [A< Q- Hy)iil

+AD(Qy - Ha)dy + AO(Ly, - Ha)éy — m3H, - Ha+he)|  (327)

the MSSM contains 105 new physical parameters compared to the SM [354].

There are various ways to reduce the number of free parameters. One is to
assume that scalar masses have a common value mg, gaugino masses a common
value M5 and trilinear scalar couplings a common value Aq (that multiplies
the superpotential coupling) at some high scale and then use renormalization
group running [355] to obtain their values at the electroweak scale. Such a
scenario can be motivated by supergravity [356,357].

Universal soft parameters at the high scale is not the most general alterna-
tive [358]. If the K&hler potential does not have a flat metric, the soft SUSY
breaking parameters will carry the pattern of the Kdhler metric. Some of the
simplest alternatives are those of non-universal Higgs masses, where the soft
Higgs masses differ from the other soft scalar masses [359-361]. One could also
have nonuniversal masses for the third generation of sfermions [362]. For the
two first generations degeneracy is favored due to flavor constraints.

Gaugino masses can also be non-universal [363,364]. In that case the masses
at high scale have non-trivial relations. If one assumes grand unification at
some high scale, the ratio of gaugino masses and gauge couplings squared is a
constant in the case of universal gaugino masses, leading to the prediction that
gluinos are heavier than electroweak gauginos. Non-universal gaugino masses
can lead to different realizations of the mass pattern [365].

An intermediate approach is that of the phenomenological MSSM (pMSSM)
[366]. With the help of certain simplifying assumptions, the number of free
parameters is reduced to 19. These include three gaugino masses, soft scalar
masses for the first two generations, different soft masses for the third sfermion
generation, two parameters for the Higgs sector (tan 8 and m?), the u parameter
and trilinear scalar couplings for the third generation. These can be then defined
at any convenient scale.

The models with a small number of SUSY breaking parameters are predictive
and can be constrained easily. The part of the parameter space where squarks
and gluinos are below 1 TeV has been already excluded [367]. This motivates
to explore also the alternatives, where the soft parameters are not universal as
they allow a larger variety of collider signatures. The exclusion of a large part
of the parameter space in the simplest models also is a strong motivation to
study models beyond the MSSM.
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3.2.4 Origin and mediation of supersymmetry breaking

The soft supersymmetry breaking discussed in the previous section is believed
to have a dynamical origin. Supersymmetry can be spontaneously broken by
non-zero values of F-terms [368] or D-terms [369]. The breaking cannot originate
from the MSSM sector, since there are tree-level sum rules, which state that the
supertrace of the mass squared matrix vanishes [370]

Str(M?) =) "(=1)*(2s; + 1)m? = 0, (3.28)

%

where s; is the spin and m; the mass of particle species i. The validity of this
sum rule requires that the gauge groups are anomaly-free, which is true in the
MSSM. Since the mass matrices of particles with different charges do not mix,
this would mean that some of the sleptons need to be lighter than the tau and
they would have been observed already.

Hence supersymmetry is assumed to be broken in a sector that is currently
unknown (dubbed hidden sector) and the breaking effects are then mediated
to the observable sector.The breaking can be mediated to the observable sector
in three known ways: gravity mediated supersymmetry breaking, gauge medi-
ated supersymmetry breaking (GMSB) and anomaly mediated supersymmetry
breaking (AMSB). Their basic features are summarized in the following.

Supersymmetry, like internal symmetries, can be promoted to a local sym-
metry. As one needs gauge fields to compensate the additional terms in conven-
tional theories, one needs a new superfield in local supersymmetry. Since the
transformation carries spin, the new field will have spin 3/2. It is the superpart-
ner of the graviton, which has spin 2. Theories with the graviton supermultiplet
are called supergravities [371,372].

Spontaneous supersymmetry breaking will create a Goldstone fermion called
Goldstino [369]. In supergravity the supersymmetry breaking will be seen as
a massive gravitino. A massive spin 3/2 field has four spin states, a massless
one has only two. The two additional spin states come from the Goldstino in
the super-Higgs mechanism [373-375] similarly to how the Goldstone boson is
eliminated in the conventional Higgs mechanism. The gravitino mass can be
used as an order parameter of supersymmetry breaking.

Gravity can mediate supersymmetry breaking to the observable sector. The
hidden sector and the mediators are assumed to be singlets under the SM gauge
group. In the simplest case of using the Polonyi superpotential® for the hidden
sector and a flat Kahler metric, the low energy scalar potential will have uni-
versal soft scalar masses to the scalar components of chiral MSSM superfields
and trilinear scalar couplings [356,357]. The scalar masses will be O(m /2) and
the trilinear couplings will be O(Amyg/3), where X is the corresponding super-
potential coupling. The problem of generating large gaugino masses is a more
difficult one [376], but models with gaugino masses O(ms/2) do exist [377].

5The Polonyi superpotential is W = m? (® + B), where m and S are constants and ® a
chiral superfield.
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Gravity will always break supersymmetry. When we talk about the other
mechanisms, we assume that the effect from gravity to the supersymmetry
breaking terms is subleading or negligible.

Gauge mediation [378] assumes that the mediating sector is charged under
the SM gauge group. The hidden sector then couples to these mediators either
via superpotential couplings or via some other gauge interactions under which
the MSSM fields are singlets.

The soft gaugino masses are generated at one-loop order and the soft scalar
masses and trilinear scalar couplings at two-loop order. However, since scalar
masses have a dimension mass squared, they are of the same order as gaug-
ino masses. Trilinear scalar couplings have the dimension of mass, so they are
suppressed compared to the other soft terms. Hence they are often neglected
completely. However, it is possible to extend the minimal setup for gauge me-
diation in a way that large A-terms are generated [379).

In GMSB the gravitino is light, since the contribution from gravity is small.
Hence often the gravitino will be the LSP. On the other hand the gravitino cou-
ples very weakly to matter so the lifetime of the next-to-lightest supersymmetric
particle (NLSP) is typically so large that it will not decay within the detector
system5.

The third option for mediating supersymmetry breaking is anomalies. Ran-
dall and Sundrum noted that the super-Weyl anomaly can mediate the super-
symmetry breaking to the auxiliary fields [382]. Similar results were obtained
by Giudice et al. [383]. The difference to other models of supersymmetry break-
ing is that the ratios of supersymmetry breaking parameters are determined by
the p-functions, which determine the renormalization group evolution and the
anomalous dimensions. The gaugino mass pattern differs from other mecha-
nisms, the wino being the lightest gaugino. For a realistic mass spectrum the
gravitino needs to be rather heavy. The contribution from gravity to soft super-
symmetric terms can be suppressed if the hidden sector is chosen appropriately.

The problem of pure anomaly mediation is that it predicts negative masses
squared for sleptons. The minimal setup to cure this problem is to assume that
there is a universal contribution to soft scalar masses from some other SUSY
breaking sector [384].

3.2.5 The Higgs sector at tree-level

From the superpotential (3.23) we see that the Higgs sector is that of Type II
2HDM, with one doublet having ¥ = +1 and the other Y = —1. In addition,
the quartic couplings are determined by supersymmetry. This gives A\¢ = A7 =0
(in the notation of Eq. (2.20)) so Higgs sector tree-level FCNC are absent.
The other quartic couplings are Ay = A2 = (g + ¢%), A3 = 1(¢® — "),
A = —39% and A5 = 0. Inserting these to equations (2.26) and (2.27) gives
immediately the relation
mye =m34 +miy, (3.29)

6 At high energies and low gravitino masses the gravitino can be effectively replaced by the
goldstino state so the decays to gravitinos may also be relevant [380,381].
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which implies that the charged Higgs cannot be light in the MSSM. The CP-odd
state has a mass m% = 2m2/sin 28 so it can be considered as a free parameter.
In the CP-even sector the mass matrix is reduced to

m3tan 3 +m% cos? B m3 —m%sin cos
m2 —mZsinfBcosf  micot B+ mZsin?p) " (3.30)
3 z 3 z
The eigenvalues of this matrix are
m2 = m3% +m? £/ (m?4 + 7;122)2 — 4m?m?, cos? 25' (3.31)

The smaller eigenvalue gets its maximum value when cos? 23 = 1, so we get the
bound

mp < min(ma, mz) < 91.2 GeV. (3.32)

The heavier CP-even Higgs mass is bounded from below. The smallest bound
comes in the limit my4 — 0 so that myg > myz. If mag > my we have the
decoupling limit, where H, A and H* are roughly degenerate with relative
mass differences O(m?%/m?).

As one may anticipate from Eq. (3.30), also the relationship between the
Higgs sector mixing angles is simplified compared to the general 2HDM. The
mixing angles are related by

2 2
tan2a = tan23 - LA "2 (3.33)
my —mz

These tree-level relations were first derived in [385, 386].

The bound on the lightest Higgs mass and the observation of a 125 GeV SM-
like Higgs is a severe constraint for supersymmetric models. Since the smallest
eigenvalue of a matrix is smaller than the smallest eigenvalue of any submatrix,
the bound can always be computed from the 2 x 2 matrix of Eq. (3.30). There
are four ways out:

1. The 125 GeV state is not the lightest one. The searches for light scalars
favor a singlet-dominated lighter state as discussed in section 2.5.1. If
this mixes with the lighter doublet state, the mixing can lift the mass at
tree-level.

2. There are additional tree-level contributions from F-terms to the matrix
(3.30). This requires superfields that couple to the Higgs doublets in the
superpotential and whose scalar components get a non-zero VEV.

3. There are additional tree-level contributions from D-terms to the matrix
(3.30). This requires an extended gauge group.

4. There are corrections from loops to the matrix (3.30).
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Figure 3.1: The top and stop loops give a large positive correction to the Higgs
mass. It is possible to lift the Higgs mass to 125 GeV if the stops are heavier
than about 1.5 TeV.

In the MSSM only the last solution is possible”. Each of these options can be
realized in various nonminimal models, which is a strong motivation for studying
them. We shall consider each of the four mechanisms in the later parts of this
thesis.

3.2.6 Higgs masses at the loop-level

The MSSM would be excluded if loop corrections could not produce a large
positive correction to the lightest Higgs boson mass. The most common way
to compute loop corrections to Higgs masses is to use the effective potential
approach [390]. The one-loop effective potential may be computed from

o Wlﬂsw {M4(<pi) {m (M;(f)> - 05} } (3.34)

where M (¢;) denotes the field-dependent mass, ) is the renormalization scale,
the supertrace is defined as the sum over all particles weighted with a factor
(—1)2%(25+1) and C, is a spin-dependent constant, which gets values Cy = 3/2,
Ci2 = 3/2, C1 = 5/6 in the DR scheme [391].

The dominant correction to the Higgs boson masses comes from the incom-
plete cancellation of top and stop loops of Fig. 3.1. The one-loop contribution
to the Higgs sector masses was first computed by Li and Sher [392], but they as-
sumed m; < 60 GeV and got an upper limit mj; < 95 GeV. After the experimen-
tal bound on the top quark mass had increased, these results were re-evaluated
in the early 1990’s and a large positive correction to the lightest Higgs mass was
found by Ellis, Ridolfi and Zwirner [393,394] and others [395, 396].

The tree-level mass matrix for stops is

tr

m(—A; + pcot 3) m2 +m7 + 2m% cos2Bsin’ Oy

tr

A2 — <m2 +m7 4+ m% cos2B (5 — 2sin® Oy ) m(—A; + pcot 3)
2 =

(3.35)

7The first solution is practically ruled out because if the 125 GeV state were the heavier one,
m4 needs to be small. The charged Higgs would then be light. The constraints from |75, 76]
exclude the part of parameter space that was still allowed in [387,388] and was not in tension
with other low energy constraints. The authors of [389] find that it is still possible to fit the
125 GeV state as the heavier one, but there is a clear tension with the b — sv results due to
the light charged Higgs. In the nonsupersymmetric 2HDM the 125 GeV state can still be the
heavier one [218].

) |
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We shall denote X; = A; — pcot 8. The one-loop corrected CP-odd scalar mass
is

39°m2 A

2 _ 2 . 2y 2
ma = (M )irce 167r2m%/V sin 23 sin® ﬁ(mtgl — mi) [f(mtl) f(mtz)]’ (3.36)

where f(z) = 2z(In(z/Q?%) — 1), Q is the renormalization scale and mg, , are
the eigenvalues of the stop mass matrix.
The one-loop contribution to (3.30) can be written in the form [394]

2
3g°mj puXy 5 9
o = m: ,ms ),
H 1672m3, sin? 3 mtg1 fmtgz 9 f1 tz)
2
3°minX; ms A X
512 = — t ' In 1 o 79(”& ’mg ) ’
167‘r2m%‘/(mtgl—mt32)sm2 B m? mZ —mz
2,2 9
S0r — 3g2m | mg my 24, X, | m
» = Ty |\ o) g
m2my3, sin ; 2 z 2
2
AtXt
*(m) g(mz mi)|, (3.37)
7=,

where g(z,y) =2 — i—fz In(x/y) and using the one-loop corrected value for m?
in Eq. (3.31).

The one-loop correction is large if the stops are heavy, there is large mixing
between them and tanf is large. At large values of tan 3 also the bottom-
sbottom correction can be large. It will decrease the lightest Higgs mass when
tan 8 = my/my [397).

At two loops there is a significant negative contribution from the QCD cor-
rections to the one-loop result [398,399]. The contribution O(a?) is positive
canceling a part of the QCD correction [400]. These have also been computed
in the effective potential approach [401,402]. The two-loop QCD corrections to
bottom-sbottom loops were computed in [397]. Typically the total shift is 3—
8 GeV downwards. The dependence on the renormalization scale is a lot milder
than in the one-loop approximation. Some benchmarks for the Higgs mass at
NNLO computed with HDECAY [188] (which uses FeynHiggs [403]) are plotted
in Fig 3.2.

The leading three-loop correction O(a?as) to the lighter CP-even Higgs
have also been computed. The three-loop corrections are small, typically below
1 GeV [404,405].

The one-loop correction to the charged Higgs mas has been computed in
[406]. Also the leading two-loop corrections have been computed [407,408]. The
loop corrections to the rest of the Higgs sector are of similar order of magnitude
than to the lightest Higgs mass but if the tree-level values are a lot larger, the
relative error from loop corrections is rather small.
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Figure 3.2: The Higgs mass as a function of third generation soft squark masses. We
have chosen ma = p = 500 GeV, Mz = 2 TeV and used three values for tan3: 3
(red dots), 10 (blue dashes) and 30 (black solid). The third generation soft masses are
equal mg = mg, = my and trilinear couplings A, and A; are set equal to the soft
masses. We also show a case where A, = A; = 2m and tan 8 = 30 (green dashdots).
Large mixing in the stop sector increases the Higgs mass.
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The Higgs mass is probably the best indication of where superpartners should
be. Within the MSSM, the stops should be somewhere between 1.5 TeV (large
mixing) and 10 TeV (small mixing) and at least the left-handed sbottom should
be at the same scale. Unfortunately only the lower end of this range can be
probed at the LHC and it will require a large integrated luminosity at 14 TeV.

3.3 MSSM Higgs phenomenology at the LHC

The Higgs phenomenology was reviewed extensively in chapter 2 so here we
shall concentrate only on the features that arise from supersymmetry.

3.3.1 SUSY effects on Higgs production

Supersymmetry modifies the Higgs phenomenology even from the Type II 2HDM,
since at least at the loop-level superpartners will contribute.

In gluon fusion one must take into account the contribution from stop and
sbottom loops. The left-handed stop coupling to the lighter CP-even Higgs is

gm, (1 2 ., . igm? cos a
i e = - — = 0 - 3.38
htrty COs 9W (2 3 S W) Sln(a + 6) mw sinﬂ ( )

and other couplings between the Higgs and squarks have similar expressions
(the complete set of couplings can be found from [409]).

When the LO contribution of squark loops is computed, the part from the
couplings proportional to gmz cancels, when all squarks are summed over. Only
the contribution proportional to gmg /mw survives [410]. This cancellation
makes the LO contribution small if the squarks are heavier than 500 GeV. In the
MSSM this holds, since the lightest Higgs mass will not reach 125 GeV without
TeV-scale stops. The corrections have also been computed at NLO [411-414]
and approximately at NNLO [415-417]. The uncertainty of the SM computation
is larger than the contribution from squark loops.

For the heavy CP-even and the CP-odd Higgs the QCD corrections give a
similar enhancement to the production cross section as the SM Higgs gets [418].
The contribution from scalar loops can enhance the cross section significantly if
the Higgs mass is close to 2mg [413], otherwise the contribution is rather small.

The SUSY-QCD corrections to VBF and Higgs-strahlung were computed
in [419] and they are at most at a percent level, thus smaller than the uncertainty
in the SM result.

In the tth production there will be a modification of the Higgs-top coupling
due to SUSY-QCD effects. However, the tree-level Yukawa coupling is large
and th contribution is loop-suppressed. For bbh production the SUSY-QCD
effects are larger relative to the tree-level coupling and they are enhanced at
large tan 5. The enhancement could be large enough to distinguish the signal
from the SM [420], but the bbh production could be enhanced also in the non-
supersymmetric Type-II 2HDM.
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Figure 3.3: The one-loop superpartner corrections to the Higgs-bottom coupling.
The contribution from both of these diagrams is enhanced at large tan 8 and can
lead to a substantial deviation from the SM prediction even in the alignment
limit.

By analyzing the SM-like Higgs production rates it will be very hard to
distinguish the MSSM from a non-supersymmetric Type-II 2HDM. The bbh
production has the largest potential to provide a deviation from the SM predic-
tions.

3.3.2 SUSY effects on Higgs decays

Supersymmetry will also affect Higgs decays. The most dramatic effect would
be if the lightest superpartner was lighter than my, /2 so that it would contribute
to the invisible decay width. The LEP and LHC bounds on MSSM superpartner
masses® allow only the lightest neutralino to be light enough for the decay to
be kinematically allowed [90].

The Higgs decay to neutralinos was studied in [422]. With a positive p the
invisible branching ratio can go up to 50% and with a negative p it may be
around 10%. The latest results on the invisible decay width exclude the part
with the a branching ratio to neutralinos larger than 24% [202]. With more
data this scenario will become more constrained or give an indication of a dark
matter candidate.

If the decays to superpartners are not kinematically allowed, the largest
effect is the correction from superpartners to the h — bb decay. The corrections
arise from the diagrams of Fig. 3.3. These lead to a modified relation between
the bottom Yukawa coupling and the bottom mass [423,424]. We may write
my = ypv cos B(1 + Ay)/+/2, where

2aes M3
3T

Y Ay

A:
b 1672

I(m? ,m? , M)+

i I(mtg1 , mtgz, uQ)} tan g, (3.39)

and I(a,b,c) = —[abln(a/b) +beln(b/c) + caln(c/a)]/[(a —b)(b—¢)(c—a)]. This
leads to the loop-corrected Higgs-bottom coupling [425]

(1)77_\/§mb sin o 1_ Ay 4
Ap = Fr— ( 1A, cotacot 5 ) . (3.40)

8The bound on the lightest neutralino my, > 46 GeV assumes universal gaugino masses
and can be relaxed if gaugino masses are non-universal and the lightest neutralino is bino-
like [421].
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The correction can be large at large tan 8 and it can either enhance or sup-
press the h — bb decay width [426]. Since h — bb is the primary decay channel,
this can affect largely all the signal strengths. The two-loop contribution [427]
mainly makes the dependence on the renormalization scale milder. If all of the
superpartners are heavy, this contribution will become small.

Also the heavier CP-even and the CP-odd Higgs will get a large correction to
their coupling to bottom quarks [426] as will the charged Higgs to the coupling
to tb [428-430].

The correction of the top Yukawa coupling comes from similar diagrams but
the chargino diagram gives a correction proportional to y? and is hence small
compared to the tree-level coupling. In addition there is no enhancement at
large tan 8. The tau Yukawa coupling gets electroweak loop corrections, which
are enhanced at large tan 8, but due to the relatively small gauge couplings
these corrections are smaller than in the bottom sector [424]. The different
behaviour of h — bb and h — 77~ can distinguish the MSSM from the Type-
II 2HDM, but the lepton-specific and flipped versions of the 2HDM may mimic
this behaviour.

The charged Higgs and charged superpartners will enter the loops in the
decays h — vy and h — Z+. Since most of the new particles are scalars and
their contribution is small, the effect of the MSSM to the loop-induced decays
is somewhat limited. There can be sizable effects if there are light staus and
tan g is large [431-433] or there are light charginos [434].

The Higgs decays have a good potential to reveal a deviation from the SM
predictions. The dominant decay channel h — bb gets a potentially large cor-
rection from superpartners even in the alignment limit. Only in the case where
all superpartners are heavy, the corrections are small.

3.4 Extensions of the MSSM

3.4.1 Singlet extensions

The most studied extension of the MSSM is that with an additional singlet field.
Whereas one may have other choices for the superpotential [341,356,435]|, the
most common one is the purely trilinear version [436]

W=YY(Q -H)U®+YPNQ-Hy) D+ YL (L-Hy)E®+ \(H, - Hy)S — §S3,
(3.41)

where S is the singlet superfield and other superfields are those of the MSSM.
In addition the following soft terms are added

Lsote, NMssM = Lsots Mssm—mE|S|?+[Ax(Hy-Hg)S— A S? /3+£S+h.c)]. (3.42)

This model is called the next-to-minimal supersymmetric standard model (NMSSM).
In the NMSSM the VEV of the scalar component of the singlet field generates
the p term of the MSSM. The S3 term is needed to break a global U(1) sym-
metry [437] that would otherwise lead to an axion when the scalar components

of the superfields acquire VEVs.
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The superpotential has a Z3 symmetry, which will be spontaneously broken
by the VEVs of the neutral scalar fields. This could lead to the formation of
domain walls in the early universe. This symmetry can be broken by nonrenor-
malizable terms so that a preferred vacuum exists [438]. This solution is not
viable in a straightforward way as pointed out in [439], since there will be a
large tadpole term for the singlet. The problem can be solved by introducing an
additional symmetry, which is broken only by the soft supersymmetry breaking
terms. This will lead to a tadpole term & ~ mgygy [440]. The domain wall
problem could also be solved by inflation [441].

The physical Higgs sector consists of three CP-even (h, Hy, Hs) and two CP-
odd (A;, As) neutral scalars and a charged pair (H*). In the NMSSM there
are two additional mechanisms that can lift the Higgs mass compared to the
MSSM. First, the A(H, - Hyq)S-term of the superpotential generates additional
terms to the 2 x 2 mass matrix formed by H, and Hy. The submatrix becomes

) m%sin? 8 — Cy cot B —+m?% sin2p (1 - %) +C
M 9y0 =
8 —%mzz sin 23 (1 — %) + Cy m?% cos® B — Cy tan 3
(3.43)

where C; = Ayvs/v/2 — kA2 /2. From this we get the smaller eigenvalue

b

m2 + Cy — \/(m2Z +Cy)? — 4m2Cy cos? 28 — "2 (mZ (1 — y) + Cy) sin® 23

m = -

(3.44)
where Cy = —20/sin28, y = 4)\%/g% and g% = g% + g’2. The expression under
the square root can be put to the form [Cy +m%(1 — 2z)]> + m%[4(z — 22) +
y(y — 1)sin? 2], where 2 = cos? 23 + %sin2 283. The term proportional to m?

is non-negative and hence we get the bound [442]

2
mi < m% (0082 20+ % sin? 2ﬁ> . (3.45)
At low tan 8 and large values of \ the lightest Higgs can be heavier than mz at
tree-level. This mechanism is known as ASUSY. The remarkable thing is that
the bound does not depend on vs and the Higgs mass can be lifted no matter
how heavy the singlet-dominated state is.

To saturate the limit one must be able to decouple the singlet from the
doublets. In the NMSSM it is possible to do so by choosing the soft terms so
that they make the mixing terms small and/or making x and v, so large that
the singlet becomes heavy. The limit holds also in the case of several singlets,
since one may always choose a linear combination of them such that only one
of the singlets has a VEV.

The second option is that the lightest CP-even scalar is a singlet-dominated
state that mixes with the lighter doublet state. This mixing will lift the mass
of the SM-like Higgs. The production cross section for such a singlet-dominated
state is small and hence it can remain unobserved. Such a scenario was con-
sidered in [443]. They find that the mixing can lift the Higgs mass by at most

)
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Figure 3.4: The one-loop correction from neutrinos and sneutrinos to the SM-
like Higgs mass. The correction is proportional to Ay Ay and can be a few GeV'’s
if the singlet state is not too heavy.

7 GeV. On the other hand the mixing with the singlet suppresses all production
modes and hence the overall signal strength should be smaller than in the SM.

The NMSSM allows the third generation squarks to be lighter than in the
MSSM. Hence they are easier to discover directly [444-447] and their impact on
the Higgs production and decay modes at loop-level can be larger than in the
MSSM.

Especially in the case of ASUSY some of the trilinear scalar couplings in the
Higgs sector are large and hence H; 5 can have a substantial branching fraction
to pairs of Higgs bosons [448,449]. In the case where the heavier doublet Higgs is
the heaviest one, we may have processes like pp — Ho — hH; with a production
cross section and branching ratio which can lead to observable signatures. The
singlet-like H; can decay to a pair of singlet-like CP-odd scalars, which again
can decay e.g. to b-quarks or photons. Hence signatures with six photons, a
b-quark pair and four photons etc. are possible. Such final states are very rare
in the (MS)SM.

Another chiral superfield that is a singlet under the SM gauge group is the
right-handed neutrino. The difference is that the neutrino superfield carries
lepton number. The MSSM does not have a mechanism for neutrino mass gen-
eration and hence the introduction of right-handed neutrinos is well motivated.
One can add the lepton number conserving term y*) (L - H,)N° to the superpo-
tential. This generates Dirac masses for the neutrinos. One can also introduce
a gauge invariant, but lepton number violating term M N¢N€, which gives a
Majorana mass to the right-handed neutrinos and a small mass to left-handed
neutrinos via the seesaw mechanism. In models with R-parity the cubic N3
term is excluded.

One may also generate the Majorana mass dynamically via a SN°N°-term.
The superpotential for such a model is [450]

W=yYQ -H)U+YPNQ-Hy)D+Y (L. H)E*+Y"Y(L-H,)N°®
+ Ay (H, - Hg)S + %NSNCNC + %533. (3.46)

The Ay coupling between the singlets has an impact on the SM-like Higgs.
Besides generating the Majorana mass for the right-handed neutrino needed
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in the seesaw mechanism, it enables a positive correction from the neutrino
sector to the SM-like Higgs mass via the loop diagrams of Fig. 3.4 [451]. This
correction can be a few GeV’s.

3.4.2 'Triplet extensions

The MSSM can also be extended by triplet fields. The motivations of non-
supersymmetric triplet models apply also to the supersymmetric versions.

In the context of supersymmetry there is one additional reason. The tree-
level upper bound for the Higgs mass comes from the 2 x 2 submatrix of the
two doublets. The only renormalizable gauge invariant superpotential couplings
which can give a contribution to this submatrix come from singlets or triplets.
Hence these are the only alternatives to make the Higgs mass more reachable
via F-terms at tree-level.

Most motivated triplet extensions of the MSSM have triplets with Y = 0 or
Y = £2. The simplest triplet extension has one triplet with Y = 0 [452]. The
Higgs sector consists of

(). me () (07 ) e

and the superpotential is
W = Wussm + MH{ - £)Hy + psTr(X?). (3.48)

The physical Higgs sector has three CP-even and two CP-odd neutral scalars
and three pairs of singly charged scalars. The VEV of the neutral component of
the triplet must be small so that the p parameter does not deviate largely from
one.

The corrections to the 2 x 2 submatrix change the bound on the lightest
CP-even scalar to (assuming vy < v) [453]

)\2
mi < m% <0052 23 + = sin® Zﬂ) : (3.49)
g

Also the one-loop corrections from the triplet sector can increase the SM-like
Higgs mass [454] so that a 125 GeV Higgs is possible without corrections from
quarks and squarks. Hence the third generation squark masses are not bounded
by Higgs physics.

There are several additional charged scalars and charginos in the model.
These can change the Higgs decay width to vy and Z+ if they are light [455,456].
The deviation can be tens of percents at small values of tan 3.

The three-point couplings between the scalars are not as large as they can
be in the NMSSM, since the triplet VEV is small. Hence the fermionic decay
channels dominate for the heavier Higgses. On the other hand for the charged
Higgs there is a decay channel H+ — W Z, which is forbidden in the MSSM
due to custodial symmetry [248|. The branching ratio B(H" — W1 Z) can be
up to 50% [249].
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In the case of Y = +£2 triplets, anomaly cancellation requires at least two
triplets with opposite hypercharges. We shall denote them

A= (5+§0\/§ 55:;/5) A= (55/\/5 553\/5)' (3.50)

There are several options when choosing the superpotential. The most general
one is

W = Wussm+MaTr(AA)+Y W (LT-A)L+h.c.)+ A (H -A)Hi+ Mo (HY -A) Hy.
(3.51)
The tree-level bound on the lightest Higgs mass becomes (assuming vs, vy < v)
[453]
202 22
mi < m? (cos2 28+ _—21 cos® B+ _—22 sin’ 6) . (3.52)
g g
Hence it is possible to lift the Higgs mass with the F-term contribution from
Y = +£2 triplets at large tan 8 (or cot 8), whereas other extensions increase the
Higgs mass only when tan 3 is close to one.

One could expect that the doubly charged Higgses would affect the h — v~
channel. In the supersymmetric case the Higgs self-interactions come from D-
terms so the couplings are smaller than in the non-supersymmetric case. In
addition, the coupling between the SM-like Higgs and doubly charged Higgses
vanishes if the triplets are degenerate [457]. Hence the diphoton rate cannot
vary as much as in the non-supersymmetric case [247].

3.5 Searching SUSY at the LHC

We review briefly some of the superpartner searches in R-parity conserving
supersymmetry as a benchmark to supersymmetry without R-parity, which will
be considered in the next chapter. We shall limit ourselves to the particle
content of the MSSM.

There are three approaches from which one may discover new physics or draw
limits on it. The simplest approach is effective field theory, where one assumes
an effective coupling between particles and then constrains it experimentally.
The second approach is that of simplified models, where only a few particles
are included. Some of the masses and branching ratios are fixed and some are
considered as free parameters. The most ambitious approach is to consider full
models, but the number of free parameters is so large that only benchmark
points can typically be considered, unless universal parameters are assumed in
the soft SUSY breaking sector.

R-parity conservation makes the lightest superpartner stable. Hence all su-
persymmetric particles decay as cascades ending with (at least) one LSP which
is seen as missing momentum. In the SM all events with missing momentum
involve neutrinos, i.e. either W — fv or Z — 2v. The former ones can be
identified due to the hard lepton and the background from the latter ones can
be estimated from similar processes, where Z — £/,
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Figure 3.5: The pair production of LSP’s can look like nothing happened if it
proceeds like the diagram on the left. However, initial state radiation (right)
can reveal the LSP production. The mediator can be e.g. a Z-boson or a Higgs.

3.5.1 How to find the invisible?

The LSP candidate needs to be neutral and uncolored, so in the MSSM the
options are the lightest neutralino, the lightest sneutrino and, if we include
supergravity, the gravitino. Sneutrino dark matter is excluded because a light
sneutrino would have been seen at LEP and a heavier sneutrino would have
been seen in direct detection experiments [458,459].

The LSP can be searched in cascade decays if the heavier superpartners can
be produced and there are large mass differences so that there will be a clear
missing transverse momentum signal. Most of the searches find no evidence for
such a signal beyond the SM expectations [460-464]. There are a few larger
deviations from the SM background [465,466], but they are not seen in both
experiments.

If the supersymmetric spectrum is too heavy so that other superpartners
cannot be produced, the LSP pair production will look like nothing happened,
i.e. pp — invisible. However, the LSP can be revealed by initial state radiation.
The LSP’s will be produced either from the collision of a quark and an antiquark
or the collision of two gluons. Either of these can radiate a gluon and the quarks
may radiate a photon, W or Z as shown in Fig. 3.5. These will then be seen as
monojets, monophotons etc. with missing transverse momentum.

Such searches have also been performed. The data are well described by the
SM [467-470]. This leads to an upper limit of effective interactions between the
LSP and hadronic matter. This can be compared with the other searches. Typ-
ically collider searches are more sensitive at the lower end of the mass spectrum,
where the recoil is smaller in direct detection experiments.

3.5.2 Neutralinos and charginos

The lightest neutralino is usually assumed to be the LSP. The decay chains
of heavier superpartners usually contain neutralinos and charginos so we shall
consider their production and decay modes briefly.
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Figure 3.6: Examples of chargino and neutralino production. The t-channel
diagrams are subleading if superpartners are a lot heavier than the SM particles.
Similar diagrams can be drawn for chargino (mediated by Z, ~, ¢) and neutralino
(mediated by Z, §) pair production.

The neutralino and chargino mass matrices in the MSSM are

M, 0 g'va/2  —g'vu/2
. 0 Mo _Q'Ud/2 QUU/2
Mo=\ guje —guaz 0 - (3.33)
—g'v, /2 gu,/2 — 0

using the basis {B, W, Hq, H, } and

using the basis W=, HE. The masses are basically free parameters, although ||
can be argued not to be too large or there will be fine tuning as discussed on p.
40. The nature of the LSP depends on which of the quantities | M|, |Ma|, |u| is
the smallest. If |u| < [My], |[Mz| the LSP will be higgsino-like, in the opposite
case gaugino-like.

Neutralinos and charginos can be produced in pairs via the s-channel or
t-channel. A few examples are given in Fig. 3.6. The mediating particle in
the t-channel is a superpartner, so with the current bounds on superpartner
masses, one may assume that the dominant contribution comes from s-channel
production. The production of bino-dominated neutralinos is suppressed since
its couplings to SM gauge bosons are small.

If we assume that sfermions are heavier than (at least some of the) neu-
tralinos and charginos, the gaugino-like states decay to gauge bosons and the
lighter neutralinos, ¢.e. the decay channels are xli — Wix(l), XS — ZxY,
X%t — WYz X% etc. The higgsino-like states can also decay to Higgs bosons
and lighter superpartners.

The easiest way to reduce the background is to look at the cases, when at
least one of the bosons decays leptonically. The signature is then multileptons,
missing transverse momentum and possibly jets. Such searches have been per-
formed [460,471,472] and the results are compatible with SM expectations. The
sensitivity of these searches is limited if m,9 —m,o and m £ = M,g are small

X X
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Figure 3.7: Some of the leading order diagrams of stop pair production. The
first and third diagrams can also have quarks in the initial state in which case
the mediator in the ¢-channel is a gluino.

so that there will not be much missing transverse momentum from the SUSY
decays.

3.5.3 Third generation squarks

The LHC produces mostly strongly interacting particles, so squarks and gluinos,
if they are light enough, should be produced copiously. Third generation squarks
receive more attention basically because of three reasons. First, we have a
rough idea of their mass scale from the SM-like Higgs mass. Second, the lighter
stop is usually the lightest squark, because the large Yukawa gives a negative
contribution to the SUSY breaking soft mass in renormalization group running
and the large mixing in the stop sector pushes the lighter stop mass downwards.
Third, the decay products usually include top and bottom quarks, which helps
to reduce the background.

The stop mass matrix was given in Eq. (3.35). The mixing in the sbottom
sector is not as large, because the mixing term is my(—Ap + ptan §) and hence
the mass eigenstates of sbottoms nearly coincide with the left- and right-handed
states.

Squarks can be produced via gluon fusion or quark-antiquark annihilation.
The t-channel squark and gluino exchange diagrams will be subleading, since
large superpartner masses will suppress the corresponding amplitudes. Some of
the production channels are shown in Fig. 3.7.

The main decay channels are £ — tx°,bx" and b — bx°, Y, where the
charginos and neutralinos are mostly higgsino-like due to the large top Yukawa
coupling if the decay is kinematically allowed. The neutralinos and charginos
will then decay as described in the previous section. To reduce the background,
one usually requires that there is at least one hard lepton in the final state.

The final states will then consist of b-jets, one or several leptons, possibly
jets and missing transverse momentum. The data are well described by the
SM background [473-475] and stop masses up to 800 GeV are ruled out for
neutralino masses below 200 GeV except when the mass difference is small. The
case of compressed spectrum has been analyzed by looking at spin correlations
of t¢ production [476] or using a boost from initial state radiation [477].



Chapter 4

Supersymmetry without
R-parity

4.1 R-symmetries, R-charges and R-parity

Perhaps the most natural framework for R-symmetries are extended supersym-
metric models. There one can have an internal symmetry among the SUSY
generators, under which the SUSY generators are charged. One may show that
such a symmetry must be represented by unitary matrices with a dimension
not higher than the number of SUSY generators. If we look at one supersym-
metry generator, there will be one linear combination of the generators of the
symmetry group, which acts nontrivially on that generator. Hence for N =1
supersymmetry the internal symmetry reduces to a U(1l)-symmetry known as
R-symmetry [351,478]. The R-charges can be normalized so that the generators
Qa, Q% have charge +1. Also the superspace coordinates 6, 6 are charged under
the R-symmetry.

The fact that SUSY generators are charged under U(1)g means that different
components of a superfield have different R-charges. For the Lagrangian to be
R-symmetric, the F-term of the superpotential needs to be R-symmetric and
the superpotential itself should carry a R-charge R(W) = +2.

R-symmetry is a global U(1) symmetry. All such symmetries are expected
to be broken by gravity. The most common assumption is that U(1)g will be
broken to a discrete Zs subgroup, R-parity [352]. If the quantum numbers are
chosen so that for SM particles R = 41 and for superpartners R = —1 one may
discard all renormalizable baryon or lepton number violating operators from
the MSSM superpotential. However this does not exclude baryon and lepton
number violating operators, which are of higher dimension, like QQQL.

Next we shall study supersymmetry without R-parity conservation. The
R-symmetries as such are a well motivated alternative. As mentioned, gravity
will break the R-symmetry, but if this effect is small, one may still use the R-
symmetry as an approximate symmetry. In R-symmetric models one assumes

99
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that the effect of gravity on the matter sector is small, so supersymmetry break-
ing must be mediated by either gauge interactions or anomalies.

The other class of models will be those where R-parity is broken sponta-
neously. The R-parity violating (RPV) superpotential (3.25) has a large num-
ber of free parameters. In spontaneous RPV the operators are generated by
the VEVs of sneutrino fields. This makes the model more predictive. Since
sneutrino VEVs do not break baryon number conservation, the proton will be
stable.

R-parity violation implies that the lightest supersymmetric particle (LSP)
will not be stable. Hence the problem of dark matter remains. The only viable
dark matter candidate could be the gravitino, since it couples weakly to all
particles and hence its lifetime could be greater than the age of the Universe.
We shall simply assume that there will be a viable dark matter candidate,
possibly from a completely unknown sector.

4.2 Construction of R-symmetric models

4.2.1 Neutralino and chargino masses

R-symmetry forbids Majorana masses for gauginos, the u-term and trilinear
scalar interactions (A-terms). In such a case the electroweakinos would get
small masses from EWSB, but the gluinos would be massless. Since massless
or light gauginos do not exist, one needs to add new chiral superfields in the
adjoint representation of SU(3)¢, SU(2)r, and U(1)y to allow Dirac mass terms
for the gauginos [479]. A strong motivation for R-symmetric models is that
they are a natural framework for Dirac gauginos. Models with Dirac gauginos
have become more popular since the production cross section of gauginos is
suppressed compared to Majorana gauginos [480,481] and hence the bounds
from the LHC are not as severe.

Dirac gauginos need new superfields S, T and O, which are in the adjoint rep-
resentation of U(1), SU(2) and SU(3), respectively. The field strength superfield
can be combined with the chiral superfields if we use a spurion superfield
M = m6*. We may now write the Lagrangian

L=— / 20 M*(c1BoS + caTe(WoT) + csTr(GoO)) + hc., (4.1)

where ¢; are dimensionless! constants.

If there is no p-term, there will be a light chargino that would already have
been detected. This problem can be solved by introducing new superfields R,
and Rg4, which carry the quantum numbers of H, 4 but have a R-charge +2.
Then one may add the terms u, H, Rq + pnqR.Hg to the superpotential, which
give masses for the charginos. Both R, and R4 need to be inert so that they
would not break the R-symmetry spontaneously and lead to an R-axion.

1Usually the spurion field is a D-component of a field strength superfield and hence of mass
dimension two. In such a case the coeffiecients ¢; should have dimension —1. We have simply
absorbed this to the constant m, which has mass dimension one.
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Model Q U° D° L E° H, Hi R, Rqg S T O
U(1)g, 1 1 1 1.1 0 0 2 2 0 0 0
Ulr=p |4/3 2/3 2/3 1 1 0 0 2 2 0 0 0
U(1)r=t 1 1 1 2 0 0 0 2 2 0 0 0
Ul)p——r | 1 1 1 0 2 0 0 2 2 0 0 0

Table 4.1: Alternatives for the R-charges of the minimal R-symmetric model.
The first line is the model of [483]. The other models have the R-charges of SM
fermions identified with the baryon and +lepton numbers. Such choices give
unconventional baryon and lepton numbers for the squarks and sleptons.

4.2.2 R-charge assignments

The R-charges for the MSSM fields can be given in various ways. A phenomeno-
logical constraint is that the scalar fields which get VEVs must have R(y¢) =0
to avoid physical Goldstone bosons. Various options of choosing the R-charges
have been considered in [482]. The generic option is to set the R-charges of
the Higgs fields to zero and then set the R-charges of all sfermions to +1 so
that the MSSM Yukawa couplings are allowed [483]. Such a choice eliminates
completely the d = 5 terms leading to proton decay, but allows the Weinberg
operator (LH,)?. Other options are to set the R-charges equal to the baryon
number or the lepton number. More options can be obtained by taking linear
combinations of these. The R-charges of these options are given in table 4.1.

R-symmetries allow large flavor violation in the sfermion sector without vi-
olating current bounds from flavor physics [483-486]. This is due to negligible
left-right mixing and the absence of soft trilinear scalar couplings, which give
the main constraints for supersymmetry in the flavor sector [487].

If the R-charges are identified with baryon or lepton numbers, this leads
to sleptons carrying baryon number or squarks carrying lepton number. Hence
the sfermions can decay to channels, which conserve B or L but would be
considered R-parity violating in the context of MSSM. The important feature of
R-symmetries is that since baryon or lepton number is conserved, the constraints
from baryon or lepton number violating processes do not produce constraints on
the corresponding couplings. This is a clear difference compared to the MSSM
extended with RPV. We studied squark decays in the case of the R = —L model
in ITI and showed that in some parts of the parameter space the unconventional
decay modes may dominate and give a clear signal.

Some features of the R = B model have been discussed in [482,488]. We
shall discuss the R = —L model in more detail in section 4.3.

4.2.3 The Higgs mass in R-symmetric models

There are some subtleties concerning the SM-like Higgs mass in models with
Dirac gauginos. If the Dirac masses come from supersoft D-term SUSY breaking
like in Eq. (4.1), the gauge sector is basically a vector supermultiplet of N =
2 supersymmetry and in this limit the quartic scalar couplings vanish [489]
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pushing the tree-level Higgs mass down.

Solutions to this problem have been proposed. First, gravity breaks the R-
symmetry and will reintroduce the quartic scalar couplings [489,490]. There
will always be a suppression compared to the MSSM since the effect is seen as
the mixing elements between the SM-like Higgs and the adjoint neutral scalars
S and T° [490,491].

Second, the chiral superfields S and T as singlets and triplets may increase
the tree-level value at low tan S as discussed in section 3.4 if the superpotential
couplings are large. In such a case they may also provide positive loop cor-
rections to the SM-like Higgs mass [492,493]. Altogether one may reach the
125 GeV Higgs mass also in models with Dirac gauginos and R-symmetry.

Another approach to this is to assume that the gaugino masses come from
R-preserving F-term supersymmetry breaking [494]. This choice does not make
the quartic scalar couplings to vanish. In order for the Dirac gaugino masses
to be large, the scale of supersymmetry breaking should be rather low, since
the gaugino masses are of the order (F)2/M?3, whereas soft scalar masses are
suppressed by only two powers of M.

4.3 Phenomenology of the R = —L model

4.3.1 Superpotential and sneutrino as a Higgs

We shall have a closer look on the U(1) g lepton number model considered in III.
In addition to the fields given in table 4.1, we added a right-handed neutrino
N¢ with an R-charge +2.

The idea of identifying the R-charge with lepton number is an old one. In
the 1970’s it was thought that the neutrino could be the superpartner of the
photon [341]. This requires that the SUSY generators do not commute with
lepton number and hence carry lepton number. That idea didn’t work out since
neutrinos are doublets under SU(2) and photons are not. However, identifying
the R-charges with lepton number and extending the MSSM minimally does
produce a phenomenologically interesting model.

The most general superpotential for the model is

W=yY(Q- -H,)U+YPNQ Hy))D*+Y (L. Hy)E® + f(L- H,)N°
+ p(Hy - Ra) + pa(Ry - Ha) + AN (Hy - Hi)N€ 4+ As(Hy - Rq)S + Ng(Ry - Hq) S
+ ArH, TRy + NpR,THy — MrSN® + ML - L)E° + XN(Q - L)D®. (4.2)

The superpotential contains a subset of the couplings of Eq. (3.25), which are
R-parity and lepton number violating in the MSSM. Here they are R-symmetric
and lepton number conserving.

There are several F-term contributions that may increase the SM-like Higgs
mass at tree-level. Each of the terms with coefficients Ay s 7, N can lift the
Higgs mass if the coupling is large and tan 3 is small. These couplings can also
introduce new loop contributions to the SM-like Higgs mass.
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The interesting feature of this model is that the sneutrino has the same
quantum numbers as the down-type Higgs. It does not carry lepton number so
its VEV will not create Majorana neutrino masses nor can it mediate lepton
flavor violating processes. Hence the sneutrino can have a large VEV and mix
with the Higgses. One may even make Hy heavy and its VEV so small that 7y,
may take its place [495]. In such a case also the neutrino Yukawa coupling f
can lift the Higgs mass via the ASUSY mechanism [492]. In the sneutrino as
Higgs case the model can be simplified by assuming the fields R, and Hy heavy
and integrating them out. This still leaves the Ag 7 couplings to lift the Higgs
mass.

If the sneutrino takes the role of the Higgs, the A and )\ couplings take the
role of Yukawa couplings. However, due to the antisymmetry of the first two
indices in A;;, the charged lepton, whose sneutrino has a VEV, cannot get a
mass via this mechanism at tree-level. It can get a mass at loop-level [482], so
it is natural to assume that this is the electron. Hence the electron sneutrino is
the one with the VEV.

4.3.2 Collider phenomenology

The phenomenology of this model has been studied recently. Electroweak pre-
cision measurements were analyzed in [495,496] and the constraints allow quite
a large variation for the unknown parameters. Somewhat heavy gauginos are
favored. Neutrino physics has been considered in [492,497,499] and a sterile
neutrino as a dark matter candidate in [498]. The experimental constraints
from neutrino masses and mixings can be satisfied within this model.

The decay signatures and experimental bounds for neutralinos, charginos,
squarks and sleptons were discussed in [482,500]. In this model squarks are
leptoquarks, i.e. they have a non-zero baryon and lepton number. The mixing
even between stops is negligible, since both of the terms of the mixing element in
(3.35) are small. The A-terms are forbidden by the R-symmetry and can come
only from the R-breaking part. The part proportional to p comes from the
oy Hy Rg-term of the superpotential. When differentiating with respect to H,,
there is a term ,uuRdef}‘z, but since (Ry4) = 0, the contribution to the mixing
element vanishes.

The studies have shown that the "R-parity violating” modes can have a
substantial branching fraction although the typical modes with SM particles
and neutralinos or charginos are often dominant. Sometimes the neutralinos
and charginos decay with neutrinos in the final state so that the signature at the
LHC is a similar cascade as it would be in the MSSM. Altogether the dominant
decay channels depend on the values of the parameters and hence there is a
large variety of possible final states.

The fact that the electron sneutrino has the VEV gives a unique pattern for
the stop decays. Our benchmark points in ITI show that the decay t;, — be™t can
be dominant if the Higgsino is heavier than the stop and comparable to tx" and
bx™ in any case. For the right-handed stop only the conventional decay modes
are possible. Currently CMS has not performed a search for this final state
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— the bounds are derived from the search of first generation leptoquarks and
assuming that the tagger has missed a b-jet [500,501]. ATLAS has performed
a search on RPV stops decaying to bu™ and be™ [502]. ATLAS uses a cut on
hadronic transverse momentum together with a Z-veto for the invariant mass
of the lepton pair. Our selection of signal events was somewhat different. In
addition to the Z-veto we used the a cut on the transverse momentum of the
lepton with the highest transverse momentum. The SM background produces
very few events with pr > 200 GeV, whereas they are typical in the signal as
can be seen from the figures of section VII in III.

The stop can decay as a leptoquark also if R-parity is violated [503, 504].
In the RPV case the leptoquark final state is dominant only if the stop is the
LSP. Otherwise the constraints from lepton number violating processes constrain
the coupling so small that the R-parity conserving decay modes may dominate
and the signature is a top or bottom and multileptons coming from the LSP
[505,506]. In the R = —L model the stop need not to be the LSP for the
branching fraction to be™ to be large.

The case where the stop is lighter than the top quark was analyzed in [507].
They find that the decay mode ¢ — t*v — Whv can be kinematically distin-
guished from ¢ — WbG, where G is the gravitino. In general the stealth stop
case is hard to dinstinguish from top pair production, since the kinematics are
similar and the production cross section is of the same order as the uncertainty
of the SM cross section for top production (see sec. VIII of IIT).

4.4 Models of spontaneous R-parity violation

There are several models, in which non-zero sneutrino VEVs can exist. If the
model conserves lepton number, sneutrino VEVs lead to a Goldstone boson,
usually called majoron [244,508]. This gives a strong phenomenological con-
straint, since the majoron is always accompanied with a light scalar and these
will give a contribution to the invisible decays of the Z-boson [509,510]. Such a
contribution for doublets corresponds to a half of a neutrino generation, which
is experimentally excluded.

There are three ways out. One is to build the model so that the majoron
will be mostly a gauge singlet so that it will not couple to the Z-boson. The
second one is to gauge the lepton number by extending the gauge group with
U(1)p_1, so that the majoron will become the longitudinal polarization state of
the Z’-boson. The third one is to include explicit lepton number violation so
that the majoron will get a mass.

A model representing the first solution is the one proposed by Masiero,
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Romao, Santos and Valle [511,512]. It is based on the superpotential?

W=YU(Q -H) U +YPNQ-Hy)D*+Y ) (L-Hy)E®+ \(H, - Hyg) — %)S
+ u(H, - Hy) +YW(L - H,)N® + kSN°s + MNs + M'S? + \S3,  (4.3)

where vg are singlets with a lepton number L = +1. If (vg), (N°) > (v1) the
majoron will be mostly singlet.

The second solution was introduced by Valle from a superstring-inspired
setup [514]. The phenomenological implications at LEP were discussed in [515].
In this case one must extend the particle content with right-handed neutrinos.
The Z’-boson needs to get a mass clearly larger than myz and this requires a
larger VEV than what the left-handed sneutrino can have as shall be discussed
later. The superpotential of [515] contains in addition to the MSSM Yukawa
couplings the neutrino Yukawa term and the S(H, - Hq)-term.

A model representing the third solution is that proposed by Kitano and
Oda [450], which we studied in I. The superpotential was given in Eq. (3.46).
Spontaneous R-parity violation is generated by assuming large A-terms com-
pared to soft supersymmetry breaking scalar masses. There is an upper bound
for the ratio® |A/m| < 3, above which the scalar field with the smallest Yukawa
coupling will acquire a VEV [516]. In the MSSM going beyond the limit would
lead to a charge (and possibly color) breaking vacuum. In [450] it was assumed
that the neutrino Yukawa couplings would be the smallest ones and then the
deepest minimum would be the one, where the sneutrino gets a VEV. Such a
small neutrino Yukawa coupling also suppresses the left-handed sneutrino VEV.

The term ATNN 2$ violates lepton number by two units and hence the would-
be-majoron gains a mass. Since the mass comes from lepton number violating
terms, it will vanish in the limit Ay — 0. The constraint from invisible Z-boson
decays then gives a lower bound for Ay 2 0.1 [517].

There are some common features to all models with spontaneous RPV. First
the VEV of the doublet sneutrino is constrained by neutrino masses. If the SUSY
breaking scale is O(TeV) the doublet sneutrino VEVs should be less than 1 MeV
[518]. The VEVs of singlet sneutrinos are almost unconstrained. Hence, in many
cases one may simply neglect the VEVs of doublet sneutrinos and consider only
the VEVs of singlet sneutrinos. The neutrino Yukawa terms then generate the
bilinear R-parity violating terms u;(L; - H,), where u; = Y;g-y) (N€©);. Many
phenomenological features of spontaneous R-parity violation are equivalent to
bilinear RPV.

The effective bilinear terms can also be converted to trilinear terms with a

2The original model of [511] was shown not to have a stable R-parity violating vacuum
[513]. The extended model of [512] has additional terms, which help to satisfy experimental
constraints and can give an R-parity violating minimum.

3Here m denotes the soft supersymmetry breaking scalar mass, all of which are assumed
equal and A multiplies the terms of the superpotential in the trilinear terms of the soft
supersymmetry breaking Lagrangian.
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change of basis. By defining

_ pHa+ 3 il

AR

the only bilinear term is the H, H'-term but Yukawa couplings generate R-parity
violating terms when written in the new basis. These terms are proportional
to the Yukawa couplings, although they depend also on how the new lepton
superfields are defined. The sneutrinos will have VEVs in this basis. Another
common basis choice is the one with

vgHg + ZviLi
VUi + vl

where the new Higgs field H” is having a VEV but the sneutrinos have (#) = 0.
Also in this case trilinear terms proportional to the Yukawa couplings will be
generated but there will be bilinear L H,-terms also. In addition to the bilinear
RPYV terms in the superpotential there will be corresponding soft supersymme-
try breaking terms. Those terms cannot in general be rotated away with the
same basis transformation as the superpotential terms.

Since lepton number and R-parity are not conserved, the leptonic sector will
mix with superpartners having the same charge and spin. This includes the
mixing of neutrinos and neutralinos, charged leptons and charginos and Higgs
bosons and sneutrinos. The mixing in the spin-1/2 sector needs to be small to
satisfy phenomenological constraints as will be discussed below, but the mixing
of the Higgs and the right-handed sneutrino may be substantial as was discussed
in I.

Spontaneous RPV generates neutrino masses [519,520]. This constrains the
parameters related to RPV. Neutrino masses from bilinear R-parity violation
were considered in [521]. Viable mass spectra were achieved with p; being a
few MeV’s. Hence, if the right-handed sneutrino VEVs are at the TeV scale, the
neutrino Yukawa couplings should be rather small, O(107°).

The smallness of neutrino masses also explains why models of spontaneous R-
parity violation satisfy the constraints of lepton flavor violation. The smallness
of doublet sneutrino VEVs suppresses lepton flavor violation originating from
the doublet sector and the smallness of neutrino Yukawas (or singlet sneutrino
VEVs) suppresses lepton flavor violation from the singlet sector. There can
be rather large mixing in the scalar sector (if AgAy is large in the case of
superpotential (3.46) or if Ak is large in the case of superpotential (4.3)), but
that contribution to lepton flavor violation will be suppressed by loop factors
and small Yukawa couplings at low energies.

Since R-parity is a discrete symmetry, its spontaneous breaking leads to a
potential domain wall problem. In some models the problem is solved trivially.
If lepton number is conserved, the degenerate vacua are also connected via the
continuous U(1);, symmetry and hence long-range correlations between field
variables can exist. Since all of the minima can be continuously transformed to
each other, there will be no domain walls.

H' (4.4)

H" = (4.5)
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The case, where lepton number is explicitly broken, is more troublesome as
the Goldstone mode does not connect the degenerate vacua. The way to avoid
domain walls in the NMSSM with nonrenormalizable terms and symmetries
is somewhat questionable, since that would mean that we need to introduce
RPV terms in the nonrenormalizable part of the superpotential, whereas the
renormalizable part would be R-parity conserving. Technically that is possi-
ble, although various phenomenological constraints need to be satisfied. The
inflationary solution, discussed in the context of NMSSM in [441], works also in
the case of spontaneous R-parity violation.

4.5 Collider imprints of supersymmetry without
R-parity

The crucial difference between RPV and R-parity conserving (RPC) supersym-
metry is that RPV allows the LSP to decay to SM particles. Usually it is
assumed that the heavier superpartners decay promptly to SM particles and
one or several LSPs. The lifetime of the LSP leads to three scenarios. If the
lifetime is large enough for the particles to escape the detector, the collider
signature is the same as in RPC supersymmetry if the LSP is neutral. If the
lifetime is 107'2...1078 s, the LSP will be seen as displaced vertices. If the
lifetime is even shorter, the decays will be prompt.

We shall first have a look at the implications of RPV to collider searches with
an example, stop pair production. We assume that both A, A’ type couplings
are nonzero and all superpartners decay promptly. As mentioned on p. 58, the
stops are expected to be the lightest squarks. In RPV supersymmetry the LSP
is not a dark matter candidate, so it may be charged. Hence the stop can also be
the LSP and in such a case it will decay directly to SM particles via t — q/*. If
it is not the LSP, it will decay via  — t¥°, by T, where the higgsino-like channel
is preferred if it is kinematically allowed. The lighter superpartner then decays
to SM particles, and the heavier one either directly or via the lighter state.

If a neutralino is the LSP, it will decay to either ¥° — (EF =,
lgq’, X° — vi* — 470~ v, vqq’ or X° = qG — qq¢'f depending on the masses
of the superpartners and the sizes of the RPV couplings. If the chargino is the
LSP, it will decay via Y™ — ¢+v, T, qG and the sleptons decaying either to
leptons or jets and squarks to a quark and a lepton. Hence the overall signature
of the decaying LSP will be one or more leptons, possibly jets and some missing
transverse energy — in the R-parity conserving case this all would simply be
missing transverse energy. Some examples of stop decay modes are given in
figure 4.1.

Even in the rather simple case of a stop pair, there is a multitude of possible
final states. If the stop is the LSP, the signature consists of leptons and quarks,
but in all other cases there will be b-jets, charged leptons and possibly decay
products of W-bosons, jets from lighter quarks and some missing transverse
energy. In the R-parity conserving case the signature would be a b-jet, a decay-
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Figure 4.1: Stop decays in various scenarios. Diagram (a) represents a case
where the stop is the LSP and it decays directly to SM particles. Diagrams (b)
and (c) are examples of cases, where the stop decays to lighter superpartners,
which subsequently decay to SM particles. Diagram (d) is an example of stop
decays in R-parity conserving supersymmetry. R-parity violation allows a larger
variety of final states and produces less missing transverse energy.

ing W-boson and missing transverse energy assuming that there are only a few
superpartners lighter than the stop.

In general the collider signatures depend on the LSP and how R-parity is
broken. If we have spontaneous R-parity violation, only lepton number violating
operators are present and hence the LSP will decay leptonically or semilepton-
ically. Those decay modes are also possible in the case of the R = —L model,
since the A, X' couplings are allowed, even though they are not lepton num-
ber violating. If only the A" couplings were allowed, the LSP would decay to
hadrons.

We review some of the limits of RPV SUSY searches. Searches for displaced
hadronic and leptonic vertices have been performed [522,523|. No signal was
observed and ATLAS gave limits of 0.15 fb for the production cross section of
displaced vertices from new physics. Both ATLAS and CMS gave exclusion
limits for squark production as a function of ¢, where 7 is the mean life time.
Squarks of 700 GeV were excluded over a large range of lifetimes leading to
displaced vertices.

In the case of prompt decays spontaneous RPV leads to (multi)lepton final
states and possibly some jets or missing transverse energy. Both CMS and
ATLAS have performed such searches, though they are interpreted in terms
of explicit R-parity violation and often assuming a single dominant trilinear
RPV coupling. Whereas the RPV terms involving the third generation are
usually larger due to the proportionality to Yukawa couplings, there are typically
more couplings than just a single one that are relevant. Hence the bounds on
superpartner masses are only indicative in the case of spontaneous R-parity
violation. The typical signature of spontaneous RPV consists of decay modes
coming from both LLFE-type and LQ D-type operators.
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None of the analyses sees any statistically significant signal. Assuming a
neutralino LSP, which decays leptonically, ATLAS gets a bound of 1.35 TeV
for a gluino NLSP, 750 GeV for a chargino NLSP and 400 GeV for a slepton
NLSP [524]. This search analyzes many possible final states assuming only
the nature of the LSP and NLSP and hence does not rely too heavily on the
single coupling dominance. ATLAS searches also heavy resonances decaying
to opposite sign leptons of different flavor [525]. This can be interpreted as
bounds on sneutrino masses (which are beyond 1.7 TeV) but this decay mode
is dominant only if sneutrino is the LSP.

CMS has analyzed the case of a stop LSP/NLSP (neutralino LSP if stop is
the NLSP) and found bounds up to 1 TeV but these depend strongly on the
dominant coupling [526]. For the channel £ — byt and the chargino decaying
to leptons the bound is 890 GeV [527].

Leptoquark searches [528,529] can also be interpreted as searches for squarks
in RPV supersymmetry, but the bounds are derived assuming a single dominant
coupling. The bounds are only slightly weaker in RPV supersymmetry due
to other nonzero RPV couplings if the squark is the LSP. If there are lighter
superpartners, the squark will mainly decay via RPC decay modes and the
leptoquark mode may have a small branching ratio.

In many cases leptonic RPV leads to hard leptons, which are easy to trigger.
Especially at the higher end of leptonic pt the SM background is small. Hence
the bounds on masses are often higher than in R-parity conserving supersymme-
try, typically O(1 TeV) for strongly interacting particles. The baryon number
violating RPV couplings lead to signatures that have a significant background
from standard QCD processes, which can hide the signal. The bounds in such
a case are not as restrictive [530-532| as in the leptonic decay modes.

4.6 Higgs and spontaneous R-parity violation

Spontaneous R-parity violation alters the phenomenology of the Higgs sector.
First, since lepton number is not conserved, sneutrinos have to be counted in
the Higgs sector, too. The mixing between 7y and the Higgses is suppressed
due to the smallness of the sneutrino VEV. Hence the left-handed sneutrinos
essentially decouple from the rest of the Higgs sector.

The right-handed sneutrinos may mix largely with the Higgs. In fact we
showed in I that in the model of Kitano and Oda [450] it is not possible to
decouple the right-handed sneutrino from the Higgs sector as the mixing terms
grow if we try to make the sneutrino-dominated state heavy. Hence, as we
showed, even though there are additional terms to the 2 x 2 submatrix from
the couplings with singlets, the lightest scalar cannot be heavier than mz once
R-parity is violated spontaneously. The only way the Higgs mass can be lifted
beyond myz at tree-level is to have a lighter scalar. In such a case the mixing
between the lightest scalar and the Higgs can increase the Higgs mass well
beyond myz. Such a mixing is possible generally in models of spontaneous RPV.

The bound that we found on the lightest scalar mass is not a generic feature
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of spontaneous RPV. It is due to the fact that the singlet S couples to both N
with H, 4 in the superpotential and that in the soft supersymmetry breaking
Lagrangian the only mixing term between N and H, is proportional to the very
small combination A,v;. If we had not included the explicitly lepton number
violating Majorana mass term (like the model of [515]) in the superpotential in
I, we would have been able to decouple the sneutrino from the MSSM Higgs
sector.

In [533] the authors studied spontaneous RPV in the context of the U(1)p_r,
model. Since there only the neutrino Yukawa coupling was added to the MSSM
superpotential, there will be no large mixing between the Higgs and the right-
handed sneutrino. Hence their predictions for the lightest Higgs mass did not
differ much from the MSSM.

Even though spontaneous RPV creates lepton number violation, the SM-like
Higgs does not have lepton number violating decays unless the decay h — xx is
kinematically allowed. The subsequent signals from the lepton number violating
decays of the neutralinos* have been analyzed in [534]. These decays lead to
multilepton final states with missing transverse energy and hence they have a
reasonably low background at the LHC.

The heavy Higgs does have a lepton number violating decay mode® H — hN
if it is kinematically allowed. The SM-like Higgs can have an additional decay
mode h — NN if it is kinematically allowed. A light right-handed sneutrino
does not have too many decay modes available. It may decay to photons via
a charged Higgs loop or undergo a three-body decay via vh*, the latter being
suppressed by the small neutrino Yukawa coupling. For the same reason the
Higgs-sneutrino mixing does not alter the branching ratios too much. The larger
effect may come from the deviation of the hbb-coupling from its SM value as we
discussed in section 3.3 of 1.

The Higgs may have lepton flavor violating decay modes with RPV, although
they are suppressed by either the small left-handed sneutrino VEV or the sneu-
trino Yukawa. In models with explicit RPV one may get a branching ratio
O(1075) for the decay h — u7 [535]. So far the sensitivity of the searches for
this mode are not at that level of precision.

Altogether the SM-like Higgs does not produce significant constraints for
RPV. The absence of any nonstandard Higgs decay modes constrains mostly the
case of superpartners lighter than my, /2. Eventually one will start to constrain
the universal suppression of all Higgs production and decay modes due to the
mixing with sneutrinos.

4The authors had a model with explicit RPV. In this case there is no essential difference
to spontaneous RPV.
5We denote here with N the sneutrino-dominated physical state.



Chapter 5

Left-right symmetric
supersymmetry

5.1 Left-right symmetric models

The basic idea of left-right symmetric models [241,242,536] is that parity is a
symmetry of Nature, which is broken spontaneously. The gauge group of the SM
must be extended by introducing right-handed weak interactions. In a left-right
symmetric theory one should introduce the right-handed fermions as doublets.
If one then generalizes the definition of electric charge by the most evident way
by setting

Q=T;+Th+X, (5.1)

where X is the quantum number related to the U(1) symmetry, one finds that
X = (B —L)/2, where B is baryon number and L is lepton number. Hence the
gauge group of left-right symmetric models is SU(3)c xSU(2), xSU(2)gr xU(1)g_p..

There are different left-right symmetric models depending on how the gauge
symmetry is broken to the SM gauge group. One may also introduce some
features that are not explicitly symmetric under parity, e.g. assign different
values to the gauge couplings of SU(2);, and SU(2)g.

5.1.1 Field content

Left-right symmetry implies that right-handed fermions are in doublets of SU(2)g.
One may notice immediately that a right-handed neutrino is a necessary part
of left-right symmetric models. Hence one may introduce Dirac masses for the
neutrinos. However, the lepton number violating Majorana mass term for the
right-handed neutrino is forbidden by the gauge symmetry.

The fact that left- and right-handed fermions are doublets means that the
Higgs that gives masses to the SM fermions must be a bidoublet, i.e. be in the
(2,2) representation of SU(2);,xSU(2)g:

71
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0 +
o= (‘pl ‘pg) . (5.2)
P2 P2

The bidoublet has two neutral components, which couple to different com-
ponents of the doublets and hence it could in principle give masses to up- and
down-type quarks and leptons. If one would use only a single Yukawa coupling
for all quarks, we should have my/m; = ms/m. = ma/m, = (p3)/(#?), which
is not satisfied. As we discuss later, such a setup would also provide a large
mixing between the left- and right-handed gauge bosons, which is experimen-
tally excluded. To avoid a large left-right mixing in the gauge sector, one of the
neutral components of the bidoublet must be inert or the VEV should be tiny.
In the following we shall simply assume that only one bidoublet component gets
a nonzero VEV.

In the nonsupersymmetric case one may proceed like in the SM and use
the charge-conjugated bidoublet ®¢ = 7, ®* 1 to get two Yukawa matrices for
quarks, which allow to generate masses and CKM-mixings [537-540]. In the su-
persymmetric version of left-right symmetry one needs two bidoublet superfields,
which we denote by ® and X in order to get the correct pattern of masses and
mixings.

The bidoublets will give the gauge bosons of SU(2);, and SU(2)r a mass
but they will be equal. One needs still additional scalars, which are singlets
under SU(2)y, but charged under SU(2)r to make the right-handed gauge bosons
heavy. The most common choice is to use triplets [14, 541, 542], since they
simultaneously allow to generate masses for neutrinos. However, one may also
use doublets to break SU(2)r and assume neutrino masses to be generated via
operators of higher dimension.

In nonsupersymmetric theories it is enough to have just one triplet Ag in
the (1,1, 3,2) representation, which then implies via left-right symmetry that
there should also be a triplet Ay, in the (1,3, 1,2) representation. The triplets
are usually written in the 2 x 2 form like

+ +
ApLr= <5 (?0‘/5 (;1;\/5) . (5.3)

In supersymmetric models one also needs to add triplets with B — L = —2
to cancel anomalies. Hence the Higgs content of left-right symmetric models
is very large. In the nonsupersymmetric case even the minimal field content!
requires four CP-even, two CP-odd, two singly charged and two doubly charged
physical scalars. In the supersymmetric version there are eight CP-even, six
CP-o0dd, six singly charged and four doubly charged states.

The superpotential for a left-right symmetric model with triplets is

W =Y Q1 ®Qr + Y3QLXQr+ Y LI®Lr + Y LT XLr + Y LT A1 LL
+ YALEASRLR + pr Tr(Ar1pAsr) + urTr(A1rAgg) + pTr(Pmo X 7s)
+/J,q>TI‘(<I)TQ‘1)TQ) +uxTI‘(X7'2X7‘2), (54)

LIf SU(2)R triplets are chosen to break the symmetry.
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where Y& ;, are 3 x 3 Yukawa matrices, 7, is the second Pauli matrix and Aqp
and Asg are the triplets with B — L = +2. One can also introduce a singlet
superfield S and generate the couplings between the Higgs multiplets dynami-
cally by replacing p; — \;S.

The field content of left-right symmetric supersymmetry (LRSUSY) has one
clear advantage compared to the MSSM: Since there are no right-handed singlet
superfields and the Higgses are bidoublet fields, none of the R-parity violating
terms of (3.25) are possible. You need not to impose R-parity, it is dictated
by the symmetries and the particle content. This is due to B — L being a part
of the gauge symmetry, which prevents the interactions leading to fast proton
decay [543, 544].

5.1.2 Bounds on the gauge sector

One may immediately notice that left-right symmetric models predict the exis-
tence of new gauge bosons, denoted by WRi and Zg?. They have decay modes
to dijets and dileptons and searches for such resonances have been made. The
leptonic decay channels of the Wx differ from its left-handed counterpart, unless
neutrinos are Dirac fermions. If there is a Majorana mass term — as is the case
in LRSUSY with triplets — the right-handed neutrinos will decay.

The decay mode will be a charged lepton and an off-shell Wg, which then
subsequently decays. In the case of the lightest right-handed neutrino the decay
will be to a pair of jets and that is the dominant decay channel for the other
generations, too. Hence the signal will be two charged leptons and two jets.
Due to the Majorana nature of the neutrino, the charged lepton coming from
its decay may be of either sign. Hence one should see a similar signature on
both same sign and opposite sign leptons [545]. Such a signature would be a
signal of both the extension of the gauge group and the Majorana character of
neutrinos.

CMS made a dedicated search for right-handed muon neutrinos and Wg
bosons [546]. There were no significant excesses. Assuming gr = gr they
were able to exclude W masses up to 2.5 TeV depending on the right-handed
neutrino mass. ATLAS has made a search in the dijet mode and got a bound
of 2.6 TeV [547], whereas CMS got a bound of 2.7 TeV [548]. These bounds
apply if there are no allowed decay modes to non-SM particles. If the decays to
superpartners are kinematically allowed, the bounds become slightly weaker.

Searches for the Zp have also been made [547,549,550]. The bounds are
typically around 3 TeV. However, if the Wg is beyond 2.5 TeV, the Zr will
be beyond 4 TeV in left-right symmetric models. Hence the bounds on Wx are
more restrictive. The mass bound on Wx, requires the right-handed triplet VEV
to be in the multi-TeV range. This will make many — but not all — triplet
states heavy both in the scalar and the fermionic sector.

2All three neutral physical gauge bosons are mixtures of the pure gauge eigenstates B°,
WLO and Wg. Hence the heavy boson is not only right-handed unlike the right-handed W.
The largest component is W9, which motivates the notation used here.
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In addition to the bound on masses, there is a bound on mixing between the
Wy, and Wg. The mixing term between W, and Wg in LRSUSY is 1 g2 ((09¢9) +
(X9x9)), where ¢ and x? are the neutral components of ® and X, respectively.
The mixing angle can be constrained from e.g. muon decays or kaon physics [551]
and the bounds are 0(0.03) when light right-handed neutrinos are not assumed.
Hence only one component of a bidoublet can have a large VEV.

5.1.3 Vacuum stability

The LRSUSY model where SU(2)g is broken by triplets has a problem with
its vacuum [552,553]. In the supersymmetric limit at tree-level there is a set
of degenerate charge-breaking vacua, which are connected via a doubly charged
Goldstone mode. When supersymmetry is broken, a preferred vacuum is picked
and this will be charge breaking and the doubly charged Higgs mass matrix will
have a negative eigenvalue. There have been various approaches to solve this
problem.

The first solution was the one suggested by Kuchimanchi and Mohapatra.
Spontaneous R-parity violation can stabilize the vacuum [552]. Right-handed
sneutrinos can indeed have large VEVs as was discussed in chapter 4 and that
may indeed provide a stable vacuum. This makes the LSP unstable and hence
one has problems with finding a dark matter candidate but otherwise this setup
leads to a viable model.

Mohapatra and Rasin then showed that nonrenormalizable terms in the su-
perpotential may be enough to guarantee a charge conserving vacuum [554,555].
The most important operator will be ﬁ[’IY(AlRTAgR)]z. By choosing the sign
of A\ one may make the energy of the charge conserving minimum lower than
the charge breaking one. A larger set of nonrenormalizable terms was analyzed
in [556] with similar conclusions.

Aulakh et al. [557] proposed the use of yet more triplets Qp € (1,1,3,0)
and Qg € (1,3,1,0), which can also help to achieve a stable vacuum. In such a
setup spontaneous R-parity violation would result in a charge breaking vacuum
[658]. Hence if the vacuum is neutral, R-parity is conserved. There are a few
phenomenological studies on this model [559, 560].

Babu and Mohapatra noted that the vacuum problem can also be cured
by radiative corrections [561]. The one-loop corrections from the right-handed
leptons and sleptons had an effect on the right-handed triplet masses. The
radiative corrections could make the charge conserving vacuum stable and lift
the doubly charged Higgs mass up to a few hundred GeV’s. If the left-handed
fields had VEVs, their radiatively corrected masses would be O(vy) and since
left-handed triplet VEVs are severely constrained by the p parameter, they
would be too light [562]. However, there is no phenomenological problem with
the left-handed triplets being inert.

If the corrections from the lepton-slepton sector are dominant, this entan-
gles the right-handed triplet VEV to the soft supersymmetry breaking slepton
masses. Namely, if the sleptons were significantly lighter than vg, the one-loop
correction would turn negative [563]. The full one-loop corrections were an-
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alyzed in [564]. The authors noted that also the gauge sector and the Higgs
sector can contribute significantly to the doubly charged Higgs mass and thus
this opens more options to achieve a stable and neutral R-parity conserving
vacuum.

We used the radiative corrections to lift the doubly charged Higgs mass in
IT and IV. In IT only the corrections from the right-handed lepton sector were
taken into account. This correction is the dominant one, if sleptons are heavy
and the Yukawa coupling between the leptons and the triplet is large. In IV
we wanted to study a sneutrino LSP and hence the main correction needed to
come from the gauge and Higgs sectors of the model. That was indeed possible
if the corresponding couplings were large and the gauginos somewhat heavy.

The doubly charged Higgs masses we were able to obtain were at most
slightly above 500 GeV. The bounds from same sign dilepton searches [287,288|
exclude a doubly charged Higgs at these masses unless it decays dominantly to
same sign taus. In that channel the current mass bound is 396 GeV for left-
handed doubly charged Higgses [288]. For right-handed doubly charged Higgses
the bound is lower due to the reduced coupling to Z-bosons. CMS does not
quote a bound for right-handed doubly charged Higgses, but one can estimate
that the bound is 300 GeV or a bit more.

The right-handed neutrinos get their masses through the same Yukawa cou-
plings that govern the doubly charged Higgs decay and hence also the other
couplings must be nonzero, but an order of magnitude smaller so that the de-
cays to these modes are suppressed.

5.1.4 Neutralinos and charginos

The model has also a rich neutralino and chargino spectrum. In addition to
three neutral gauginos, the bidoublets and triplets give eight more neutralinos
and if a singlet is included, the total number of neutralinos is 12. The full mass
matrix of neutralinos is given in [565].

The spectrum depends on further assumptions. If we don’t include sin-
glet self-interactions in the superpotential as in IT there will be a light singlet-
dominated neutralino. The spectrum depends mostly on the soft supersymmetry
breaking terms and the (effective) u-term. At tree-level two bidoublet Higgsinos
form a Dirac fermion with a mass |pes| and the left-handed triplet neutralinos
decouple if the triplet scalars are inert. Otherwise all of the neutralinos mix
and hence the analysis is complicated.

If the gauginos are lighter than the higgsinos and we have universal gaugino
masses, the bino-dominated state will be the lightest neutralino. Since the gauge
group is U(1)p_r and not U(1)y as in the MSSM, the bino will have somewhat
different properties. For instance, its coupling to the SM-like Higgs is small,
since the bidoublets are not charged under U(1)p_r.

If the bino-like state is the LSP, there will often be leptons in the decay
chains of superpartners and this gives the best chance to see a signal at hadron
colliders. In [565] some benchmarks were considered and in the case of light
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sleptons, the signals in dilepton and multilepton channels would be stronger
than in the MSSM. Some of the benchmarks considered are now excluded.

There are six charginos and two doubly charged charginos. In addition to
the MSSM particle content there is a new charged gaugino, a new charged
Higgsino from the bidoublets and two charginos from the triplets. The dou-
bly charged charginos come from the triplets. The phenomenology of doubly
charged charginos was considered in [566,567]. The multilepton + £ signature
has a small background at hadron colliders and allows to find or exclude doubly
charged Higgsinos up to O(500) GeV’s.

5.2 The SM-like Higgs in LRSUSY

5.2.1 The Higgs mass

The number of neutral scalars in LRSUSY is large. There are two MSSM-
like bidoublet Higgses and two inert bidoublets and the SU(2)g breaking fields
provide also new neutral scalars. The model we studied in IT has nine CP-even
scalars and seven physical CP-odd scalars. The size of the mass matrices makes
the analysis challenging.

Like any multi-Higgs model, the tree-level bound on the lightest Higgs mass
can be derived by using only the 2 x 2 submatrix. Due to the bidoublet nature
of the Higgs, the expression g? + g’* of the SM will be replaced by g% + 9122
in LRSUSY. If g1, = gg, the tree-level bound will be v/2my [568], the more
general expression

2
mi < miy (1 + :Z—I;) cos® 23 (5.5)
L

was derived in [569], though there is also an argument that the bound is too
optimistic [570]. In any case it is clear that the upper bound at tree-level is
higher than in the MSSM. One may also note that when tan 3 is close to one,
the tree-level mass goes to zero. Hence the 125 GeV Higgs mass implies a lower
bound for tan §, although the bound depends on the superpartner masses.

Although there are triplets in the model, they do not help in lifting the tree-
level bound, since one cannot write a gauge invariant superpotential coupling
between bidoublets and triplets, which would contribute to the 2 x 2 submatrix.
If we have a singlet, the triplets can make a contribution to the Higgs mass
at the loop level since the F-terms in the scalar potential introduce a coupling
between the bidoublets and triplets® [562]. The loop contribution is large, when
the triplet VEVs are large, but this also increases the tree-level mixing between
the triplets and the bidoublets. The mixing will push the lightest scalar mass
down and hence the main extra contribution to the Higgs mass comes from the
extended gauge structure of the model.

3At tree-level the effect of these terms cancel when the smaller eigenvalue of the 2 x 2
submatrix is considered.
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Figure 5.1: Diagrams which lead to the mixing of inert and active bidoublets.
The vertices are proportional to y; and vy, y:ys, A: and Ay, respectively. The
mixing increases at large tan 3, when vy, = v/2my /v cos 3 becomes large.

5.2.2 The Higgs couplings

The 125 GeV Higgs couplings were analyzed in IT. The most significant difference
compared to the SM is the possibility of a loop-induced mixing in the Higgs sec-
tor, which mixes the inert bidoublets with the SM-like state. The inert bidou-
blets couple to down-type quarks via the up-type Yukawa couplings and vice
versa, so especially the coupling to bottom quarks may get a part that is pro-
portional to the top Yukawa. This can either enhance or suppress the bottom
decay width. Since the bottom has the largest branching ratio, any change in
it will lead to a large deviation in all other signal strengths.

The diagrams that contribute to the mixing of the inert and active bidou-
blets are shown in figure 5.1. The largest term mixing the inert and active®
bidoublets in the mass matrix will be proportional to y;ysm7 In(m?/m?). The
mixing is significant, when tan 3 is large, since then y, = v/2my/vcosf in-
creases. The neutrino masses are generated via the type-II seesaw at TeV-scale
so the corresponding Yukawa couplings are small. Hence the tau coupling will
not be affected.

The model has a relatively light doubly charged Higgs in addition to the other
new charged states. One could expect that these could affect the loop-induced
decays. The couplings to the SM-like Higgs are however suppressed. This is
due to two effects. First, the mass eigenstates are near to the symmetric and
antisymmetric combinations of the gauge eigenstates. For such combinations the
contribution to the h-HTT-H ™~ coupling from the gauge couplings vanishes.
Second, the contribution from F-terms is proportional to sin 23, which is rather
small at the values of tan 5, which allow a 125 GeV Higgs. This is somewhat
similar to the supersymmetric version of the Higgs triplet model, where the
doubly charged Higgs contribution to h — v is also suppressed compared to
the nonsupersymmetric case [457].

At loop-level the large number of new charged superpartners can also cause
deviations from the SM Higgs coupling predictions. The MSSM-like charged
Higgs is not too heavy and the singly and doubly charged charginos can also be
rather light. Typically these additional particles generate a 10% spread in the
effective couplings between the Higgs and ~v or Z~.

The latest limits on the doubly charged Higgs mass [288] exclude about 80%

4We call a scalar field active, when it has a nonzero VEV.
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of the data points of II. This and the Higgs data, which shows no large deviation
from the SM predictions, favor moderate values of tan 8 and somewhat heavy
superpartners.

5.3 Dark matter in LRSUSY

5.3.1 Dark matter — constraints and searches

There are good reasons to believe that the Universe has a large amount of
matter in the form of particles of a species so far unknown to us. The evidence
for dark matter (DM) comes from the CMB power spectrum [21,22], rotational
motion in galaxies [23,24] and the fact that after a galactic collision in the so
called Bullet cluster, gravitational lensing shows that the centers of mass for the
galaxies are not where they would be based on the luminous matter [571]. The
option of astrophysical objects as dark matter is disfavored, because searches
for non-luminous massive objects via gravitational lensing give a strong upper
bound on the density of such objects [572,573]. The option of primordial black
holes as dark matter is not ruled out as long as they are massive enough. In the
following we shall discuss dark matter that is made of particles.

Dark matter can be formed via two mechanisms. If dark matter interacts
so weakly that it is not in thermal equilibrium with the rest of the Universe, it
can be produced via the so called freeze-in mechanism [574]. In many models
of particle physics, the interactions between the dark sector and the SM are so
strong that thermal equilibrium is achieved.

In such a case the number density of dark matter particles is governed by
the Boltzmann equation

dn

i —3Hn — (ov)(n® — nZ,), (5.6)
where n is the number density of dark matter particles, H is the Hubble con-
stant, (ov) is the thermally averaged annihilation cross section times the relative
velocity and n.q is the number density in thermal equilibrium.

In a cooling Universe the number density drops exponentially until the anni-
hilation of dark matter particles is not fast enough to compete with the expan-
sion of the Universe. In such a case the dark matter freezes out and it dilutes
only due to the expansion of the Universe. The relic density can be computed
by solving the Boltzmann equation [575]. If there are other superpartners that
are close in mass to the LSP, coannihilations may alter the relic density [576].

In many models the constraint from the relic density, measured by Planck
to be Qcparh? = 0.1198+£0.0015 [577], is the one that constrains the parameter
space most, since often one gets a too large relic density. A relic density that is
below the Planck limit can be acceptable if dark matter has several components.

Dark matter can be searched with colliders. The methods were described
in section 3.5.1, where the searches for the LSP were reviewed. Such methods
apply to dark matter candidates in other models, too.
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The direct detection experiments are based on dark matter collisions with
ordinary matter and detecting the recoil. The experiments are most sensitive in
the intermediate mass range, 10 GeV< mpsp < 100 GeV, since at lower masses
the recoil becomes small and at larger masses the smaller density of dark matter
particles reduces the frequency of collisions. Currently the strongest constraints
come from the measurements of LUX collaboration [578|, where the limit on
the spin-independent DM-nucleon cross section is 2.2 x 10746 cm? for a 50 GeV
dark matter particle.

Indirect detection experiments try to find signals of decaying dark matter
from the space. Dark matter annihilation to SM particles will in the end lead
to electron-positron pairs, photon pairs or nucleon-antinucleon pairs. Typically
one tries to find either photons, positrons or antiprotons. However, there is
always a background coming from astrophysical sources. There have been some
claims of a signal at various energies [579-581], but none of the claimed signals
has a large statistical significance. Recently the AMS-02 experiment claimed
to see an excess of positrons and antiprotons at high energies that would be
compatible with a TeV-scale dark matter candidate [582].

5.3.2 Right-handed sneutrino as a dark matter candidate

The MSSM and the NMSSM have a limited number of possible dark matter
candidates. The neutralino is by far the most studied dark matter candidate
(for MSSM, see e.g. [583-589], for NMSSM e.g. [590-592]). Also the gravitino
is a viable candidate in theories with local supersymmetry. In the case of a
gravitino LSP, the next-to-lightest supersymmetric particle or the lightest mes-
senger typically has a long lifetime and the relic density is determined by its
production and decays to the gravitino [593-595].

The third type of neutral superpartners in the MSSM, the left-handed sneu-
trino, is outruled. If the left-handed sneutrino were light it would have given a
contribution to the invisible Z-boson decay width. The heavier sneutrinos are
ruled out by direct detection experiments in the range where they would give
the observed relic density [458,459].

LRSUSY has naturally another dark matter candidate, the right-handed
sneutrino. In models with the (MS)SM gauge structure right-handed (s)neutrinos
are gauge singlets. In such a case it could be possible that the right-handed sneu-
trino only couples to other particles via the neutrino Yukawa coupling, which is
often tiny. In such a case the annihilation cross section would be too small and
the corresponding relic density too large.

One may enhance the annihilation cross section in various ways. One way
is resonant annihilation. In such a case one sets the mass of the LSP close
to one half of e.g. the Higgs mass. The annihilation cross section will get a
sharp maximum at some LSP mass. There will typically be a small interval of
masses, which produces the correct relic density but even a small deviation in
mass could change the relic density by an order of magnitude.

In the superpotential (3.46) the singlet S induces a coupling between the
sneutrino and the Higgs in the F-term scalar potential. Such a coupling need
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not to be small, which can then increase the annihilation cross section [596-599).
On the other hand the coupling is unknown. The annihilation cross section can
also be enhanced by introducing mixing between the left- and right-handed
sneutrinos [600-603], which has also been studied in LRSUSY [604]. The left-
handed part of the sneutrino can annihilate via the Z-boson interactions and
the mixing can make the annihilation cross section right. However, such a large
mixing is not typical at least if we have universal A-terms, i.e. A, x ¥y, .

In LRSUSY there is a D-term coupling between the right-handed sneutrino
and the Higgs. If we assume the Higgs to be close to the alignment limit the
coupling depends only on the value of the right-handed gauge coupling. This
coupling determines the annihilation cross section via a s-channel Higgs, which
is the dominant annihilation channel. Since the only free parameter in the
alignment limit is the sneutrino mass, we may deduce a range of masses for the
LSP sneutrino from the observed relic density.

The gauge coupling is so strong that the s-channel Higgs annihilation pro-
duces the right relic density without resonant annihilation. Hence the LSP mass
does not need to be tuned like in the case of resonant annihilation. In IV we
found viable relic densities with sneutrino masses between 250...290 GeV.

On the other hand sneutrino pair production via the reversed annihilation
diagram is negligible, since the s-channel Higgs would be off-shell and the prop-
agator suppresses the production cross section to the attobarn level. Resonant
production via heavier Higgs bosons is suppressed, since the three-point coupling
is proportional to the VEV of the mass eigenstate and close to the alignment
limit the VEVs of other bidoublet states are nearly zero. On the other hand the
triplets have masses of several TeVs.

The best option to find supersymmetry in the case of sneutrino dark matter
is to produce a right-handed W-boson and search for its decays to sleptons. For
TeV-scale sleptons there will be enough phase space for the branching fraction
to be a few percent. Often the final state will have two rather hard leptons
from the initial decay products and missing transverse momentum. If the Wx
is just above the experimental bound, there will be a clear signal with 100 fb=!
of data. If Wpg is heavier, the production cross section is smaller, but it is
partially compensated by a larger branching fraction to sleptons due to the
larger phase space and harder leptons, which help in distinguishing the signal
from the background.

In IV we studied four benchmark points. The benchmarks with my, ~
2.7 TeV gave a large signal with both sneutrino and neutralino dark matter in
the dilepton +£; channel. The benchmarks with my,, ~ 3.5 TeV also show a
clear deviation from the background with 100 fb—!, but a discovery would need
0O(500) fb~1.

It seems possible to distinguish the LSP candidates by comparing the decay
channels with two and three leptons. This is due to the fact that with a neu-
tralino LSP the decay goes dominantly as Wr — lop — (X°NrX° = 0ljj+Erp.
With a sneutrino LSP the decay chains are often more complicated, which can
lead to additional leptons. The number of three-lepton events compared to
dilepton events is then higher in the sneutrino LSP case than in the neutralino
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LSP case, but the overall number of trilepton events will be rather small with
100 fb=! so we will need high luminosities to be able to distinguish the nature
of the LSP.
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Chapter 6

Summary and outlook

The first run of the LHC has confirmed that the Standard Model is a very good
effective theory at present collider energies. The discovery of a scalar particle
with couplings roughly similar to the Standard Model Higgs has also given
us some knowledge of the mechanism that breaks the electroweak symmetry.
However, the Standard Model is, for reasons discussed in section 1.1, incomplete
and there are several well motivated directions to go beyond the Standard Model.

Supersymmetry remains as a well motivated framework beyond the Standard
Model. The 125 GeV Higgs poses a challenge for supersymmetry in its minimal
form, as it requires heavy superpartners, which makes the model somewhat fine-
tuned. In nonminimal supersymmetric models there are additional contributions
both at tree-level and loops to the SM-like Higgs mass so that the fine-tuning will
not be as severe. The additional particles in nonminimal models may also give
experimental signatures not present in the minimal supersymmetric Standard
Model.

In this thesis we have studied some nonminimal supersymmetric models and
their phenomenological implications.

R-parity conservation is not theoretically necessary, although it has certain
phenomenological advantages. Models without R-parity lead to different collider
signatures and especially the canonical signature of missing transverse momen-
tum is softened. We studied the phenomenology of an R-symmetric model and
a model with spontaneous R-parity violation. Both of these have the advantage
that the proton is stable, since there are no baryon number violating operators.

We derived a new tree-level bound for the lightest CP-even scalar in the
model with spontaneous R-parity violation and showed that the mixing with a
light right-handed sneutrino can increase the mass of the SM-like Higgs up to
the observed value without the need for heavy supersymmetric partners. The
mixing effect needed to get sub-TeV stops is still experimentally viable.

In the R-symmetric model we identified the R-charges with the negative of
the lepton number. This means that squarks carry lepton number. Also in the
R-symmetric model it was possible to have sub-TeV stops and a 125 GeV Higgs.
R-symmetry forbids the terms that mix left- and right-handed stops, while large
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mixing in the stop sector is typical in other supersymmetric models. One of the
stops has a unique decay mode £ — bet, whereas the other one has MSSM-like
decay modes. The discovery potential in the be™ mode is well beyond 1 TeV
stop masses.

In left-right symmetric models parity is broken spontaneously. Left-right
symmetry extends the gauge sector of the SM and has plenty of Higgs bosons,
both neutral, singly and doubly charged ones. The neutral vacuum of left-right
supersymmetry is unstable at tree-level. If the instability is cured by radiative
corrections, a rather light doubly charged Higgs boson is a feature of the model.

We noticed that even though there is a light doubly charged Higgs, its effect
to the loop-induced Higgs decays to vy and Z+~ is rather limited. This is due to
the fact that the coupling of the physical doubly charged Higgs to the Higgs is
suppressed. This is similar to the supersymmetric Higgs triplet model discussed
on page 55, where the effect of the doubly charged Higgses is a lot smaller than
it can be in the nonsupersymmetric case.

The largest new effect in the Higgs couplings is a part proportional to the top
Yukawa in the Higgs coupling to bottom quarks. This is induced by a loop-level
mixing of the bidoublet Higgses. Since the Higgs branching ratio to bottom
quarks is large, this can enhance or suppress all other decay modes significantly.

In left-right supersymmetry the right-handed sneutrino is a part of a doublet.
That makes a difference to other models, where it has been studied as a dark
matter candidate. The annihilation of sneutrinos in the early Universe proceeds
mainly via an s-channel Higgs and the corresponding coupling comes from D-
terms, i.e. is given by the gauge couplings. We found that the sneutrino can be a
viable dark matter candidate without resonant annihilation or sizable left-right
mixing in the sneutrino sector. If we assume the equality of left- and right-
handed gauge couplings, we could predict a range of masses for the sneutrino
from the observed relic density.

In a scenario, where sleptons and electroweak gauginos are the lightest su-
perpartners and all strongly interacting superpartners are heavy, it will be chal-
lenging to find any signs of supersymmetry at the LHC. In left-right supersym-
metry the right-handed gauge sector opens a new possibility as the production
cross section of the gauge bosons is rather large and they may decay also to
superpartners. We showed that if the Wx is just slightly heavier than the cur-
rent experimental bounds, we should be able to see a signal of supersymmetry
in the sleptonic decays of Wg. The analysis of the supersymmetric spectrum
and the nature of the dark matter candidate will need even higher integrated
luminosities.

The Higgs discovery showed us that the idea of spontaneously broken sym-
metries is realized in Nature. It solved, at least partially, the problems of elec-
troweak symmetry breaking and unitarity, but we are still left with several
important and interesting problems, which require new physics. The experi-
ments so far have shown that minimal models with small fine-tuning are not
the solution to these problems.

Many of us wish that the LHC would find hints of new physics at the energy
frontier in the form of new particles. The LHC will hopefully have many years of
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operation with the full design energy, which would allow to explore the terrain
to a few TeVs for particles with strong interactions and close to a TeV for
electroweakly interacting particles.

If that will not lead to a discovery, the hope has to be put to the precision
frontier. Low energy experiments looking for neutrinoless double beta decay
and charged lepton flavor violation, testing the anomalous magnetic moment
of the muon, direct detection experiments of dark matter or searches for rare
decays could give us hints of new physics. The interpretation of such discoveries
will be model dependent but it could lead us to the right track.

The certain thing is that we will get more precise data on the 125 GeV Higgs
couplings. As discussed in the previous chapters, if we find deviations from the
Standard Model, we may be able to favor some models over other ones. Even
if everything looks like the Standard Model, we will be able to constrain the
models with better Higgs data.

The optimism of finding new physics quickly after the start of the LHC is
gone, but the hard work to explore the routes to new physics continues both on
the phenomenological side and the experimental side. Many of these paths will
eventually be dead ends, possibly also the ones that we studied, but exploring
the unknown and finding new ideas that lead us forward have given joy and
excitement to those who participate in these journeys.



86

CHAPTER 6. SUMMARY AND OUTLOOK



Bibliography

[1] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 716 (2012) 1,
arXiv:1207.7214 [hep-ex].

[2] S. Chatrchyan et al. (CMS Collaboration), Phys. Lett. B 716 (2012) 30,
arXiv:1207.7235 [hep-ex].

[3] D. Benjamin (CDF and DO and Tevatron New Phenomena and Higgs
Working Group Collaborations), arXiv:1108.3331 [hep-ex].

[4] S. Chatrchyan et al. (CMS Collaboration), Phys. Lett. B 725 (2013) 36,
arXiv:1302.1764 [hep-ex].

[5] A. Arbey, M. Battaglia, A. Djouadi, F. Mahmoudi and J. Quevillon, Phys.
Lett. B 708 (2012) 162, arXiv:1112.3028 [hep-ph].

[6] Y. Fukuda et al. (Super-Kamiokande Collaboration), Phys. Rev. Lett. 81
(1998) 1562, hep-ex/9807003.

[7] A. Aguilar-Arevalo et al. (LSND Collaboration), Phys. Rev. D 64 (2001)
112007, hep-ex,/0104049.

[8] M. H. Ahn et al. (K2K Collaboration), Phys. Rev. Lett. 90 (2003) 041801,
hep-ex,/0212007.

[9] K. Abe et al. (T2K Collaboration), Phys. Rev. Lett. 107 (2011) 041801,
arXiv:1106.2822 [hep-ex].

[10] F. P. An et al. (Daya Bay Collaboration), Phys. Rev. Lett. 112 (2014)
061801, arXiv:1310.6732 [hep-ex].

[11] S. Weinberg, Phys. Rev. Lett. 43 (1979) 1566.

[12] P. Minkowski, Phys. Lett. B 67 (1977) 421.

[13] W. Konetschny and W. Kummer, Phys. Lett. B 70 (1977) 433.

[14] R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44 (1980) 912.
[15] M. Magg and C. Wetterich, Phys. Lett. B 94 (1980) 61.

87


http://www.arxiv.org/abs/1207.7214
http://www.arxiv.org/abs/1207.7235
http://www.arxiv.org/abs/1108.3331
http://www.arxiv.org/abs/1302.1764
http://www.arxiv.org/abs/1112.3028
http://www.arxiv.org/abs/hep-ex/9807003
http://www.arxiv.org/abs/hep-ex/0104049
http://www.arxiv.org/abs/hep-ex/0212007
http://www.arxiv.org/abs/1106.2822
http://www.arxiv.org/abs/1310.6732

88 BIBLIOGRAPHY

[16] J. Schechter and J. W. F. Valle, Phys. Rev. D 22 (1980) 2227.
[17] R. Foot, H. Lew, X. G. He and G. C. Joshi, Z. Phys. C 44 (1989) 441.

[18] P. A. R. Ade et al. (Planck Collaboration), Astron. Astrophys. 571 (2014)
A15, arXiv:1303.5075 [astro-ph.CO.

[19] P. J. E. Peebles, Astrophys. J. 284 (1984) 439.

[20] A.R. Liddle, D. H. Lyth, P. T. P. Viana and M. J. White, Mon. Not. Roy.
Astron. Soc. 282 (1996) 281, astro-ph/9512102.

[21] G. Hinshaw et al. (WMAP Collaboration), Astrophys. J. Suppl. 208
(2013) 19, arXiv:1212.5226 [astro-ph.CO].

[22] P. A. R. Ade et al. (Planck Collaboration), Astron. Astrophys. 571 (2014)
A16, arXiv:1303.5076 [astro-ph.CO].

[23] F. Zwicky, Helv. Phys. Acta 6 (1933) 110.
[24] V. C. Rubin and W. K. Ford, Jr., Astrophys. J. 159 (1970) 379.

[25] A. G. Riess et al. (Supernova Search Team Collaboration), Astron. J. 116
(1998) 1009, astro-ph/9805201.

[26] S. Perlmutter et al. (Supernova Cosmology Project Collaboration), Astro-
phys. J. 517 (1999) 565, astro-ph/9812133.

[27] R. A. Knop et al. (Supernova Cosmology Project Collaboration), Astro-
phys. J. 598 (2003) 102, astro-ph/0309368.

[28] A. G. Riess et al. (Supernova Search Team Collaboration), Astrophys. J.
607 (2004) 665, astro-ph,/0402512.

[29] A. D. Sakharov, Pisma Zh. Eksp. Teor. Fiz. 5 (1967) 32, JETP Lett. 5
(1967) 24.

[30] C. S. Wu, E. Ambler, R. W. Hayward, D. D. Hoppes and R. P. Hudson,
Phys. Rev. 105 (1957) 1413.

[31] N. Cabibbo, Phys. Rev. Lett. 10 (1963) 531.
[32] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49 (1973) 652.

[33] J. H. Christenson, J. W. Cronin, V. L. Fitch and R. Turlay, Phys. Rev.
Lett. 13 (1964) 138.

[34] B. Aubert et al. (BaBar Collaboration), Phys. Rev. Lett. 87 (2001)
091801, hep-ex,/0107013.

[35] K. Abe et al. (Belle Collaboration), Phys. Rev. Lett. 87 (2001) 091802,
hep-ex,/0107061.


http://www.arxiv.org/abs/1303.5075
http://www.arxiv.org/abs/astro-ph/9512102
http://www.arxiv.org/abs/1212.5226
http://www.arxiv.org/abs/1303.5076
http://www.arxiv.org/abs/astro-ph/9805201
http://www.arxiv.org/abs/astro-ph/9812133
http://www.arxiv.org/abs/astro-ph/0309368
http://www.arxiv.org/abs/astro-ph/0402512
http://www.arxiv.org/abs/hep-ex/0107013
http://www.arxiv.org/abs/hep-ex/0107061

BIBLIOGRAPHY 89
[36] K.-F. Chen et al. (Belle Collaboration), Phys. Rev. Lett. 98 (2007) 031802,
hep-ex,/0608039.

[37] B. Aubert et al. (BaBar Collaboration), Phys. Rev. Lett. 99 (2007)
021603, hep-ex,/0703016.

[38] J. Charles et al. (CKMfitter Group Collaboration), Eur. Phys. J. C 41
(2005) 1, hep-ph/0406184.

[39] D. Derkach (UTfit Collaboration), arXiv:1301.3300 [hep-ph].
[40] P. Huet and E. Sather, Phys. Rev. D 51 (1995) 379, hep-ph/9404302.

[41] M. B. Gavela, P. Hernandez, J. Orloff, O. Pene and C. Quimbay, Nucl.
Phys. B 430 (1994) 382, hep-ph/9406289.

[42] K. Kajantie, M. Laine, K. Rummukainen and M. E. Shaposhnikov, Nucl.
Phys. B 466 (1996) 189, hep-lat/9510020.

[43] K. Kajantie, M. Laine, K. Rummukainen and M. E. Shaposhnikov, Phys.
Rev. Lett. 77 (1996) 2887, hep-ph/9605288.

[44] J. Elias-Miro, J. R. Espinosa, G. F. Giudice, G. Isidori, A. Riotto and
A. Strumia, Phys. Lett. B 709 (2012) 222, arXiv:1112.3022 [hep-ph].

[45] G. Degrassi, S. Di Vita, J. Elias-Miro, J. R. Espinosa, G. F. Giu-
dice, G. Isidori and A. Strumia, JHEP 1208 (2012) 098,
arXiv:1205.6497 [hep-ph].

[46] F. Bezrukov, M. Y. Kalmykov, B. A. Kniehl and M. Shaposhnikov, JHEP
1210 (2012) 140, arXiv:1205.2893 [hep-ph].

[47] O. Lebedev, Eur. Phys. J. C 72 (2012) 2058, arXiv:1203.0156 [hep-ph].

[48] W. Chao, M. Gonderinger and M. J. Ramsey-Musolf, Phys. Rev. D 86
(2012) 113017, arXiv:1210.0491 [hep-ph].

[49] E. J. Chun, H. M. Lee and P. Sharma, JHEP 1211 (2012) 106,
arXiv:1209.1303 [hep-ph].

[50] M. J. G. Veltman, Acta Phys. Polon. B 12 (1981) 437.
[51] M. S. Al-sarhi, I. Jack and D. R. T. Jones, Z. Phys. C 55 (1992) 283.
[52] M. B. Einhorn and D. R. T. Jones, Phys. Rev. D 46 (1992) 5206.

[653] H. Aoki and S. Iso, Phys. Rev. D 86 (2012) 013001,
arXiv:1201.0857 [hep-ph].

[54] G. W. Bennett et al. (Muon G-2 Collaboration), Phys. Rev. D 73 (2006)
072003, hep-ex,/0602035.


http://www.arxiv.org/abs/hep-ex/0608039
http://www.arxiv.org/abs/hep-ex/0703016
http://www.arxiv.org/abs/hep-ph/0406184
http://www.arxiv.org/abs/1301.3300
http://www.arxiv.org/abs/hep-ph/9404302
http://www.arxiv.org/abs/hep-ph/9406289
http://www.arxiv.org/abs/hep-lat/9510020
http://www.arxiv.org/abs/hep-ph/9605288
http://www.arxiv.org/abs/1112.3022
http://www.arxiv.org/abs/1205.6497
http://www.arxiv.org/abs/1205.2893
http://www.arxiv.org/abs/1203.3156
http://www.arxiv.org/abs/1210.0491
http://www.arxiv.org/abs/1209.1303
http://www.arxiv.org/abs/1201.0857
http://www.arxiv.org/abs/hep-ex/0602035

90 BIBLIOGRAPHY

[55] T. Aoyama, M. Hayakawa, T. Kinoshita and M. Nio, Phys. Rev. Lett. 109
(2012) 111808, arXiv:1205.5370 [hep-ph].

[56] M. Davier, A. Hoecker, B. Malaescu and Z. Zhang, Eur. Phys. J. C 71
(2011) 1515, Erratum-ibid. C 72 (2012) 1874, arXiv:1010.4180 [hep-ph].

[57] K. Hagiwara, R. Liao, A. D. Martin, D. Nomura and T. Teubner, J. Phys.
G 38 (2011) 085003, arXiv:1105.3149 [hep-ph].

[58] A. Czarnecki, W. J. Marciano and A. Vainshtein, Phys. Rev. D 67 (2003)
073006, Erratum-ibid. D 73 (2006) 119901, hep-ph/0212229.

[59] J. P. Lees et al. (BaBar Collaboration), Phys. Rev. Lett. 109 (2012)
101802, arXiv:1205.5442 [hep-ex].

[60] J. P. Lees et al. (BaBar Collaboration), Phys. Rev. D 88 (2013) 7, 072012,
arXiv:1303.0571 [hep-ex].

[61] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 115 (2015) 11,
111803, arXiv:1506.08614 [hep-ex].

[62] M. Huschle et al. (Belle Collaboration), Phys. Rev. D 92 (2015) no.7,
072014, arXiv:1507.03233 [hep-ex].

[63] R. Aaij et al. (LHCD Collaboration), Phys. Rev. Lett. 111 (2013) 101805,
arXiv:1307.5024 [hep-ex].

[64] A.J.Buras, R. Fleischer, J. Girrbach and R. Knegjens, JHEP 1307 (2013)
77, arXiv:1303.3820 [hep-ph].

[65] A. J. Buras, J. Girrbach, D. Guadagnoli and G. Isidori, Eur. Phys. J. C
72 (2012) 2172, arXiv:1208.0934 [hep-ph].

[66] C. Bobeth, T. Ewerth, F. Kruger and J. Urban, Phys. Rev. D 66 (2002)
074021, hep-ph,/0204225.

[67] J. K. Mizukoshi, X. Tata and Y. Wang, Phys. Rev. D 66 (2002) 115003,
hep-ph/0208078.

[68] Z. h. Xiong and J. M. Yang, Phys. Lett. B 546 (2002) 221,
hep-ph/0208147.

[69] H. Baer, V. Barger, P. Huang, D. Mickelson, A. Mustafayev and X. Tata,
Phys. Rev. D 87 (2013) 3, 035017, arXiv:1210.3019 [hep-ph].

[70] F. Abe et al. (CDF Collaboration), Phys. Rev. Lett. 74 (1995) 2626,
hep-ex,/9503002.

[71] S. Abachi et al. (DO Collaboration), Phys. Rev. Lett. 74 (1995) 2632,
hep-ex,/9503003.

[72] CMS Collaboration, CMS-PAS-HIG-14-020.


http://www.arxiv.org/abs/1205.5370
http://www.arxiv.org/abs/1010.4180
http://www.arxiv.org/abs/1105.3149
http://www.arxiv.org/abs/hep-ph/0212229
http://www.arxiv.org/abs/1205.5442
http://www.arxiv.org/abs/1303.0571
http://www.arxiv.org/abs/1506.08614
http://www.arxiv.org/abs/1507.03233
http://www.arxiv.org/abs/1307.5024
http://www.arxiv.org/abs/1303.3820
http://www.arxiv.org/abs/1208.0934
http://www.arxiv.org/abs/hep-ph/0204225
http://www.arxiv.org/abs/hep-ph/0208078
http://www.arxiv.org/abs/hep-ph/0208147
http://www.arxiv.org/abs/1210.3019
http://www.arxiv.org/abs/hep-ex/9503002
http://www.arxiv.org/abs/hep-ex/9503003

BIBLIOGRAPHY 91

[73] CMS Collaboration, CMS-PAS-HIG-13-035.

[74] G. Aad et al. (ATLAS Collaboration), Eur. Phys. J. C 73 (2013) 6, 2465,
arXiv:1302.3694 [hep-ex].

[75] G. Aad et al. (ATLAS Collaboration), JHEP 1503 (2015) 088,
arXiv:1412.6663 [hep-ex].

[76] V. Khachatryan et al. (CMS Collaboration), JHEP 1511 (2015) 018,
arXiv:1508.07774 [hep-ex].

[77] S. Chatrchyan et al. (CMS Collaboration), Phys. Lett. B 718 (2013) 1252,
arXiv:1208.0957 [hep-ex].

[78] G. Aad et al. (ATLAS Collaboration), JHEP 1209 (2012) 139,
arXiv:1206.0257 [hep-ex].

[79] H. M. Georgi, S. L. Glashow, M. E. Machacek and D. V. Nanopoulos,
Phys. Rev. Lett. 40 (1978) 692.

[80] F. Wilczek, Phys. Rev. Lett. 39 (1977) 1304.

[81] A. David and G. Passarino, Phys. Lett. B 726 (2013) 266,
arXiv:1307.1843 [hep-ph].

[82] E. Bagnaschi, M. Cacciari, A. Guffanti and L. Jenniches, JHEP 1502
(2015) 133, arXiv:1409.5036 [hep-ph.

[83] M. A. Shifman, A. I. Vainshtein, M. B. Voloshin and V. I. Zakharov, Sov.
J. Nucl. Phys. 30 (1979) 711.

[84] L. Bergstrom and G. Hulth, Nucl. Phys. B 259 (1985) 137, Erratum-ibid.
B 276 (1986) 744.

[85] C. Englert, A. Freitas, M. M. Miihlleitner, T. Plehn, M. Rauch, M. Spira
and K. Walz, J. Phys. G 41 (2014) 113001, arXiv:1403.7191 [hep-ph].

[86] T. Plehn and M. Rauch, Phys. Rev. D 72 (2005) 053008, hep-ph/0507321.

[87] M. J. Dolan, C. Englert and M. Spannowsky, JHEP 1210 (2012) 112,
arXiv:1206.5001 [hep-ph].

[88] J. Baglio, A. Djouadi, R. Grober, M. M. Miihlleitner, J. Quevillon and
M. Spira, JHEP 1304 (2013) 151, arXiv:1212.5581 [hep-ph].

[89] F. Goertz, A. Papaefstathiou, L. L. Yang and J. Zurita, JHEP 1306 (2013)
016, arXiv:1301.3492 [hep-ph].

[90] C. Patrignani et al. (Particle Data Group), Chin. Phys. C 40 (2016) no.10,
100001.

[91] V. L. Ginzburg and L. D. Landau, Zh. Eksp. Teor. Fiz. 20 (1950) 1064.


http://www.arxiv.org/abs/1302.3694
http://www.arxiv.org/abs/1412.6663
http://www.arxiv.org/abs/1508.07774
http://www.arxiv.org/abs/1208.0957
http://www.arxiv.org/abs/1206.0257
http://www.arxiv.org/abs/1307.1843
http://www.arxiv.org/abs/1409.5036
http://www.arxiv.org/abs/1403.7191
http://www.arxiv.org/abs/hep-ph/0507321
http://www.arxiv.org/abs/1206.5001
http://www.arxiv.org/abs/1212.5581
http://www.arxiv.org/abs/1301.3492

92 BIBLIOGRAPHY

[92] The spontaneous formation of domain walls can be traced back to at least
F. C. Frank and J. H. van der Merve, Proc. Roy. Soc. A 198 (1949) 205,
216, where they are discussed in the context of dislocations in solids.

[93] Y. B. Zeldovich, I. Y. Kobzarev and L. B. Okun, Zh. Eksp. Teor. Fiz. 67
(1974) 3, Sov. Phys. JETP 40 (1974) 1.

[94] Y. Nambu, Phys. Rev. 117 (1960) 648.
[95] Y. Nambu and G. Jona-Lasinio, Phys. Rev. 122 (1961) 345.
[96] Y. Nambu and G. Jona-Lasinio, Phys. Rev. 124 (1961) 246.
[97] J. Goldstone, Nuovo Cim. 19 (1961) 154.
[98] J. Goldstone, A. Salam and S. Weinberg, Phys. Rev. 127 (1962) 965.
[99] P. W. Anderson, Phys. Rev. 130 (1963) 439.
[100] A. Klein and B. W. Lee, Phys. Rev. Lett. 12 (1964) 266.
[101] W. Gilbert, Phys. Rev. Lett. 12 (1964) 713.
[102] P. W. Higgs, Phys. Lett. 12 (1964) 132.
[103] F. Englert and R. Brout, Phys. Rev. Lett. 13 (1964) 321.
[104] P. W. Higgs, Phys. Rev. Lett. 13 (1964) 508.

[105] G. S. Guralnik, C. R. Hagen and T. W. B. Kibble, Phys. Rev. Lett. 13
(1964) 585.

[106] T. W. B. Kibble, Phys. Rev. 155 (1967) 1554.

[107] M. C. Gonzalez-Garcia, M. Maltoni and T. Schwetz, JHEP 1411 (2014)
052, arXiv:1409.5439 [hep-ph].

[108] F. J. Yndurain, "Landau poles in the standard model and possible phe-
nomenological implications”, FTUAM-91-03.

[109] S. Weinberg, Phys. Rev. Lett. 19 (1967) 1264.

[110] A. Salam, Proceedings of the 8th Nobel symposium, Lerum, Sweden
(1968) 367.

[111] S. L. Glashow, Nucl. Phys. 22 (1961) 579.
[112] P. Vilain et al. (CHARM-II Collaboration), Phys. Lett. B 335 (1994) 246.

[113] K. S. McFarland et al. (CCFR and E744 and E770 Collaborations), Eur.
Phys. J. C 1 (1998) 509, hep-ex/9701010.

[114] P. L. Anthony et al. (SLAC E158 Collaboration), Phys. Rev. Lett. 95
(2005) 081601, hep-ex,/0504049.


http://www.arxiv.org/abs/1409.5439
http://www.arxiv.org/abs/hep-ex/9701010
http://www.arxiv.org/abs/hep-ex/0504049

BIBLIOGRAPHY 93

[115] S. Schael et al. (ALEPH and DELPHI and L3 and OPAL and SLD
and LEP Electroweak Working Group and SLD Electroweak Group and
SLD Heavy Flavour Group Collaborations), Phys. Rept. 427 (2006) 257,
hep-ex,/0509008.

[116] S. Chatrchyan et al. (CMS Collaboration), JHEP 1401 (2014) 096,
arXiv:1312.1129 [hep-ex].

[117] G. Aad et al. (ATLAS Collaboration), Phys. Rev. D 92 (2015) 1, 012006,
arXiv:1412.2641 [hep-ex].

[118] S. Chatrchyan et al. (CMS Collaboration), Phys. Rev. D 89 (2014) 9,
092007, arXiv:1312.5353 [hep-ex].

[119] G. Aad et al. (ATLAS Collaboration), Phys. Rev. D 91 (2015) 1, 012006,
arXiv:1408.5191 [hep-ex].

[120] A. Djouadi, M. Spira and P. M. Zerwas, Phys. Lett. B 264 (1991) 440.
[121] S. Dawson, Nucl. Phys. B 359 (1991) 283.

[122] D. Graudenz, M. Spira and P. M. Zerwas, Phys. Rev. Lett. 70 (1993)
1372.

[123] R. V. Harlander and W. B. Kilgore, Phys. Rev. Lett. 88 (2002) 201801,
hep-ph/0201206.

[124] C. Anastasiou and K. Melnikov, Nucl. Phys. B 646 (2002) 220,
hep-ph/0207004.

[125] V. Ravindran, J. Smith and W. L. van Neerven, Nucl. Phys. B 665 (2003)
325, hep-ph/0302135.

[126] S. Marzani, R. D. Ball, V. Del Duca, S. Forte and A. Vicini, Nucl. Phys.
B 800 (2008) 127, arXiv:0801.2544 [hep-ph.

[127] A. Pak, M. Rogal and M. Steinhauser, Phys. Lett. B 679 (2009) 473,
arXiv:0907.2998 [hep-ph].

[128] R. V. Harlander and K. J. Ogzeren, JHEP 0911 (2009) 088,
arXiv:0909.3420 [hep-ph].

[129] A. Djouadi and P. Gambino, Phys. Rev. Lett. 73 (1994) 2528,
hep-ph/9406432.

[130] A. Djouadi, P. Gambino and B. A. Kniehl, Nucl. Phys. B 523 (1998) 17,
hep-ph/9712330.

[131] G. Degrassi and F. Maltoni, Phys. Lett. B 600 (2004) 255,
hep-ph,/0407249.


http://www.arxiv.org/abs/hep-ex/0509008
http://www.arxiv.org/abs/1312.1129
http://www.arxiv.org/abs/1412.2641
http://www.arxiv.org/abs/1312.5353
http://www.arxiv.org/abs/1408.5191
http://www.arxiv.org/abs/hep-ph/0201206
http://www.arxiv.org/abs/hep-ph/0207004
http://www.arxiv.org/abs/hep-ph/0302135
http://www.arxiv.org/abs/0801.2544
http://www.arxiv.org/abs/0907.2998
http://www.arxiv.org/abs/0909.3420
http://www.arxiv.org/abs/hep-ph/9406432
http://www.arxiv.org/abs/hep-ph/9712230
http://www.arxiv.org/abs/hep-ph/0407249

94 BIBLIOGRAPHY
[132] S. Actis, G. Passarino, C. Sturm and S. Uccirati, Phys. Lett. B 670 (2008)
12, arXiv:0809.1301 [hep-ph].

[133] C. Anastasiou, R. Boughezal and F. Petriello, JHEP 0904 (2009) 003,
arXiv:0811.3458 [hep-ph].

[134] C. Anastasiou, C. Duhr, F. Dulat, F. Herzog and B. Mistlberger, Phys.
Rev. Lett. 114 (2015) 212001, arXiv:1503.06056 [hep-ph].

[135] P. A. Baikov, K. G. Chetyrkin, A. V. Smirnov, V. A. Smirnov
and M. Steinhauser, Phys. Rev. Lett. 102 (2009) 212002,
arXiv:0902.3519 [hep-ph].

[136] T. Gehrmann, E. W. N. Glover, T. Huber, N. Ikizlerli and C. Studerus,
JHEP 1006 (2010) 094, arXiv:1004.3653 [hep-ph.

[137] C. Anastasiou, C. Duhr, F. Dulat, F. Herzog and B. Mistlberger, JHEP
1312 (2013) 088, arXiv:1311.1425 [hep-ph.

[138] W. B. Kilgore, Phys. Rev. D 89 (2014) 7, 073008,
arXiv:1312.1296 [hep-ph].

[139] Y. Li and H. X. Zhu, JHEP 1311 (2013) 080, arXiv:1309.4391 [hep-ph].

[140] C. Duhr and T. Gehrmann, Phys. Lett. B 727 (2013) 452,
arXiv:1309.4393 [hep-ph].

[141] C. Anastasiou, C. Duhr, F. Dulat and B. Mistlberger, JHEP 1307 (2013)
003, arXiv:1302.4379 [hep-ph].

[142] C. Anastasiou, C. Duhr, F. Dulat, E. Furlan, T. Gehrmann, F. Her-
zog, A. Lazopoulos and B. Mistlberger, JHEP 1605 (2016) 058,
arXiv:1602.00695 [hep-ph].

[143] D. R. T. Jones and S. T. Petcov, Phys. Lett. B 84 (1979) 440.

[144] R. N. Cahn and S. Dawson, Phys. Lett. B 136 (1984) 196, Phys. Lett. B
138 (1984) 464.

[145] T. Han, G. Valencia and S. Willenbrock, Phys. Rev. Lett. 69 (1992) 3274,
hep-ph/9206246.

[146] T. Figy, C. Oleari and D. Zeppenfeld, Phys. Rev. D 68 (2003) 073005,
hep-ph,/0306109.

[147] P. Bolzoni, F. Maltoni, S. O. Moch and M. Zaro, Phys. Rev. Lett. 105
(2010) 011801, arXiv:1003.4451 [hep-ph].

[148] P. Bolzoni, F. Maltoni, S. O. Moch and M. Zaro, Phys. Rev. D 85 (2012)
035002, arXiv:1109.3717 [hep-ph].


http://www.arxiv.org/abs/0809.1301
http://www.arxiv.org/abs/0811.3458
http://www.arxiv.org/abs/1503.06056
http://www.arxiv.org/abs/0902.3519
http://www.arxiv.org/abs/1004.3653
http://www.arxiv.org/abs/1311.1425
http://www.arxiv.org/abs/1312.1296
http://www.arxiv.org/abs/1309.4391
http://www.arxiv.org/abs/1309.4393
http://www.arxiv.org/abs/1302.4379
http://www.arxiv.org/abs/1602.00695
http://www.arxiv.org/abs/hep-ph/9206246
http://www.arxiv.org/abs/hep-ph/0306109
http://www.arxiv.org/abs/1003.4451
http://www.arxiv.org/abs/1109.3717

BIBLIOGRAPHY 95
[149] M. Cacciari, F. A. Dreyer, A. Karlberg, G. P. Salam and G. Zanderighi,
Phys. Rev. Lett. 115 (2015) 8, 082002, arXiv:1506.02660 [hep-ph].

[150] S. Heinemeyer et al. (LHC Higgs Cross Section Work-
ing Group Collaboration), arXiv:1307.1347 [hep-ph] and
https://twiki.cern.ch/twiki/bin/view /LHCPhysics/CERNYellowReportPageAt1314TeV2014.

[151] B. W. Lee, C. Quigg and H. B. Thacker, Phys. Rev. D 16 (1977) 1519.

[152] B. L. Ioffe and V. A. Khoze, Sov. J. Part. Nucl. 9 (1978) 50, Fiz. Elem.
Chast. Atom. Yadra 9 (1978) 118.

[153] T. Han and S. Willenbrock, Phys. Lett. B 273 (1991) 167.

[154] O. Brein, A. Djouadi and R. Harlander, Phys. Lett. B 579 (2004) 149,
hep-ph /0307206

[155] O. Brein, R. Harlander, M. Wiesemann and T. Zirke, Eur. Phys. J. C 72
(2012) 1868, arXiv:1111.0761 [hep-ph].

[156] M. L. Ciccolini, S. Dittmaier and M. Kramer, Phys. Rev. D 68 (2003)
073003, hep-ph/0306234.

[157] R. Raitio and W. W. Wada, Phys. Rev. D 19 (1979) 941.
[158] Z. Kunszt, Nucl. Phys. B 247 (1984) 339.

[159] J. F. Gunion, H. E. Haber, F. E. Paige, W. K. Tung and S. S. D. Willen-
brock, Nucl. Phys. B 294 (1987) 621.

[160] D. A. Dicus and S. Willenbrock, Phys. Rev. D 39 (1989) 751.
[161] W. J. Marciano and F. E. Paige, Phys. Rev. Lett. 66 (1991) 2433.
[162] J. F. Gunion, Phys. Lett. B 261 (1991) 510.

[163] L. Reina and S. Dawson, Phys. Rev. Lett. 87 (2001) 201804,
hep-ph/0107101.

[164] L. Reina, S. Dawson and D. Wackeroth, Phys. Rev. D 65 (2002) 053017,
hep-ph/0109066.

[165] W. Beenakker, S. Dittmaier, M. Kramer, B. Plumper, M. Spira and
P. M. Zerwas, Phys. Rev. Lett. 87 (2001) 201805, hep-ph/0107081.

[166] Y. Zhang, W. G. Ma, R. Y. Zhang, C. Chen and L. Guo, Phys. Lett. B
738 (2014) 1, arXiv:1407.1110 [hep-ph].

[167] L. Resnick, M. K. Sundaresan and P. J. S. Watson, Phys. Rev. D 8 (1973)
172.

[168] J. R. Ellis, M. K. Gaillard and D. V. Nanopoulos, Nucl. Phys. B 106
(1976) 292.


http://www.arxiv.org/abs/1506.02660
http://www.arxiv.org/abs/1307.1347
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt1314TeV2014
http://www.arxiv.org/abs/hep-ph/0307206
http://www.arxiv.org/abs/1111.0761
http://www.arxiv.org/abs/hep-ph/0306234
http://www.arxiv.org/abs/hep-ph/0107101
http://www.arxiv.org/abs/hep-ph/0109066
http://www.arxiv.org/abs/hep-ph/0107081
http://www.arxiv.org/abs/1407.1110

96 BIBLIOGRAPHY

[169] E. Braaten and J. P. Leveille, Phys. Rev. D 22 (1980) 715.
[170] N. Sakai, Phys. Rev. D 22 (1980) 2220.
[171] T. Inami and T. Kubota, Nucl. Phys. B 179 (1981) 171.

[172] S. G. Gorishnii, A. L. Kataev, S. A. Larin and L. R. Surguladze, Mod.
Phys. Lett. A 5 (1990) 2703.

[173] S. G. Gorishnii, A. L. Kataev, S. A. Larin and L. R. Surguladze, Phys.
Rev. D 43 (1991) 1633.

[174] L. R. Surguladze, Phys. Lett. B 341 (1994) 60, hep-ph/9405325.
[175] K. G. Chetyrkin, Phys. Lett. B 390 (1997) 309, hep-ph/9608318.

[176] P. A. Baikov, K. G. Chetyrkin and J. H. Kuhn, Phys. Rev. Lett. 96 (2006)
012003, hep-ph,/0511063.

[177] C. Anastasiou, F. Herzog and A. Lazopoulos, JHEP 1203 (2012) 035,
arXiv:1110.2368 [hep-ph].

[178] J. Fleischer and F. Jegerlehner, Phys. Rev. D 23 (1981) 2001.
[179] W. Y. Keung and W. J. Marciano, Phys. Rev. D 30 (1984) 248.
[180] T. G. Rizzo, Phys. Rev. D 22 (1980) 722.

[181] J. Fleischer and F. Jegerlehner, Nucl. Phys. B 216 (1983) 469.
[182] B. A. Kniehl, Z. Phys. C 55 (1992) 605.

[183] A. Denner, J. Kublbeck, R. Mertig and M. Bohm, Z. Phys. C 56 (1992)
261.

[184] B. A. Kniehl, Phys. Rept. 240 (1994) 211.

[185] A. Djouadi, M. Spira, J. J. van der Bij and P. M. Zerwas, Phys. Lett. B
257 (1991) 187.

[186] C. Delaunay, R. Ozeri, G. Perez and Y. Soreq, arXiv:1601.05087 [hep-ph].
[187] M. Spira, A. Djouadi and P. M. Zerwas, Phys. Lett. B 276 (1992) 350.

[188] A. Djouadi, J. Kalinowski and M. Spira, Comput. Phys. Commun. 108
(1998) 56, hep-ph/9704448.

[189] G. Aad et al. (ATLAS Collaboration), Eur. Phys. J. C 75 (2015) 10, 476,
arXiv:1506.05669 [hep-ex].

[190] V. Khachatryan et al. (CMS Collaboration), Phys. Rev. D 92 (2015) 1,
012004, arXiv:1411.3441 [hep-ex].


http://www.arxiv.org/abs/hep-ph/9405325
http://www.arxiv.org/abs/hep-ph/9608318
http://www.arxiv.org/abs/hep-ph/0511063
http://www.arxiv.org/abs/1110.2368
http://www.arxiv.org/abs/1601.05087
http://www.arxiv.org/abs/hep-ph/9704448
http://www.arxiv.org/abs/1506.05669
http://www.arxiv.org/abs/1411.3441

BIBLIOGRAPHY 97
[191] V. Khachatryan et al. (CMS Collaboration), Eur. Phys. J. C 75 (2015) 5,
212, arXiv:1412.8662 [hep-ex].

[192] G. Aad et al. (ATLAS Collaboration), Eur. Phys. J. C 76 (2016) 1, 6,
arXiv:1507.04548 [hep-ex].

[193] G. Aad et al. (ATLAS Collaboration), JHEP 1605 (2016) 160,
arXiv:1604.03812 [hep-ex].

[194] S. Chatrchyan et al. (CMS Collaboration), Phys. Lett. B 726 (2013) 587,
arXiv:1307.5515 [hep-ex].

[195] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 732 (2014) 8,
arXiv:1402.3051 [hep-ex].

[196] V. Khachatryan et al. (CMS Collaboration), Phys. Lett. B 744 (2015)
184, arXiv:1410.6679 [hep-ex].

[197] V. Khachatryan et al. (CMS Collaboration), Phys. Lett. B 749 (2015)
337, arXiv:1502.07400 [hep-ex].

[198] G. Aad et al. (ATLAS Collaboration), JHEP 1511 (2015) 211,
arXiv:1508.03372 [hep-ex].

[199] G. Aad et al. (ATLAS Collaboration), arXiv:1604.07730 [hep-ex].

[200] G. Aad et al. (ATLAS Collaboration), Phys. Rev. Lett. 112 (2014) 201802,
arXiv:1402.3244 [hep-ex].

[201] G. Aad et al. (ATLAS Collaboration), Eur. Phys. J. C 75 (2015) 7, 337,
arXiv:1504.04324 [hep-ex].

[202] V. Khachatryan et al. (CMS Collaboration), arXiv:1610.09218 [hep-ex].

[203] F. Caola and K. Melnikov, Phys. Rev. D 88 (2013) 054024,
arXiv:1307.4935 [hep-ph].

[204] V. Khachatryan et al. (CMS Collaboration), JHEP 1609 (2016) 051,
arXiv:1605.02329 [hep-ex].

[205] T. D. Lee, Phys. Rev. D 8 (1973) 1226.
[206] N. G. Deshpande and E. Ma, Phys. Rev. D 18 (1978) 2574.

[207] B. Swiezewska and M. Krawczyk, Phys. Rev. D 88 (2013) 3, 035019,
arXiv:1212.4100 [hep-ph].

[208] A. Goudelis, B. Herrmann and O. Stal, JHEP 1309 (2013) 106,
arXiv:1303.3010 [hep-ph].

[209] A. Arhrib, Y. L. S. Tsai, Q. Yuan and T. C. Yuan, JCAP 1406 (2014)
030, arXiv:1310.0358 [hep-ph].


http://www.arxiv.org/abs/1412.8662
http://www.arxiv.org/abs/1507.04548
http://www.arxiv.org/abs/1604.03812
http://www.arxiv.org/abs/1307.5515
http://www.arxiv.org/abs/1402.3051
http://www.arxiv.org/abs/1410.6679
http://www.arxiv.org/abs/1502.07400
http://www.arxiv.org/abs/1508.03372
http://www.arxiv.org/abs/1604.07730
http://www.arxiv.org/abs/1402.3244
http://www.arxiv.org/abs/1504.04324
http://www.arxiv.org/abs/1610.09218
http://www.arxiv.org/abs/1307.4935
http://www.arxiv.org/abs/1605.02329
http://www.arxiv.org/abs/1212.4100
http://www.arxiv.org/abs/1303.3010
http://www.arxiv.org/abs/1310.0358

98 BIBLIOGRAPHY

[210] B. W. Lee, FERMILAB-CONF-72-092-T, NAL-THY-92.

[211] M. Maniatis, A. von Manteuffel, O. Nachtmann and F. Nagel, Eur. Phys.
J. C 48 (2006) 805, hep-ph/0605184.

[212] A. Barroso, P. M. Ferreira and R. Santos, Phys. Lett. B 652 (2007) 181,
hep-ph /0702098 [hep-ph].

[213] 1. P. Ivanov, Phys. Rev. D 77 (2008) 015017, arXiv:0710.3490 [hep-ph].
[214] S. L. Glashow and S. Weinberg, Phys. Rev. D 15 (1977) 1958.

[215] C. L. Lin, C. E. Lee and Y. W. Yang, Phys. Rev. D 50 (1994) 558,
hep-ph/9311272.

[216] L. J. Hall and S. Weinberg, Phys. Rev. D 48 (1993) 979, hep-ph/9303241.

[217] A. E. Carcamo Hernandez, R. Martinez and J. A. Rodriguez, Eur. Phys.
J. C 50 (2007) 935, hep-ph,/0606190.

[218] B. Dumont, J. F. Gunion, Y. Jiang and S. Kraml, Phys. Rev. D 90 (2014)
035021, arXiv:1405.3584 [hep-ph].

[219] G. C. Branco, P. M. Ferreira, L. Lavoura, M. N. Rebelo, M. Sher and
J. P. Silva, Phys. Rept. 516 (2012) 1, arXiv:1106.0034 [hep-ph].

[220] V. Barger, H. E. Logan and G. Shaughnessy, Phys. Rev. D 79 (2009)
115018, arXiv:0902.0170 [hep-ph].

[221] J. F. Gunion and H. E. Haber, Phys. Rev. D 67 (2003) 075019,
hep-ph/0207010.

[222] M. Carena, I. Low, N. R. Shah and C. E. M. Wagner, JHEP 1404 (2014)
015, arXiv:1310.2248 [hep-ph].

[223] Y. Grossman, Nucl. Phys. B 426 (1994) 355, hep-ph/9401311.

[224] V. Keus, S. F. King, S. Moretti and D. Sokolowska, JHEP 1411 (2014)
016, arXiv:1407.7859 [hep-ph].

[225] I. P. Ivanov and E. Vdovin, Eur. Phys. J. C 73 (2013) 2, 2309,
arXiv:1210.6553 [hep-ph].

[226] V. Keus, S. F. King and S. Moretti, JHEP 1401 (2014) 052,
arXiv:1310.8253 [hep-ph].

[227] M. Maniatis and O. Nachtmann, JHEP 1502 (2015) 058, JHEP 1510
(2015) 149, arXiv:1408.6833 [hep-ph].

[228] S. Moretti and K. Yagyu, Phys. Rev. D 91 (2015) 055022,
arXiv:1501.06544 [hep-ph].


http://www.arxiv.org/abs/hep-ph/0605184
http://www.arxiv.org/abs/hep-ph/0702098
http://www.arxiv.org/abs/0710.3490
http://www.arxiv.org/abs/hep-ph/9311272
http://www.arxiv.org/abs/hep-ph/9303241
http://www.arxiv.org/abs/hep-ph/0606190
http://www.arxiv.org/abs/1405.3584
http://www.arxiv.org/abs/1106.0034
http://www.arxiv.org/abs/0902.0170
http://www.arxiv.org/abs/hep-ph/0207010
http://www.arxiv.org/abs/1310.2248
http://www.arxiv.org/abs/hep-ph/9401311
http://www.arxiv.org/abs/1407.7859
http://www.arxiv.org/abs/1210.6553
http://www.arxiv.org/abs/1310.8253
http://www.arxiv.org/abs/1408.6833
http://www.arxiv.org/abs/1501.06544

BIBLIOGRAPHY 99

[229] V. Silveira and A. Zee, Phys. Lett. B 161 (1985) 136.
[230] J. McDonald, Phys. Rev. D 50 (1994) 3637, hep-ph/0702143 [hep-ph].

[231] O. Lebedev and A. Westphal, Phys. Lett. B 719 (2013) 415,
arXiv:1210.6987 [hep-ph].

[232] B. Patt and F. Wilczek, hep-ph/0605188.
[233] G. W. Anderson and L. J. Hall, Phys. Rev. D 45 (1992) 2685.
[234] J. Choi and R. R. Volkas, Phys. Lett. B 317 (1993) 385, hep-ph/9308234.

[235] S. Profumo, M. J. Ramsey-Musolf and G. Shaughnessy, JHEP 0708
(2007) 010, arXiv:0705.2425 [hep-ph.

[236] J. R. Espinosa, T. Konstandin and F. Riva, Nucl. Phys. B 854 (2012)
592, arXiv:1107.5441 [hep-ph].

[237] C. E. Yaguna, JHEP 1108 (2011) 060, arXiv:1105.1654 [hep-ph].

[238] S. Nurmi, T. Tenkanen and K. Tuominen, JCAP 1511 (2015) 11, 001,
arXiv:1506.04048 [astro-ph.CO].

[239] V. Barger, P. Langacker, M. McCaskey, M. J. Ramsey-
Musolf and G. Shaughnessy, Phys. Rev. D 77 (2008) 035005,
arXiv:0706.4311 [hep-ph].

[240] D. O’Connell, M. J. Ramsey-Musolf and M. B. Wise, Phys. Rev. D 75
(2007) 037701, hep-ph/0611014.

[241] J. C. Pati and A. Salam, Phys. Rev. D 10 (1974) 275, Phys. Rev. D 11
(1975) 703.

[242] R. N. Mohapatra and J. C. Pati, Phys. Rev. D 11 (1975) 566.
[243] H. Georgi and M. Machacek, Nucl. Phys. B 262 (1985) 463.

[244] G. B. Gelmini and M. Roncadelli, Phys. Lett. B 99 (1981) 411.
The authors do not include the trilinear term due to assigning a conserved
lepton number for the triplet.

[245] E. J. Chun, K. Y. Lee and S. C. Park, Phys. Lett. B 566 (2003) 142,
hep-ph/0304069.

[246] E. Ma and U. Sarkar, Phys. Rev. Lett. 80 (1998) 5716, hep-ph/9802445.

[247] A. G. Akeroyd and S. Moretti, Phys. Rev. D 86 (2012) 035015,
arXiv:1206.0535 [hep-ph].

[248] J. A. Grifols and A. Mendez, Phys. Rev. D 22 (1980) 1725.


http://www.arxiv.org/abs/hep-ph/0702143
http://www.arxiv.org/abs/1210.6987
http://www.arxiv.org/abs/hep-ph/0605188
http://www.arxiv.org/abs/hep-ph/9308234
http://www.arxiv.org/abs/0705.2425
http://www.arxiv.org/abs/1107.5441
http://www.arxiv.org/abs/1105.1654
http://www.arxiv.org/abs/1506.04048
http://www.arxiv.org/abs/0706.4311
http://www.arxiv.org/abs/hep-ph/0611014
http://www.arxiv.org/abs/hep-ph/0304069
http://www.arxiv.org/abs/hep-ph/9802445
http://www.arxiv.org/abs/1206.0535

100 BIBLIOGRAPHY

[249] P. Bandyopadhyay, K. Huitu and A. Sabanci Keceli, JHEP 1505 (2015)
026, arXiv:1412.7359 [hep-ph].

[250] M. Acciarri et al. (L3 Collaboration), Phys. Lett. B 385 (1996) 454.

[251] R. Barate et al. (LEP Working Group for Higgs boson searches and
ALEPH and DELPHI and L3 and OPAL Collaborations), Phys. Lett.
B 565 (2003) 61, hep-ex/0306033.

[252] V. Khachatryan et al. (CMS Collaboration), JHEP 1510 (2015) 144,
arXiv:1504.00936 [hep-ex].

[253] V. Khachatryan et al. (CMS Collaboration), JHEP 1410 (2014) 160,
arXiv:1408.3316 [hep-ex].

[254] G. Aad et al. (ATLAS Collaboration), JHEP 1411 (2014) 056,
arXiv:1409.6064 [hep-ex].

[255] V. Khachatryan et al. (CMS Collaboration), JHEP 1511 (2015) 071,
arXiv:1506.08329 [hep-ex].

[256] G. Aad et al. (ATLAS Collaboration), Phys. Rev. Lett. 113 (2014) 17,
171801, arXiv:1407.6583 [hep-ex].

[257] V. Khachatryan et al. (CMS Collaboration), Phys. Lett. B 750 (2015)
494, arXiv:1506.02301 [hep-ex].

[258] V. Khachatryan et al. (CMS Collaboration), arXiv:1609.02507 [hep-ex].

[259] G. Aad et al. (ATLAS Collaboration), Phys. Rev. D 92 (2015) 092004,
arXiv:1509.04670 [hep-ex].

[260] V. Khachatryan et al. (CMS Collaboration), Phys. Lett. B 755 (2016)
217, arXiv:1510.01181 [hep-ex].

[261] V. Khachatryan et al. (CMS Collaboration), Eur. Phys. J. C 76 (2016)
no.7, 371, arXiv:1602.08762 [hep-ex].

[262] V. Khachatryan et al. (CMS Collaboration), Phys. Lett. B 749 (2015)
560, arXiv:1503.04114 [hep-ex].

[263] M. Aaboud et al. (ATLAS Collaboration), arXiv:1608.00890 [hep-ex].

[264] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 744 (2015) 163,
arXiv:1502.04478 [hep-ex].

[265] V. Khachatryan et al. (CMS Collaboration), Phys. Lett. B 748 (2015)
221, arXiv:1504.04710 [hep-ex].

[266] K. S. Babu and C. F. Kolda, Phys. Rev. Lett. 84 (2000) 228,
hep-ph /9909476


http://www.arxiv.org/abs/1412.7359
http://www.arxiv.org/abs/hep-ex/0306033
http://www.arxiv.org/abs/1504.00936
http://www.arxiv.org/abs/1408.3316
http://www.arxiv.org/abs/1409.6064
http://www.arxiv.org/abs/1506.08329
http://www.arxiv.org/abs/1407.6583
http://www.arxiv.org/abs/1506.02301
http://www.arxiv.org/abs/1609.02507
http://www.arxiv.org/abs/1509.04670
http://www.arxiv.org/abs/1510.01181
http://www.arxiv.org/abs/1602.08762
http://www.arxiv.org/abs/1503.04114
http://www.arxiv.org/abs/1608.00890
http://www.arxiv.org/abs/1502.04478
http://www.arxiv.org/abs/1504.04710
http://www.arxiv.org/abs/hep-ph/9909476

BIBLIOGRAPHY 101
[267] A. Heister et al. (ALEPH Collaboration), Phys. Lett. B 543 (2002) 1,
hep-ex,/0207054.

[268] G. Abbiendi et al. (ALEPH and DELPHI and L3 and OPAL and LEP
Collaborations), Eur. Phys. J. C 73 (2013) 2463, arXiv:1301.6065 [hep-ex].

[269] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Lett. 103 (2009)
101803, arXiv:0907.1269 [hep-ex].

[270] V. M. Abazov et al. (DO Collaboration), Phys. Lett. B 682 (2009) 278,
arXiv:0908.1811 [hep-ex].

[271] T. A. Aaltonen et al. (CDF Collaboration), Phys. Rev. D 89 (2014) 9,
091101, arXiv:1402.6728 |[hep-ex].

[272] V. Khachatryan et al. (CMS Collaboration), JHEP 1512 (2015) 178,
arXiv:1510.04252 [hep-ex].

[273] E. L. Berger, T. Han, J. Jiang and T. Plehn, Phys. Rev. D 71 (2005)
115012, hep-ph/0312286.

[274] V. Khachatryan et al. (CMS Collaboration), Phys. Lett. B 740 (2015) 83,
arXiv:1407.3476 [hep-ex].

[275] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 755 (2016) 285,
arXiv:1512.05099 [hep-ex].

[276] V. D. Barger, J. L. Hewett and R. J. N. Phillips, Phys. Rev. D 41 (1990)
3421.

[277] M. Misiak et al., Phys. Rev. Lett. 98 (2007) 022002, hep-ph/0609232.

[278] M. Misiak and M. Steinhauser, Nucl. Phys. B 764 (2007) 62,
hep-ph,/0609241.

[279] T. Hermann, M. Misiak and M. Steinhauser, JHEP 1211 (2012) 036,
arXiv:1208.2788 [hep-ph].

[280] J. A. Grifols, A. Mendez and G. A. Schuler, Mod. Phys. Lett. A 4 (1989)
1485.

[281] J. F. Gunion, J. Grifols, A. Mendez, B. Kayser and F. I. Olness, Phys.
Rev. D 40 (1989) 1546.

[282] K. Huitu, J. Maalampi, A. Pietila and M. Raidal, Nucl. Phys. B 487
(1997) 27, hep-ph/9606311.

[283] J. Abdallah et al. (DELPHI Collaboration), Phys. Lett. B 552 (2003) 127,
hep-ex,/0303026.

[284] P. Achard et al. (L3 Collaboration), Phys. Lett. B 576 (2003) 18,
hep-ex,/0309076.


http://www.arxiv.org/abs/hep-ex/0207054
http://www.arxiv.org/abs/1301.6065
http://www.arxiv.org/abs/0907.1269
http://www.arxiv.org/abs/0908.1811
http://www.arxiv.org/abs&1402.6728
http://www.arxiv.org/abs/1510.04252
http://www.arxiv.org/abs/hep-ph/0312286
http://www.arxiv.org/abs/1407.3476
http://www.arxiv.org/abs/1512.05099
http://www.arxiv.org/abs/hep-ph/0609232
http://www.arxiv.org/abs/hep-ph/0609241
http://www.arxiv.org/abs/1208.2788
http://www.arxiv.org/abs/hep-ph/9606311
http://www.arxiv.org/abs/hep-ex/0303026
http://www.arxiv.org/abs/hep-ex/0309076

102 BIBLIOGRAPHY
[285] D. Acosta et al. (CDF Collaboration), Phys. Rev. Lett. 93 (2004) 221802,
hep-ex,/0406073.

[286] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Lett. 101 (2008)
121801, arXiv:0808.2161 [hep-ex].

[287] G. Aad et al. (ATLAS Collaboration), JHEP 1503 (2015) 041,
arXiv:1412.0237 [hep-ex].

[288] CMS Collaboration, CMS-PAS-HIG-16-036.

[289] S. Kanemura, M. Kikuchi, K. Yagyu and H. Yokoya, Phys. Rev. D 90
(2014) 11, 115018, arXiv:1407.6547 [hep-ph].

[290] B. W. Lee, C. Quigg and H. B. Thacker, Phys. Rev. Lett. 38 (1977) 883.
[291] M. Luscher and P. Weisz, Phys. Lett. B 212 (1988) 472.

[292] K. Cheung, C. W. Chiang and T. C. Yuan, Phys. Rev. D 78 (2008) 051701,
[arXiv:0803.2661 [hep-ph]].

[293] D. Choudhury, R. Islam and A. Kundu, Phys. Rev. D 88 (2013) no.1,
013014, arXiv:1212.4652 [hep-ph].

[294] M. Szleper, arXiv:1412.8367 [hep-ph].

[295] J. M. Cornwall, D. N. Levin and G. Tiktopoulos, Phys. Rev. D 10 (1974)
1145

[296] R. Casalbuoni, D. Dominici, R. Gatto and C. Giunti, Phys. Lett. B 178
(1986) 235.

[297] G. M. Pruna and T. Robens, Phys. Rev. D 88 (2013) no.11, 115012,
arXiv:1303.1150 [hep-ph].

[298] S. K. Kang and J. Park, JHEP 1504 (2015) 009, arXiv:1306.6713 [hep-ph].
[299] H. Huffel and G. Pocsik, Z. Phys. C 8 (1981) 13.
[300] H. A. Weldon, Phys. Rev. D 30 (1984) 1547.

[301] I. F. Ginzburg and I. P. Ivanov, Phys. Rev. D 72 (2005) 115010,
hep-ph,/0508020.

[302] B. Gorezyca and M. Krawezyk, arXiv:1112.5086 [hep-ph].
[303] S. Weinberg, Phys. Rev. D 19 (1979) 1277.
[304] L. Susskind, Phys. Rev. D 20 (1979) 2619.

[305] D. D. Dietrich, F. Sannino and K. Tuominen, Phys. Rev. D 72 (2005)
055001, hep-ph,/0505059.


http://www.arxiv.org/abs/hep-ex/0406073
http://www.arxiv.org/abs/0808.2161
http://www.arxiv.org/abs/1412,0237
http://www.arxiv.org/abs/1407.6547
http://www.arxiv.org/abs/0803.2661
http://www.arxiv.org/abs/1212.4652
http://www.arxiv.org/abs/1412.8367
http://www.arxiv.org/abs/1303.1150
http://www.arxiv.org/abs/1306.6713
http://www.arxiv.org/abs/hep-ph/0508020
http://www.arxiv.org/abs/1112.5086
http://www.arxiv.org/abs/hep-ph/0505059

BIBLIOGRAPHY 103

[306] G. Cacciapaglia and F. Sannino, JHEP 1404 (2014) 111
arXiv:1402.0233 [hep-ph].

[307] N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, Phys. Lett. B 429
(1998) 263, hep-ph/9803315.

[308] L. Randall and R. Sundrum, Phys. Rev. Lett. 83 (1999) 3370,
hep-ph/9905221.

[309] T. Appelquist, H. C. Cheng and B. A. Dobrescu, Phys. Rev. D 64 (2001)
035002, hep-ph/0012100.

[310] S. R. Coleman and J. Mandula, Phys. Rev. 159 (1967) 1251.

[311] Y. A. Golfand and E. P. Likhtman, JETP Lett. 13 (1971) 323.

[312] P. Ramond, Phys. Rev. D 3 (1971) 2415.

[313] A. Neveu and J. H. Schwarz, Nucl. Phys. B 31 (1971) 86.

[314] A. Neveu and J. H. Schwarz, Phys. Rev. D 4 (1971) 1109.

[315] R. Haag, J. T. Lopuszanski and M. Sohnius, Nucl. Phys. B 88 (1975) 257.

[316] N. Seiberg and E. Witten, Nucl. Phys. B 426 (1994) 19, Nucl. Phys. B
430 (1994) 485, hep-th/9407087.

[317] N. Seiberg and E. Witten, Nucl. Phys. B 431 (1994) 484, hep-th/9408099.

[318] Z. Bern, L. J. Dixon and R. Roiban, Phys. Lett. B 644 (2007) 265,
hep-th/0611086.

[319] M. Shifman and A. Yung, Rev. Mod. Phys. 79 (2007) 1139,
hep-th/0703267.

[320] M. Bianchi, H. Elvang and D. Z. Freedman, JHEP 0809 (2008) 063,
arXiv:0805.0757 [hep-th].

[321] J. M. Drummond, J. Henn, G. P. Korchemsky and E. Sokatchev, Nucl.
Phys. B 828 (2010) 317, arXiv:0807.1095 [hep-th].

[322] L. J. Dixon, Subnucl. Ser. 47 (2011) 1, arXiv:1005.2703 [hep-th].
[323] R. Kallosh, arXiv:1412.7117 [hep-th].

[324] J. Wess and B. Zumino, Nucl. Phys. B 70 (1974) 39.

[325] A. Salam and J. A. Strathdee, Nucl. Phys. B 76 (1974) 477.
[326] A. Salam and J. A. Strathdee, Phys. Lett. B 51 (1974) 353.
[327] A. Salam and J. A. Strathdee, Phys. Rev. D 11 (1975) 1521.


http://www.arxiv.org/abs/1402.0233
http://www.arxiv.org/abs/hep-ph/9803315
http://www.arxiv.org/abs/hep-ph/9905221
http://www.arxiv.org/abs/hep-ph/0012100
http://www.arxiv.org/abs/hep-th/9407087
http://www.arxiv.org/hep-th/9408099
http://www.arxiv.org/hep-th/0611086
http://www.arxiv.org/abs/hep-th/0703267
http://www.arxiv.org/abs/0805.0757
http://www.arxiv.org/abs/0807.1095
http://www.arxiv.org/abs/1005.2703
http://www.arxiv.org/abs/1412.7117

104 BIBLIOGRAPHY

[328] S. Ferrara, J. Wess and B. Zumino, Phys. Lett. B 51 (1974) 239.

[329] Using the conventions of P. Binetruy, “Supersymmetry: Theory, experi-
ment and cosmology,” Oxford, UK: Oxford Univ. Pr. (2006) 520 p

[330] M. Kalb and P. Ramond, Phys. Rev. D 9 (1974) 2273.
[331] W. Siegel, Phys. Lett. B 85 (1979) 333.

[332] M. T. Grisaru, A. Van Proeyen and D. Zanon, Nucl. Phys. B 502 (1997)
345, hep-th/9703081.

[333] J. Wess and B. Zumino, Nucl. Phys. B 78 (1974) 1.
[334] S. Ferrara and B. Zumino, Nucl. Phys. B 79 (1974) 413.
[335] M. T. Grisaru, W. Siegel and M. Rocek, Nucl. Phys. B 159 (1979) 429.

[336] W. Fischler, H. P. Nilles, J. Polchinski, S. Raby and L. Susskind, Phys.
Rev. Lett. 47 (1981) 757.

[337] N. Seiberg, Phys. Lett. B 318 (1993) 469, hep-ph/9309335.
[338] S. Weinberg, Phys. Rev. Lett. 80 (1998) 3702, hep-th/9803099.
[339] B. Zumino, Nucl. Phys. B 89 (1975) 535.

[340] E. Witten, Nucl. Phys. B 188 (1981) 513.

[341] P. Fayet, Nucl. Phys. B 90 (1975) 104.

[342] P. Fayet, Phys. Lett. B 64 (1976) 159.

[343] G. F. Giudice and A. Masiero, Phys. Lett. B 206 (1988) 480.
[344] 1. Hinchliffe and T. Kaeding, Phys. Rev. D 47 (1993) 279.

[345] H. Nishino et al. (Super-Kamiokande Collaboration), Phys. Rev. Lett. 102
(2009) 141801, arXiv:0903.0676 [hep-ex].

[346] A. Y. Smirnov and F. Vissani, Phys. Lett. B 380 (1996) 317,
hep-ph /9601387,

[347] G. Bhattacharyya, In *Tegernsee 1997, Beyond the desert 1997* 194-201,
hep-ph/9709395.

[348] B. Allanach et al. (R parity Working Group Collaboration),
hep-ph,/9906224.

[349] M. Frank and K. Huitu, Phys. Rev. D 64 (2001) 095015, hep-ph/0106004.
[350] M. Chemtob, Prog. Part. Nucl. Phys. 54 (2005) 71, hep-ph/0406029.
[351] A. Salam and J. A. Strathdee, Nucl. Phys. B 87 (1975) 85.


http://www.arxiv.org/abs/hep-th/9703081
http://www.arxiv.org/abs/hep-ph/9309335
http://www.arxiv.org/abs/hep-th/9803099
http://www.arxiv.org/abs/0903.0676
http://www.arxiv.org/abs/hep-ph/9601387
http://www.arxiv.org/abs/hep-ph/9709395
http://www.arxiv.org/abs/hep-ph/9906224
http://www.arxiv.org/abs/hep-ph/0106004
http://www.arxiv.org/abs/hep-ph/0406029

BIBLIOGRAPHY 105

[352] G. R. Farrar and P. Fayet, Phys. Lett. B 76 (1978) 575.

[353] L. Girardello and M. T. Grisaru, Nucl. Phys. B 194 (1982) 65.

[354] H. E. Haber, Nucl. Phys. Proc. Suppl. 62 (1998) 469, hep-ph/9709450.
355] N. K. Falck, Z. Phys. C 30 (1986) 247.

[356] R. Barbieri, S. Ferrara and C. A. Savoy, Phys. Lett. B 119 (1982) 343.

[357] A. H. Chamseddine, R. L. Arnowitt and P. Nath, Phys. Rev. Lett. 49
(1982) 970.

[358] S. K. Soni and H. A. Weldon, Phys. Lett. B 126 (1983) 215.

[359] D. Matalliotakis and H. P. Nilles, Nucl. Phys. B 435 (1995) 115,
hep-ph/9407251.

[360] M. Olechowski and S. Pokorski, Phys. Lett. B 344 (1995) 201,
hep-ph /9407404,

[361] H. Baer, A. Mustafayev, S. Profumo, A. Belyaev and X. Tata, Phys. Rev.
D 71 (2005) 095008, hep-ph,/0412059.

[362] P. Nath and R. L. Arnowitt, Phys. Rev. D 56 (1997) 2820,
hep-ph/9701301.

[363] J. R. Ellis, K. Enqvist, D. V. Nanopoulos and K. Tamvakis, Phys. Lett.
B 155 (1985) 381.

[364] M. Drees, Phys. Lett. B 158 (1985) 409.

[365] G. Anderson, H. Baer, C. h. Chen and X. Tata, Phys. Rev. D 61 (2000)
095005, hep-ph/9903370.

[366] A.Djouadi et al. (MSSM Working Group Collaboration), hep-ph/9901246.

[367] G. Aad et al. (ATLAS Collaboration), JHEP 1510 (2015) 054,
arXiv:1507.05525 [hep-ex].

[368] L. O’Raifeartaigh, Nucl. Phys. B 96 (1975) 331.
[369] P. Fayet and J. Iliopoulos, Phys. Lett. B 51 (1974) 461.
[370] S. Ferrara, L. Girardello and F. Palumbo, Phys. Rev. D 20 (1979) 403.

[371] D. Z. Freedman, P. van Nieuwenhuizen and S. Ferrara, Phys. Rev. D 13
(1976) 3214.

[372] S. Deser and B. Zumino, Phys. Lett. B 62 (1976) 335.
[373] D. V. Volkov and V. A. Soroka, JETP Lett. 18 (1973) 312.


http://www.arxiv.org/abs/hep-ph/9709450
http://www.arxiv.org/abs/hep-ph/9407251
http://www.arxiv.org/abs/hep-ph/9407404
http://www.arxiv.org/abs/hep-ph/0412059
http://www.arxiv.org/abs/hep-ph/9701301
http://www.arxiv.org/abs/hep-ph/9903370
http://www.arxiv.org/abs/hep-ph/9901246
http://www.arxiv.org/abs/1507.05525

106 BIBLIOGRAPHY

[374] S. Deser and B. Zumino, Phys. Rev. Lett. 38 (1977) 1433.

[375] E. Cremmer, B. Julia, J. Scherk, S. Ferrara, L. Girardello and P. van
Nieuwenhuizen, Nucl. Phys. B 147 (1979) 105.

[376] M. Dine and D. Maclntire, Phys. Rev. D 46 (1992) 2594, hep-ph/9205227.

[377] T. Banks, D. B. Kaplan and A. E. Nelson, Phys. Rev. D 49 (1994) 779,
hep-ph/9308292.

[378] M. Dine and A. E. Nelson, Phys. Rev. D 48 (1993) 1277, hep-ph,/9303230.

[379] N. Craig, S. Knapen, D. Shih and Y. Zhao, JHEP 1303 (2013) 154,
arXiv:1206.4086 [hep-ph].

[380] R. Casalbuoni, S. De Curtis, D. Dominici, F. Feruglio and R. Gatto, Phys.
Lett. B 215 (1988) 313.

[381] R. Casalbuoni, S. De Curtis, D. Dominici, F. Feruglio and R. Gatto, Phys.
Rev. D 39 (1989) 2281.

[382] L. Randall and R. Sundrum, Nucl. Phys. B 557 (1999) 79,
hep-th/9810155.

[383] G. F. Giudice, M. A. Luty, H. Murayama and R. Rattazzi, JHEP 9812
(1998) 027, hep-ph/9810442.

[384] T. Gherghetta, G. F. Giudice and J. D. Wells, Nucl. Phys. B 559 (1999)
27, hep-ph,/9904378.

[385] K. Inoue, A. Kakuto, H. Komatsu and S. Takeshita, Prog. Theor. Phys.
67 (1982) 1889.

[386] R. A. Flores and M. Sher, Annals Phys. 148 (1983) 95.

[387] P.Bechtle, S. Heinemeyer, O. Stal, T. Stefaniak, G. Weiglein and L. Zeune,
Eur. Phys. J. C 73 (2013) no.4, 2354, arXiv:1211.1955 [hep-ph].

[388] M. Carena, S. Heinemeyer, O. Stal, C. E. M. Wagner and G. Weiglein,
Eur. Phys. J. C 73 (2013) no.9, 2552, arXiv:1302.7033 [hep-ph].

[389] P. Bechtle, H. E. Haber, S. Heinemeyer, O. Stal, T. Stefaniak, G. Weiglein
and L. Zeune, arXiv:1608.00638 [hep-ph].

[390] S. R. Coleman and E. J. Weinberg, Phys. Rev. D 7 (1973) 1888.
[391] S. P. Martin, Phys. Rev. D 65 (2002) 116003, hep-ph/0111209.

[392] S. P. Li and M. Sher, Phys. Lett. B 140 (1984) 339.

[393] J. R. Ellis, G. Ridolfi and F. Zwirner, Phys. Lett. B 257 (1991) 83.
[394] J. R. Ellis, G. Ridolfi and F. Zwirner, Phys. Lett. B 262 (1991) 477.


http://www.arxiv.org/abs/hep-ph/9205227
http://www.arxiv.org/abs/hep-ph/9308292
http://www.arxiv.org/abs/hep-ph/9303230
http://www.arxiv.org/abs/1206.4086
http://www.arxiv.org/abs/hep-th/9810155
http://www.arxiv.org/abs/hep-ph/9810442
http://www.arxiv.org/abs/hep-ph/9904378
http://www.arxiv.org/abs/1211.1955
http://www.arxiv.org/abs/1302.7033
http://www.arxiv.org/abs/1608.00638
http://www.arxiv.org/abs/hep-ph/0111209

BIBLIOGRAPHY 107

[395] H. E. Haber and R. Hempfling, Phys. Rev. Lett. 66 (1991) 1815.

[396] Y. Okada, M. Yamaguchi and T. Yanagida, Prog. Theor. Phys. 85 (1991)
1.

[397] A. Brignole, G. Degrassi, P. Slavich and F. Zwirner, Nucl. Phys. B 643
(2002) 79, hep-ph/0206101.

[398] S. Heinemeyer, W. Hollik and G. Weiglein, Phys. Rev. D 58 (1998) 091701,
hep-ph/9803277.

[399] S. Heinemeyer, W. Hollik and G. Weiglein, Phys. Lett. B 440 (1998) 296,
hep-ph/9807423.

[400] A. Brignole, G. Degrassi, P. Slavich and F. Zwirner, Nucl. Phys. B 631
(2002) 195, hep-ph/0112177.

[401] R. J. Zhang, Phys. Lett. B 447 (1999) 89, hep-ph/9808299.

[402] J. R. Espinosa and R. J. Zhang, Nucl. Phys. B 586 (2000) 3,
hep-ph/0003246.

[403] S. Heinemeyer, W. Hollik and G. Weiglein, Comput. Phys. Commun. 124
(2000) 76, hep-ph/9812320.

[404] R. V. Harlander, P. Kant, L. Mihaila and M. Steinhauser, Phys.
Rev. Lett. 100 (2008) 191602, Phys. Rev. Lett. 101 (2008) 039901
arXiv:0803.0672 [hep-ph].

[405] P. Kant, R. V. Harlander, L. Mihaila and M. Steinhauser, JHEP 1008
(2010) 104, arXiv:1005.5709 [hep-ph].

[406] M. A. Diaz and H. E. Haber, Phys. Rev. D 45 (1992) 4246.

[407] M. Frank, L. Galeta, T. Hahn, S. Heinemeyer, W. Hollik, H. Rze-
hak and G. Weiglein, Phys. Rev. D 88 (2013) no.5, 055013,
arXiv:1306.1156 [hep-ph].

[408] W. Hollik and S. Passehr, Eur. Phys. J. C 75 (2015) no.7, 336,
arXiv:1502.02394 [hep-ph)].

[409] J. F. Gunion, H. E. Haber, G. L. Kane and S. Dawson, Front. Phys. 80
(2000) 1.

[410] J. F. Gunion and H. E. Haber, Nucl. Phys. B 278 (1986) 449.

[411] S. Dawson, A. Djouadi and M. Spira, Phys. Rev. Lett. 77 (1996) 16,
hep-ph/9603423.

[412] R. V. Harlander and M. Steinhauser, JHEP 0409 (2004) 066,
hep-ph /0409010


http://www.arxiv.org/abs/hep-ph/0206101
http://www.arxiv.org/abs/hep-ph/9803277
http://www.arxiv.org/abs/hep-ph/9807423
http://www.arxiv.org/abs/hep-ph/0112177
http://www.arxiv.org/abs/hep-ph/9808299
http://www.arxiv.org/abs/hep-ph/0003246
http://www.arxiv.org/abs/hep-ph/9812320
http://www.arxiv.org/abs/0803.0672
http://www.arxiv.org/abs/1005.5709
http://www.arxiv.org/abs/1306.1156
http://www.arxiv.org/abs/1502.02394
http://www.arxiv.org/abs/hep-ph/9603423
http://www.arxiv.org/abs/hep-ph/0409010

108 BIBLIOGRAPHY
[413] M. Mubhlleitner and M. Spira, Nucl. Phys. B 790 (2008) 1,
hep-ph /0612254,

[414] R. Bonciani, G. Degrassi and A. Vicini, JHEP 0711 (2007) 095,
arXiv:0709.4227 [hep-ph].

[415] R. Harlander and M. Steinhauser, Phys. Rev. D 68 (2003) 111701,
hep-ph/0308210.

[416] A. Pak, M. Steinhauser and N. Zerf, Eur. Phys. J. C 71 (2011) 1602,
Erratum: Eur. Phys. J. C 72 (2012) 2182, arXiv:1012.0639 [hep-ph].

[417] A. Pak, M. Steinhauser and N. Zerf, JHEP 1209 (2012) 118,
arXiv:1208.1588 [hep-ph].

[418] M. Spira, A. Djouadi, D. Graudenz and P. M. Zerwas, Phys. Lett. B 318
(1993) 347.

[419] A. Djouadi and M. Spira, Phys. Rev. D 62 (2000) 014004,
hep-ph/9912476.

[420] M. Carena, S. Mrenna and C. E. M. Wagner, Phys. Rev. D 60 (1999)
075010, hep-ph/9808312.

[421] H. K. Dreiner, S. Heinemeyer, O. Kittel, U. Langenfeld, A. M. Weber and
G. Weiglein, Eur. Phys. J. C 62 (2009) 547, arXiv:0901.3485 [hep-ph].

[422] P. N. Pandita and M. Patra, Phys. Rev. D 89 (2014) no.11, 115010,
arXiv:1405.7163 [hep-ph].

[423] L. J. Hall, R. Rattazzi and U. Sarid, Phys. Rev. D 50 (1994) 7048,
hep-ph/9306309.

[424] M. Carena, M. Olechowski, S. Pokorski and C. E. M. Wagner, Nucl. Phys.
B 426 (1994) 269, hep-ph/9402253.

[425] J. Guasch, P. Hafliger and M. Spira, Phys. Rev. D 68 (2003) 115001,
hep-ph/0305101.

[426] J. A. Coarasa Perez, R. A. Jimenez and J. Sola, Phys. Lett. B 389 (1996)
312, hep-ph/9511402.

[427] D. Noth and M. Spira, Phys. Rev. Lett. 101 (2008) 181801,
arXiv:0808.0087 [hep-ph)].

[428] R. A. Jimenez and J. Sola, Phys. Lett. B 389 (1996) 53, hep-ph/9511292.

[429] A. Bartl, H. Eberl, K. Hidaka, T. Kon, W. Majerotto and Y. Yamada,
Phys. Lett. B 378 (1996) 167, hep-ph/9511385.

[430] M. Carena, D. Garcia, U. Nierste and C. E. M. Wagner, Nucl. Phys. B
577 (2000) 88, hep-ph,/9912516.


http://www.arxiv.org/abs/hep.ph/0612254
http://www.arxiv.org/abs/0709.4227
http://www.arxiv.org/abs/hep-ph/0308210
http://www.arxiv.org/abs/1012.0639
http://www.arxiv.org/abs/1208.1588
http://www.arxiv.org/abs/hep-ph/9912476
http://www.arxiv.org/abs/hep-ph/9808312
http://www.arxiv.org/abs/0901.3485
http://www.arxiv.org/abs/1405.7163
http://www.arxiv.org/abs/hep-ph/9306309
http://www.arxiv.org/abs/hep-ph/9402253
http://www.arxiv.org/abs/hep-ph/0305101
http://www.arxiv.org/abs/hep-ph/9511402
http://www.arxiv.org/abs/0808.0087
http://www.arxiv.org/abs/hep-ph/9511292
http://www.arxiv.org/abs/hep-ph/9511385
http://www.arxiv.org/abs/hep-ph/9912516

BIBLIOGRAPHY 109
[431] M. Carena, S. Gori, N. R. Shah and C. E. M. Wagner, JHEP 1203 (2012)
014, arXiv:1112.3336 [hep-ph].

[432] M. Carena, S. Gori, N. R. Shah, C. E. M. Wagner and L. T. Wang, JHEP
1207 (2012) 175, arXiv:1205.5842 [hep-ph.

[433] G.F. Giudice, P. Paradisi, A. Strumia and A. Strumia, JHEP 1210 (2012)
186, arXiv:1207.6393 [hep-ph].

[434] M. Hemeda, S. Khalil and S. Moretti, Phys. Rev. D 89 (2014) no.1,
011701, arXiv:1312.2504 [hep-ph].

[435] R. K. Kaul and P. Majumdar, Nucl. Phys. B 199 (1982) 36.
[436] H. P. Nilles, M. Srednicki and D. Wyler, Phys. Lett. B 120 (1983) 346.
[437] J. E. Kim and H. P. Nilles, Phys. Lett. B 138 (1984) 150.

[438] J. R. Ellis, K. Enqvist, D. V. Nanopoulos, K. A. Olive, M. Quiros and
F. Zwirner, Phys. Lett. B 176 (1986) 403.

[439] S. A. Abel, S. Sarkar and P. L. White, Nucl. Phys. B 454 (1995) 663,
hep-ph/9506359.

[440] C. Panagiotakopoulos and K. Tamvakis, Phys. Lett. B 446 (1999) 224,
hep-ph/9809475.

[441] A. Mazumdar, K. Saikawa, M. Yamaguchi and J. Yokoyama, Phys. Rev.
D 93 (2016) no.2, 025002, arXiv:1511.01905 [hep-ph].

[442] M. Drees, Int. J. Mod. Phys. A 4 (1989) 3635.

[443] M. Badziak, M. Olechowski and S. Pokorski, JHEP 1306 (2013) 043,
arXiv:1304.5437 [hep-ph].

[444] X. J. Bi, Q. S. Yan and P. F. Yin, Phys. Rev. D 87 (2013) no.3, 035007,
arXiv:1209.2703 [hep-ph].

[445] A. Chakraborty, D. K. Ghosh, S. Mondal, S. Poddar and D. Sengupta,
Phys. Rev. D 91 (2015) 115018, arXiv:1503.07592 [hep-ph].

[446] J. Beuria, A. Chatterjee, A. Datta and S. K. Rai, JHEP 1509 (2015) 073,
arXiv:1505.00604 [hep-ph].

[447] J. Beuria, A. Chatterjee and A. Datta, JHEP 1608 (2016) 004,
arXiv:1603.08463 [hep-ph].

[448] D. T. Nhung, M. Miihlleitner, J. Streicher and K. Walz, JHEP 1311
(2013) 181, arXiv:1306.3926 [hep-ph.

[449] S. F. King, M. Miihlleitner, R. Nevzorov and K. Walz, Phys. Rev. D 90
(2014) 10.9, 095014, arXiv:1408.1120 [hep-ph].


http://www.arxiv.org/abs/1112.3336
http://www.arxiv.org/abs/1205.5842
http://www.arxiv.org/abs/1207.6393
http://www.arxiv.org/abs/1312.2504
http://www.arxiv.org/abs/hep-ph/9506359
http://www.arxiv.org/abs/hep-ph/9809475
http://www.arxiv.org/abs/1511.01905
http://www.arxiv.org/abs/1304.5437
http://www.arxiv.org/abs/1209.2703
http://www.arxiv.org/abs/1503.07592
http://www.arxiv.org/abs/1505.00604
http://www.arxiv.org/abs/1603.08463
http://www.arxiv.org/abs/1306.3926
http://www.arxiv.org/abs/1408.1120

110 BIBLIOGRAPHY

[450] R. Kitano and K. y. Oda, Phys. Rev. D 61 (2000) 113001, hep-ph/9911327.

[451] W. Wang, J. M. Yang and L. L. You, JHEP 1307 (2013) 158,
arXiv:1303.6465 [hep-ph].

[452] J. R. Espinosa and M. Quiros, Nucl. Phys. B 384 (1992) 113.
[453] J. R. Espinosa and M. Quiros, Phys. Lett. B 279 (1992) 92.

[454] S. Di Chiara and K. Hsieh, Phys. Rev. D 78 (2008) 055016,
arXiv:0805.2623 [hep-ph].

[455] C. Arina, V. Martin-Lozano and G. Nardini, JHEP 1408 (2014) 015,
arXiv:1403.6434 [hep-ph].

[456] P. Bandyopadhyay, S. Di Chiara, K. Huitu and A. Sabanci Keceli, JHEP
1411 (2014) 062, arXiv:1407.4836 [hep-ph].

[457] E. J. Chun and P. Sharma, Phys. Lett. B 722 (2013) 86,
arXiv:1301.1437 [hep-ph].

[458] M. Beck et al., Phys. Lett. B 336 (1994) 141.

[459] T. Falk, K. A. Olive and M. Srednicki, Phys. Lett. B 339 (1994) 248,
hep-ph/9409270.

[460] S. Chatrchyan et al. (CMS Collaboration), JHEP 1211 (2012) 147,
arXiv:1209.6620 [hep-ex].

[461] S. Chatrchyan et al. (CMS Collaboration), Eur. Phys. J. C 73 (2013)
2404, arXiv:1212.6428 [hep-ex].

[462] G. Aad et al. (ATLAS Collaboration), JHEP 1504 (2015) 116,
arXiv:1501.03555 [hep-ex].

[463] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 757 (2016) 334,
arXiv:1602.06194 [hep-ex].

[464] V. Khachatryan et al. (CMS Collaboration), Phys. Lett. B 758 (2016)
152, arXiv:1602.06581 [hep-ex].

[465] V. Khachatryan et al. (CMS Collaboration), JHEP 1504 (2015) 124,
arXiv:1502.06031 [hep-ex].

[466] G. Aad et al. (ATLAS Collaboration), Eur. Phys. J. C 75 (2015) no.7, 318,
Erratum: Eur. Phys. J. C 75 (2015) n0.10, 463, arXiv:1503.03290 [hep-ex].

[467] V. Khachatryan et al. (CMS Collaboration), Eur. Phys. J. C 75 (2015)
no.5, 235, arXiv:1408.3583 [hep-ex].

[468] V. Khachatryan et al. (CMS Collaboration), Phys. Lett. B 755 (2016)
102, arXiv:1410.8812 [hep-ex].


http://www.arxiv.org/abs/hep-ph/9911327
http://www.arxiv.org/abs/1303.6465
http://www.arxiv.org/abs/0805.2623
http://www.arxiv.org/abs/1403.6434
http://www.arxiv.org/abs/1407.4836
http://www.arxiv.org/abs/1301.1437
http://www.arxiv.org/abs/hep-ph/9409270
http://www.arxiv.org/abs/1209.6620
http://www.arxiv.org/abs/1212.6428
http://www.arxiv.org/abs/1501.03555
http://www.arxiv.org/abs/1602.06194
http://www.arxiv.org/abs/1602.06581
http://www.arxiv.org/abs/1502.06031
http://www.arxiv.org/abs/1503.03290
http://www.arxiv.org/abs/1408.3583
http://www.arxiv.org/abs/1410.8812

BIBLIOGRAPHY 111

[469] G. Aad et al. (ATLAS Collaboration), Phys. Rev. D 91 (2015)
no.l, 012008, Erratum: Phys. Rev. D 92 (2015) no.5, 059903,
arXiv:1411.1559 [hep-ex].

[470] G. Aad et al. (ATLAS Collaboration), Eur. Phys. J. C 75 (2015) no.7, 299,
Erratum: Eur. Phys. J. C 75 (2015) no.9, 408, arXiv:1502.01518 [hep-ex].

[471] G. Aad et al. (ATLAS Collaboration), JHEP 1404 (2014) 169,
arXiv:1402.7029 [hep-ex].

[472] V. Khachatryan et al. (CMS Collaboration), Phys. Rev. D 90 (2014) no.9,
092007, arXiv:1409.3168 [hep-ex].

[473] G. Aad et al. (ATLAS Collaboration), JHEP 1411 (2014) 118,
arXiv:1407.0583 [hep-ex].

[474] V. Khachatryan et al. (CMS Collaboration), JHEP 1607 (2016) 027, Er-
ratum: JHEP 1609 (2016) 056, arXiv:1602.03169 [hep-ex].

[475] A. M. Sirunyan et al. (CMS Collaboration), arXiv:1612.03877 [hep-ex].

[476] G. Aad et al. (ATLAS Collaboration), Phys. Rev. Lett. 114 (2015) no.14,
142001, arXiv:1412.4742 [hep-ex].

[477] M. Aaboud et al. (ATLAS Collaboration), Phys. Rev. D 94 (2016) no.3,
032005, arXiv:1604.07773 [hep-ex].

[478] R. Delbourgo, A. Salam and J. A. Strathdee, Phys. Lett. B 51 (1974) 475.
[479] P. Fayet, Phys. Lett. B 78 (1978) 417.

[480] M. Heikinheimo, M. Kellerstein and V. Sanz, JHEP 1204 (2012) 043,
arXiv:1111.4322 [hep-ph].

[481] G. D. Kribs and A. Martin, Phys. Rev. D 85 (2012) 115014,
arXiv:1203.4821 [hep-ph].

[482] C. Frugiuele, T. Gregoire, P. Kumar and E. Ponton, JHEP 1303 (2013)
156, arXiv:1210.0541 [hep-ph].

[483] G. D. Kribs, E. Poppitz and N. Weiner, Phys. Rev. D 78 (2008) 055010,
arXiv:0712.2039 [hep-ph].

[484] G. D. Kribs, A. Martin and T. S. Roy, JUEP 0906 (2009) 042,
arXiv:0901.4105 [hep-ph].

[485] A. Kumar, D. Tucker-Smith and N. Weiner, JHEP 1009 (2010) 111,
arXiv:0910.2475 [hep-ph].

[486] R. Fok and G. D. Kribs, Phys. Rev. D 82 (2010) 035010,
arXiv:1004.0556 [hep-ph].


http://www.arxiv.org/abs/1411.1559
http://www.arxiv.org/abs/1502.01518
http://www.arxiv.org/abs/1402.7029
http://www.arxiv.org/abs/1409.3168
http://www.arxiv.org/abs/1407.0583
http://www.arxiv.org/abs/1602.03169
http://www.arxiv.org/abs/1612.03877
http://www.arxiv.org/abs/1412.4742
http://www.arxiv.org/abs/1604.07773
http://www.arxiv.org/abs/1111.4322
http://www.arxiv.org/abs/1203.4821
http://www.arxiv.org/abs/1210.0541
http://www.arxiv.org/abs/0712.2039
http://www.arxiv.org/abs/0901.4105
http://www.arxiv.org/abs/0910.2475
http://www.arxiv.org/abs/1004.0556

112 BIBLIOGRAPHY
[487] Y. Nomura and D. Stolarski, Phys. Rev. D 78 (2008) 095011,
arXiv:0808.1380 [hep-ph].

[488] C. Brust, A. Katz, S. Lawrence and R. Sundrum, JHEP 1203 (2012) 103,
arXiv:1110.6670 [hep-ph].

[489] P. J. Fox, A. E. Nelson and N. Weiner, JHEP 0208 (2002) 035,
hep-ph /0206096

[490] K. Benakli, M. D. Goodsell and F. Staub, JHEP 1306 (2013) 073,
arXiv:1211.0552 [hep-ph].

[491] P. Diessner, J. Kalinowski, W. Kotlarski and D. Stockinger, JHEP 1412
(2014) 124, arXiv:1410.4791 [hep-ph].

[492] S.  Chakraborty and S. Roy, JHEP 1401 (2014) 101,
arXiv:1309.6538 [hep-ph].

[493] E. Bertuzzo, C. Frugiuele, T. Gregoire and E. Ponton, JHEP 1504 (2015)
089, arXiv:1402.5432 [hep-ph].

[494] S. P. Martin, Phys. Rev. D 92 (2015) mno.3, 035004,
arXiv:1506.02105 [hep-ph].

[495] C. Frugiuele and T. Gregoire, Phys. Rev. D 85 (2012) 015016,
arXiv:1107.4634 [hep-ph].

[496] H. Beauchesne and T. Gregoire, JHEP 1405 (2014) 051,
arXiv:1402.5403 [hep-ph].

[497] E. Bertuzzo and C. Frugiuele, JHEP 1205 (2012) 100,
arXiv:1203.5340 [hep-ph].

[498] S. Chakraborty, D. K. Ghosh and S. Roy, JHEP 1410 (2014) 146,
arXiv:1405.6967 [hep-ph].

[499] C. Biggio, J. A. Dror, Y. Grossman and W. H. Ng, JHEP 1604 (2016)
150, arXiv:1602.02162 [hep-ph].

[500] C. Frugiuele, T. Gregoire, P. Kumar and E. Ponton, JHEP 1305 (2013)
012, arXiv:1210.5257 [hep-ph].

[501] S. Chatrchyan et al. (CMS Collaboration), Phys. Rev. D 86 (2012) 052013,
arXiv:1207.5406 [hep-ex].

[502] The ATLAS collaboration, ATLAS-CONF-2015-015.

[503] Z. Marshall, B. A. Ovrut, A. Purves and S. Spinner, Phys. Lett. B 732
(2014) 325, arXiv:1401.7989 [hep-ph].

[504] E. J. Chun, S. Jung, H. M. Lee and S. C. Park, Phys. Rev. D 90 (2014)
115023, arXiv:1408.4508 [hep-ph.


http://www.arxiv.org/abs/0808.1380
http://www.arxiv.org/abs/1110.6670
http://www.arxiv.org/abs/hep-ph/0206096
http://www.arxiv.org/abs/1211.0552
http://www.arxiv.org/abs/1410.4791
http://www.arxiv.org/abs/1309.6538
http://www.arxiv.org/abs/1402.5432
http://www.arxiv.org/abs/1506.02105
http://www.arxiv.org/abs/1107.4634
http://www.arxiv.org/abs/1402.5403
http://www.arxiv.org/abs/1203.5340
http://www.arxiv.org/abs/1405.6967
http://www.arxiv.org/abs/1602.02162
http://www.arxiv.org/abs/1210.5257
http://www.arxiv.org/abs/1207.5406
http://www.arxiv.org/abs/1401.7989
http://www.arxiv.org/abs/1408.4508

BIBLIOGRAPHY 113

[505] J. A, Evans and Y. Kats, JHEP 1304 (2013) 028,
arXiv:1209.0764 [hep-ph].

[506] CMS Collaboration, CMS-PAS-SUS-13-003.

[507] F. Riva, C. Biggio and A. Pomarol, JHEP 1302 (2013) 081,
arXiv:1211.4526 [hep-ph].

[508] Y. Chikashige, R. N. Mohapatra and R. D. Peccei, Phys. Lett. B 98 (1981)
265.

[509] C. S. Aulakh and R. N. Mohapatra, Phys. Lett. B 119 (1982) 136.
[610] M. C. Gonzalez-Garcia and Y. Nir, Phys. Lett. B 232 (1989) 383.
[611] A. Masiero and J. W. F. Valle, Phys. Lett. B 251 (1990) 273.

[612] J. C. Romao, C. A. Santos and J. W. F. Valle, Phys. Lett. B 288 (1992)
311.

[613] M. Chaichian and A. V. Smilga, Phys. Rev. Lett. 68 (1992) 1455.

[514] J. W. F. Valle, Phys. Lett. B 196 (1987) 157.

[615] M. C. Gonzalez-Garcia and J. W. F. Valle, Nucl. Phys. B 355 (1991) 330.
[616] J. M. Frere, D. R. T. Jones and S. Raby, Nucl. Phys. B 222 (1983) 11.

[617] M. Frank, K. Huitu and T. Ruppell, Eur. Phys. J. C 52 (2007) 413,
arXiv:0705.4160 [hep-ph].

[618] V. Bednyakov, A. Faessler and S. Kovalenko, Phys. Lett. B 442 (1998)
203, hep-ph/9808224.

[519] R. N. Mohapatra, Phys. Rev. Lett. 56 (1986) 561.
[520] A. Santamaria and J. W. F. Valle, Phys. Lett. B 195 (1987) 423.

[621] M. Gozdz and W. A. Kaminski, Phys. Rev. D 78 (2008) 075021,
arXiv:1201.1241 [hep-ph].

[522] V. Khachatryan et al. (CMS Collaboration), Phys. Rev. Lett. 114 (2015)
10.6, 061801, arXiv:1409.4789 [hep-ex].

[523] G. Aad et al. (ATLAS Collaboration), Phys. Rev. D 92 (2015) no.7,
072004, arXiv:1504.05162 [hep-ex].

[524] G. Aad et al. (ATLAS Collaboration), Phys. Rev. D 90 (2014) no.5,
052001, arXiv:1405.5086 [hep-ex].

[525] G. Aad et al. (ATLAS Collaboration), Phys. Rev. Lett. 115 (2015) no.3,
031801, arXiv:1503.04430 [hep-ex].


http://www.arxiv.org/abs/1209.0764
http://www.arxiv.org/abs/1211.4526
http://www.arxiv.org/abs/0705.4160
http://www.arxiv.org/abs/hep-ph/9808224
http://www.arxiv.org/abs/1201.1241
http://www.arxiv.org/abs/1409.4789
http://www.arxiv.org/abs/1504.05162
http://www.arxiv.org/abs/1405.5086
http://www.arxiv.org/abs/1503.04430

114 BIBLIOGRAPHY
[526] S. Chatrchyan et al. (CMS Collaboration), Phys. Rev. Lett. 111 (2013)
no.22, 221801, arXiv:1306.6643 [hep-ex].

[627] V. Khachatryan et al. (CMS Collaboration), Phys. Lett. B 760 (2016)
178, arXiv:1602.04334 [hep-ex].

[528] V. Khachatryan et al. (CMS Collaboration), JHEP 1507 (2015) 042,
arXiv:1503.09049 [hep-ex].

[529] M. Aaboud et al. (ATLAS Collaboration), New J. Phys. 18 (2016) no.9,
093016, arXiv:1605.06035 [hep-ex].

[530] G. Aad et al. (ATLAS Collaboration), Phys. Rev. D 91 (2015)
no.11, 112016, Erratum: Phys. Rev. D 93 (2016) no.3, 039901,
arXiv:1502.05686 [hep-ex].

[531] G. Aad et al. (ATLAS Collaboration), JHEP 1606 (2016) 067,
arXiv:1601.07453 [hep-ex].

[632] V. Khachatryan et al. (CMS Collaboration), arXiv:1608.01224 [hep-ex].

[633] C. H. Chang, T. F. Feng, Y. L. Yan, H. B. Zhang and S. M. Zhao, Phys.
Rev. D 90 (2014) no.3, 035013, arXiv:1401.4586 [hep-ph].

[634] D. Aristizabal Sierra, W. Porod, D. Restrepo and C. E. Yaguna, Phys.
Rev. D 78 (2008) 015015, arXiv:0804.1907 [hep-ph].

[635] A. Arhrib, Y. Cheng and O. C. W. Kong, Europhys. Lett. 101 (2013)
31003, arXiv:1208.4669 [hep-ph].

[636] G. Senjanovic and R. N. Mohapatra, Phys. Rev. D 12 (1975) 1502.
[637] G. Ecker, W. Grimus and W. Konetschny, Phys. Lett. 94B (1980) 381.
[538] G. Ecker, W. Grimus and W. Konetschny, Nucl. Phys. B 191 (1981) 465.

[639] K. Kiers, J. Kolb, J. Lee, A. Soni and G. H. Wu, Phys. Rev. D 66 (2002)
095002, hep-ph,/0205082.

[640] Y. Zhang, H. An, X. Ji and R. N. Mohapatra, Nucl. Phys. B 802 (2008)
247, arXiv:0712.4218 [hep-ph].

[541] R. N. Mohapatra and R. E. Marshak, Phys. Rev. Lett. 44 (1980) 1316,
Erratum: Phys. Rev. Lett. 44 (1980) 1643.

[542] R. N. Mohapatra and G. Senjanovic, Phys. Rev. D 23 (1981) 165.
[543] A. Font, L. E. Ibanez and F. Quevedo, Phys. Lett. B 228 (1989) 79.
[544] S. P. Martin, Phys. Rev. D 46 (1992) R2769, hep-ph/9207218.

[645] W. Y. Keung and G. Senjanovic, Phys. Rev. Lett. 50 (1983) 1427.


http://www.arxiv.org/abs/1306.6643
http://www.arxiv.org/abs/1602.04334
http://www.arxiv.org/abs/1503.09049
http://www.arxiv.org/abs/1605.06035
http://www.arxiv.org/abs/1502.05686
http://www.arxiv.org/abs/1601.07453
http://www.arxiv.org/abs/1608.01224
http://www.arxiv.org/abs/1401.4586
http://www.arxiv.org/abs/0804.1907
http://www.arxiv.org/abs/1208.4669
http://www.arxiv.org/abs/hep-ph/0205082
http://www.arxiv.org/abs/0712.4218
http://www.arxiv.org/abs/hep-ph/9207218

BIBLIOGRAPHY 115
[646] S. Chatrchyan et al. (CMS Collaboration), Phys. Rev. Lett. 109 (2012)
261802, arXiv:1210.2402 [hep-ex].

[547] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 754 (2016) 302,
arXiv:1512.01530 [hep-ex].

[548] A. M. Sirunyan et al. (CMS Collaboration), arXiv:1611.03568 [hep-ex].

[549] M. Aaboud et al. (ATLAS Collaboration), Phys. Lett. B 761 (2016) 372,
arXiv:1607.03669 [hep-ex].

[550] V. Khachatryan et al. (CMS Collaboration), arXiv:1609.05391 [hep-ex].

[651] G. Barenboim, J. Bernabeu, J. Prades and M. Raidal, Phys. Rev. D 55
(1997) 4213, hep-ph/9611347.

[652] R. Kuchimanchi and R. N. Mohapatra, Phys. Rev. D 48 (1993) 4352,
hep-ph/9306290.

[653] R. Kuchimanchi and R. N. Mohapatra, Phys. Rev. Lett. 75 (1995) 3989,
hep-ph/9509256.

[654] R. N. Mohapatra and A. Rasin, Phys. Rev. Lett. 76 (1996) 3490,
hep-ph/9511391.

[555] R. N. Mohapatra and A. Rasin, Phys. Rev. D 54 (1996) 5835,
hep-ph/9604445.

[656] C. S. Aulakh, A. Melfo and G. Senjanovic, Phys. Rev. D 57 (1998) 4174,
hep-ph/9707256.

[657] C. S. Aulakh, K. Benakli and G. Senjanovic, Phys. Rev. Lett. 79 (1997)
2188, hep-ph/9703434.

[658] C. S. Aulakh, A. Melfo, A. Rasin and G. Senjanovic, Phys. Rev. D 58
(1998) 115007, hep-ph/9712551.

[659] J. N. Esteves, J. C. Romao, M. Hirsch, A. Vicente, W. Porod and F. Staub,
JHEP 1012 (2010) 077, arXiv:1011.0348 [Lep-ph].

[560] J. N. Esteves, J. C. Romao, M. Hirsch, W. Porod, F. Staub and A. Vicente,
JHEP 1201 (2012) 095, arXiv:1109.6478 [hep-ph.

[561] K. S. Babu and R. N. Mohapatra, Phys. Lett. B 668 (2008) 404,
arXiv:0807.0481 [hep-ph].

[562] M. Frank and B. Korutlu, Phys. Rev. D 83 (2011) 073007,
arXiv:1101.3601 [hep-ph].

[563] K. S. Babu and A. Patra, Phys. Rev. D 93 (2016) no.5, 055030,
arXiv:1412.8714 [hep-ph].


http://www.arxiv.org/abs/1210.2402
http://www.arxiv.org/abs/1512.01530
http://www.arxiv.org/abs/1611.03568
http://www.arxiv.org/abs/1607.03669
http://www.arxiv.org/abs/1609.05391
http://www.arxiv.org/abs/hep-ph/9611347
http://www.arxiv.org/abs/hep-ph/9306290
http://www.arxiv.org/abs/hep-ph/9509256
http://www.arxiv.org/abs/hep-ph/9511391
http://www.arxiv.org/abs/hep-ph/9604445
http://www.arxiv.org/abs/hep-ph/9707256
http://www.arxiv.org/abs/hep-ph/9703434
http://www.arxiv.org/abs/hep-ph/9712551
http://www.arxiv.org/abs/1011.0348
http://www.arxiv.org/abs/1109.6478
http://www.arxiv.org/abs/0807.0481
http://www.arxiv.org/abs/1101.3601
http://www.arxiv.org/abs/1412.8714

116 BIBLIOGRAPHY
[564] L. Basso, B. Fuks, M. E. Krauss and W. Porod, JHEP 1507 (2015) 147,
arXiv:1503.08211 [hep-ph].

[565] A. Alloul, M. Frank, B. Fuks and M. Rausch de Traubenberg, JHEP 1310
(2013) 033, arXiv:1307.5073 [hep-ph.

[666] D. A. Demir, M. Frank, D. K. Ghosh, K. Huitu, S. K. Rai and I. Turan,
Phys. Rev. D 79 (2009) 095006, arXiv:0903.3955 [hep-ph].

[567] K. S. Babu, A. Patra and S. K. Rai, Phys. Rev. D 88 (2013) 055006,
arXiv:1306.2066 [hep-ph].

[568] K. S. Babu, X. G. He and E. Ma, Phys. Rev. D 36 (1987) 878.

[569] K. Huitu, P. N. Pandita and K. Puolamaki, Phys. Lett. B 423 (1998) 97,
hep-ph /9708486.

[670] Y. Zhang, H. An, X. d. Ji and R. N. Mohapatra, Phys. Rev. D 78 (2008)
011302, arXiv:0804.0268 [hep-ph].

[571] D. Clowe, M. Bradac, A. H. Gonzalez, M. Markevitch, S. W. Ran-
dall, C. Jones and D. Zaritsky, Astrophys. J. 648 (2006) L109,
astro-ph/0608407.

[672] P. Tisserand et al. (EROS-2 Collaboration), Astron. Astrophys. 469
(2007) 387, astro-ph,/0607207.

[673] L. Wyrzykowski et al., Mon. Not. Roy. Astron. Soc. 413 (2011) 493,
arXiv:1012.1154 [astro-ph.GA].

[574] L. J. Hall, K. Jedamzik, J. March-Russell and S. M. West, JHEP 1003
(2010) 080, arXiv:0911.1120 [hep-ph].

[575] P. Gondolo and G. Gelmini, Nucl. Phys. B 360 (1991) 145.
[576] J. Edsjo and P. Gondolo, Phys. Rev. D 56 (1997) 1879, hep-ph/9704361.

[577] P. A. R. Ade et al. (Planck Collaboration), Astron. Astrophys. 594 (2016)
A13, arXiv:1502.01589 [astro-ph.CO].

[578] D. S. Akerib et al., arXiv:1608.07648 [astro-ph.CO].

[6579] T. Bringmann, X. Huang, A. Ibarra, S. Vogl and C. Weniger, JCAP 1207
(2012) 054, arXiv:1203.1312 [hep-ph].

[680] E. Bulbul, M. Markevitch, A. Foster, R. K. Smith, M. Loewen-
stein and S. W. Randall, Astrophys. J. 789 (2014) 13,
arXiv:1402.2301 [astro-ph.CO].

[681] A. Boyarsky, O. Ruchayskiy, D. Takubovskyi and J. Franse, Phys. Rev.
Lett. 113 (2014) 251301, arXiv:1402.4119 [astro-ph.CO)].


http://www.arxiv.org/abs/1503.08211
http://www.arxiv.org/abs/1307.5073
http://www.arxiv.org/abs/0903.3955
http://www.arxiv.org/abs/1306.2066
http://www.arxiv.org/abs/hep-ph/9708486
http://www.arxiv.org/abs/0804.0268
http://www.arxiv.org/abs/astro-ph/0608407
http://www.arxiv.org/abs/astro-ph/0607207
http://www.arxiv.org/abs/1012.1154
http://www.arxiv.org/abs/0911.1120
http://www.arxiv.org/abs/hep-ph/9704361
http://www.arxiv.org/abs/1502.01589
http://www.arxiv.org/abs/1608.07648
http://www.arxiv.org/abs/1203.1312
http://www.arxiv.org/abs/1402.2301
http://www.arxiv.org/abs/1402.4119

BIBLIOGRAPHY 117

[682] AMS press release December 2016,
http://www.ams02.org/wp-content /uploads,/2016 /12 /Final.pdf.

[683] V. D. Barger and C. Kao, Phys. Rev. D 57 (1998) 3131, hep-ph/9704403.

[584] J. R. Ellis, T. Falk, K. A. Olive and M. Schmitt, Phys. Lett. B 413 (1997)
355, hep-ph/9705444.

[585] H. Baer and M. Brhlik, Phys. Rev. D 57 (1998) 567, hep-ph,/9706509.

[686] G. Belanger, F. Boudjema, S. Kraml, A. Pukhov and A. Semenov, Phys.
Rev. D 73 (2006) 115007, hep-ph/0604150.

[687] S. Scopel, N. Fornengo and A. Bottino, Phys. Rev. D 88 (2013) no.2,
023506, arXiv:1304.5353 [hep-ph].

[588] G. Belanger, G. Drieu La Rochelle, B. Dumont, R. M. Godbole, S. Kraml
and S. Kulkarni, Phys. Lett. B 726 (2013) 773, arXiv:1308.3735 [hep-ph].

[589] K. Hamaguchi and K. Ishikawa, Phys. Rev. D 93 (2016) no.5, 055009,
arXiv:1510.05378 [hep-ph].

[590] J.F. Gunion, D. Hooper and B. McElrath, Phys. Rev. D 73 (2006) 015011,
hep-ph/0509024.

[591] D. G. Cerdeno, E. Gabrielli, D. E. LopezFogliani, C. Munoz and
A. M. Teixeira, JOAP 0706 (2007) 008, hep-ph/0701271.

[692] J. Kozaczuk and S. Profumo, Phys. Rev. D 89 (2014) no.9, 095012,
arXiv:1308.5705 [hep-ph].

[593] M. Fujii and T. Yanagida, Phys. Lett. B 549 (2002) 273, hep-ph/0208191.

[594] J. R. Ellis, K. A. Olive, Y. Santoso and V. C. Spanos, Phys. Lett. B 588
(2004) 7, hep-ph/0312262.

[595] K. Jedamzik, M. Lemoine and G. Moultaka, Phys. Rev. D 73 (2006)
043514, hep-ph/0506129.

[596] D. G. Cerdeno, C. Munoz and O. Seto, Phys. Rev. D 79 (2009) 023510,
arXiv:0807.3029 [hep-ph].

[597] D. G. Cerdeno and O. Seto, JCAP 0908 (2009) 032,
arXiv:0903.4677 [hep-ph].

[598] A. Chatterjee, D. Das, B. Mukhopadhyaya and S. K. Rai, JCAP 1407
(2014) 023 arXiv:1401.2527 [hep-ph].

[599] D. G. Cerdeno, M. Peir6 and S. Robles, JCAP 1408 (2014) 005,
arXiv:1404.2572 [hep-ph].


http://www.ams02.org/wp-content/uploads/2016/12/Final.pdf
http://www.arxiv.org/abs/hep-ph/9704403
http://www.arxiv.org/abs/hep-ph/9705444
http://www.arxiv.org/abs/hep-ph/9706509
http://www.arxiv.org/abs/hep-ph/0604150
http://www.arxiv.org/abs/1304.5353
http://www.arxiv.org/abs/1308.3735
http://www.arxiv.org/abs/1510.05378
http://www.arxiv.org/abs/hep-ph/0509024
http://www.arxiv.org/abs/hep-ph/0701271
http://www.arxiv.org/abs/1308.5705
http://www.arxiv.org/abs/hep-ph/0208191
http://www.arxiv.org/abs/hep-ph/0312262
http://www.arxiv.org/abs/hep-ph/0506129
http://www.arxiv.org/abs/0807.3029
http://www.arxiv.org/abs/0903.4677
http://www.arxiv.org/abs/1401.2527
http://www.arxiv.org/abs/1404.2572

118 BIBLIOGRAPHY
[600] N. Arkani-Hamed, L. J. Hall, H. Murayama, D. Tucker-Smith and
N. Weiner, Phys. Rev. D 64, 115011 (2001), hep-ph/0006312.

[601] C. Arina and N. Fornengo, JHEP 0711 (2007) 029,
arXiv:0709.4477 [hep-ph].

[602] G. Belanger, M. Kakizaki, E. K. Park, S. Kraml and A. Pukhov, JCAP
1011 (2010) 017, arXiv:1008.0580 [hep-ph.

[603] C. Arina, M. E. C. Catalan, S. Kraml, S. Kulkarni and U. Laa, JHEP
1505 (2015) 142, arXiv:1503.02960 [hep-ph].

[604] H. An, P. S. B. Dev, Y. Cai and R. N. Mohapatra, Phys. Rev. Lett. 108
(2012) 081806, arXiv:1110.1366 [hep-ph].


http://www.arxiv.org/abs/hep-ph/0006312
http://www.arxiv.org/abs/0709.4477
http://www.arxiv.org/abs/1008.0580
http://www.arxiv.org/abs/1503.02960
http://www.arxiv.org/abs/1110.1366

	Introduction
	The era of LHC and the need for new physics
	The Higgs boson as a portal to beyond the Standard Model
	Structure of the thesis
	List of publications and author's contribution
	Conventions


	Abstract
	Tiivistelmä
	Acknowledgements
	Fundamentals of Higgs physics
	Spontaneous symmetry breaking
	The Higgs mechanism in gauge theories
	Properties of the Standard Model Higgs
	Electroweak symmetry breaking
	Fermion masses
	SM Higgs production at the LHC
	SM Higgs decay channels
	Comparison of the 125 GeV boson and the SM Higgs

	Extended Higgs sectors
	Additional doublets
	Singlets
	Triplets

	Experimental constraints on extended Higgs sectors
	Neutral scalars
	Singly charged scalars
	Doubly charged scalars

	Unitarity constraints

	Supersymmetry and Higgs physics
	Supersymmetry
	Superfields
	Supersymmetric gauge transformations
	Nonrenormalization theorems

	The MSSM and its Higgs sector
	Field content
	R-parity
	Soft supersymmetry breaking
	Origin and mediation of supersymmetry breaking
	The Higgs sector at tree-level
	Higgs masses at the loop-level

	MSSM Higgs phenomenology at the LHC
	SUSY effects on Higgs production
	SUSY effects on Higgs decays

	Extensions of the MSSM
	Singlet extensions
	Triplet extensions

	Searching SUSY at the LHC
	How to find the invisible?
	Neutralinos and charginos
	Third generation squarks


	Supersymmetry without R-parity
	R-symmetries, R-charges and R-parity
	Construction of R-symmetric models
	Neutralino and chargino masses
	R-charge assignments
	The Higgs mass in R-symmetric models

	Phenomenology of the R=-L model
	Superpotential and sneutrino as a Higgs
	Collider phenomenology

	Models of spontaneous R-parity violation
	Collider imprints of supersymmetry without R-parity
	Higgs and spontaneous R-parity violation

	Left-right symmetric supersymmetry
	Left-right symmetric models
	Field content
	Bounds on the gauge sector
	Vacuum stability
	Neutralinos and charginos

	The SM-like Higgs in LRSUSY
	The Higgs mass
	The Higgs couplings

	Dark matter in LRSUSY
	Dark matter — constraints and searches
	Right-handed sneutrino as a dark matter candidate


	Summary and outlook

