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Zusammenfassung

Das heutige Standardmodell der Teilchenphysik ist eine der prézisesten Theorien der Phy-
sik, welche die Eigenschaften der bekannten Elementarteilchen und deren Wechselwirkungen
in zahlreichen Experimenten mit hoher Genauigkeit beschreibt. Gleichwohl zeigt es Schwach-
punkte auf experimenteller wie theoretischer Seite: Zwar gibt es mit dem Higgs-Mechanismus
einen theoretischen Ansatz fiir die Erzeugung von Massen der Elementarteilchen im Standard-
modell, jedoch ist dieser experimentell (noch) nicht nachgewiesen. Insbesondere bendtigt das
Standardmodell fiir die Erkldrung der leichten Massen der Neutrinos noch eine Erweiterung.
Dartiber hinaus liefert das Standardmodell keinen Kandidaten fiir dunkle Materie, welche den
dominanten Anteil der Materie im Universum ausmacht. Antworten auf viele dieser Fragestel-
lungen liefern supersymmetrische Modelle, auf denen auch diese Arbeit fufit. Statt der ein-
fachsten supersymmetrischen Realisierung des Standardmodells beschéftigen wir uns mit Erwei-
terungen, darunter das nichstminimale supersymmetrischen Standardmodell (NMSSM), wel-
ches ein zusitzliches Singletfeld enthélt, sowie R-Paritidtsverletzende Modelle. R-Paritét ist
eine diskrete Symmetrie, die die Stabilitdt des Protons in supersymmetrischen Erweiterun-
gen garantiert. Die Nutzung von leptonzahlverletzenden Termen im Kontext von bilinearer
R-Paritétsverletzung und dem purSSM erlaubt die Erkldrung von Neutrinodaten, da besagte
Terme eine Mischung der Neutralinos mit den Neutrinos bewirken.

Seit 2009 stoBt der “Large Hadron Collider” (Grofler Hardonenbeschleuniger, LHC) am CERN
in Genf in den Energiebereich von Teraelektronenvolt vor und erlaubt so die Produktion von
schweren, noch unbekannten Teilchen. Somit kénnte die nahe Zukunft die Frage nach der Mas-
senerzeugung im Standardmodell beantworten und Hinweise auf neue Physik liefern. Daher
arbeiten wir die Phénomenologie der oben erwéhnten supersymmetrischen Modelle an Beschleu-
nigerexperimenten heraus und diskutieren die Unterschiede zur einfachsten supersymmetrischen
Realisierung des Standardmodells. Im Falle von R-Paritéitsverletzung kénnen die Zerfille des
leichtesten Neutralinos Vertices mit Abstand zum Wechselwirkungspunkt erzeugen. In Kom-
bination mit leichten singletartigen Teilchen kénnen diese Zerfiille eine reiche Phinomenologie
bereithalten wie beispielsweise Higgszerfille in leichte singletartige Neutralinos, welche vor ihrem
Zerfall eine messbare Strecke im Detektor zuriicklegen.

In dieser Arbeit prisentieren wir auch Rechnungen in der néchsthéheren Ordnung Stérungs-
theorie, da Einschleifenbeitrige grofie Korrekturen zu den Massen und Zerfallsbreiten auf Baum-
graphenniveau liefern kénnen. Wir berechnen die Massen von Neutralinos und Charginos, wel-
che im Falle der R-Paritétsverletzung Neutrinos und Leptonen beinhalten, in n#chsthoherer
Ordnung und heben die Gemeinsamkeiten und Unterschiede zu exisitierenden Rechnungen in
anderen Renormierungsschemata hervor. Dariiberhinaus betrachten wir Zweikorperzerfille der
Form )2? — )ZlinF auf Einschleifenniveau. Im Falle von verschwindenden Zerfallsbreiten auf
Baumgraphenniveau koénnen die Korrekturen grofl werden, genauso auch fiir die R-Paritéts-
verletzenden Zerfille des leichtesten Neutralinos ¥ — [WT. Ein Charakteristikum von Model-
len basierend auf bilinearer R-Paritdtsverletzung ist die Korrelation zwischen den Verzweigungs-
verhéltnissen der leichtesten Neutralinozerfille und den Neutrinomischungswinkeln. Wir zeigen
diese Beziehungen auf Baumgraphenniveau und fiir die Zweikérperzerfiille x{ — IFWT auch in
néchsthoherer Ordnung, da nur die volle Einschleifenkorrektur das erwartete Ergebnis liefert.
Im Anhang werden die zwei fiir diese Arbeit erzeugten Programme MaCoR und CNNDecays vor-
gestellt. Wahrend MaCoR die Berechnung von Massenmatrizen und Kopplungen in den besagten
Modellen erlaubt, wurde mit CNNDecays die numerische Auswertung der Einschleifenrechnungen
vorgenommen.






Abstract

During the last decades the standard model of particle physics has evolved to one of the most
precise theories in physics, describing the properties and interactions of fundamental particles
in various experiments with a high accuracy. However it lacks on some shortcomings from
experimental as well as from theoretical point of view: There is no approved mechanism for
the generation of masses of the fundamental particles, in particular also not for the light, but
massive neutrinos. In addition the standard model does not provide an explanation for the
observance of dark matter in the universe. Moreover the gauge couplings of the three forces
in the standard model do not unify, implying that a fundamental theory combining all forces
can not be formulated. Within this thesis we address supersymmetric models as answers to
these various questions, but instead of focusing on the most simple supersymmetrization of
the standard model, we consider basic extensions, namely the next-to-minimal supersymmetric
standard model (NMSSM), which contains an additional singlet field, and R-parity violating
models. R-parity is a discrete symmetry introduced to guarantee the stability of the proton.
Using lepton number violating terms in the context of bilinear R-parity violation and the urSSM
we are able to explain neutrino physics intrinsically supersymmetric, since those terms induce a
mixing between the neutralinos and the neutrinos.

Since 2009 the Large Hadron Collider (LHC) at CERN explores the new energy regime of Tera-
electronvolt, allowing the production of potentially existing heavy particles by the collision of
protons. Thus the near future might provide answers to the open questions of mass generation
in the standard model and show hints towards physics beyond the standard model. Therefore
this thesis works out the phenomenology of the supersymmetric models under consideration
and tries to point out differences to the well-known features of the simplest supersymmetric
realization of the standard model. In case of the R-parity violating models the decays of the
light neutralinos can result in displaced vertices. In combination with a light singlet state these
displaced vertices might offer a rich phenomenology like non-standard Higgs decays into a pair
of singlinos decaying with displaced vertices.

Within this thesis we present some calculations at next order of perturbation theory, since
one-loop corrections provide possibly large contributions to the tree-level masses and decay
widths. We are using an on-shell renormalization scheme to calculate the masses of neutralinos
and charginos including the neutrinos and leptons in case of the R-parity violating models at
one-loop level. The discussion shows the similarities and differences to existing calculations in
another renormalization scheme, namely the DR scheme. Moreover we consider two-body decays
of the form )2(])» — )ZlinF involving a heavy gauge boson in the final state at one-loop level.
Corrections are found to be large in case of small or vanishing tree-level decay widths and also
for the R-parity violating decay of the lightest neutralino Y0 — I*W¥. An interesting feature of
the models based on bilinear R-parity violation is the correlation between the branching ratios
of the lightest neutralino decays and the neutrino mixing angles. We discuss these relations
at tree-level and for two-body decays ¥{ — ITWT also at one-loop level, since only the full
one-loop corrections result in the tree-level expected behavior. The appendix describes the two
programs MaCoR and CNNDecays being developed for the analysis carried out in this thesis. MaCoR
allows for the calculation of mass matrices and couplings in the models under consideration and
CNNDecays is used for the one-loop calculations of neutralino and chargino mass matrices and
the two-body decay widths.
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Glossary

In this section we present our nomenclature, which is used throughout the following thesis.

1. Vectors, spinors and helicities

Despite of a and S greek indices in this work refer to the space-time components and are
running from pu,v,p,... = 0,1,2,3 with the possibility of real numbers in case of dimensional
regularization. Space-time coordinates and the four momentum are defined as follows

zt = (t,7) and = (Ep) , (1)

where we have used the metric g, = g* = diag (=1, +1,+1,+1). The well-known Dirac spinors
u and v presenting particles and anti-particles as defined in [1] are used in the notation u and
uS, where ¢ implies charge conjugation in accordance to

u$ =v=Cul =Cyu* with @ = uly (2)

and the charge conjugation matrix C'. The helicity states with helicity % and —% can then be
written in the form

1
(1+v5)u and u%/L =3 (1F75)us , (3)

DO =

UR/L =
so that the projection operators are given by
P =

(1—75) und  Pr= - (1+4+7s5) : (4)

N | —
N | —

Supersymmetric theories are very often expressed in terms of two-component Weyl spinors, which
carry dotted and undotted indices. However we will suppress this notation in the following and
will just use them to point out the construction of the Weyl spinor and its relation to the Dirac
spinor u

U= (p a~> with the Weyl spinors pa and nf% . (5)

In this notation yields (1) = €4h (77)2, where the antisymmetric € contracts the SU(2) indices

a,& = 1,2. The first Weyl spinor p is equivalent to the left-handed part of the Dirac spinor u
and the second Weyl spinor 7' is equivalent to the charge conjugation of the left-handed part
of the Dirac spinor representing the anti-particle u$ similar to [2], which transforms as a right-
handed particle. This implies that our notation is only based on left-handed Weyl spinors p and
7, which can be transformed into right-handed Weyl spinors by hermitian conjugation. Without

XV



xvi Glossary

the dotted and undotted indices the following relations hold

T
U= (5) implying T = <;)7Jr> . (6)

Acting with the projection operators on the Dirac spinor u necessarily results in

Pru = (8) and  Ppu= <7;)T> . (7)

In addition this notation allows to write

T0

w; Pru; = pinj, ui Pru = p;n; (8)
Uy Pru; = plotp;, @y Pruj =m0 p! (9)

in accordance to [2] with the v matrices split into (2 x 2)-blocks shown in the following Section 2.
In this notation the upper two indices of the Dirac spinor are separated from the two lower ones,
such that projection operators are no longer necessary, the Weyl spinors are by definition in
different representations of the Lorentz group. Later supersymmetry will make use of chiral
supermultiplets, which contain only left-handed Weyl fermions. We consider another example
focusing on the mass eigenstates of the charged fermions, which are called Fii in Weyl notation
and the neutral fermions being called F and which transform via

- 0
X = ((3)*) and %= <<£5>*> (10)

to the Dirac spinors x; and )2? of the charged and neutral fermions. Using this definition the
neutral fermions are Majorana particles. Taking the example of the superfield €°, the scalar
component € = €}, is the supersymmetric partner of the Weyl spinor e® = e}r%. The notation ¢
appears in the context of Weyl spinors and should not be confused with the ¢ representing the
charge conjugation in case of Dirac spinors.

The thesis contains Weyl- as well as Dirac spinors depending on the discussed subject: Mass ma-
trices and the Lagrangian density in terms of the superpotential are presented in Weyl notation
partially using superfields, whereas the one-loop calculations are expressed in Dirac notation.
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2. More nomenclature

The following table should clarify the notation and summarizes important abbreviations:

Used symbols - spinor notation
ot ol = <(1) (1)> =olol = <§) é) = ol = <? —02> = —o?2 and
s_ (L 0 _
o <0 _1> _—
Not to be confused with the scalars 03 and ¢ appearing in several
chapters together with the matrix o¥.
cab el =2 - (12 = 41 21—
10} scalar field
P chiral field (Weyl spinor)
d chiral superfield, in the form ® (8) = ¢++/20-9+0-0F (see Section 3.5)
0 Grassmann variable in superfield notation
Used symbols - particle physics
T° generator of SU(N), either &~ with a = 1,...,8 of SU(3) or % with
a=1,...,30f SU(2)
9,4 gauge couplings of SU(2), or U(1)y
Ow weak mixing angle, Weinberg angle
Gr Fermi constant G—\/g =3 i%v
my, My masses of the heavy gauge bosons Z and W
UV, Uy vacuum expectation values of Hy and H,,
tan g Ratio of vacuum expectation values tan 8 = v, /vq
Ve, VS vacuum expectation values of the right-handed sneutrinos ¢ or the
scalar singlet S
v; vacuum expectation values of the left-handed sneutrinos 7;,71 = 1,2,3
S Mandelstam variable, center of mass system energy /s
h=c=1 Planck’s constant and the speed of light are set to 1.
Abbreviations
BRpV Bilinear R-parity violation
MSSM Minimal supersymmetric standard model
NMSSM Next-to-minimal supersymmetric standard model
prSSM W via v supersymmetric standard model
VEV Vacuum Expectation Value
(N)LO (Next-to-)leading order
SPS Snowmass Points and Slopes, see [3]
GUT Grand Unified Theory
h.c. Hermitian conjugate (f)
LEP Large Electron-Positron Collider at CERN, 1989-2000
LHC Large Hadron Collider at CERN, since 2009
ILC International Linear Collider, design stage
CLIC Compact Linear Collider, design stage







Chapter 1

Introduction

During the last century particle physics evolved to one of the most precise theories in physics
with the standard model of particle physics describing fundamental particles to a high accu-
racy. The observation of the smallest scales in nature corresponds to the study of high energetic
particles. Those high energies explain the need of collider experiments for the terrestrial inves-
tigation of fundamental physics. However also the universe offers high energies at its early stage
and in massive galaxies. Thus also the observation of high energetic particles resulting from
astrophysical sources allows conclusions about the fundamental particles and their formation.
Although the standard model of particle physics precisely describes experiments performed in
the last decades, it poses some open theoretical but also experimental questions. The most
important shortcoming is the generation of masses for the standard model particles. The Higgs
mechanism provides an explanation, but is not (yet) approved by experiments. Astrophysical
observations indicate the existence of dark matter, for which the standard model does not offer a
reasonable candidate. In addition theoretical questions like instabilities under quantum correc-
tions or the desire for a fundamental theory explaining all forces by a unification of couplings ask
for physics beyond the standard model of particle physics. The list of open questions could be
extended, however we focus on possible explanations: Supersymmetry is able to answer several
of these open questions as we will see later. Therefore the work presented in this thesis is based
on the supersymmetrization of the standard model. Apart from the simplest realization, the
minimal supersymmetric standard model (MSSM) we consider the next-to-minimal supersym-
metric standard model, which contains an additional singlet field and allows for a solution of the
p-problem, the question why a certain parameter has the dimension of the electroweak scale.
In addition we consider models violating R-parity, a discrete symmetry, which was originally
introduced for experimental reasons. Using only lepton number violating terms we present two
models, namely bilinear R-parity violation and the urSSM, which both allow for an intrinsically
supersymmetric generation of neutrino masses induced by the mixing between neutralino states
and the neutrinos. The Higgs mechanism a priori does not give an explanation for the lightness
of the neutrino masses.

To test physics beyond the standard model the smallest scales have to be observed: Apart from
the measurements of high energetic particles at colliders or from the universe, also precision
observables at low energies being influenced by heavy particles allow for the search of physics
beyond the standard model. The Large Hadron Collider (LHC) at CERN in Geneva, which
explores the energy regime of Tera-electronvolt since 2009, can produce still unknown heavy
particles detectable with the experiments ATLAS and CMS and also focuses on precision ob-
servables in the B hadrons sector using LHCb. In addition various measurements of neutrino
data and dark matter strengthen the need for models beyond the standard model.

Thus current times in particle physics are very exciting, since within the next years the origin
of masses in the standard model might be explained and the first hints for physics beyond the
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standard model can account for the various open questions. To be able to make predictions
about how and what experiments might see theorists have to provide accurate predictions about
possible signals. In this thesis we therefore work out higher order corrections to the supersym-
metric models under consideration. These higher order corrections are carried out in an on-shell
scheme first sticking to the one-loop corrected masses of neutralinos and charginos including
neutrinos and leptons in case of R-parity violation and then to two-body decays of the form
)2? — )ZliW{ which are important for SUSY cascade decays in the (N)MSSM, but also for R-
parity violating decays of the lightest neutralino. Special emphasis is put on the gauge invariance
of our calculations. Moreover we provide the LHC phenomenology for the urSSM predicting
measurable effects like displaced vertices, which differ from the well-known phenomenology of
the MSSM. In addition we show relations between collider experiments and measurements at
neutrino detectors in the presented models of R-parity violation.

This thesis is organized as follows: We start with an introduction to the basic principles of
particle physics in Chapter 2. This introduction covers the symmetries of the standard model
describing the today known fundamental particles. The concept of spontaneous symmetry break-
ing provides a mechanism to explain the observance of masses for those particles. We close the
chapter by a discussion of neutrino experiments, which emphasize the existence of neutrino
masses and present the seesaw mechanism to allow for an explanation of those.

In the subsequent Chapter 3 we motivate supersymmetry and explain the basic concepts covering
the introduction of supersymmetric partners to existing particles, the superfield formalism and
its usage in model building. We present the minimal supersymmetric standard model (MSSM)
and show the particle content after the discussion of possible soft SUSY breaking mechanisms.
Since some lepton and baryon number violating terms in the superpotential, which are allowed
by gauge and SUSY symmetries, induce proton decay, we finally define R-parity, a discrete
symmetry introduced to circumvent these experimental constraints. It forbids the presence of
the mentioned terms.

After the introduction of supersymmetry we focus on the solution of the p-problem and the
generation of neutrino masses in supersymmetric models in Chapter 4. Therein we present the
next-to-MSSM (NMSSM) and illustrate the supersymmetrization of the seesaw mechanisms.
Afterwards we list arguments for R-parity violation. One major advantage of lepton number
violating terms is the explanation of neutrino masses, which motivates bilinear R-parity violation
and the so-called urSSM, two models being introduced within this chapter.

Chapter 5 describes the models of interest at tree-level. This discussion covers the scalar sectors
with focus on the masses of the supersymmetric Higgs bosons and the role of the singlet Higgs
in the NMSSM and pvSSM. Moreover we summarize the procedure of gauge fixing using R¢-
gauge, which we use to show the gauge invariance of our calculations. Thereafter the neutralino
and chargino sectors are illustrated including the mixture with neutrinos and leptons in case of
R-parity violation. Lastly two-body decays of the form )29 — )ZliT/V$ with a heavy gauge boson
in the final state are discussed, since they are of great importance in SUSY cascade decays.
In case of R-parity violation similar decays X} — [ZWT are dominant compared to different
final states. For those scenarios we present some approximations at tree-level, which illustrate
the connection of those decay modes to the neutrino mixing angles in models based on bilinear
R-parity violation.

The following Chapter 6 presents neutralino and chargino masses and two-body decay widths
of the form 5(? — )Z?ET/V$ at one-loop level using an on-shell renormalization scheme. Therefore
we start with a detailed discussion of renormalization schemes, then stick to the usage of the
on-shell scheme for heavy gauge bosons and neutralinos as well as charginos, before we show the
one-loop contributions to the decay widths of )29 — )Z?EI/V¢ analytically. The discussion includes
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the real emission of a photon to obtain infrared finite results. In addition we focus on the
gauge invariance of the calculations, which requires a certain treatment of the renormalization
of mixing matrices.

In Chapter 7 benchmark scenarios for the various models under consideration are presented.
We make use of them in Chapter 8 presenting the LHC phenomenology of the pSSM in detail
including the discussion of the decay widths for the lightest supersymmetric particle being the
lightest neutralino. Light singlet states in combination with the R-parity violating decays of
the lightest neutralino result in a phenomenology, which clearly differs from the one of the
MSSM, since displaced vertices and final states with several leptons or quarks uncommon in the
MSSM can show up. The discussion covers the prSSM with one- but also with two right-handed
neutrino superfields.

The subsequent Chapter 9 presents the one-loop corrections for masses of neutralinos and
charginos including the generation of neutrino masses using the on-shell renormalization scheme
described in Chapter 6. It follows the discussion of the one-loop corrections for the decays of the
form )2? — )ZliW$ in the (N)MSSM. Since the tree-level decay width can vanish the corrections
at one-loop level can be very important. Afterwards we show the size of corrections for the
R-parity violating decays using an example spectrum in the urSSM.

Thereafter we discuss the correlations between the neutrino mixing angles and ratios of branching
ratios of R-parity violating decays in bilinear R-parity violation and the prSSM in Chapter 10
for two- and three-body decays. For the two-body decays we present the correlations at one-loop
level emphasizing that naive tree-level expectations turn out to be correct at full next-to-leading
order.

Finally Chapter 11 summarizes the main results of this thesis. In Appendix A-F we present
various formulas, namely mass matrices and tadpole equations for the urSSM and vertex cor-
rections for )Z? — )ZlinF. We address Passarino-Veltman integrals and the technical details of
our calculations in more detail and finally describe the programs MaCoR and CNNDecays, which
were developed for the analysis presented in this thesis. Whereas MaCoR is a Mathematica pack-
age to calculate the mass matrices and couplings, CNNDecays is a Fortran code to evaluate the
one-loop corrections.






Chapter 2

Basic principles

In this chapter we discuss the basic principles of particle physics starting with an introduction
to the standard model of particle physics, which is followed by the detailed explanation of
electroweak symmetry breaking. Moreover we show the current knowledge of neutrino physics,
which includes a discussion of the various experiments. Before passing to the introduction of
supersymmetry, we complete the chapter by a possible explanation of neutrino physics in the
context of the standard model.

2.1. Particle physics - The standard model

Today particle physics is based on the mathematical formalism of relativistic quantum field
theory in combination with group theory, which can be used to express the well-known standard
model of particle physics. Although this work is based on these basic principles, we will not
give a detailed introduction, but refer to the literature [1, 4, 5, 6]. However, symmetries are of
such an importance in particle physics, that some comments are helpful for the understanding
of supersymmetry: Quantum field theory, based on special relativity, includes the symmetries
of space-time, which are given by the Poincaré group. Within this group structure coordinate
transformations are of the form

t — o' = Alx¥ + ot (2.1)

with the Lorentz transformation Al and the space-time translation a*. Those transformations
are induced by the generators of the four translations P, and the generators of the homogeneous
Lorentz transformations M,,,, which include rotations and boosts. They follow the Poincaré

uvs
algebra:
[PH’ P=0
[Muua Pp] =1 (gupP,u - g,upPu)
[M/J,l/a Mp,a] =—1 (g,upMua - g,qul/o + guaM;w - guaM;w) (22)

In order to identify a “particle” we have to construct the irreducible representations of the
Poincaré group, thus we need the Casimir operators, which commute with the generators of the
Poincaré algebra. They are given by

Cy = P'P, = P?, Cy=WH'W, =W? (2.3)

with the Pauli-Lubanski-vector WH = %e‘“’ P9 P, M,s. Whereas C identifies the mass of a parti-
cle, the eigenvalues of Cy are related to the spin or to the helicity in case of a massless particle.



6 2. Basic principles

Beside these Poincaré group the standard model of particle physics is based on the internal
symmetry groups SU(3)c x SU(2)r, x U(1)y, which have to be combined with the Poincaré
group by a direct product. Internal symmetries act on internal properties of the particles and
have Lorentz scalars as generators. The question, whether it is possible to find additional sym-
metry groups, which can be unified with the Poincaré group, will be addressed in the section of
supersymimetry.

In brevity we will sketch the particle content of the standard model based on the combination
of the internal symmetry groups SU(3)c x SU(2)r, x U(1)y: The combination of the three
symmetry groups represent the three fundamental interactions, namely the strong, the weak
and the electromagnetic interaction. They come together with the gauge bosons as elements
of the gauge groups, which are spin-1 particles and mediate the interactions. In detail there
are eight gluons g} as elements of SU(3)¢, three gauge bosons Wﬁ as elements of SU(2);, and
one gauge boson B, as element of U(1)y. The indices C, L and Y are the quantum numbers,
which describe the behavior of a particle under each group, and represent the color charge with
respect to the strong interaction, the weak isospin and the hypercharge of a particle. Beside
the gauge bosons the fermionic leptons and quarks appear in three families. This includes the
electron e, myon p and tau 7 and their antiparticles, the neutrinos v with left-handed helicity and
their antiparticles with right-handed helicity. Note that the standard model does not include
a right-handed neutrino in its original definition. The standard model is completed by the
three families of quarks, which are up- and down-quark, charm- and strange-quark and top-
and bottom-quark and their antiparticles. For a list of all particles we refer to the tables of
the minimal supersymmetric standard model in Section 3, which contain the standard model
particles together with their quantum numbers under the shown gauge groups.

However we did not mention yet the non-existence of masses for the fundamental fermions as
well as for the heavy gauge bosons. The most famous mechanism to account for this problem is
the Higgs mechanism based on spontaneous symmetry breaking [7, 8]. The interactions between
the proposed Higgs particle and the fermions are then given by the Yukawa couplings [9], whose
exact values can not be determined from the theory of the standard model, but flavor symmetries
have to account for those.

The practical use of the mathematical concepts and methods of quantum field theory and the
standard model can later be seen in the usage for decays and one-loop contributions. In particular
the method of regularization and renormalization will be discussed in some more detail.

Since the process of electroweak symmetry breaking plays an important role in this thesis, we
will give a more detailed introduction in the following section.

2.2. Electroweak symmetry breaking

In this section we want to explain the basic principles of electroweak symmetry breaking by
discussing a very simple example. Given a complex, scalar field ¢(z) = %(gbl (x) +ipa(x)) with
the Lagrangian density

L=0"¢(x)(0,0(x)" —V(¢) with the potential V(¢) = p?[¢(x)]? + ()] (2.4)

the system is invariant under a global U(1) phase transformation ¢/(x) = ¢®¢(z). Asking for
the minimal energy, the ground state, one has to distinguish the following cases: If u? > 0, the
minimum of V(¢) is obviously given by ¢(x) = 0, thus ¢(x) describes a massive scalar boson.
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However in case of u? < 0 the minimum of V(¢) is given for

6 =y o = 50 >0 25)

which can also be seen from Figure 2.1.

Figure 2.1.: Illustration of the potential V().

Expanding the fields around a vacuum expectation value (VEV) v breaks the original symmetry
of the Lagrangian density. This procedure is called spontaneous symmetry breaking. In detail
the transformation yields ¢1(z) = v+ o(x) and ¢o(z) = n(z) with two real fields o(x) and n(x),
so that the quadratic terms in the Lagrangian density can be written in the form

- %(2,\1)2)02(@ + %a”n(x)aun(x) - (2.6)

Lo %aya(x)aya(x)
The fields obviously describe a massive o-boson with mass v 2 v2 and a massless n-boson, which
is called Goldstone boson [10]. In case of the standard model of particle physics the introduced
procedure is used for a local SU(2) x U(1) transformation instead of a global U(1) transfor-
mation. Then the breaking SU(2)r x U(1l)y — U(1)gw, also called electroweak symmetry
breaking (EWSB), induces the following mixing between the three gauge bosons W/i and the
gauge boson B, which partially acquire a mass:

1 1
W}Eﬂ:) = E (Wl} ¥ Wi) with mass mpy = 590 )
1 : N )
Iy = (9W3 —g'Byu) with mass my = 2 g g
g-+g
1 .
A, = W (g'Wi’ + gBM) with mass m, =0 . (2.7)

Whereas the photon v represented by the photon field A, remains massless, the W and Z
bosons become massive particles in accordance to experimental data. The masses are given as
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combinations of the vacuum expectation value v of the Higgs field ¢’ and the gauge couplings g
of SU(2)r, and ¢’ of U(1)y. The Lagrangian density without the interaction terms in o’ can be
written in the form

1 1
LD~ F, F — §FVTV Fl +m Wiwe

4 Y
AR 22,20 4 L (000') (0,07) — SimZo”

4 Zwl'z + 2mZ m + 5 ( O') (BMU) 2mHO' s (28)
where the field strength tensor Fj, = 0,47 — 0, Aj, +¢ f“bcAZAf, is used, the structure constants
only being relevant in case of non-abelian gauge groups. Since we will later use the weak mixing
angle or Weinberg angle 6y and the fine-structure constant agys and the electric charge e, we
define in addition:

/ 2
cos Oy = S e=—29 apM = <. (2.9)

) b
/92 + 9/2 /92 + g/2 A1
The non-presence of the massless and unphysical Goldstone boson 7 in Equation (2.8) is only
possible in case of the unitary gauge, whereas in arbitrary gauges like the R¢-gauges the Gold-
stone bosons of the theory have to be taken into account. We will discuss this issue later in
Section 5.2, since we put a particular focus on the gauge invariance of our calculations.

Although the Higgs mechanism can account for the masses for the W and Z gauge bosons and
the fermions via the introduction of Yukawa couplings [9], we pointed out already that neutrinos
remain massless, since there is a priori no right-handed neutrino present.

2.3. Neutrino physics

Since the late 1990s it has become clear that neutrinos are not massless, but massive particles,
since measurements of solar and atmospheric neutrinos pointed out that neutrinos oscillate.
With the current standard solar model the rate of electron neutrinos v,, which is measurable on
earth, can be calculated precisely. The first results of Homestake, SAGE, GALLEX, Kamiokande
and SNO [11] however showed that the actual measured rate is much smaller and oscillations to
other flavors seem to be reasonable. Similar questions arose in case of atmospheric neutrinos,
which are produced in hadronic showers in the atmosphere, where oscillations were first observed
in [12]. Before presenting the newest results in neutrino physics, we first explain the relation
between neutrino oscillations and the neutrino masses and mixing angles following [13] and [14]
in the next subsection.

2.3.1. Neutrino experiments and data

Having three active (meaning weakly interacting) neutrinos the relation between between fla-
vor v, and mass eigenstates vy can be written in the form

va) = Usk k) (2.10)

where U is a unitary mixing matrix with 4’/ = 1 and is called Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix [15]. Choosing the charged lepton Yukawa couplings to be diagonal, the
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PMNS matrix can be parameterized in the following form

c12€13 512€13 s13e % et1/2 0 0
_ i i ;
U = | —s12c23 — C12523513€"°  C12C23 — S12523513€" s93C13 | - 0 ee2/2 ] (2.11)
i i
512C23 — C12523513€"°  —C12C23 — 512523513€"  €23C13 0 0 1

using the abbreviations ¢;; = cos 0;; und s;; = sin 0;; with the three neutrino mixing angles 6;;. J,
«q and ag are CP violating phases, from which o and as can only be present in case of neutrinos
being Majorana particles. Majorana phases are irrelevant in case of neutrino oscillations, but
can be tested by the observation of neutrinoless double beta decay and similar processes [16].
Using Schrodinger’s equation in flavor space allows to calculate the time evolution of a single

parameter best-fit 20 30
Am3,[107° eV?] 7.5910 78 7.24 —7.99 7.09 — 8.19
2.451009 2.28 — 2.64 2.18 — 2.73

Am3,[1073 eV?
sl | — (2.347000) | (217 — 2.54) | — (2.08 — 2.64)

tan? 0y 0.45310-037 0.39 — 0.54 0.37 — 0.56
—0.031
2 1.047029 0.69 — 1.56 0.64 — 1.78
tan” a3 +0.30 B B
1.0870:39 0.72 — 1.56 0.64 — 1.78
0.01010-009 < 0.028 < 0.036
tan? 6 9.006 - -
13 +0.009
0.013+9-509 < 0.032 < 0.041

Table 2.1.: Current bounds on neutrino data taken from [17], the errors given together with the
best-fit values are the 1o bounds; the upper rows correspond to the normal, the lower rows to the
inverted hierarchy.

flavor state, so that the transition or survival probability P, between the flavors o and 8 can
be deduced

AmijL 519
Z 5 oxp | —i— (2.12)

k,j=1

3 2
:5a5—4z S~ ReJ sin (Am‘” >+2Z S s sin (L%J‘L) ,

J=1k=j5+1 Jj=1k=j5+1

where Jf,f = L{;kUBkUajUgj and Amij = mz — m?, FE denotes the neutrino energy and L the
length of the baseline, meaning the distance from the source to the detector. The imaginary part
of this equation accounts for CP violating effects due to the different behavior of antineutrinos
compared to neutrinos. The transition/survival probabilities already disclose that the absolute
measurement of neutrino masses is not possible by the consideration of neutrino oscillations,

only the differences of the squared masses Amm can be measured. Assuming a hierarchy of the

mass splitting in the form Am3, < ‘Am31| in combination with large mixing angles 615 and 63
and a small angle 613 and no CP violating phases, the transition/survival probability between
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different flavors can be approximated by:

Am?jL
4F

Paﬁ = (50,5 —4 (Jg{lﬁ + Jgf) sin? (Agl) — 4J20415 sin? (Agl) with Aij = (213)
By inserting the simplified PMNS matrix U from Equation (2.11) with 613 =5 = a1 = a3 =0
the transition /survival probability can be used to explain the different measurements of neutrino
data at detectors:

D> Atmospheric experiments: Within hadronic showers in the atmosphere the decay of the
charged pion according to 77 — ptv, — etver,v, (similar for 77) generates a large
number of v, and v, and their antiparticles. If one chooses the baseline L (~ 1000 km)
and the energy E (~ GeV) such that Az ~ T and Ay ~ 0, the transition/survival
probabilities are given by:

Pe~1, P, =P,e=~0, P, ~1—sin®(203)sin®(As) (2.14)

The survival probability P,, is smaller than one, since v, oscillate into v, which escape
the detector. Experiments like Superkamiokande [18] therefore measure the atmospheric
angle A>3 and the difference of the squared masses Amgl by the consideration of the survival
probabilities P,,.

D> Solar experiments: The easiest way to measure the solar mixing angle is to use electron
antineutrinos 7, from terrestrial nuclear power plants with a baseline L (~ 100 km) and
the energy E (~ MeV) resulting in Ag; ~ Z and Az — 1 (averaged). In this case the
survival probability Ps can be approximated by

PE ~1-— SiIl2 (2912) Sin2 (Agl) . (215)

Thus, detectors like KamLAND [19] deduce the solar difference of the squared masses Am3,
and the solar mixing angle 615 from the 7, rates. The precise measurements of those
data from solar neutrinos is more complicated, implying that terrestrial experiments are
preferred.

D> Reactor experiments: Choosing a short baseline L of a few kilometers gives a survival rate
of Pz ~ 1 for 13 — 0. Necessarily deviations can be interpreted as nonvanishing 613.

Three different measurements, namely tritium beta decay, neutrinoless double beta decay and
the observation of cosmological effects, allow an estimation for the absolute scale of neutrino
masses. However note that these measurements often involve elements of the PMNS matrix or
assumptions of an underlying model, so that their comparison has to be done advisedly:

D> Tritium beta decay experiments: The decay *H — 3He e~ 7, of a tritium nucleus was used
in several experiments like Mainz [20] or Troitsk [21] to obtain an upper bound for the
effective electron neutrino mass given by

3
my = [th*m} (2.16)
=1

with a current value of mg < 2.2 eV at 95%CL [22]. In Karlsruhe KATRIN [23] will
improve these bounds within the next years.
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D> Neutrinoless double beta decay: Neutrinoless double beta decay (0v2/3) is only possible in
case of neutrinos to be Majorana particles [24]. In particular decays within the nucleus "°Ge
were used to set an upper bound for the quantity

3
mgg = lellglmZ (2.17)
i=1

to be mgg < 0.3 — 0.6 eV [14] by the Heidelberg-Moscow collaboration [25]. mgg can
vanish, although the individual neutrino masses m; are nonzero. Many experiments like
GERDA [26], CUORE [27] and EXO [28] focus on 0v2f, in particular to test the funda-
mental question, if neutrinos are Majorana particles.

D> Cosmology: Bounds from cosmology to neutrino masses arise from the fact, that neutrinos
with a large mass would serve as hot dark matter, suppressing the formation of small
scale structures in the universe. In particular the consideration of the cosmic microwave
background (CMB) therefore results in a bound of ) . m; < 0.3 — 1.0 eV [29] depending
on the underlying model of the early stages of the universe.

All these experiments give an upper value for the absolute neutrino mass of ~ 1 eV. Let us
comment on some additional facts: CP violation in the neutrino sector is obviously proportional
to 013 using the above parameterization of the PMNS matrix. Choosing Am3, > 0 the sign of
Am3, is not known, but might be deduced in future from neutrino oscillations in matter [30]
via the Mikheyev-Smirnov-Wolfenstein effect [31]. The different hierarchies are called normal
hierarchy (NH) in case of Am%; > 0, which implies m; < mg < mg, and inverted hierarchy (IH)
for Am%l < 0 coming together with ms < my < mo. Within this work we will mainly generate
normal hierarchies, since inverted hierarchies need finetuning of parameters in the models under
consideration.

3 T T T T T T T T T T T T 85 T T T T T T
N'_' L - e r 7
> | i - —
(] | i % 8.0 — —
™ T L i
'o 25— — ) L |
— - . — L 4
— - a '_"_| 75— —
-

N ™ B 7 N_N i ]
e | e |
ol B L i
< L : | 7.0 — —
1 | - | | - 1 | | - 1 | | - 1 C | 1 1 | 1 1 1 ]

0.3 0.4 0.5 0.6 0.7 0.2 0.3 0.4

. 2 . 2
sin 623 sin 912

Figure 2.2.: a) (left) Allowed regions in the sin® f23-Am2,-plane the for normal (black curves) and
inverted hierarchy (colored regions) at 90%, 95%, 99% and 99.73% CL; b) (right) Allowed regions
in the sin? 015-Am3;-plane at 90%, 95%, 99%, 99.73% CL; for details see [17], taken from [17].

The newest results from neutrino experiments by KamLAND [19], Super-Kamiokande [18],
SAGE [32], SNO [33] and MINOS [34] were summarized and combined in [17], from which
we show the newest results in the Figures 2.2 and 2.3. In contrast to [17] we present the best-fit
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Figure 2.3.: Constraints on sin”® 3 from different data sets for inverse hierarchy on the left and
normal hierarchy on the right; for details see [17], taken from [17].

values, the 20 and 3¢ bounds of tan? 0;; instead of sin® 0;; in Table 2.1. Not included in this
data is the indication of a nonvanishing value of 613 > 0 by T2K [35], however the best-fit value
in Figure 2.3 already points to a positive value for 613.

Due to the naming of neutrino oscillations we use the differences of the squared masses and
mixing angles within this thesis also in the following form

Osot = 012, Oatm = 023, Or =013, AmZ, =Am3;, Am2,, =Am3 . (2.18)

2.3.2. Neutrino mass models within the standard model of particle physics

We pointed out in Section 2.1 that the standard model does not provide an explanation for
neutrino masses and mixings in its original form. Before presenting a solution to this ques-
tion within supersymmetric models via the breaking of R-parity, we want to mention possible
explanations of neutrino masses within the standard model.

If neutrinos are Majorana particles, neutrino masses can be induced via the seesaw mechanism
resulting in a unique dimension 5 operator (Weinberg operator) [36] of the generic form

Gs =9 (L) (L) (2.19)
where H denotes the Higgs SU(2)r doublet and L is the SU(2);, doublet, which contains the
left-handed neutrinos and the left-handed leptons. It violates lepton number by two units,
resulting in a Majorana mass term for the neutrinos. If f is a coupling of O(1), then A has to
be at a very high scale > 10'> GeV to allow for neutrino masses, which are in agreement with
experimental data. A large A, implying a successful suppression, calls for a heavy intermediate
particle, which is integrated out in the formulation of an effective theory. On tree-level exist only
three possible realizations of this mechanism [37], since the dimension 5 operator couples four
SU(2), doublets, which can only be done via a singlet fermion or a triplet fermion or a triplet
scalar state as intermediate particles. Whereas in the seesaw II the particle is a scalar SU(2)r,
triplet with hypercharge [38], a fermionic SU(2), triplet generates the dimension 5 operator in
the seesaw III model [39]. The simplest realization is given in the seesaw I model [40], which is
working with a gauge singlet fermion.
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Instead of presenting the details of seesaw mechanisms, we want to give a motivation for the
naming “seesaw” itself by considering the neutrino mass generation for one left-handed neu-
trino vy, via a right-handed neutrino vg, which is comparable to the seesaw I scenario. Since
vg is neutral and a gauge singlet, it does not interact with the gauge bosons of the standard
model. However it allows to write down a Dirac mass term « Upvg for neutrinos mixing the
right-handed vr with the left-handed neutrino v;. In addition, the neutral charge of the neu-
trino allows a Majorana mass term o vrurg for the the right-handed neutrinos or o< vz vy, for the
left-handed ones, provided the neutrino is its own antiparticle. The latter term is only possible
after electroweak symmetry breaking not to affect the charged leptons. In the previous section
we mentioned experiments on neutrinoless double beta decay 0v23, which try to clarify this
open question of particle physics, namely if the neutrino is a Majorana particle or not. If we
allow for Majorana and Dirac mass terms of left- and right-handed neutrinos the Lagrangian
density is of the form

S

1 L
Locosanw = -5 (v, 7%) M (Z;) +h.c. with M = (Zﬂ; :Zg) ) (2.20)
M

In this notation yields v¢ = C7! = Cyov* with the charge conjugation matrix C for Dirac
spinors. The eigenvalues of the matrix M are given by

1
mi2 =g (mﬁ/[ +mb + \/(mﬁ/l —mi)2+ 4m%> , (2.21)

which in case of mﬁ > mp and mﬁ = 0 can be approximated by:

m2

my ~ml;, and my =~ —g (2.22)
My
Whereas m; corresponds to the mass of the heavy right-handed neutrino vg, the eigenvalue mso
describes the generation of a small neutrino mass for the left-handed neutrino vy, which is
suppressed by the heavy mass scale m]\R4. In this sense the naming “seesaw” has to be understood,
since mﬁ on the one hand describes the mass of a heavy particle, but on the other hand allows
for a small mass of the left-handed neutrino. The larger m ~ m]\R/[ gets, the smaller mo will be.
Another possibility for neutrino masses are radiative models, most important the Zee model [41]
and the Babu model [42], where the scalar sector is modified in combination with the introduction
of lepton number violating interactions. Both mentioned models add charged bosons being

singlets under SU(2),, in case of the Babu model supplemented by a double charged singlet.






Chapter 3

Supersymmetry - MSSM

3.1. Motivation

After the short introduction to the standard model of particle physics, electroweak symmetry
breaking and modern aspects of neutrino physics, we proceed with the concepts of supersym-
metry (SUSY) in combination with R-parity violation. Although the standard model of particle
physics together with possible explanations of neutrino physics is a highly accurate theory, in
particular theoretical questions remain open motivating supersymmetry. Our discussion of SUSY
in the following is based on [2]. Advantages of supersymmetry and open theoretical questions,
to which SUSY can give an answer, are:

D> Spinorial symmetry and connection to general relativity:

It is known from the Haag-Lopuszanski-Sohnius-theorem [43] in combination with the
Coleman-Mandula-theorem [44] that apart from the generators of the Poincaré group P,
and M, as given in Section 2.1 no additional vectorial or tensorial conserved charges
are possible. As we have argued in Section 2.1 the internal symmetries of a particle are
independent of the Poincaré group and can be combined by a direct product. However,
there is the possibility to add a spinorial charge @, which transform fermions into bosons
and vice versa. For a particle with spin J it yields

QP =11+4%) (3.1)

where a = 1,2 denotes the spinor components. This spinorial charge is an anticommuting
generator and can be combined with the Poincaré group as we will see in Section 3.2, re-
sulting in the Super-Poincaré group. Thus supersymmetry contains a complete realization
of all possible symmetries.

In addition the formulation as local supersymmetry allows a formulation of a quantum
theory for gravity. This connection is the source of supergravity theories [45].

D> Gauge coupling unification and prediction of the weak mixing angle:

Renormalization group equations allow for the calculation of the couplings of strong, weak
and electromagnetic interaction at arbitrary scales. Starting at the electroweak scale in
the standard model, it turns out that those three couplings do not unify at a high scale,
implying that a grand unified theory (GUT) cannot be formulated. However in super-
symmetry the additional particle content allows for a different running and within the
minimal supersymmetric standard model the three couplings unify at magyr ~ 106 GeV
[46]. Moreover the weak mixing angle 6y, which can be predicted in GUTs, is within the
experimental bounds at the electroweak scale using supersymmetry [47].

15
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D> Hierarchy problem:

In grand unified theories the considered models are valid up to a large scale of mgyr ~
10'6 GeV, where the strong, the weak and the electromagnetic force are supposed to unify.
However we know that SU(2);, x U(1)y is broken at the electroweak scale according to
Section 2.2. Knowing the mass of the charged gauge boson myy = %gv and the gauge
coupling g of SU(2)r, the vacuum expectation value is v ~ 246 GeV, implying that also
the Higgs boson with mpy = V2?2 should have a mass of the same order. Quantum
corrections to the Higgs mass can be estimated by

2

2 9 m%}UT
myy

implying that the standard model needs large finetuning over ~ 10? orders of magnitude
to allow for a Higgs mass at the electroweak scale.

In unbroken supersymmetry this problem is solved by adding supersymmetric partners to
the standard model particles, which give the same contribution as in Equation (3.2), but
with the opposite sign resulting in a stable Higgs mass [48].

D> Spontaneous symmetry breaking:

Symmetry breaking SU(2)r, x U(1)y — U(1)gw via the Higgs mechanism as explained in
Section 2.2 needs a negative parameter u2, which has to be set negative within the standard
model (neglecting the possibility of radiative corrections [49] as origin of spontaneous
symmetry breaking). In supersymmetric theories the degeneration of SUSY masses at
mgauT with positive squared masses results in a negative p? at the electroweak scale using
the renormalization group equations due to the large top mass. In this sense electroweak
symmetry breaking is given automatically in supersymmetry [50, 51].

> Dark matter:

From measurements of rotation curves of galaxies and the cosmic microwave background
(CMB) it became certain that the largest part of matter in the universe stems from dark
matter, for which the standard model does not provide a candidate. For recent data from
the WMAP satellite we refer to [52]. Supersymmetry offers such a candidate: In case
of R-parity conservation the lightest supersymmetric particle (LSP) is stable and serves
as a dark matter candidate, if it is neutral. Also in R-parity violating scenarios a light
gravitino [53] as superpartner of the graviton (gauge boson of the gravitational force) or
an axion [54] (solving the strong CP problem) as well as its superpartner, the axino [55],
offer this solution.

3.2. Supersymmetric algebra

After motivating supersymmetry we will start with a more detailed discussion of the symmetry
itself and the construction of supermultiplets therein. We have presented the Poincaré group and
its generators P, and M, in Section 2.1 and introduced the spinorial charge @, in Section 3.1
using the indices @ = 1,2 in Weyl notation. Their combination leads to the following (anti-)
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commutation relations [2] in addition to the Poincaré algebra in Equation (2.2)

{Qu. @)} =2(0")0s P
{Qa: @5} = {QL.Q}} =0
PuiQa) = [P Qh| =0
Qas M) = 5 (7). Qs
(QF M| = —%Qﬁ (), (3.3)

with 0, = i(a,ﬁ,, —0,0,) and ot being defined in the glossary. These relations imply in
particular [PQ,QQ] = 0. Together with P? = PPt = m? we can deduce that all particle of
the same supermultiplet, which are obtained by acting with (), on a particle state, have the
same masses in SUSY theories. Since this is experimentally excluded, SUSY has to be a broken
symmetry, what will discussed in more detail in Section 3.7.

To calculate the number of bosonic and fermionic degrees of freedom in a supermultiplet, we
introduce the operator (—1)2* with the spin s of the particle, which anticommutes with the
spinorial charge @, since @, changes the fermion or boson number by one unit. Starting
with Equation (3.3) shows in accordance to [2] that all particles |i) of a supermultiplet with
the completeness relation ) . |i) (i| = 1 and the same eigenvalue p* of the four-momentum
operator P* fulfill:

P [(<1)7] = 32l (<) fi) Zu<me+z _120t0 1)
—EZ ~1)2QQ"|i) - }juu—>%@Qwﬁ:4)<3@

J

Therein we used the anticommutation of (—1)2¢ with the spinorial charge Q. The first expression
is proportional to the number of bosonic np minus the number of fermionic degrees ng of
freedom, so that they have to be equal in a supermultiplet with p* £ 0.

3.3. Supermultiplets in the MSSM

Knowing about the bosonic and fermionic degrees of freedom, we can now construct chiral
and gauge supermultiplets. For each Weyl fermion i represented by a two-component Weyl
spinor and for each gauge boson A, of the standard model we introduce a supersymmetric
partner resulting in the minimal supersymmetric standard model (MSSM). To have also “off-
shell” equal fermionic and bosonic degrees of freedom a complex scalar field F' in case of the
chiral supermultiplet and a real scalar field D in case of the gauge supermultiplet have to be
added, who enter the Lagrangian density in the form £ = F*F + %DD. The kinetic terms both
vanish “on-shell”, where the number of degrees of freedom coincide. Although those particles
are only auxiliary fields and not real particles, they induce new interactions, which are called F-
and D-terms and are shown when constructing the full Lagrangian density of the MSSM. The
resulting particle content of the MSSM is presented in Table 3.1.

As it can be seen from Table 3.1 the MSSM contains two Higgs doublets. The need of an
additional Higgs doublet can be motivated by different arguments: The second Higgs doublet
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. . superfield . o1
chiral supermultiplets notation spin 0 spin 5 SU@3)c,SU(2),U(1)y

squarks, quarks @ <U,L,CZL> (ur,dr) (37 2, %)
(x3 generations) uc ul, u;} 3, 1, -2

d° s d, 3 1, 1
sleptons, leptons L (De, 1) (Ve, er) (17 2, —%)
(x3 generations) €e° €h e 1, 1, 1)
Higgs, Higgsinos H, (Hy, HY) ( 1+, N{,f) (1, 2, 3)

Hy | (B9 Hy) | (. Hy) 1, 2 -1

gauge supermultiplets | spin 5 spin 1 | SU(3)¢, SU((2)r,U(1)y

gluinos, gluons g g (8, 1, 0)
winos, W-bosons W, W?? W W (1, 3, 0)
bino, B-boson B B (1, 1, 0)

Table 3.1.: Particle content of the minimal supersymmetric standard model (MSSM) including their
behavior under SU(3)c x SU(2)r, x U(1)y.

allows for the absence of gauge anomalies induced by the fermionic superpartners of the Higgs,
the Higgsinos, since its hypercharge is opposite to those of the first Higgs doublet, so that the
requirements tr [TP?Y] = tr [Y3] = 0 are fulfilled, where T3 and Y are the third component of
weak isospin and the weak hypercharge respectively. Second the structure of SUSY needs two
Higgs doublets, one for the coupling to the u-squarks/quarks and a second for the couplings to
the d-quarks/squarks to allow for an analytic form of the superpotential, which is introduced
later in Section 3.6. Moreover the superpotential has to be a holomorphic function, which does
not allow terms like H H,, violating the Cauchy-Riemann differential equations.

3.4. Supersymmetric Lagrangian density

The Lagrangian density of a free propagating, noninteracting, chiral supermultiplet in Weyl
notation without the use of the superfield notation is given by:

Liree = 019" 0,05 + i1 0,0b; + F*'F; (3.5)

Possible interactions and mass terms can be expressed in terms of the so called superpotential W,
which will be introduced in the following section using the superfield notation. Here, we explain
how to construct the Lagrangian density with all the interactions from the scalar analog of the
superpotential:

W= %M”qﬁmj + éYijkqﬁz‘(Zﬁj(bk (3.6)
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Note that we omit linear terms of the form L¢;, since they are only allowed for gauge singlets and
only contribute to the scalar potential. Four-point couplings would lead to nonrenormalizable
terms and are therefore not shown. The couplings M* and Y** are totally symmetric in their
indices. In this definition the interactions can then be expressed in the form

1 .. 4 . OW hy ow
L= |—=-W"Yup; + W'F; h.c. with W'= , Y= 3.7
The equations of motion for the auxiliary fields F' are given by
Lieelp + Lilp = FYF,+ W'E,+ WYF} = F,=-W; F*=-W" (3.8)

In this sense the auxiliary fields F, originally introduced to allow equal bosonic and fermionic
degrees of freedom within the chiral supermultiplet, lead to a new form of interaction, which
can be written in the form:

[ — 8ﬂ¢*i8u¢i + iwi&“a;ﬂ/h' _ % (Wijwﬂ/,j + W*ijqup;) _ WZWZ* (3.9)
Adding the gauge supermultiplets the Lagrangian density in total is given by
L= (D46) Dy — o Dy — 5 (WWpsy + W=yl — winwy
—iE&ﬂW—MWWDMW+;WDa
= V20, (87 T"5) Ao = V29N, (W1T°6:) + g (#7T°65) Da (3.10)
The equations of motions for the D-terms yield
D* = —gq (6" T¢s) . (3.11)
The covariant derivatives in the Lagrangian density are

D,u¢i = u¢i - igaAZ (Ta¢)i
Dypi = Opthi — iga A, (TY),
DA = G\ + gf " ALNT (3.12)
In non-abelian gauge groups the field strength tensor has the general form
Ff, = 0,A% — 0,A% + gf* AL AS (3.13)

Finally the Lagrangian density results in the following scalar potential

2

A 1 .
V (i, ;) = WW; + 3 Zga (¢"T:)| >0 (3.14)

which is positive by definition. This simplest model of supersymmetry working with chiral and
gauge supermultiplets was introduced by Wess and Zumino and is therefore known as Wess-
Zumino-model [56].
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3.5. Superfield notation

To discuss the superpotential of the MSSM in its most convenient form, we give a short intro-
duction to the superfield notation. More details about the superspace and the advantages of
the superfield notation can be found in [57] or [58]. The basis of the superfield notation are
Grassmann variables, which obey the relation:

{6;,0;} =0 and in particular 67 =0 . (3.15)

Moreover the Grassmann variables commute with arbitrary complex numbers. For left-handed

superfields we need spinorial Grassmann variables, which fulfill 7 = 02 = 0 and allow for

terms independent of @, proportional to # and proportional to 61605. Having the scalar product
0,0, = —%eabﬁ - # in mind, a chiral superfield can be written in the form

O)=d+V20-1+0-0F . (3.16)

Together with the relation [59] 1
6 -0 -1 = —59 S O0Yi); (3.17)

we can write for products of superfields:

i (0) Q5 (0) =it + V20 - (Vihj + V0:) + 00 (¢ Fj + ¢ F; — i) (3.18)
By (0) B (0) Dy, (0) =cs; b + V20 - (1hi6h; bk + W bi + Vhichy)
+0-0 (it Fj + Qi Fi + ¢idj Fi
—Prhiy — pitihr — Pjvith) (3.19)

Sl

o,
P,

Taking the F-terms only, which are the terms proportional to 6 - § and are denoted by [@,@J p

and [@,@ffk} - the interaction part of the Lagrangian density induced by the superpotential
R - Lo iks 5 8
W(®) = §M ®;®; + EY D;D; Py, (3.20)

is given by Lww = ({W(‘T’)} o h.c.) : (3.21)

Again the auxiliary fields F; can be replaced using the equations of motions resulting in

. 1 ..
Fz‘ _ —VV: — —M”(JS]' _ §ka¢j¢k . (3‘22)

3.6. Superpotential of the MSSM

The superpotential of the MSSM in superfield notation is given by

Wasssu = e (Y7 HLQUE + Y ByQbds + YU HyLies — pH3HY) . (3.29)

so that the full Lagrangian density of the MSSM can be constructed with the knowledge of the
sections before. It includes SU(2)-superfields, which have to be contracted using €y, from the
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glossary. The scalar and fermionic components of the superfields can be taken from Table 3.1.
The indices ¢, have to be summed over the three generations, whereas color indices are omit-
ted in the notation above. As already indicated the superpotential is at most trilinear in the
superfields, so that nonrenormalizable terms are not generated. The p-term is equivalent to the
Higgs boson mass in the standard model and has a dimension of mass.

Just to point out an example for interactions within the MSSM we present the ones arising
from the first term in the superpotential in Equation (3.23) between top-squarks/quarks and
the Higgs/Higgsino in Figure 3.1.

Figure 3.1.: Illustration of the interactions arising from the first term of the superpotential in
Equation (3.23), t and t° can be understood as t;, and tTR according to the glossary.

Whereas the first graph from Figure 3.1 a) exists also in the standard model, the other two
are additional contributions arising in supersymmetry. They can be obtained by replacing
two particles with their supersymmetric partners. Please note that supersymmetry also allows
interactions between four scalar particles and additional interactions between fermions, scalars
and the fermionic partners of the gauge bosons, the gauginos, which can all be obtained using
the Lagrangian density of Equation (3.10) together with the superpotential in Equation (3.23).
The Lagrangian density of the MSSM in superfield notation can for example be found in [60],
whereas all the Feynman rules can be taken from [61].

3.7. Supersymmetry breaking

As we have argued in Section 3.2 supermultiplets in exact SUSY require the same mass for
particles and their superpartners. Since this is experimentally excluded, SUSY has to be a
broken symmetry. However the breaking should respect the “nonrenormalizable theorem” [62]
to allow for a simple calculation of the renormalization group equations describing the running
of the parameters in a supersymmetric theory, since according to the theorem they do not have
to be renormalized. There are two ways to break SUSY:

D> Global spontaneous breaking: The energy of the vacuum state in SUSY is
Eyoe = (0| H|0) >0 , (3.24)
where the spinorial charge has to fulfill:

Qo]0 =0 and Q[0)=0 (3.25)
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The corresponding Hamilton operator can be constructed in the following form:

2
H=Y" {Qa, QL} = 2tr[o"P,] = P (3.26)
a=1

However, if the vacuum is not a supersymmetric state

Qal0) = [ha) #0 and/or Qf |0) = |1a) # 0 (3.27)

and FE,q. > 0, SUSY is a spontaneously broken theory and the Goldstone theorem nec-
essarily predicts a state [1,), which has an odd fermion number. It describes a massless
fermion, named Goldstone fermion or Goldstino. Neglecting space-time dependent effects
and fermion condensates, it yields (0| H |0) = (0| V' |0) with the scalar potential V' given
in Equation (3.14). The vacuum state |1,) can be induced via two different mechanisms:
If the F-terms (first term in V') generate such a vacuum state, the mechanism is called
O’Raifeartaigh- [63] and in case of the D-terms (second term in V' with an additional
term like —xD) Fayet-Iliopoulos-mechanism [64]. Also mixtures of these two mechanisms
are possible. In both cases the broken operator (), and thus the Goldstino is a spin—%
fermion. The Goldstino is “eaten” by the Gravitino in case of supergravity, where super-
symmetry is formulated as local supersymmetry [65]. The Gravitino is a spin—% fermion,
which is the superpartner of the spin-2 graviton and acquires a mass once supersymmetry

is spontaneously broken (super-Higgs mechanism).

Explicit breaking: By adding explicit terms to the Lagrangian density only resulting in
logarithmic divergences in case of higher loop calculations, SUSY can be broken softly.
Therefore, the hierarchy problem is still solved. All the possible terms were first presented
in [66]. In case of the MSSM they consist of masses for the Higgs bosons, the scalar
particles and the gauginos. Moreover additional trilinear couplings 7" and the term B,, in
the scalar sector are possible:

—Lop a1 = (mg})zj QU QY + (m2.),, G + <mf~l~0)ij ds+ds + (m;)ij Lo po
+ (me),; €785 + myy, Hi" Hi +myy Hy"H,

+ €ap [T;}’ HLQPS + T HGQLS + T HLLES + h.c.]
1 . L
+5 <M1BOBO + MyWoW® + Msg75* + h.c.) (3.28)
—LsB,MssM = — LB all — €ab [BHHQLHS + h-C-] (3.29)

We split the soft breaking terms, such that the common part for all models, which are
discussed later, is separated from the MSSM specific part. Within these terms the indices
x and z represent the three and eight gauge bosons of SU(2);, and SU(3)¢. In addition
the shown (3 x 3)-couplings T" and B,, can be chosen complex and the (3 x 3)-matrices of
the masses hermitian, resulting in a real Lagrangian density. In total this explicit breaking
introduces 105 arbitrary masses, phases and angles [67], which cannot be rotated away by
redefinitions of fields. Therefore such a supersymmetric model comes together with a large
parameter space. However this is contrary to the idea of unification. In addition the terms
in Equation (3.29) induce flavor mixing and CP violating processes, which are constrained
by experiments. Those effects can be avoided by choosing the couplings 1" proportional to
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the corresponding Yukawa couplings Y and the (3 x 3)-matrices of the masses diagonal as
it can be seen from [2].

Although we have now presented two methods how to break supersymmetry, this is not the
full story: Explicit breaking introduces a huge number of unknown parameters and the origin
of the vacuum expectation values for F'- and D-terms in case of spontaneous breaking induces
several questions [2]. We will just point out one example: Taking only the MSSM particle
content spontaneous breaking at tree-level comes together with sum rules for masses, which are
experimentally excluded. An example is

m2 +mZ =2mZ | (3.30)
which relates the mass eigenstates €; and éy of the two gauge eigenstates €, and €r of the
selectron with the electron mass [2]. Equation (3.30) necessarily results in a very light scalar
particle not consistent with experiments.
Therefore the breaking of SUSY is often transferred into a “hidden sector”, which is connected to
the “visible sector”, the MSSM, via (very) weak mostly flavor blind interactions. The breaking is
done spontaneously, resulting in terms similar to the explicit breaking terms presented in Equa-
tion (3.29), but induces several relations between the parameters therein, so that the parameter
space is drastically reduced. The most popular of such interactions are: minimal supergravity
(mSUGRA) [68], gauge-mediated SUSY breaking (GMSB) [69] and anomaly-mediated SUSY
breaking (AMSB) [70].
To point out an example, we will have a glimpse at mSUGRA inspired scenarios, where the spon-
taneous breaking connects to the MSSM via gravitational-strength interactions. The breaking
mechanism results in the following relations between the parameters given in Equation (3.29)

Mz =My =My =my

m%:m%c:mgc:m%:mzc:m%'l& Trﬁqd:”l%{u:Tng
Tw=AoYy, Ty=AoYs, Te=AoYe
5. — Bog (3.31)

with the scalar parameters my s, m3, Ag and By and the (3 x 3)-identity matrix I3 set at the
GUT scale. Using the renormalization group equations the soft breaking parameters at the
electroweak scale can be calculated by programs like SPheno [71]. Within this work we will use
these low-energy parameters sets of mSUGRA, GMSB or AMSB motivated scenarios. For the
MSSM such parameter sets were defined in the “Snowmass Points and Slopes” [3], resulting in
comparable results within different works on SUSY. We present those benchmark scenarios in
Chapter 7.

3.8. Mass eigenstates in the MSSM

We illustrated the particle content of the MSSM already in Table 3.1. However, the gauge
eigenstates presented within this table are different from the mass eigenstates after electroweak
symmetry breaking. Moreover the soft SUSY breaking mass terms modulate several masses.
The mixing of gauge eigenstates to mass eigenstates is shown in Table 3.2. Whereas the case of
neutralinos, charginos and the scalars will be extensively discussed later, we will comment on
the mixing in the slepton and squark sector in more detail in this section:
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Gauge eigenstates

Mass eigenstates

HO, HY, Hf, H;

h, H, A°, H*

'EL, 'ERa BLa BR

'Ela 52) Bla 52

B, WO, HY HY
W*, HF, Hj

XY XE, X?i, X4
)217 )22

9

(no mixing)

Table 3.2.: Gauge and mass eigenstates after electroweak symmetry breaking in the MSSM. Since

it is commonly used, the fermions to the left are Weyl spinors, the fermions to the right Dirac
spinors. The masses eigenstates representing the Goldstone bosons G and G* are not shown.

D> Neutralinos and charginos:

The neutral components of the Higgsinos together with the bino and the neutral wino mix
to four neutral mass eigenstates, the neutralinos X7, ..., xJ. Similarly the charged winos
and the charged Higgsinos form the charginos, named )Zli, )ZQi The mass matrices in gauge
eigenstates will be presented later, where we will also focus on the on-shell renormalization
of those. Similar to the neutrino in case of the seesaw mechanism neutralinos are Majorana
particles.

Sleptons and squarks:

Sleptons and squarks are mixing in pairs, if flavor violating effects are neglected. This
implies a mixing of the left-handed particles with the right-handed particles to two mass
eigenstates. In general the part in the Lagrangian density, which contains the masses of
the fermion f at tree-level, can be written in the form

;= —% (71, 7%) M5 (j;;) : (3.32)

where the mass matrix M 7 supposing real parameters is given by

o <m} + m3 cos(28)(If = Qysiy) + m3

my(As + p{cot 5, tan 5})
. (3.33
my(Ag + p {cot B, tan B}) ) .

m%, +m cos(20)Qsiy +mj

Therein {cot 5,tan 5} is valid for {u,d} or {v,e} fermions. Beside the Weinberg angle
S%V = sin? Oy this formula includes the mass of the fermionic superpartner m 7, the soft
breaking coupling 7', the third component of the weak isospin I. / , the electric charge Qy
and the following soft breaking parameters m ; = me,mjy for left-handed squarks, sleptons
and m Jr= M, Mo, Mee for right-handed u-squarks, d-squarks and sleptons.

Since my is large in case of the third generation, the mixing in the third generation squarks
and sleptons are large, resulting in one light scalar state, typically lighter than the squarks
and sleptons from the first two generations.

Higgs sector:
As we have argued, supersymmetry needs two complex SU (2)-doublets, resulting in eight
degrees of freedom and thus also 8 mass eigenstates. However, after electroweak symmetry
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breaking the three Goldstone bosons G® and G* are the longitudinal components of the
Z- and W#*-gauge bosons. Physical particles are the lightest Higgs h, the heavy Higgs H,
the CP-odd Higgs A° and two charged Higgs HT. A detailed discussion of the Higgs sector
of all models under consideration will follow in Section 5.1.

3.9. R-parity

Having introduced the MSSM in all details, we did not discuss one important point: In princi-
ple neither gauge symmetries nor supersymmetry forbids the following additional terms in the
superpotential

W = Wnassm + WR with

= TaAb Sa 7yb NP
W = €ab <§A¢jkL?Lj§i + N Ly Q5 dy, — GiL?Hu> + 5)\§}ka Gy (3.34)
which are bi- or trilinear in the superfields. For reasons of gauge symmetry it yields A;jz = —Ajir
and ;,]k = -\ ;- By arotation of Hq and L; the bilinear term ¢; can in principle be reabsorbed
in the terms A;;, and A ik However, the soft SUSY breaking terms
Ly, R= —B,L;H, + ... (3.35)

do not vanish simultaneously. The baryon B and lepton numbers L for the fields involved are
equal to B = —i—% for Q;. It yields B = —% for u¢, d$, whereas all the other particles have baryon

77 )

number B = 0. Moreover it is L = +1 for E, and L = —1 for €f, otherwise L = 0. Thus
e
violates baryon number by one unit. Allowing lepton and baryon number violation at the same
time gives rise to a possible decay of the proton, which is experimentally not observable.

the terms with A;ji, )\;jk and ¢; violate lepton number by one unit, whereas the term with

We will point out one example: In case of non-
vanishing A}, and A}, the decay p — 7%e™ has U U
the following decay width:

1 2
Tp—etn®) oc Y — NNl (3.36)
k=23 ""dy U d,u

The contribution mediated by a Sg-squark is g  _ _ _ _ _
shown in Figure 3.2. Since the lifetime of the Sk
proton is larger than 103? years, this results in
an upper bound for the product of these cou-
plings:
. ) Fig'ure 3.21:: Co;trib;t}i\(l)/n' toEthe p}rotog c21:e))cay
FN <2 10-27 (100 é,:ev> (3.37) via couplings X an in Equation (3.23).

Whereas the bilinear parameters € have their strongest bounds from neutrino physics, the trilin-
ear parameters A, \" and \” are not only constrained from proton decay and neutrino masses, but
several other effects like charged current universality, neutral current interactions, anomalous
magnetic dipole moments, CP violation, flavor violating processes of hadrons and leptons and
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lepton and baryon number violating processes have to be considered. A nice overview is given
in [72] and more recent bounds can be found in [73].

Thus a new symmetry, namely R-parity, was introduced to explain these various experimental
constraints. The standard model of particle physics taking into account renormalizable terms
only does not contain any term, which violates baryon or lepton number. R-parity guarantees
the same feature also in supersymmetric models. It is defined in the form

R, = (—1)%(B- 1)+ (3.38)

with the spin s of a particle. Its original definition can be traced back to [74] and [75]. In fact
it forbids all terms given in Equation (3.34) and is a simple, discrete Zo-symmetry. Inserting
the quantum numbers of each particle shows that all particles of the standard model and the
Higgs bosons have R-parity I?, = 41, whereas all the squarks, sleptons, gauginos and Higgsinos
have R, = —1. Thus conserved R-parity has extensive phenomenological implications, since it
forbids any mixing between standard model particles and their superpartners. Therefore the
lightest supersymmetric particle (LSP) is stable and a dark matter candidate in case it is neutral.
Moreover each supersymmetric particle necessarily decays in a final state with an odd number of
R, = —1 particles, so that the end of a supersymmetric cascade decay always includes the LSP.
Moreover supersymmetric particles can only be produced in even numbers at colliders, starting
with an initial state formed by standard model particles.

However, R-parity is not motivated theoretically, but is a result of experimental data. The
discrete symmetries (charge conjugation C, parity P and time reversal T') of the standard
model are no exact symmetries, thus also R-parity conservation is questionable. In fact other
symmetries like Z3-symmetries defined in [76] or [77], called “baryon triality”, can be used to
forbid other terms of Equation (3.34). Since R-parity violation is a crucial part of this thesis,
we will motivate it in the next chapter about extensions of the MSSM.



Chapter 4

Extensions of the MSSM

Although we have shown that the MSSM as simplest supersymmetric extension of the standard
model solves a variety of theoretical questions and is a nice completion of all possible external
symmetries, some subtle questions were not addressed yet: the p-problem of the MSSM de-
scribed in the subsequent section and the question, how neutrino masses can be explained in
supersymmetric models.

In the following we will motivate the next-to-minimal supersymmetric standard model (NMSSM)
giving a solution to the p-problem. Afterwards we comment on the seesaw mechanism in super-
symmetric models, before we give an introduction to models with R-parity violation. A review
on simple MSSM extensions can be found in [78].

4.1. Next-to-minimal supersymmetric standard model - NMSSM

The p-term in the superpotential of the MSSM in Equation (3.23) has a dimension of mass,
which poses the question, why it is at the electroweak scale and not at a much larger scale.
This question is commonly known as p-problem. In accordance to [79] we briefly sketch the
arguments, why p has to be at the electroweak scale and cannot vanish: The p-term gives rise
to identical positive masses p? for the Higgs fields |H,|? and |Hy|?, but in addition it provides
a Dirac mass term p for their fermionic superpartners. Whereas the soft SUSY breaking mass
term B, effects the scalar sector, the masses of the fermionic superpartners at tree-level are only
determined by g itself. Thus, the non-observance of light charginos - where the charged Higgsino
components H; and ﬁd_ enter - induces a bound of |u| 2 100 GeV. In addition a vanishing u
induces a Peccei-Quinn-symmetry [80] in the scalar sector resulting in a massless axion. Also
the soft SUSY breaking term B, has to be nonzero to guarantee that both neutral components
HY and Haol are nonvanishing at the minimum of the Higgs potential. In total u cannot vanish,
but is also bounded by |u| < mgusy: If the mass contributions to H, and Hy induced by the
p-term dominate the potentially negative soft SUSY breaking mass terms, the Higgs potential
is not unstable and electroweak symmetry breaking is not generated.

A simple solution to this p-problem can be found by replacing the bilinear u-term in the super-
potential with a trilinear term involving a new particle, namely a chiral supermultiplet S , which
is a gauge singlet. The resulting model is named next-to-minimal supersymmetric standard
model (NMSSM) and is characterized by the following superpotential:

A o o PN 1
WAMSSM = €ab <Yu”H3 o0 + Y HIQLS + VI HYLYES — ASH§H3> +5h555 (@)

The procedure is similar to the generation of fermion masses in the standard model via Yukawa
couplings: As soon as the scalar component S of the new superfield S gets a vacuum expectation

27
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value by the soft SUSY breaking terms, an effective u-term of the form

w=A(S)=: %)\vs (4.2)
is generated. Since the SUSY breaking terms are of the order of the electroweak scale to allow
for a soft breaking, also vg and necessarily p are naturally of this order, if A is chosen to be of
order O(1). In fact the first attempts to supersymmetrize the standard model contained such a
singlet field [81] similar to the first globally supersymmetric GUT models [82, 50].

The soft SUSY breaking terms, which have to be added to Lgp i in Equation (3.28), are

1
—LsB NMssM = — L£8Ban + m?gSS* — €ab [TASHgHz + h.c.} + [gTHSSS + h.c} . (4.3)

The last term in the superpotential given in Equation (4.1) avoids the presence of a global U(1)-
symmetry HyH, — ¢ *HyH,,S — e~'*S (Peccei-Quinn-symmetry [80]), which guarantees the
bilinear p-term in the MSSM. Since only trilinear couplings are present, it is easier to embed the
NMSSM in string theories [83]. In addition the superpotential in Equation (4.1) shows a discrete
Zs-symmetry. Transforming all superfields according to S — e2mi/33 , the superpotential is not
changed. Electroweak symmetry breaking and the generation of the effective u-term destroys
this Z3-symmetry. However, this Z3-symmetry induces a subtle problem in the early universe:
the “domain wall”-problem. During electroweak symmetry breaking causal horizons between
domains with different vacuua might have formed [84]. A solution to this problem is given by
nonrenormalizable operators [85], which break the Z3-symmetry in the superpotential, but have
no implications for the phenomenology of the model. For more details we refer to [86]. An
alternative would be an additional U(1)-symmetry, which is summarized in [87]. In particular
in the Higgs and neutralino sector the particle content of the NMSSM differs clearly from the
one in the MSSM, since the singlet gets involved in the formation of mass eigenstates in those
sectors as we will show in the subsequent chapters. A detailed overview about the NMSSM can
be found in [79].

4.2. Supersymmetric seesaw mechanisms

The second problem we want to address is the generation of neutrino masses. The seesaw
mechanisms we presented in Section 2.3.2 can be easily supersymmetrized. Taking our example
with the right-handed neutrino we can simply introduce a right-handed neutrino superfield ¢
and add it to the superpotential of the MSSM:

W = Warssm + €Y, HLLID® + mp0°0° (4.4)

Note that instead of v and v denoting Dirac spinors as originally used for the introduction
to the seesaw mechanism, we are working with Weyl spinors v and v¢ in the context of su-
persymmetry. The Yukawa couplings Y, induce Dirac masses mp = Y, v, after electroweak
symmetry breaking. In addition one can add explicit Majorana masses mys, so that the seesaw
mechanism is equivalent to the one we presented for the standard model [78]. In principle, the
Yukawa couplings Y, are already sufficient to generate neutrino masses. However the seesaw
mechanism allows to explain the suppression of the neutrino masses m; < 1 eV compared to
the other fermion masses without the need of choosing the Yukawa couplings unnaturally small
Y, <1071
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The only difference between the supersymmetric extension of the seesaw mechanism and its
original definition is the additional right-handed sneutrino ¢, which is in general mixed with the
left-handed sneutrino © by the soft SUSY breaking coupling 7;,. There exist seesaw extensions,
which allow for a small mixing 7,, = A,Y, and a light 7¢, so that the right-handed sneutrino
couples very weak to all the other particles and can serve as a dark matter candidate [88].
Moreover such models might offer a collider phenomenology, which is not known from the MSSM.
In case ¢ is the LSP, the decay of the next-to-LSP (NLSP) is suppressed and might show a
long, measurable decay length [89].

The seesaw mechanisms based on the three different realizations of the Weinberg operator were
also supersymmetrized at an early stage [90]. The additional intermediate particles can be
embedded in SU(5) and are therefore compatible with GUTSs. Supersymmetric versions of the
seesaw mechanisms can either be tested at colliders [91] through the masses of the superpartners
or via their effect on lepton flavor violating decays, which is practically unavoidable even in case
of flavor blind SUSY breaking [92].

4.3. Models with broken R-parity

As argued in Section 3.9 R-parity was introduced for experimental reasons resulting in a stable
proton and respecting the various experimental constraints given in [72]. However we will
formulate two arguments against the conservation of R-parity:

D> Whereas in the standard model baryon B and lepton L number conservation at tree-level
are given “accidentally”, since terms violating B or L number are not gauge invariant,
supersymmetry makes use of R-parity not to allow for L and B number violating processes.
However, there’s a priori no theoretical motivation for such a symmetry. With regard to
the proton decay, L or B number conservation is sufficient. Thus, also other discrete
symmetries can account for this problem like the already mentioned “baryon triality”,
which is defined in the form

78 = exp (?(B - 2Y)> (4.5)

and forbids only the B number violating term in the superpotential in Equation (3.34).

D> In addition R-parity does not forbid dimension 5 operators, which induce proton decay
as shown in [75] or [76]. In particular in SUSY grand unified theories operators like
Gs = (f/AN)QQQL are generated. They conserve R-parity, but allow for the decay of the
proton, so that strong bounds on the coupling f < 1077 for A ~ mgy arise [93].

We now listed some arguments, which show that R-parity does not have to be the correct
discrete symmetry to be consistent with experimental data. In fact, R-parity violation does
not only pose open questions, but can also give an answer to unsolved problems within the
MSSM, the most important being the explanation of neutrino masses, if one allows for lepton
number violating terms. This issue will be discussed in more detail in later sections. In addition
it provides a rich phenomenology at colliders and might moreover give a connection between
collider phenomenology and neutrino physics.

Before discussing the simplest models of R-parity violation, which will also be part of this thesis,
we want to address the explanation of dark matter once again: If R-parity is broken, the LSP
is not a stable particle any more, but can decay into standard model particles. Therefore, the
lightest neutralino is lost as dark matter candidate. However, non-standard explanations of dark
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matter are still accessible in R-parity violating SUSY, namely light gravitinos [53], the axion [54]
or its superpartner, the axino [55].

We presented all R-parity violating terms in Equation (3.34). Supposing for example baryon
triality as underlying symmetry, we consider only the lepton number violating terms. The
trilinear terms provide a huge number of free parameters, where different attempts tried to
reduce them, see [77] or [94]. We will focus on the more predictive bilinear terms ¢;L;H,,
which are mainly constrained by neutrino physics [72]. Other bounds are automatically fulfilled,
when neutrino physics is described by the bilinear terms. The R-parity violating models under
consideration contain either an explicit ¢;-term or generate this term effectively.

In the following we start with a discussion of the minimal realization of bilinear R-parity viola-
tion, which can also be generated in a model with spontaneously broken R-parity. Afterwards
we will give an introduction to the prSSM, which combines the advantages of bilinear R-parity
violation together with a solution of the p-problem similar to the NMSSM.

4.3.1. Bilinear R-parity violation - BRpV

The superpotential of bilinear R-parity violation, which we call BRpV, is given by
Werpy = eas (Vi HUQET5 + Y HQ; + Y HGLYES — pHGH, + o LEHY) . (46)

where €, is again the complete antisymmetric SU(2) tensor with €15 = 1. The ansatz of this
model is based on work done in [95]. The last term in Equation (4.6) explicitly breaks lepton
number, so that no Goldstone boson is associated with the breaking itself. The soft SUSY
breaking terms are despite from the terms of Lgp a1 in Equation (3.28):

—LspBRpv = — LsBoanl + €ay | BiL{HY — B, HGHY + h-C-] (4.7)

The €;-terms induce a mixing between the well-known gauge eigenstates of the neutralinos
B, W?E) , I:Ig and ﬁg and the three left-handed neutrinos v; at tree-level, resulting in an effective
Majorana mass term for one of the neutrinos at tree-level as we will point out later. For an
explanation of the full neutrino spectrum one-loop corrections have to be taken into account,
which was done in [96, 97] using DR neutralino-neutrino masses. In fact the generation of the
single neutrino mass at tree-level is comparable to the seesaw mechanism, since the neutrino
masses are suppressed by the determinant of the heavy neutralino mass matrix. However the
accessibility of those particles at colliders in contrast to naturally heavier particles in the seesaw
mechanisms generates a collider phenomenology correlated with neutrino data. Additionally
also the charginos mix with the leptons and the scalar, pseudoscalar and charged scalar states
have to be combined with the sneutrinos and sleptons.

The neutrino parameters are determined by six R-parity violating parameters, namely the three
parameters ¢; and the three soft SUSY breaking parameters B;. However we derive the latter ones
from the tadpole equations and take the vacuum expectation values of the left-handed sneutrinos
v; as additional input to ¢;. Similar to the p-problem in the MSSM it is a priori unclear, why
the parameters ¢; should be near the electroweak scale. Thus we introduce spontaneous R-
parity violation or the purSSM, which both offer a solution to this problem in the manner of
the NMSSM. Finally we want to comment on the renormalization group running of the bilinear
and trilinear parameters: If trilinear couplings A, \' are present at a fundamental scale, they
will induce bilinear R-parity violation at a different scale. However bilinear terms ¢; can exist in
the absence of trilinear parameters, since massive terms ¢; do not generate massless parameters
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A or X. This can also be seen from spontaneous bilinear R-parity violation, where R-parity is
conserved at high energies:

Spontaneous R-parity violation can be understood as a violation of lepton number by the vacuum
expectation value of some singlet field [98]. Thus the bilinear term can be interpreted as the
low-energy limit of some spontaneous R-parity violating model, where the new singlet fields
are all decoupled. This includes a solution to the question, why the bilinear terms ¢; have to
be chosen at O(0.1 GeV), since they are generated similar to the p-term in the NMSSM. An
example of such a model of spontaneous R-parity violation using only trilinear terms [98] can
be constructed from the superpotential of the NMSSM in the following form

Weprpv = WnmssM + €ap (Yyijﬁlbiq/V\C) + hST°d . (4.8)

u i Yy

In addition to the singlet superfield S from the NMSSM, right-handed neutrino superfields /V\jc»

and a singlet superfield ® with the lepton numbers L = 0,—1,1 are added. Obviously all terms
conserve lepton number, so that also R-parity is not broken. However, as soon as the vacuum
expectation values of the scalar components of the superfields and the sneutrinos arise R-parity

is broken spontaneously and effective bilinear terms €; = %Yjvc with the VEV of the right-

handed sneutrino (7€) = %vc are induced. Spontaneous breaking results in a Goldstone boson,

which is called Majoron J and has phenomenological implications: The lightest neutralino can
decay in the form Y¥ — Jv; with branching ratios up to 100% [99, 100]. Moreover measurements
to lepton flavor violating decays like u — ey have to account for the additional decays p — eJ
or i — eJ7, so that bounds on spontaneous R-parity violating couplings can be deduced [101].

However spontaneous R-parity violation includes several new singlet superfields and we show in
the following section that using a right-handed neutrino superfield is sufficient to avoid bilinear
terms in the superpotential.

4.3.2. yvSSM

The prSSM, which was first proposed in [102], uses the same right-handed neutrino superfield(s)
Ui not only to generate Dirac mass terms for the left-handed neutrinos but in addition the pu-
term. The superpotential is given by:

ij 77b Aaz ij 7ya Ab ¢ ij 7ra Th ik 7b T asy
Winssw = ea (Vi HEQES + Y2 HiQUT: + YT HLYES + Y, HLLE; )
eTiamb | L BN
— e DL HSH? + gffklngVfﬁfn . (4.9)

Similar to the NMSSM the presence of dimensionless trilinear couplings only can be motivated
from string theory limits. The last two terms in Equation (4.9) explicitly break lepton number
and R-parity if we assign lepton number to 7f. In addition the last term in Equation (4.9)
avoids a Goldstone boson associated to a global U(1)-symmetry (Peccei-Quinn-symmetry) as in
the NMSSM. It generates effective Majorana neutrino masses for the right-handed neutrinos at
the electroweak scale. As soon as the right-handed sneutrinos obtain a VEV (7)) = %Uck‘ an
effective p-term and effective bilinear terms of the form

L )\kvck and € = LYyik?}ck (4.10)

SRVG V2
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are generated. Similar to the NMSSM and spontaneous R-parity violation the purSSM only
contains trilinear terms, so that the “domain wall”’-problem is also present due to a discrete
Zs-symmetry, but the solutions of the NMSSM can be adopted. We want to add that the terms
D¢HyH, and D°0¢0° have been considered as possible sources for the baryon asymmetry of the
universe [103] and for the generation of neutrino masses and bilarge mixing already in [104].
The soft SUSY breaking terms can be written in the form:

2 ~c~cx
—L3B uwssM = — LsB all + Miae g VRV]

L 1
+ €ap [TijZLg”D,‘; — TFO¢HIHD + h.c.} + [nglmﬁgﬁfﬂfn +h.c. (4.11)

Please note that for practical purposes it is useful to write the superpotential in the basis where
the right-handed neutrinos have a diagonal mass matrix. Since their masses are induced by
the k term in Equation (4.9), this is equivalent to writing this term including only diagonal
couplings Ky Vivivs, — kg(V5)® with k = 1,...,n and n being the number of right-handed
neutrino superfields 7°. However, the rotation made in the superpotential does not necessarily
diagonalize the soft trilinear terms TH™ in Equation (4.11) and the soft mass terms mge?,
implying in general additional mixing between the right-handed sneutrinos.

Concerning the generation of neutrino masses the prSSM is very similar to BRpV. If we take
the uvSSM with one-right handed neutrino superfield as example, we count six new parameters
compared to the NMSSM. This can be seen in the following: If no lepton number is assigned
to V¢ the fourth term in Equation (4.9) explicitly breaks lepton number. Thus both models end
up with the same number of R-parity violating parameters. Note that for the phenomenology it
does not matter if ¢ carries lepton number as it is broken explicitly by a least one interaction
of this field. Therefore the R-parity violating parameters are the Yukawa couplings Y,! and the
soft SUSY breaking couplings T¢. As in the case of BRpV we can choose the VEVs of the left-
handed sneutrinos v; as input and calculate the parameters 7° from the tadpole equations. In
fact it turns out that in the urSSM with one right-handed neutrino superfield only one neutrino
acquires a mass, so that loop contributions have to be taken into account as in BRpV. In contrast
more than one right-handed neutrino superfield allow an explanation of neutrino data at pure
tree-level as we will point out in the subsequent chapters.

Very similar to the prSSM are models with the well-known NMSSM singlet together with (right-
handed) singlet neutrino superfields. This induces explicit bilinear terms and was discussed in
[105], in combination with tri-bi maximal mixing in [106]. In [107] the authors propose a model
similar to the prSSM with only one singlet.



Chapter O

Supersymmetric models at tree-level

In this chapter we will discuss the basic features of the MSSM, NMSSM, bilinear R-parity
violation and the purSSM at tree-level, whereas considerations on one-loop level will be part of
the next chapter. We start with a detailed discussion of the scalar sectors including tadpole
equations and unphysical states. In addition we summarize the bounds on light scalar and
pseudoscalar states given by LEP within this section. Thereafter we present the procedure of
gauge fixing and unphysical states, namely Goldstone bosons and Faddeev-Popov ghosts in more
detail, since we will put special emphasis on the gauge invariance of our calculation. Then we
present the formation of mass eigenstates in the neutralino and chargino sector in the various
models under consideration including the generation of neutrino masses at tree-level. In the
last section we focus on the two-body decays )Z? — )ZlinF and )Zli — )Z?Wi, which are of
particular interest for SUSY cascade decays and with regard to the R-parity violating final state
O = FWT.

5.1. Scalar sectors, tadpole equations and parameters

In this section we will focus on the determination of parameters from the scalar and pseudoscalar
sectors of the various models under consideration. This discussion includes the minimization
conditions of the scalar potential V' with respect to the different vacuum expectation values,
resulting in the so called tadpole equations. The scalar potential V' can be obtained from
Equation (3.14) together with the soft SUSY breaking terms we gave in the previous chapter
and is of the form

V =WiW; + 192 (67 Tadi) (8;Tudh;) — Lsp - (5.1)

In addition we will define several new angles and abbreviations, which are helpful for the dis-
cussion of neutrino physics and on-shell masses later.

All the results we show in the following subsections can be reproduced by the program MaCoR,
which we present in Appendix F.1. It allows to calculate the electroweak Lagrangian of all
considered models including the scalar potential, from which the tadpole equations and mass
matrices of the scalar, pseudoscalars and charged scalars can be deduced.

Before presenting the individual models we will point out our general notation for the scalars,
pseudoscalars and charged scalars. We denote the gauge eigenstates by SY, P and S*’, which
are vectors with 2 to 10 components depending on the model, so that the quadratic form of the
scalar potential is given by

1 / / 1 ’ / / ’
VSO,PO,Si == 550 TMg«()SO + §PO TM%()PO + Si TngiS+ (52)

33
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with the mass matrices of the scalars M go, the pseudoscalars MI%O and the charged scalars M gi.
The mixing matrices, which rotate these gauge into mass eigenstates, are defined as follows:

SE=RG ST, Si=RYS), P =R7P) (53)

Since M gi is a hermitian matrix, R°" is a unitary rotation matrix, Mb%O and M]%O are real

symmetric matrices, so that the corresponding rotation matrices RS’ and RF" are orthogonal.
They diagonalize the mass matrices in the form:

i

Mg‘i,dia. = RSng‘i <R5i) (5.4)
T

Mo o, = B M (B (5.5)
T

Mo g = R’ M (RPO> (5.6)

For the sfermion sector we showed the general form of the mass matrices already in Section 3.8
for the MSSM. They have the same form also in the NMSSM. However R-parity violation results
in additional contributions for the squarks and in case of sneutrinos and sleptons it induces a
mixing with the scalars, pseudoscalars and charged scalars presented above. Thus the latter case
is included in the discussion below. The squark mass matrices for BRpV can be found in [97],
for the urSSM they are shown in the Appendix A. We present our results for the Landau gauge
resulting in massless Goldstone bosons, whereas the additional contributions in Re¢-gauge are
shown in the following section.

5.1.1. MSSM and BRpV
MSSM

We sketched the scalar and pseudoscalar sector of the MSSM already in Section 3.8. However,
the scalars and pseudoscalars are of such an importance, that we want to present the Higgs
sector in combination with the gauge boson sector once again for the MSSM. We follow [58] and
start with the neutral sector, where the fields Hg and HY can be expanded in the following way

1 1
HY) = NG (09 +va+igd), HY= NG (09 + vy +1i¢Y) (5.7)

where o indicates the scalar and ¢° the pseudoscalar component. The angle tan 3 is defined as
the ratio of the VEVs v,, and vy in the following form
v
tan = — . (5.8)
Ud
The mass matrices can be deduced as second derivatives with respect to the fields from the
scalar potential in Equation (5.1), resulting in:

1 0 1 0 .
Voo = 5 (o) M3 (T8) and Vi = 5 (6ol Mo () wih o
2z, = L 2myy, + 1(9” +192)(3v,/32— UZQ) ~(ButBy) %vgvu(g’; + 922) (5.10)
2\ =(Bu+ B}) — qvavu(g” +9°) 2my, + 3(9° + g°)(3v; — v3)
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Mpo = L (2, + 5(9% + %) (v — va) 2 1Bl12+ Bg 2,2 (5.11)
2 B, + B 2myy, — 5(9% + g°)(vg —v)
Taking the scalar potential V' the minimization conditions can be calculated
ov 1
19 = prvie —E(Bﬂ + Bj)vu + (m%{d + i) vg +vgD =0 (5.12)
ov 1
ty = o _5(3" + By)va + (miy, + pp*) vu —v,D =0 (5.13)
u

with the abbreviation D = %(g2 + ¢”%) (v3 — v2). Note that a redefinition of the fields H, and

H,; allows to choose B, real and positive in the MSSM. In the following we calculate the soft

SUSY breaking masses m%{d and m%{u from the tadpole equations. Choosing real VEVs and a

real and positive B, we can insert m%{d and m%{u in M]‘,z;.0 in Equation (5.11):

2 Uu/vd 1
M2, —BH< M /vu> (5.14)

The eigenvalues of this matrix are:

2B
mp =mfo =0,  mp, =m}=—"(v]+v)=—1 (5.15)

VU, sin(25)
The first eigenvalue corresponds to the Goldstone boson G°, which is eaten up by the Z boson.

Knowing these two equations we can present our input parameters in the Higgs and gauge boson
sector, which we will use if not stated otherwise:

tan Oy, agpym, mz and tanB, pu, mi (5.16)

The Weinberg angle 6y and the fine-structure constant agps were defined in Equation (2.9). To-
gether with the mass of the Z boson my they are known from various experiments, in particular
LEP. tan 8, u and the mass of the pseudoscalar Higgs m?A are free parameters in supersym-
metry. From these quantities we can deduce the gauge couplings ¢’ and ¢ in accordance to
Equation (2.9) and the vacuum expectation values vg and v,, using the formulas for the heavy
gauge boson masses in combination with tan 3:

L, 2

(6" +97) (vi+v2), miyy==g" (vi+vh) =my

5 cos? Oy, My =0 (5.17)

DO | —

m%y =

Using this input we can also reexpress the matrix of the scalars M g,o in Equation (5.10) and we
get

M2 m?% sin? B +m%cos? B —(m% +m%)sin B cos B (5.18)
5° —(m?A + mQZ) sin 3 cos 8 mi cos? B + m2Z sin? 8 '

with the eigenvalues:

DN | —

m%th = m%H = [mi + m22 + \/(m?4 + m22)2 — 4mQZm?4 COSQ(Qﬂ):| (5.19)
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Similarly we can rewrite the mass matrix of the charged scalars:

+
VS:l: = (H;,Hu ) MSi (ng) Wlth (520)
V2 — (Mt P g )G — vl + 1970, B; + ngUdvu o1
S+ = B 2 1 ) 1,22 ( : )
wt 49 VdUy My, 8(9 +g )(vd v )"— 19 Vg
B, 1, v wguy
= " 5.22
<vdvu + 49 > (Udvu 1)2 ’ ( )

where again B, is chosen to be real in the last equality. This results in the following eigenvalues

méfc =mZs =0, mégc =m%4 +md . (5.23)
The first eigenvalue represents the massless Goldstone bosons G*. Last we want to comment on
the mass of the lightest Higgs h in the MSSM: From Equation (5.19) follows m3 = m?% cos?(23)
in the limit m?% > m?%. This imposes the bound m;, < mz ~ 91.2 GeV at tree-level, which is
experimentally already excluded. However, taking into account loop contributions allows for a

light Higgs h with masses up to 135 GeV [108].

BRpV
Apart from the neutral components of the Higgs fields in Equation (5.7) also the left-handed
sneutrinos have to be expanded after electroweak symmetry breaking according to:

5
V2

The minimization conditions in case of BRpV take the form

v, =

ot + v + i) (5.24)

ov 1 . 1, *
td= gy = 5 (But Bi) vut (miy, +pup*) va+ vaD = vjg (wej + pej) =0 29
=g =73 (Bu+ Bj) va+ (mig, + pp”) v = vuD + 5 (Bj + Bj) vj + vueje; =0 (5.26)
t?: =v;D+wvjz (el-ej—l—eiej) —vg (1 € + pey)

(%Z- 2

1 1
+ 5 (Bz + Bz*) Vy + 5 (vj(m%)ji + (m%)ijvj> =0 s (5.27)

where a summation over j has to be performed, whereas ¢ = 1,2, 3 is fixed. In case of VEVs of
the left-handed sneutrinos D is given by D = %(g2 +g?) (vfl -2y, vf) The mass matrices
have to be extended, since the R-parity violating terms induce a mixing between the sneutrinos
and the neutral scalars/pseudoscalars and a mixing between the sleptons and the charged scalars.
Therefore the particle content entering the potential in Equation (5.2) is given by:

2 (¢d’ QS?u ~zI) (5.28)
ST — ((H*)*,H;,é*,g*,%*,é 1%, 7) (5.29)
( (&), (A", (7)) (5.30)

B
iy

S—
||
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We will not give the detailed matrices here, but refer to [97]. However we will point out, what
parameters are input values in case of BRpV and what is deduced from the tadpole equations.
Despite from m%{d and m%{u we calculate B; = Bje; from the tadpole equations, so that BRpV

has the additional parameters v;, ¢; compared to the MSSM:

tan Oy, agpym, mz and tanB, p, my, €, v (5.31)

Of course also the soft SUSY breaking masses m%ij and mecw,
sneutrino mass matrix in the MSSM, are now present in the scalar mass matrices. Note that we
use m?A to calculate B, according to Equation (5.15), although the resulting pseudoscalar mass
suffers corrections from the R-parity violating parameters. It agrees to a good accuracy with
mi, but is not exactly equal to it. In the calculation of gauge boson masses we have to take

into account the VEVs of the left-handed sneutrinos, resulting in:

which entered the slepton and

1

1
m%:Z(g + ¢ (03 + 2 —i—Zv miy = 17 2(wE + 02 —i—Zv =m%cos’ Oy (5.32)

In particular, when fitting v; to the neutrino data, these relations have to be kept in mind. They
imply an adoption of vg and v, each time the VEVs v; are changed. In addition to tan S we
define

tan f = -, (5-33)
Vq
which will be used in our discussions later.
The elements mixing the MSSM scalar sector with the sneutrinos or sleptons are proportional
to v;,€; and B; o (v;,€;). To explain neutrino data correct, they have to be chosen small
compared to the electroweak scale, so that the MSSM scalar sector is only slightly influenced
by the lepton number violating terms. Thus, in particular the lightest Higgs h in BRpV has
identical theoretical upper bounds as in the MSSM.

CP violation in BRpV

An interesting question in R-parity violating supersymmetry via (effective) bilinear terms is,
whether complex couplings €; can account for the observed baryogenesis via leptogenesis in the
universe and to which extent they wash out existing asymmetries. Thus we consider the charge
conjugate final states in the LSP decays x| — [TW~ and I~ W, which are the most important
LSP decays in many parameter points under consideration. Although we do not present any
results, but leave them open for future work, we want to comment on the treatment of the scalar
sector in case of complex couplings couplings for BRpV as we have implemented it in CNNDecays:
The tadpole equations and mass matrices for BRpV and the MSSM we presented so far were
formulated supposing to have complex parameters. However we have to take into account the
additional mixing between scalar and pseudoscalar states in case of complex parameters. If we
choose the following additional phases

1 0 - 10 +
R’ E(Jd +Ud‘|‘l¢d) . H,
m—e< = 00 o+ i) (5.34)

1 (~R -~
- . — (Ut 4+ v; +wv;
L; = e <ﬁ( oo Z)> , (5.35)
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where a phase of H, is absorbed into the other two phases, and complex parameters
:ef%—ief, Bi:Bf+iBiI, = puf+ipnl, BuzBf%-iBi (5.36)

we get in addition to the tadpole equations for the real components of the VEVs t4, ¢, and ¢; in
the last subsection:

oV
th= =7 = B{ﬂ}dvu _,_quvdvjef ult vdvje =0 (5.37)
ov
tiI = % = UiquiI — VqU; (,u 6 - ,MIE ) + viv; (Mz :uj - f) =0 (5'38)
(2

where we sum over j and fix 7. The equations allow us to choose real vacuum expectation values,
implying # = n; = 0. However, if we choose ¢; to be complex, we have to allow for complex
values of BI and BI , which can be determined from the latter tadpole equations. In addition
the scalar and pseudoscalar states are mixed, so that we get

1 , , M2 M2 \T
Vo = 55" T™™MZpSY  with  M3p= <M2 I ?\I;gm) > (5.39)
SPmiz PO

based on the following particle content:
SOT = (Ud7 Our Vi 7¢d7¢27~21) (5.40)

Whereas the diagonal parts M go and MI%O can be taken from [97] the new nondiagonal entries
are in accordance to [109]:

1 I_R R_I I_R R_I I_R R_I
0 B, wel—pte pe —pey ez — pites

Bl 0 -Bf{ B B

2
Mgpmiz = | nfel —plef! —Bf 0 —eltel 4 eltel 63 61 + 61 e3 (5.41)
R_I I_R 1 R_I R_1

o s S 5 B 5 TR T L A

pley — ey —By  egel —e'ey  eg’ey —eyey 0

A simple numerical check of the correctness of these formulas is the presence of the Goldstone
boson m?go = mGO = 0, when m%{ , mH , BR BI and BI from the tadpole equations are
inserted. The complex variant of BRpV is also included in CNNDecays. However in the following
subsection we will come back to the case of having real parameters, although most formulas are
presented in the general form of complex parameters, so that the generalization to the additional

tadpole equations and mixing matrices is straight forward.

5.1.2. NMSSM and puvSSM
NMSSM

The scalar and pseudoscalar sector of the NMSSM differ from those of the MSSM, since the
additional singlet S has to be taken into account. Similar to HJ and HY the singlet S is
expanded:

(0% + va +i0%) (5.42)

E\H
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The minimization conditions in case of the NMSSM are given by:

ov 1 w1 1 ,
tY = Jog =~ —2—\/§vgvu(T)\ +7T5) + ivd(vi + 3 AN — Zv%vu()\m* + KAY)
1
+8(9 + g%)va(v — vi) + m¥,vg =0 (5.43)
ov 1 1
o _ =" _ _ * - 2 2 x - 2 * *
ty = Do, 2\/§vdv5(T)\ +715)+ 2vu(vd + v5)AA 4vdvs()\/< + KAY)
1
+ §(92 + 9/2)1%(”2 - Ug) + m%{uvu =0 (5.44)
ov 1 1 1
o_~ _ _- 2 L * - 2 2 *
tg = Do 2\/§US(TH +1T7) 2\/§vdvu(T)\ +715)+ 2vs(vd +vi) AN
1
- ivdvsvu()\/i* + KXY + kK" 4+ mivg =0 (5.45)

Apart from m%{d and m%]u we also calculate m% from the tadpole equations. The mass matrix
of the charged scalar sector is based on the same particle content as in the MSSM, but includes
additional entries

+
Vor = (H H, )Mg <g€ﬁ_> with (5.46)
%QQUdUu — %)\)\*vdvu

[m?qﬁ §(g” g ) (v] —vQ)} v 2
+5 A" vE + 5Thvg
V2

+ v2 + 5 )\)\*vs

MZ. = . (5.47)
g VaUy — AN Uy, [ 8(9 +9*)(v; — vz)}
+= )\*m)s—i— ﬂT)’fvS —i—ig 1)\)\*1)S
1 1 v T 2
_ ( R S A > ( e ”‘“5“) , (5.48)
4 2 2040y 2u4vy VqUy U5

where the latter formula made use of the tadpole equations and is only valid in case of real
parameters A, k and Ty. This results in the two eigenvalues:

1 1 li)\’l} T\v
2 2 2 2 2 S AUS 2 2
+ = M+ = 0 +=|-g°" ==X+ + + 5.49
mSl m ’ mSz <4g 2 2Ud?)u \/_vdvu> (Ud UU) ( )

Our input parameters of the scalar and gauge sectors of the NMSSM are
tan 0w, agpym, mz and tanfB, w, A K, T, T. . (5.50)

From p and A we can derive the VEV vg of the singlet S using Equation (4.2). Later we will
replace A by the VEV wvg, the latter one being expressed by the new angle B¢, and k by the
singlino mass mg, both defined by:

tan Bg = vs and mg = V2kug (5.51)

(%
In order to allow for positive squared masses in the scalar and pseudoscalar sector we will work
out a strategy in the following how T and T}, have to be chosen in principle to avoid tachyonic
states.
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The scalar potential of the scalar and pseudoscalar sector is of the form
1% = 10T 2,87 1 1 poT g2, po 2
S0,P0, 5% = 5 §0°° T3 po (5.52)
with the following particle content:

SYT = (69,00,0%),  PUT = (49,2, 62) (5.53)

Solving the tadpole equations for m%{d, quu and m% the mass matrix of the pseudoscalar states
yields:

M? M?
M}, = J . Hs (5.54)
(MHS) MSS

with

Q1+ Qy) & Q14+ 0 =20 4 Qg) L
MIQJH:<( 1+ 89) 3 1+ Qo ), M%S:<( 1+ 2)vs>

D +Q (U +Q) (=200 + Qo) 32
Mg = (421 + Q) ”jj;’“ — 303 (5.55)
S

where we have introduced the following abbreviations €2;:

1 1
Q =7 (A" + X'r) Vg,  Q=—= (D +T¥)vs, (T +T7)vs  (5.56)

1
22 T 2/2

Diagonalizing MI%O results in the Goldstone boson G° and two pseudoscalar states A; and As:

mP{):mGOZO
1 v v VqU 3
2 2 - Zd  Tu du ) _ 20, _
mPg_mA1_2(Ql+QQ)<vu+vd+ %> 50 vT
1 v v V4U 3
2 _z Zd  Tu du ) _ 2
mPg—mA2—2(91+92)<vu+vd+ %> 2934-\/f
. 1 Vg Uy VgUy 3 2
with I'= —(Ql—i—Qg) — 4+ — 4+ 5 — =03
2 Uy U4 Vg 2
2 2
) ) v )
+3(Q + Q) Q3 (—d + —“> — 9019, <—§ + —§> (5.57)
Uy U4 vy U

To get only positive eigenvalues for the physical mass eigenstates, the inequality

L 30,0
Vavy 3thfly () (5.58)

Q3 < — =
3 Ugv O+ Q9

has to be fulfilled. The mass matrix of the neutral scalars is given by

My, M}
Mo = j, s (5.59)
(MHS) MSS
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with

M2 (1 +Q2) 2 + Qe — — Qo — Q6+ U
A\ -0y — QQ_QG+Q4 (Q1+ Q) 32 + Qe

(=2 — Qo) 2 + Qa2 VU
M?q = , Mig=Qs—5" +Q5+Q 5.60
s ((—291 Q) 2 4 0,28 55 =ty + s U (5:60)
using the additional parameters
1
Q4 = A\ vgv, > 0, Q5 = 2kK* 0% > 0, Q6 =7 (g +4 )vdvu >0 . (5.61)

In principle the eigenvalues m%m’?’ can be determined analytically, but the lengthy result is
not very illuminating. Though we make use of the following theorem: A symmetric matrix
is positive definite, meaning all eigenvalues are positive, if all principal minors are positive
(Sylvester criterion). Thus we get three conditions

0 < (QI+Q2)%—|—QGE
d

Uy,
vi Ve 2
0 < (Ql—‘rQQ) QG E—l-ﬁ _296+294 +QQ496—Q4
U d
0 < Q3—fo() , (5.62)
where f(€2) is given by:
b
f2(Q) = =5 with (5.63)

b))
S1 = (4 + Q2) 5 (-2 + 206) + (2F — 20406) Q5

" B 3
+ (21 + Q9) Q4vs <Zd + %) + (4Q + 3Q Q2) Q6 (vd i ’Z_)
U d S u d
2 2
— (1 + Q2) Q506 <v—“2l Ju
v2 02

2
Vs

>+2(91+QQ—Q4+296)Q2

V4 Uy,
Vq (%%
—2(20 + Q) (20 + 205 — Q4 +206) (7 + U_>
u d
+ [1607F + 8 (499 — Q4 + Qg) QF + 1024 Qs (2Q5 — Qu + Q)

VdUy

+Qs (292 — Q4) (292 — Oy + 296)] 2 (5.64)
vs
2 2
Yo = (1 +Q2) Qs <v—‘§ 2 >+2(Q1+Q2)(94—96)
u Vg
+ 20406 — Q3 (5.65)

Except for special values of tan 8 and A the first two conditions are fulfilled in general. There-
fore combining our knowledge from the scalar and pseudoscalar sector results in the following
conditions:

f2(Q2) < Q3 < f1(Q2) (5.66)
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Taking a negative value of Q3 (ox Ty) near fo(£22) results in a very light singlet scalar, whereas
for a value of Q3 near f1(€2) a very light singlet pseudoscalar is present. Thus we find a value
of Q3 in between, where both particles have the same mass. A similar discussion of the singlet
scalar and pseudoscalar mass can be found in [110] formula (37). We want to add that a light
scalar and/or pseudoscalar always comes together with a light mass of the singlet fermion.
Before proceeding to the urSSM, we comment on the theoretical upper bound of the lightest
scalar S at tree-level: The smallest eigenvalue of M2, has to be less than the lower eigenvalue of
any (2 x 2)-submatrix. Taking the submatrix M? T the maximized value of the lower eigenvalue
at tree-level is given by [58]:

2)?
mg, < my |cos®(28) + P sin?(23) (5.67)

In contrast to MSSM this expression imposes a priori no upper bound, as long as the Higgs self-
coupling A is not limited. However, supposing perturbativity up to the GUT scale in combination
with loop corrections results in an upper bound of m2 < 145 GeV. In fact, also in models with a
more complicated particle content together with addltlonal gauge groups as internal symmetries
the upper bound of the lightest Higgs is at a maximum 200 GeV, if the considered model should
be perturbatively treatable up to the GUT scale and contain a weak scale supersymmetry [58].

uvSSM

We are left with the discussion of the scalar sector of the uvSSM with in general n right-handed
neutrino superfields. Apart from Hg and H? and the left-handed sneutrinos #; also the right-
handed sneutrinos 7, with k = 1,...,n can be expanded similarly:

1
g = NG (T + veg, + i) (5.68)

Calculating the scalar potential in accordance to Equation (5.1) results in rather lengthy mini-
mization conditions, which we will not present here, but in Appendix A. Similar to BRpV the
mass matrices have to be extended. Therefore the particle content entering the potential in
Equation (5.2) is given by:

SO,T = (027027 VkRa VzR) 9 ((bda ¢27 ~1(42:17 Nll) (569)
SHT = ((H7)" ,H;,é*ﬁ* 7, i°, 7°) (5.70)
ST = (Hy, (H)" . é a7 (E)", (i), (7)) (5.71)

Again i denotes the index of the 3 left-handed sneutrinos and k numbers the n right-handed ones.
The mass matrices of the urSSM for the general case of n right-handed neutrino superfields can
also be found in Appendix A. From the tadpole equations we calculate the soft SUSY breaking
masses m%{d, m%{u , ml%c and the couplings 7;,. Thus the input parameters of the scalar and gauge

boson sector in the urSSM are given by:

Trm ik, (5.72)

tan by, apym, mz, tanf, w, Mg, Kk, T)]f,
Moreover the soft SUSY breaking parameters of the slepton and sneutrino sector are input
parameters in case of the purSSM, namely m%ij and méczy In case of the urSSM with one
right-handed neutrino superfield, now also called 1 ¢ case, we will replace Ay = X later by v,



5. Supersymmetric models at tree-level 43

k1 = K by the singlino mass m, and Y;! = Y} by ¢; using Equation (4.10) and define similar to

the NMSSM and BRpV:

tan f3; = ﬂ, tan B, = Ye and me = V250, (5.73)
Vd Vu

The masses of the heavy gauge bosons are influenced by the VEVs of the left-handed sneutrinos

in the same way as in BRpV, see Equation (5.32). Considering the case of just one right-

handed neutrino superfield and neglecting the R-parity violating couplings, the scalar sector of

the prSSM is identical to the one of the NMSSM. Thus the statements about the masses of the

scalars 5?72’3 and the pseudoscalars Pﬂ 5 also hold for the urSSM, so that a reasonable choice of

Ty and T, allows to avoid tachyonic states. Also the upper bound for the lightest Higgs S¥ is
not changed compared to the NMSSM [111].

In the n generation case (n D¢ case) a similar result holds as long as T, and m2. do not have
off-diagonal entries compared to k. Inspecting Equations (A.20) and (A.29) it is possible to
show that the singlet scalars and pseudoscalars can be heavy by appropriately chosen values for
the off-diagonal entries of T,; while keeping at the same time the singlet fermions relatively light.
We illustrate this feature in the chapter about the phenomenology of the prSSM.

5.1.3. LEP bounds on light neutral scalar/pseudoscalar states

In this thesis we are partly working with parameter points, which provide a light mass spectrum
of supersymmetric particles and scalars. If the singlino-like neutralino S in the NMSSM or vy,
in the prSSM are light, namely below 100 GeV, they often show up together with a light scalar
or pseudoscalar. However, the “Large Electron-Positron Collider (LEP)” operating from 1989
to 2000 at CERN set strong bounds on the masses of light scalar or pseudoscalar particles.
The various experiments, namely ALEPH, DELPHI, L3 and OPAL [112], have combined their
results in [113], to which we refer for our used bounds within this thesis. Therein one can find the
lower bound for the standard model Higgs being 114.4 GeV. Relevant production processes for a
neutral scalar particle SY at LEP are the “Bjorken process” eTe™ — Z°SY and for scalars S? in
company with pseudoscalars PjO in addition the associated production mechanism ete™ — SZQ Pjo.
Other processes are subdominant. Thus, the mass exclusion bounds on m 50 and m po are strongly
dependent on the production rates of the two mentioned processes. In case of small couplings
due to the singlet character as possible in the NMSSM or purSSM, the mass bounds are weaker
than the one for the standard model Higgs. Our discussion follows [114], where the results of
both processes for spontaneous R-parity violating models were discussed. Given n scalars SZQ
and m pseudoscalars PjO the relevant couplings for the production processes are contained in the
Lagrangian density

£> f: (\@GF)W miynS) Z) 2% + i i <\/§GF)1/2 mazrd (ZOMSZ,O 9, pj0> (5.74)
=1

i=1 j=1
with the Fermi constant given by Gp = 5\3/232- The parameters 1 are defined as follows
w

3
: 1 0 0 0
g =~ vaRy +wuRy + > viR (5.75)
j=1
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3
.. 0 0 0 0 0 0
ni=Ri R —RLRl +> Ry R (5.76)
k=1

where the rotation matrices of the scalars RS" and pseudoscalars RY 0 appear and [ has to be
chosen such that the rotation matrices point on the sneutrino gauge eigenstates (I = 2 in BRpV
and [ = 3 in the prSSM with one right-handed neutrino superfield). Within this notation B
refers to the “Bjorken process” and A to the associated production mechanism. The MSSM
results given in [115] can be easily transferred to our case using the couplings 7, which results
for the “Bjorken process” [114] in

G%m? B2 +12m2 /s
CEL 2 atyp DA
967s (1—mZ/s) + (Tzmz/s)

1
with v, = —1+4sin0y, ae=—1, B=—1\/k(s,m%,m?) |, (5.77)
S

where & is the well-known Kaellen function x(z,y, z) = 22 + y? + 22 — 22y — 2yz — 22z and /s
denotes the center-of-mass energy. For the associated production mechanism yields

o (e‘Le* — ZOSZQ) = (nfg)

(€+€_ N SOPO) (nl])ZGQFm4Z (1)2 +a2) /83
g iti) — e e
J A " 96ms (1= m%/s)> + (Czmz/s)?
1
with B = B /{(s,m?,m%) . (5.78)

We abbreviated the masses of the scalar and pseudoscalar by m; = m(S?) and m; = m(PjO)
in both formulas. The results of the experiments at LEP [113] make use of a scale factor Sos,
which is defined in the following form

Sog = max (5.79)

Oref

where opax refers to the maximal production cross section, which is still compatible with the
measurements at 95% confidence level and o,¢f is the reference production cross section. Thus,
Sos gives the maximal production cross sections as a function of the mass of the scalar or
pseudoscalar in a certain model, which justifies the non-observance. The reference produc-
tion cross section for the “Bjorken process” is the standard model Higgs production O']‘S;I]\é[ =
o (e*e* — ZH ), for the associated production mechanism it is given by

2

K?,(s’m?’mi)/sfi

(/s mgm2) /s ) (i(s,m%,m?) /% +12m% /s)

Oret = Bogy with B = (5.80)

This results in Sgs = (n%)? and So5 = (77%)2, implying that no kinematics is involved in the
comparison of a certain model with the bounds given by LEP. Figure 5.1 is taken from [113]
and shows the maximal value of Sgs as a function of the scalar or the sum of the scalar and
pseudoscalar mass. The regions above the shown graphs are excluded. The branching ratios
of the scalars S? and pseudoscalars PiO are supposed to be standard model like, implying a
dominant decay into bb and 777~. Despite from some special cases, where a decay into a pair
of neutralinos x{x{ can be dominant, this is also true in the considered models. We used the

corresponding tables in [113] (Table 14 and Table 17) to implement the bounds in CNNDecays
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Figure 5.1.: a) (left) Maximum value of Sgs at 95% confidence level for the “Bjorken process”
ete™ — Z98Y as a function of the scalar mass mpy; = mgo, Assumption: Branching ratios of
SY are similar to the ones of the standard model Higgs H; b) (right) Maximum value of Sg5 at
95% confidence level for the associated production mechanism ete™ — .S’?PJQ as a function of the
scalar my; = mgo and pseudoscalar mass myps = m P Assumption: Branching ratios of S? and

P? are similar to the ones of the standard model Higgs H; In both cases the solid line is the
observed limit. The green and yellow bands around the dashed median denote the 68% and 95%
probability. Both figures are taken from [113].

and modified versions of SPheno.

Since the Higgs mass h in the MSSM at tree-level has a theoretical upper bound of mz, which is
experimentally excluded by the shown LEP data, we include the dominant one-loop correction
to all the (2,2)-elements of the scalar mass matrices

3 mi Mm;

1L 2 IR
(Mso)22 = (MSO)22 + mmt lOg < ;l% 2)
v% —}—v% —}—v%

with C, =1-—
! v2 + 2 + v} + v3 + v}

(5.81)

Here m; denotes the top mass and my, , the stop masses. Note that the correction is only added
for the comparison with LEP data, but not for the proper calculation of one-loop diagrams, not
to mix different orders of perturbation theory.
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5.2. Gauge fixing and unphysical states

In this section we describe the procedure of gauge fixing followed by the discussion of unphysical
modes, which include Faddeev-Popov ghosts and the already mentioned Goldstone bosons. More
details can be found in [6]. Using the path-integral formulation for a non-abelian gauge theory
results in the following ansatz for the generating functional of Green functions:

Z{J}

T} = Zig vith (5.82)

Z{J} = / D[A] exp <iS{A}+i / d4xJ“’“(x)AZ(:c)> (5.83)
S{A} = / 'z (—iFﬁy(:c)Fa’”y(x)> (5.84)

In this notation the gauge fields A = (Af,) and the sources J = (J}) appear. Moreover Fg,
denotes the field strength tensor as defined in Section 2.2 and the measure D[A] = I, ,, o d A, ()
involves a product over all group and vector components of the field AZ(CE) at each space-
time point. Performing this integration results in a divergence, the reason being the gauge
invariance of the theory. To fix the gauge locally in order not to integrate over states, which
are related by a gauge transformation, one can use a d-functional with conditions of the form
C*{A;x}—c*(x) = 0. For their exact definition we refer to [6]. The integration can be rewritten
by a variable transformation using two anticommuting scalar fields u*(x) and @*(z), which are
just auxiliary fields and are called Faddeev-Popov ghost fields. This procedure results in the
Lagrangian

oC” {A§ l“}ch b

L= —Lpo (z) F® (2) — 2—150“ {A;z} O {A; 2} — / d'zu(x) Ac(z) vt ()

47w (5.85)
where ¢ stems from a Gaussian weight function, so it can be chosen arbitrary, and D% denotes
the covariant derivative in the notation of infinitesimal gauge transformations D66°(z) =
0,00%(z)+g f“bcAZ(x)(SGc(x). Thus, this procedure of gauge fixing generates mass contributions
for the unphysical states and interactions parametrized by the gauge-fixing Lagrangian, the
second term in Equation (5.85). In addition the masses and interactions of the unphysical
Faddeev-Popov ghosts are contained in the last term of the Lagrangian given in Equation (5.85).

In the following we want to discuss the gauge fixing, which will be used throughout this thesis. In
the standard model and in supersymmetric theories spontaneous breaking of a gauge theory as
shown in Section 2.2 induces mixing terms between the gauge boson fields A, and the Goldstone
bosons G of the form A,0"G. However there exists a class of renormalizable gauge, where these
terms are absent. It is given by the gauge fixing conditions

C* = "W F imwéyG* (5.86)
C? =0"Z, — my&, GO
C7=09"A,

in combination with the gauge-fixing terms

1

1
284

r—
287

%2~ Lover (5.87)
Ew

(ch?
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Choosing & = ¢ cancels the mentioned mixing terms up to irrelevant total derivatives. This is
the class of 't Hooft-Feynman gauge or R¢-gauge, which we partially use in our later calculations.
By a variation of £4, £z and & a simple check of the correctness of our calculations is possible,
since physical observables should not be dependent on these unphysical gauge fixing conditions.

In a last step of this section we want to present the propagators of the gauge bosons and the
unphysical modes, namely the Faddeev-Popov ghosts and the Goldstone bosons. For a massive
gauge boson the procedure above results in a propagator of the form:

G (k%) = 9 (1—¢&v) Wk (5.88)
v = (2= m2) (= &vmd)
The one of the massless photon is:
i gt kHEY
iGH (k) = S = (1= €4) =~ (5.89)

The propagator of the scalar Goldstone bosons and the scalar Faddeev-Popov ghosts is given by

-1

Gk = ———

(5.90)

implying that both have a mass of m%v = mzv = §Vm%/ in Re-gauge. Be aware that the

photon does not have a Goldstone boson, but a ghost. The masses of the Goldstone bosons
in supersymmetric models stem from the following additional contributions to the pseudoscalar
and charged scalar mass matrices

M2y — Mpo + Exm% Mg po (5.91)

M2y — M2+ &wmiy MEg: . (5.92)

In case of the MSSM the matrices are given by

1 v — Uy U
2 _ 2 _ d uld
MGPO — MGszl: — ’US + ’U?L (_qud Ug > . (593)
In case of the NMSSM the matrix in Equation (5.93) is the upper (2x2)-block of the pseudoscalar
(3 x 3)-matrix, since the singlet does not contribute. However in BRpV the VEVs of the left-
handed sneutrinos have to be taken into account, resulting in

vg —VulUg  VIVg  Ualg  U3q
2
1 — Uy Vg v —V1Uy —UVoUy —U3Uy
2 2
Mg po = — 5 5 | viva  —vivy V3 V1V2 V103 (5.94)
vitvn 220 |, 2
2Ud Uy V1V2 15 V23
V3Uq —UVU3Uy, V1U3 VU3 Ug
2
9 M2, O
Mggs = ( .l 0> , (5.95)

where in the latter case the zeros are the elements in rows and columns with right-handed
sleptons. In case of the urSSM rows and columns with zeros for each right-handed sneutrino
in M(Q;PO have to be added. All these contributions result in the unphysical mass eigenstate
describing the Goldstone boson with mass /zmz in case of the pseudoscalars and /Eymyy
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in case of the charged scalars. Apart from the propagator and the masses the gauge-fixing
parameters £y also appear in the couplings of a scalar to two ghost fields, which can be calculated
from the Lagrangian defined in Equation (5.85). We just point out one example, namely the
coupling of a scalar Sg to the Faddeev-Popov fields of the Z boson in BRpV, where RS® denotes
the mixing matrix of the neutral scalars:

7 . 0 0 0
nguzﬂz = _Zé-z (g COS HW + g/ Sin HW) (’UdR}gl + ’UUR]EQ + Z /Ulel-i-Q) (596)
l
In case of the urSSM lelOJrQ has to be shifted to lelOJrQer with m being the number of right-

handed neutrino superfields. All the other couplings can be found within the program CNNDecays
in the files couplings/model/ready/callcouplings.f90 for the various models under consid-
eration.

5.3. Masses of neutralinos and charginos

An important part of this thesis is the discussion of the masses of neutralinos and charginos at
tree- and one-loop level for the various models under consideration. In case of R-parity violating
models the mass matrices have to be extended by the neutrinos and leptons, which allows an
entirely supersymmetric explanation of neutrino masses. Denoting the neutralinos and charginos
with the vectors 1° and ¢, which contain the Weyl spinors mixing after electroweak symmetry
breaking, the relevant part of the Lagrangian density can be written in the form

Lo _% (wO)TanO _ % <(1/17)TM5¢+ + (¢+)TMZ‘¢7> + h.c. (597)

The gauge eigenstates are rotated into mass eigenstates using the rotation matrices A/, V and
U according to

F=Niy?, Ff=Vyw! and F =Uwp, (5.98)

7

so the rotation matrices U and V diagonalize the mass matrix M, of the charginos in the form:
M gia. = UMV 1 (5.99)
The rotation matrices can be obtained by the relations:

M2 o = VMIMYV T = UMM (UF) ! (5.100)
The neutralino mass matrix M,, is a complex, but symmetric matrix. According to [116] a
complex and symmetric matrices A can be diagonalized in the form SAST = Agj, with a
unitary matrix SST = 1. Thus, using the unitary matrix A’ the neutralino mass matrix is
diagonalized by

N*MNT = My i, (5.101)
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For our later calculations of decays and loop corrections we work with Dirac spinors, which can
be constructed from the Weyl spinors describing the mass eigenstates by:

XP = <(£éo)f>a Xi = <(2;F)T>7 Xi = <(£i_)f>
W= =) = (EE)) (5102

We will start with the MSSM and NMSSM, before explaining the generation of neutrino masses
in BRpV and the uvSSM. All the results in the following can be reproduced by MaCoR presented
in Appendix F.1.

5.3.1. MSSM and NMSSM

In case of the MSSM and NMSSM the neutrinos remain massless particles, whereas the leptons
obtain masses via the VEV v, of the Higgs field Hy 0 as in the standard model. The gauge
cigenstates of the neutral gauginos B and W3 mix Wlth the neutral Higgsinos H 0 and H 0 to
four neutralinos ¥; in the MSSM, in case of the NMSSM the singlino S has to be added In the
charged sector the charged gauginos W=, which are mixed according to

Wt = % (W1 + z’VVQ) : (5.103)

form together with the charged Higgsinos ﬂ'd_ and ]E[;r two charginos )ch. In the basis
(W) = (i), wh)' = (W)

the (2 x 2) mass matrix of the charged fermions is given by

M. — Mo %gvu _ Mo \/imwsinﬂ (5.104)
©\Fmwa n ) \V2mweosp [ ’ '

where p can be obtained from Equation (4.2) in the NMSSM. For the neutralinos we use the
basis

()" = (B W3, BY.B.5) . (5.105)

where the singlino S is of course only present in the NMSSM. The symmetric (4 x 4)- respectively
(5 x 5)-matrix of the neutralinos have the form:

M, 0  —39v 39vu
AMSSM _ 0 M, Tgva  —3gvy
n [ I ¥ 1 0 _
59 Vd  39Vd o
%g/vu _%gvu —H 0
My 0 —mygsinfy cos B mysin Oy sin 8
_ My  mgcosBy cos3 —mycos by sin S (5.106)
= 0 L .

Sym. 0
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M, 0 —39'va 39w 0
0 M, 5904 —39Vu 0
MANMSSM. _ —%g’vd %gvd 0 —%)\vs —%)\vu
n
Sdv,  —igv, —%)\vs 0 —%)\vd
0 0 —%)\vu —%)\vd \/5/@2}5
My 0 —mysinfy cos 5 mysin Oy sin 8 0
My  mygcosby cos5  —mycos By sin 3 0
_ 0 —p — s (5.107)
sym. 0 m
mg

In case of the NMSSM i, tan g and mg were defined in Equation (4.2) and Equation (5.51).
According to the equations at the beginning of this section this allows to calculate the mass
eigenstates F and FjjE and from those the Dirac spinors YV and )Zj:, which we will use for
our later calculations. Note that the chargino mass matrix could be diagonalized analytically.
However, since it has to be combined with the lepton mass matrix in the R-parity violating case,
the complete diagonalization procedure will be done numerically.

5.3.2. BRpV and ;vSSM

In case of R-parity violating models we have to add the neutrinos to the neutralinos and the
leptons to the charginos. In all R-parity violating models under consideration the (5 x 5)-mass
matrix of the charginos M, using the basis

(wf)T = <W*,1{Id_,e,u,7')

()" = <W+,fIJ,eC,MC,TC) : (5.108)
has the same form, namely

1]\/12 %gvu 1 ; i1 1 ’ i2 1 ’ i3
BIva e Yl v —pYltu =Y

M, = ?gm —€1 ?ﬁ;vd %Y;Zvd ?Yijvd
2903 —€3 EYE Ud ﬁye Vd EYG Vd

M, V2myy sin SO 0 0 0
V2myy cos SO 7 —tan B;m  —tan B;mi2  —tan Bm??
= | vV2mw cos Btan 3,0 —€1 mit ml ml3 ,

V2myy cos 3 tan 320 —€ m?2! m?22 m2
V2myy cos (B tan S50 —€3 mg’l mZ’Q mi’g

(5.109)

where ;1 and ¢; have to be taken from Equation (4.10) in case of the prSSM. Apart from
tan 8; = v;/vq we define my = %Ye@] vg. Note that we allow for nondiagonal lepton masses m¢’

since the counterterms dmy are needed to cancel nondiagonal contributions in the lepton mass

matrix at one-loop level. However the lepton Yukawa couplings Y, and thus m¢ can be chosen
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diagonal at tree-level. The quantity © is a function of tan 8 and tan 5;:

1 v;—0
©=0(55)= \/1 +cos? 33, tan? j3; ! (5.110)

It allows to express the elements of the chargino and later also the neutralino mass matrix in
terms of the physical observables myz or myy defined in the gauge boson sector, whereas the
small contributions from R-parity violation are encoded in tan ;, €; or ©, the latter one being
approximately 1 for reasonable small VEVs v; of the left-handed sneutrinos.

The R-parity violating elements, which induce the mixing between the lepton sector and the
ordinary charginos, have of course an impact on the lepton masses after diagonalization. There-
fore we use a fit adopting the diagonal Yukawa couplings Y such that the experimental values
for the lepton masses are obtained at tree-level.

The neutralino mass matrix however should be discussed for BRpV and the urSSM indepen-
dently. We start with BRpV, where we get in the basis

(wo)T - (BO7W§]7ﬁ3’g2’yl7y2’y3) (5.111)

the following mass matrix for the neutralinos:

M, m
M, = <mT 0> (5.112)
M, 0  —39v 39vu
0 Mo lgvd _lgvu
M, = 2 2 5.113
" —39'va 39V 0 —p ( )
%glvu _%gvu —H 0
My 0 —my sin by cos O my sin Oy sin SO
_ My  mygcosby cos O  —my cos by sin SO (5.114)
= 0 iy .
Sym. 0
(D) = (=1gvi Sgvi 0 ¢) (5.115)
= (—mZ sin Oy cos S tan 3;© myz cos Oy cos ftan 5;0 0 ei) (5.116)

Again we rewrote the matrix to adopt our notation for the renormalization procedure later.
Thus the R-parity violating parameters ¢; and v; are encoded in ¢;, tan 8; and O as defined in
Equation (5.110). The generation of neutrino masses at tree-level similar to the procedure in
the seesaw mechanism will be explained in the next section. A priori there is no Majorana mass
term for the left-handed neutrinos.

In the urSSM the gauge eigenstates of the neutralinos are ordered in the form
()" = (B07W??7I~{27g37V1§7V17V27V3) (5.117)

with £k = 1,...,n and n being the number of right-handed neutrino superfields. For the general
case the ((7+n) x (7+ n))-mass matrix M,, can be written as follows

M,
M,, = (mT 0) (5.118)
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M, 0 —%g’vd %g’vu 0
0 My 59vd — g0, 0
M, = —39va  39vq 0 —%)\lvd —%)\kvu . (5.119)
tgv,  —igv, —%chl 0 % (Yi*v; — Agog)
0 0 _%)\kvu % (YVZkUZ — )\kvd) %nkvck
where the last row and column of M, have to be copied n-times using k£ = 1,...,n, whereas

it has to be summed over ¢ and [. The part of the mass matrix containing the right-handed
neutrinos is diagonal with the elements %/‘%%k- The (3 x (4 4+ n))-mass matrix m yields

(") = (=39 dgvi 0 Viva Yiw) o (5.120)
again with the last element being copied n-times with indices &k =1,...,n.

In the special case of only one right-handed neutrino superfield the mass matrix M, can be
rewritten in the following way

M, m
M, = <mT 0> (5.121)
M, 0 —mysin Oy cos O my sin Oy sin SO 0
My  mycosby cos 5O  —my cos By sin SO 0
M, — 0 —p —Tn B (5.122)
sym. 0 e
me
(mT)i = (—mZ sin Oy cos SO tan 8; mycosBy cos fOtanB; 0 € tafl"ﬁc) ) (5.123)

where the effective p and effective bilinear terms ¢; are defined in accordance to Equation (4.10).
Moreover the definitions for tan 3., tan 5; and m., which we presented in the discussion of the
scalar sector in Equation (5.73), are used.

5.3.3. Approximate diagonalization

In order to gain insight into the generation of neutrino masses in BRpV and the prSSM we will
present an approximate diagonalization of the neutralino mass matrices M,,, which we showed
in the last section. The diagonalization of the neutralino mass matrix can be approximated
according to [117] as follows:

y ] y N* 0 1 — Let T
N MNT = My, gia. with N :< 0 VT>< _255 1_5% §§T> (5.124)

For small values of the (3 x 4)- respectively (3 x (5 4+ n))-matrix £, namely &; < 1, N* is
approximately a unitary matrix, since N* and VT are chosen to be unitary. Setting & = m” M
allows the following transformation

y N* 0 M, 0 Nt 0
N* M NT = ( 0 VT> ( 0 —mTM1m> ( 0 V) , (5.125)
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if higher orders in £ are neglected. Thus, using the definition of an effective neutrino mass matrix
me = —mT M1 we define N* and VT to diagonalize

N*M,N' = M, gia. and VTmﬁﬁ'V = m‘fg"dia' . (5.126)
The advantage of this procedure is a possible analytic approximation of the neutrino masses
very similar to the seesaw mechanism, whereas in case of the full neutralino mass matrix M,
only a numerical determination of the eigenvalues is possible. The matrices £ are also important
for approximate couplings later, therefore they can be found in Appendix B.

Similarly an approximate diagonalization in case of the charginos is possible, which is not im-
portant for the calculation of masses, but for the approximation of couplings. If we split the
chargino mass matrix in the form

/
M, = <J‘é £ ) , (5.127)

where we have used the (3 x 3)-mass matrix of the leptons m, and the (2 x 2)-mass matrix of
the charginos M., one can do the following approximation for small values of E/ =~ 0, i.e. small
VEVs of the left-handed sneutrinos v;

U= (_U;L U;?) L V= <_‘2€R Vﬁ) , (5.128)
where the matrices 7, and £r can be deduced from
& =EM;!
gr=miEMt (MY =mie (M) (5.129)

and the identity matrix I3 implies a diagonal form of the lepton Yukawa couplings. U. and V.
diagonalize the (2 x 2)-mass matrix of the charginos. Finally in the next section we can calculate
the neutrino masses using the approximations presented here.

5.3.4. Neutrino masses

As we have seen in the last section, we can calculate approximate neutrino masses in R-parity
eff.

violating models by using the effective neutrino mass matrix m¢f = —m” M 1. In case of
BRpV and the prSSM with one right-handed neutrino superfield and assuming real parameters
this results in

(mgy)ij = aliA; (5.130)

with a being
BRpV _ m’y 1MVSSM _ m’Y()‘2vdvu + /’[/mc) 5 131
a = BRpV ’ a = 15SM ’ (5.131)

4Det,, 4pDet

where we have introduced the alignment parameter

A; = p; + vge; (5.132)
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with g given by Equation (4.10) in the purSSM and the abbreviation
ms = g°My + ¢* My . (5.133)
The determinants of M,, are given by
1
DetOBRlDV = §m7,uvdvu - M1M2,u2 (5.134)
v 1
Deté" SSM gmy()?(vﬁ 4+ 02)2 + dmepvguy) — My Map(vgog A2 + mep) (5.135)

A matrix of the type oc A;A; only has one nonzero eigenvalue, so that only one neutrino can
acquire a mass in BRpV and the uvSSM with one right-handed neutrino superfield at tree-level.
The mass of the neutrino can be easily approximated by the formula

m(vs) = alA] (5.136)

allowing an estimation for the correct magnitude of A. The fact that only one neutrino acquires
a mass is not owed to the used approximation: Calculating the characteristic polynomial for the
full neutralino mass matrix M,, yields

det (M,, — pI) = p*P (p) (5.137)

where P(p) is a polynomial in p. It shows that in both models two zero eigenvalues corresponding
to two massless neutrinos are present. Since one massive neutrino cannot explain the full neutrino
spectrum, we have to go to the one-loop level to explain the full neutrino data, which will be done
in the next chapter. Also in case of complex parameters in BRpV only one neutrino acquires
a mass at tree-level. Then the exact diagonalization of the mass matrix of the neutralinos has
to be done using the squared mass matrix, so that a precise numerical calculation has to be
guaranteed.

In case of more than one right-handed neutrino superfields in the urSSM one can explain the
neutrino data using the tree-level neutrino mass matrix only. For the sake of simplicity we
will only consider two generations of right-handed neutrinos, since more right-handed neutrino
superfields do not provide new features. Despite from A; as defined in Equation (5.132) we have

a new alignment parameter ' '
i = v, (MY — N\ Y2) (5.138)

Based on these parameters we define the expansion matrices £ in the Appendix B for the prSSM
with two right-handed neutrino superfields. The effective neutrino mass matrix reads as

(my)ig = alihj + b(Aioy + Ajoy) + casay (5.139)
with m
@ = e (M A3vuta + medjvyva + mamean)
pbetg
m
b= 7 (V2 — V3 (Me1Ver A2 — MeaVea A1)
2urSSM \ " u d clVcl A2 c2Uc2/1
8v/2uDet
1 2 2,242
¢ == ————ommr [ (o (v + 0)" = 8M1Mapwyvg)
16p2Detg!”

+4Det0Bva(mclvzl + mcgvgz)] (5.140)
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using mep = V2k5ve, and the determinant of the (6 x 6)-mass matrix of the heavy states

DetZ5M = = [(mA? + meA2) (m, (03 + 02)? — 8My Mapw,vg)

col

+8mameDety V| (5.141)

The mass matrix in Equation (5.139) has two nonzero eigenvalues in contrast to BRpV and
the uSSM with only one right-handed neutrino superfield. Therefore loop corrections for the
explanation of the full spectrum of neutrino data are not needed.

We address the fit to neutrino data in all R-parity violating models under consideration after
the discussion of one-loop corrections in the next chapter.

5.4. Decays ) — ;W7 and X" — {IW=

As we have argued in the introduction two-body decays of neutralinos and charginos involving a
heavy gauge boson in the final state are of great importance in SUSY cascade decays. Moreover
they include the R-parity violating decays x{ — [*W T, which play an important role within this
thesis. Thus, it is reasonable to discuss the decays )Zli — )Z?Wi and the couplings )Z? — )Z;t -wTt
in more detail within this and the next section. For all the other two- and three body decays,
we have used the decay routines of SPheno or implemented them in CNNDecays.
The partial widths for the decays under consideration are obtained from the following interaction
Lagrangian: L

L = X" (PLOLi; + PrOgij) \§W,, +hec. . (5.142)

The couplings are given by

3
* 1 * *
OLlj = _g-/\/}QUll - \/59 <A/}3Ul2 + E U172+k‘/\/j74(4+n)+k> (5143)
k=1
* 1 *
Orij = —gVitNj2 + —=9ViaNja (5.144)

V2

where in Equation (5.143) 4(4 4+ n) stands for BRpV (urSSM with n right-handed neutrino
superfields). Of course the last term in Opy; is only present in case of R-parity violating models.
The widths have the form

1 1
o= \/ﬂ(mf,mg,m%v)§Z\MT\2 , (5.145)

- 167Tm§’

pol

where m; (m,) is the mass of the mother (daughter) particle and My is the tree-level matrix
element. Explicitly they are

1
0 (<0 . <H1r—) —
Y (xj = x; W) - \/n(m?,m?,m%v)
J

X <(‘OLlj’2 + ]OleIQ)f(m?,le,mQ ) — 6Re(OLle}§lj)mjml> (5.146)
1
0 /(¢ ~0
r (X;F — XkW+) :167rm§ \/n(mf,mi,m%v)

% (100l + 1Orik[2) f (3, mi, miy) = 6Re(OnpOpig)mimy ) (5.147)
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making use of the following functions

_ 2
ﬂ%yw)=;x+yy_z+géfl

k(z,y, 2) =22 4+ y% + 22 — 20y — 202 — 2yz . (5.149)

(5.148)

5.5. Coupling ! — x; — W7 - Approximate formulas

The tree-level couplings Op;1 in Equation (5.143) and Og;; in Equation (5.144) for the special
case of the lightest neutralino X} coupling to a lepton l;r in the R-parity violating models can
be approximated in terms of the alignment parameters A;, €¢; and in case of the urSSM with
two right-handed neutrino superfields also «;, which allows to understand the correlations to
the neutrino mixing angles.

As mentioned for the case of neutral fermions in Section 5.3, we define the matrices £, £, and
&R being taken as expansion parameters in the mixing matrices N/, U and V in such a way, that
one gets the leading order expressions

[ N N¢E (U m£> _(m %@)
N‘(—V*g* vT>’ U_<_§L o) Vel . , (5.150)

where I3 is the (3 x 3)-identity matrix. Inserting the expressions for £, & and g given in
Appendix B in the couplings shown in Equations (5.143) and (5.144) and assuming that all
parameters are real, those can be approximated by:

4(4+n)
g | gN12A; &  gPoul
Oril = —= — (= Niz — Nig&;
L~ 5 | Dets ( o 2uDet, )N13 1; 16&ik
yi Nio — MsN 21,2 202)N1o — g2 M. N
Opit ~ gYo vg | guyiVi2 2 14@ n g(2u* + g*v5)Nia — g° (vap + Mavy,) 14/\1‘ (5.151)
2Det 4 0 2uDet

Whereas the approximated right-handed couplings Og;; are the same in BRpV and the prSSM
and differ slightly from the ones presented in [118], inserting the expansion matrices ¢;; yields
for the left-handed coupling Op;; in BRpV and the purvSSM with one right-handed neutrino
superfield the following expressions:

A, ' M. M
oBReV A [_9 2HN11+< 9 .9 1#) Niy

Lit ™ 2Det Det,  2Detg
2

Uy My q VqMm~

_ N N 5.152
2 <2Det0 + ,uDet+> 13+ 4Detg 14:| ( )

N [ g My g gM
Ol;{,l/SSM %g v )\2 N g )\2 N
Lil 73 | 2Dt (Vv Fmet) N+ 5o+ e (vt A men) | Vo

2,U,D€t+
My
8uDetg

2
g*v m
_ < L SMtho (szd(v?l + vi) + 2mc/wu)> Ni3

Ay
4\/§Det0

The couplings include the abbreviations defined in Equations (4.10), (5.132) and (5.133) and
the determinants given in Equations (5.134) and (5.135). In addition the determinant of the

(N2, (03 4 v2) + 2mepvg) N1y — (v2 — vfl)ng)] (5.153)
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heavy states in the chargino mass matrix appears as presented in Equation (B.12). Neglecting
the right-handed couplings, which are generally smaller than the left-handed ones due to the
proportionality to the lepton Yukawa couplings Y, it is obvious that the lightest neutralino 9
couples to Z;FW* proportional to A; without any dependence on the ¢; parameters. This fact
is in case of the considered BRpV and the purSSM with one right-handed neutrino superfield
independent of the nature of the lightest neutralino X3.

The case of the urSSM with two right-handed neutrino superfields offers a richer structure,
since not only the alignment parameters A; and ¢;, but in addition «; is relevant. Neglecting
the right-handed coupling the expression for a bino-like neutralino with N2, = 1 yields

y V299’ M
O2vSSM _ _ %(a/\i +ba;) . (5.154)

The latter formula implies that a bino-like neutralino ¥ couples to l;rW_ dependent on two
pieces being proportional to either A; or ;. However the relative importance of those two terms
can be easily estimated: If we assume that all masses are at the same scale mgysy and the
couplings A, k are of order O(0.1) and the R-parity violating parameters Y, and v; are of order
O(Y,) and O(mgusyYy) respectively, we get aA; ~ 200 be;. Thus the coupling is dominated by
the term proportional to A;.

For a pure Higgsino-like neutralino characterized by N&; + N?, = 1 we observe a dependence on
A; and «o; using the expansion matrices £, £, and £g from Appendix B. We add one example
for a singlino-like neutralino defined by N7, = 1: The coupling of v{ in the prSSM with two
right-handed neutrino superfields is given by &;5 resulting in a dependence on A; and «;. The
latter one gives the dominant contribution, which can be tested numerically.

However it is important to emphasize that all previous formulas are tree-level results. A priori
it is not clear, what happens if one uses the mixing matrices N, U and V for masses at one-loop
level in BRpV or the prSSM with one right-handed neutrino superfield or performs a complete
NLO calculation of the considered decay width.






Chapter ©

One-loop calculations - Theory

Higher order corrections using perturbation theory are known to be important for masses and
processes in the standard model. Since technical questions have to be addressed when performing
those calculations, we present the general process of regularization and renormalization within
this chapter. We put special focus on the on-shell renormalization, which was first proposed
in [119] and is reasonable in case of electroweak corrections, where strong interactions are not
involved and the masses of the particles can in principle be measured with high precision. This
is in particular true for neutralinos and charginos in initial and final states.

After the theoretical introduction we discuss the on-shell renormalization of heavy gauge bosons
and mixing fermions in all detail, since the knowledge of one-loop masses and decay widths
is crucial to make reliable predictions for various experiments. Using the R¢-gauge presented
in the last chapter we work out a gauge invariant formulation of the NLO corrections. The
consideration of one-loop contributions in models of R-parity violation can be easily understood
from the fact, that in BRpV and the urSSM with one right-handed neutrino superfield the full
neutrino spectrum cannot be explained at tree-level, since only one neutrino acquires a mass
according to Section 5.3.4. Note that the next order in perturbation theory for the masses of
the neutralinos was illustrated using a DR scheme in BRpV [97, 120, 121] and in the prSSM
[106, 122]. However, the more convenient on-shell scheme is first worked out for these models
in the context of this thesis. We also focus on the decay width T'(x) — )Z;JEWJF) at one-loop
level using the on-shell scheme, the reason being that in the (N)MSSM the corrections to these
decays can be sizable and therefore relevant for the phenomenology of the model. In case of the
R-parity violating decays of the lightest neutralino the corrections to I'(x) — liinF) turn out
to be important for the relations between branching ratios and the neutrino mixing angles.

6.1. Regularization and renormalization - The basics

6.1.1. Regularization

The basis of relativistic quantum field theory is the expansion of interactions using a perturbation
theory in the couplings. If we consider the example of a scalar ¢*-theory with the Lagrangian
density

1 1 A
£ = 5(9u¢0)(0" o) — 5m3¢% - 4—(!)053 ; (6.1)

it contains a four-point interaction g, which can be represented as tree-level Feynman graph.

29
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However using two of these interactions, also the next order in perturbation theory can be

depicted:
p1+p2—k

y2) b2

and (6.2)

Note that this is only one possibility for a Feynman graph at one-loop level. The major problem
in the evaluation of those graphs is the integration over the unknown momentum k& of the
intermediate particle in the loop. Apart from infrared divergences for low values of k also
ultraviolet divergences for very large values of k£ can occur. Thus, we need a procedure to
parameterize the divergences and to separate them from the finite parts of the loop integrals.
Afterwards the renormalization procedure has to give a prescription how to subtract those
divergences and to reinterpret them in terms of finite physical observables.

Before discussing the renormalization procedure, we will first focus on the different possibilities
of divergences and their regularization: We move the discussion of infrared divergences to Sec-
tion 6.4.3, where we show that the combination of real and virtual corrections leads to finite
results. However the discussion of ultraviolet divergences is more subtle [123]:

The easiest way is the “cut-off”-method: The integration over the four-momentum d*k is rewrit-
ten in spherical coordinates and the radius of the 4-dimensional sphere is limited to a maximum
value of A, which can be interpreted as the energy scale to which the considered theory should
be valid. Thus, in principle every integral can be made finite, however this procedure breaks
Poincaré invariance. Lattice gauge theories [124], often used in quantum chromodynamics, are
working with a discretized space-time. This results in a regularization procedure, which is similar
to the “cut-off”’-method and therefore induces the same problems.

More elegant is the regularization making use of fictitious heavy particles. Within this method
the propagators G (p,m) are substituted by

G™ (p,m) = G (p,m) + > _ CkG (p, M) (6.3)
k

with coefficients C}, which are functions of the masses m and Mj. Using a finite number of
additional terms allows to regularize arbitrary Feynman graphs. A well-known application is
the Pauli-Villars regularization [125] in case of quantum electrodynamics, where the photon
propagator is replaced accordingly.

The most famous method of regularization is based on the reduction of space-time dimensions.
Counting the dimensions of mass in loop integrals (“power counting”) allows to assign a degree of
divergence to each loop integral, which can be lowered by the reduction of space-time dimensions.
Nonrenormalizable, renormalizable and super-renormalizable theories can also be distinguished
by the method of “power counting” [1]. The concept of dimensional regularization was worked
out by 't Hooft and Veltman. All integrals are written in d dimensions (d < 4, real number),
which allows to split the integrals in the UV divergent parts containing a pole with denominator
d— 4 and finite contributions. We will present the notation of this procedure in the next section.
However we will discuss the mass dimensions of fields and couplings in advance:

Having the kinetic term of a fermion written as Dirac spinor uy*0,u, it follows a mass dimension
of [u] = (d—1)/2, so that the mass dimension of the Lagrangian density is d. Similarly we obtain
for scalar fields and gauge bosons [¢] = [A,] = (d — 2)/2. In 4 dimension the electric charge e
has no mass dimension. However a glimpse at the coupling euy* A, u shows that in d dimensions
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it should yield [e] = (4 — d)/2. To solve this problem a mass parameter @ is introduced

e— eQ% (6.4)

allowing for a massless electric charge also in d dimensions. Within supersymmetric models
another complication of dimensional regularization (DimReg) has to be kept in mind: The
superfields we introduced in Section 3.5 contain for example the gauge bosons and their su-
perpartner, the gauginos, which have different degrees of freedom in d = 4 — ¢ dimensions.
Therefore, in supersymmetry dimensional reduction (DRED) instead of DimReg is used, where
tensors and spinors stay in 4 dimensions with an index g from 0 to 3 and only momenta and the
space-time are reduced to d dimensions. To account for this problem in DimReg scalar particles,
so called e-scalars have to be introduced as auxiliary fields, so that the degrees of freedom of
gauge bosons match with the ones of their superpartners [123]. For dimensional reduction in
general we refer to the [126] and subsequent publications [127].

6.1.2. Passarino-Veltman integrals

Using dimensional regularization Passarino, Veltman and 't Hooft [128, 129] developed a simple
representation of the one-loop integrals with a unique regularization of the UV divergences,
which is the basis of many computer codes like the FF package [130] and LoopTools [131]. A
nice review was written by Jorge Romao [132].

Starting with dimensional regularization or reduction in
d dimensions the generic one-loop tensor integral is of
the form

orQ) kL ke
THHe — (7 /ddk— 6.5
i DOD1 . anl ( )

with the denominators being defined as follows

Di = (ri +k)* — mi,q + ie , (6.6)

Figure 6.1.: Definition and notation

where 7; can be interpreted from Figure 6.1. of Passarino-Veltman integrals

In this notation the following relations hold:

j n
rj:Zpi with j=1....n—1, rO:Zpi:O (6.7)
i=1 =1

Using this definition one integral is in particular relevant for the following calculations, namely:

21 Q) 1 Q27 !
Ln(f?) :Z%/ddk(k2 - : z’fid/)2 : /ddkm
_ 1y anep- EO =) o o
I'(n)

The full calculation of this integral including the definition of the I" function can be found in
Appendix C. To regularize the UV divergences we set d = 4 — 2¢ with € > 0. The most simple
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case n = 1 yields

€ —2e e—0 Q2
L(f?) = —(4mQH)T (=1 +¢€)f272¢ = g2 <A +1+1n (F)) +0(e) (6.9)
where we have defined:
1 oo
A =——~g+In(4m) with g = —/ dtlnte™" ~ 0.577 (6.10)
€ 0

Therein the Euler-Mascheroni constant vg is used. The scalar 1-point function Ag is exactly
given by Ag(m?) = I1(m?). Hence, the result is:

Adnﬂ):§§52§!f/}ﬂk5;i—_<:nﬂ[A-+1+¢n<_i>} (6.11)

i — m? m?2

The UV divergence is contained in the parameter A together with two constant terms. Setting
A = 0 gives the finite parts of the integrals, which can be found in full detail in Appendix C.
The discussion includes also the derivatives with respect to in- or outgoing momenta, since those
are needed for the considered renormalization scheme in R¢-gauge. Next we need a reasonable
description how to treat the UV divergent parts A of the Passarino-Veltman integrals.

6.1.3. Renormalization schemes

We have now parameterized the UV divergent parts by the use of the Passarino-Veltman nota-
tion. However, we are still left with the question how to interpret these divergences physically.
Using our example of ¢*-theory, which we introduced in Section 6.1.1, we want to discuss two
renormalization schemes, namely the MS (DimReg) scheme and the on-shell scheme. The DR
(DRED) scheme in supersymmetric models follows the same ansatz as the MS scheme. Suppose
the parameters of the Lagrangian density are not the physical parameters, but bare parameters,
which are related to the physical ones by a multiplicative renormalization constant in the form:

1
po=22¢, Z=1+6Z (6.12)
mé = Zmm?, T =14 62y — md =m? + 6Z,,m?* =: m* + om? (6.13)
Ao = 2y, Zy=1462, (6.14)

Then we can rewrite the Lagrangian density in Equation (6.1) as follows:
L :%Z(am)(aw) - %ZmengZ - %ZAZQQSA‘ (6.15)
=5 (0,0)(@"9) — gm*6” — 215
+ %52(3@)(3%) - %(5Zm +6Z)m2p? — %(5@ +267)¢*
+0(62%) (6.16)

Whereas the first three terms represent the physical Lagrangian, the second line of Equa-
tion (6.16) contains the counterterms, which can be interpreted as additional Feynman rules
and allow to absorb divergent parts based on the considered renormalization scheme. Terms
proportional to products of §Z are only important for higher-loop calculations. Thus, the Feyn-
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man rules are:

and —X— =i ((p2 —m?)6Z — m25Zm) (6.17)

:p2—m2+ie

= —iA and = —1(02\+20Z) \ (6.18)

To discuss the relation between the divergent parts of the Passarino-Veltman integrals and the
counterterms introduced by multiplicative renormalization, we consider the self-energy contri-
bution and the scattering amplitude at one-loop level. The correction to the tree-level mass is
given by:

VT O _ %Il(mQ) +i((p? = m2)SZ — 0 Zym?)

It enters the propagator at one-loop level as follows:

o = - Q -

Nt (M) 5y = <1+ M<p2>> (6.19)

P2 —m2 ' p2—m2 P2 —m2  p2—m? 2 —m?

The scattering amplitude at one-loop level can be written in the form

s 3 4

=— A+ ( —2)\ s)+iV(t) + iV (u)] —i(0Z\ + 20Z)A (6.20)

with the Mandelstam variables s = (p1 + p2)?, t = (p1 — p3)® and u = (p; — p4)? and the integral

.l
V(p?) = %/0 dely(m? — z(1 — 2)p?) . (6.21)

The basic idea of renormalization is to absorb the divergences of I(f2) in the self-energy and
those of Io(f?) in the scattering amplitude into the renormalization constants 67, §Z,, and §7,.
Since I1(m?) is independent of p? we choose §Z = 0 in the following. However the absorption of
divergent parts is not unique, since finite parts can always be shifted. Moreover we will see the
role of the mass parameter (), which originally was introduced to account for the correct mass
dimensions. We address two common renormalization schemes, which impose renormalization
conditions fixing the counterterms.

MS scheme
Using DimReg or DRED all integrals I,,(f?) can be split in the form

L(f5)x AA+B for e—0 . (6.22)
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In the minimal subtraction scheme (MS) the renormalization constants are chosen such that
they cancel the A%—pole of the integrals, in case of the MS scheme they cancel AA. For our
example this implies in the MS scheme for the self-energy:

2 2
—iM(p?) = %[l(mQ) —im2z, =% 1;27712 (A +1—log <%>> —im20 Z (6.23)
MS A Am? m?
MS _ 2y — _ _ -
= 0Z,° = 327T2A, M(p*) = 39,2 (1 log <Q2>> (6.24)

Obviously the mass correction M (p?) is UV finite, but dependent on the mass parameter Q.
Doing the same procedure for the scattering amplitude yields

3\

MS _
023" = 3272

A (6.25)

resulting in a finite scattering amplitude i M (p1p2 — p3p4), which is still dependent on Q). Note
that the counterterms are not dependent on the mass parameter ), but only contain the UV
divergent parts of the integrals.

On-shell scheme

In case of the on-shell scheme we want the mass and the scattering amplitude for a specific
momentum to be physical quantities, so that they are not affected by one-loop corrections.
Hence, the renormalization condition for the self-energy can be formulated as follows:

_@_

_ ¢ )\ . i
p2:m2 - p211_)rr71n2 p2 — m2 <1 + p2 _ m2> - pgl_fr;,bg p2 _ m2 (626)

A Taylor expansion of M (p?) according to

d2
M(p?) = M(m?) + FM(pQ) (p> —m?) +... (6.27)
p p2=m?2
results in the following conditions for M (p?):
M) . =0. Luen| =0 (6.28)
p2:m2 9 dp2 p27m2 .
For the scattering amplitude we demand:
iM(p1p2 — p3pa) L i\ for s= 4m?, t=u=0 (6.29)

The second condition of Equation (6.28) is automatically fulfilled, whereas §Z95 and §Z9% can
be fixed from the other conditions in Equations (6.28) and (6.29) to be:

A m?
OS
6295 = 22 (A +1—log (—Q2>> (6.30)

5708 = [:m - /01 dz log <m2 e G 9”)47”2) — 2log (ﬁgﬂ (6.31)

3272 Q? Q2
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Whereas the renormalization constants are now dependent on @, the mass correction M (p?) = 0
vanishes for all p? and also the scattering amplitude is now independent of Q:

. . iNZ 1 m2 —x(1 —x)s
iM(p1p2 = psps) = —iA — - / dx [log ( ( ) )
0

m? — x(1 — z)4dm?

+1log (—m2 — frg; = M) +log <m2 — x(é — x>“>] (6.32)

m

As demanded it yields iM (p1ps — p3ps) = —i) for s = 4m? and t = u = 0.

Having pointed out the main differences between an on-shell scheme and the simple MS renor-
malization, we want to comment on some additional facts:

The reader might wonder about the existence of different renormalization schemes. However, it
can be shown that results in nth order of perturbation theory differ only by parts of (n + 1)th
order in different renormalization schemes. Thus, calculating the full perturbation series leads
to the same results independent of the choice of the renormalization procedure.

As we have seen the unphysical mass parameter () is introduced as a result of dimensional
regularization. Since it determines the mass scale of the renormalization procedure, it is usually
called renormalization scale. In case of the MS scheme we showed that the final results are
dependent on the renormalization scale, whereas in the on-shell scheme they are not. The same
statements hold for the DR scheme (DRED) compared to the on-shell scheme in supersymmetric
models. We didn’t mention renormalization group equations yet, the reason being that in an
on-shell scheme no dependence on @ is left. However we want to comment on this concept,
which is based on [133]. When we define our theory to be valid at a certain renormalization
scale Q, we can demand to have renormalized n-point functions G, which are independent of
this scale. This concept results in the Callan-Symanzik equation [134], for which we refer to [1].
It includes masses, coupling constants and wave-function renormalizations being dependent on
Q@ as well, such that the renormalized n-point function can be kept constant. In this sense the
famous concept of running coupling constants has to be understood. However it is clear that a
reference scale M, where the renormalization conditions were imposed, will always remain part
of the result.

6.2. On-shell renormalization

In this section we work out the on-shell scheme for our purposes, namely for massive gauge
bosons in R¢-gauge and neutralinos and charginos, which are mixed fermions. The latter case
was first presented in our work [135] for the NMSSM and in [136] for BRpV and the prSSM
with one right-handed neutrino superfield. Special emphasis is put on the gauge invariance of
the masses and decay widths within the following discussion.

6.2.1. Renormalization of the gauge sector in R.-gauge

We will first present the renormalization of a massive gauge boson in R¢-gauge, before discussing
the renormalization of the gauge couplings and the Weinberg angle in accordance to [137].
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Renormalization of a massive gauge boson

We introduced the Re¢-gauge in Section 5.2, which will be used in the following discussion. We
denoted the propagator of a massive gauge boson in this gauge as
g ATy %
5o —(1-&v)
P (2= m?) (7 = gm?)

iGY (K?) = (6.33)

We call the inverse propagator at tree-level if‘{/y(k2), which can be deduced according to

(iGY (k*)) (iTv,p(k?)) = 6% resulting in: (6.34)
1 k>

ity (k) = —igh” (k* —miy) + i (1 - £—V> KR = —igh’ (K* —mi) + igl” <m2v - £—V> (6.35)

Therein we have used the transverse and longitudinal projectors:

kHEY o KEEY
k2 I = k2

g =g~ (6.36)

Adding the one-loop corrections split in the transverse 2¥(k2) and longitudinal part f]g(kQ) the
propagator reads

9 .
il (k) = —igy’ (k% —mi) + ig)” (m%/ - g—v> —igy Sp (k) - givgf”ig(k‘z) ., (637)

where the hat indicates renormalized one-loop contributions.

The generic Feynman diagrams contributing to 2¥(k2) and i]g(kz) are depicted in Figure 6.2.

The concrete formulas are not given within this thesis, since they are rather lengthy in R¢-gauge.

However they can be taken from CNNDecays. Tadpole graphs are relevant for the scalar potential

at one-loop level, but do not have to be included at this stage.

F S S
I//—\\ ///_\\
v v NI\/A’\\_/,’ 1% v v
F S V
v U /S \‘,
. . \ ,
[aaVaV ] [ gV aV Vi ’\f\f\/\\f\m
Vv |4 |4 V Vv V Vv Vv
Vv U

Figure 6.2.: Generic self-energy diagrams for vector bosons.

With this knowledge we can calculate the connection between the multiplicative renormalized
parameters and the counterterms. First we split the bare Lagrangian density L in the physical
Lagrangian density £, and the corresponding counterterms L, the latter being parameterized
by parameters C1,...,Cy. This procedure results in
k2
g (k2 — ml ) VOV — igh” <m2vo - %) VovY (6.38)
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2

. v . 14 k

—igh’ (K*Cy — C2)V,,V,, —igh” (C5 — K*C)V,,V,,

where C,...,Cy are functions of the following three multiplicative renormalization constants,
which connect the bare and the physical parameters in the following form:

Mg = Zmmir = (14 6Zy)mi = mi, + oms, with  dmd =mbdZ,
VY = Zy V= (1+ 562v)V,
Evo = Zg v = (1 +6Z¢,) ey (6.39)

Alternatively the multiplicative renormalization of the gauge fixing parameter could be done
by (14 0Z¢, )&v, which corresponds to a simple replacement §Z¢, <+ —0Z¢, . Inserting Equa-
tion (6.39) in the left-hand side of Equation (6.38) and expanding the result up to the first order
in 67, we can compare this expansion with the right-hand side of Equation (6.38). Thus, the
parameters C'p, ...,y of the counterterms can be identified:

Cl = 5ZV, CQ = 5m%/ + m%/(SZV = Cg, 04 = gi((SZ&, + 52\/) (6.40)
\%4

Therefore, we write the renormalized one-loop corrections as a function of the unrenormalized
ones and the counterterms, now being functions of the multiplicative renormalization constants:

. y o k2
iV (k%) = —igh! (K —mi) +ig], (m%/ - £—V> (6.41)

—ight SV (k%) — igh (K26 Zy — m¥8 2y — omi)

i o k2
G R <m2véZv +omy = (07, + 5ZV)>
= SV (k) = SY (k) + k?0Zy — mi 6 Zy — omiy (6.42)
= XY (kK?) = SV (k%) + &ymi 02y + &vomd — kX(6Ze, +02v) (6.43)

Renormalization conditions

The renormalized propagator iG* . which can be calculated from the renormalized two point
function if’{/" in accordance to Equation (6.34), should have its pole at the physical, experimental
squared mass m%/. Therefore, an on-shell renormalization condition is imposed, namely the real

part of the one-loop correction should vanish for k% = m%,:

Rel%” (k%)e, (k%) =0 (6.44)

k2=m2,
Moreover in order to get appropriate probabilities after a multiplicative renormalization of the
fields the condition of having the residua of the renormalized propagators equal to 1 is demanded,

precisely )
. NV (7.2 2\ _ pn(1.2
kQIEE&/ g m%/)RezFV (k*)e, (k*) = (k) . (6.45)

Please note that taking the real part Re does only imply the real part of the one-loop correc-
tions, but not the one of possible complex mixing matrices appearing in couplings or complex
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chosen parameters in general. The two conditions in Equations (6.44) and (6.45) can be easily

transformed to X
ReXY.(m¥) =0 (6.46)

. OReDY (k2
ReSYY (m2) = %() -0 (6.47)

2,2
k2=my,

where a simple expansion in k2 around m%, was used:

OReSY (k?)

ReXY (k%) = ReXY.(m?)) + %

(K* —m?) (6.48)

2,2
k2=my,

These on-shell renormalization conditions can now be used to derive 5m%/ and 07y as a function
of the unrenormalized one-loop contributions from Equation (6.42), resulting in:

sm¥ = ReS¥(m¥),  6Zy = —ReX'y(m}) (6.49)
The Z¢, s are fixed by the conditions that propagators mixing the Goldstone bosons with the
vector bosons vanish [138] and will not be discussed further.

Renormalization of gauge couplings and the Weinberg angle

Having discussed the renormalization of a heavy gauge boson in general, we can use this knowl-
edge for the renormalization of the Weinberg angle. For the Weinberg angle cos 8y, which we
defined as my = my cos Oy, yields:

cos By — cos Oy + § cos Oy (6.50)
1 om? dm>

d cos Oy = 5 08 Ow ( m2W - m—QZ> (6.51)
w Z

For completeness we add the relations:

dcosby  omy B omyz

= —tan® Oy (6.52)

6 sin Oy _(1_ m%,V ¢ sin Oy
cos Oy my my sin Oy

mQZ sin Oy
The renormalization of the electric charge e is more tedious. It is based on the ffvy-vertex
for an on-shell fermion f in the Thomson limit in accordance to [137]. Using the following
multiplicative renormalization constant

e—=6Z0e=(1+620)e (6.53)
results in
1 tan 6
620" = ZX'7(0) - a;2WE?(O) , (6.54)
Z

so that we get the relation e(0) = (/4w (0) between the renormalized charge and the fine
structure constant in the Thompson limit. Whereas we use a(0) for our tree-level calculations,
the choice a(myz) = apps is more convenient for the higher-order results. Necessarily we have
to account for the shift Aa between Q = 0 and ) = myz, which we do in accordance to [139],



6. One-loop calculations - Theory 69

resulting in

Ao

§2mz) = 570 — - = (6.55)
= 19700) = 2T 10) + o ReZF )y () — PRV SZ0) L (6.56)
2= b 2 1he 2m?, g m%
The equation is based on the relation
9 vy L ok 2
@Emigm ¢(0) o = Aa+ m—QZReET,hght f(mz) (6.57)

where “light f” denotes the light fermions in the loops, meaning leptons and the light quarks
except from the top quark. Similarly in case of “all” we insert all particle combinations in the
loops. The correction A« can be split into a leptonic part Aajeptonic = 0.031497687 calculated to
3-loop order [140] and a hadronic part Aapadronic = 0.02755 4+0.0023 [141], which is determined
using a dispersion relation. However the usage of Equation (6.56) avoids the need of those
calculated or measured values for our calculation. For the gauge coupling we introduce the
following multiplicative renormalization constant

g—0Z49=1+0Zy)g =g+ dg (6.58)

which can be calculated by:

(6.59)

5g = <5Zémz) _ M)

sin Oy
All these formulas imply that we do not only need the self-energy corrections to the W- and
Z-boson and the photon, but also the ones mixing the Z boson with the photon, which can be

calculated similarly. Due to the infrared divergences, we will calculate with a photon mass, so
that also the photon can be considered to be a massive gauge boson.

6.2.2. Renormalization of Dirac fermions with mixing

In this section we will discuss the renormalization of Dirac fermions with mixing to apply them
to neutralinos and charginos later. Starting point is the Lagrangian density

L= 5@']’?]’(2'6#7“ — mfﬂ)fl (660)

of the free fermion f; in Dirac notation. The renormalized one particle irreducible two point
functions for mixing fermions yield

@ - oo

where the hat indicates that the considered quantity is already renormalized. This implies that
the Feynman graph above not only includes the one-loop corrections, but also the counterterms
and moreover the tree-level propagator. It enters the Lagrangian density in the form £ =
w; (p)f‘zfj (p)u;(p) and inversion of zf’{] results in the physical propagator. The full form can be
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written as
i) () = 0y (p = myi) + i |p (P (07) + PaStf (7))
+ P8I (%) + PREQ;SR(pZ)} . (6.62)
Similar to the case with a massive gauge boson the connection between the multiplicative renor-

malized parameters and the counterterms are deduced. Therefore, Lo = Ly, + L is imposed,
resulting in

ifi00i (B — mgjo) Fio = if:0i(p — mgs) [ (6.63)
+ Z?Z <CZI]'PL¢ + CgPRﬁ - CZ;PL - C:;PR> fj ,

where CZ%, Cg, Ci; and C’ZT; parameterize the counterterms and can be identified with the follow-
ing multiplicative renormalization constants:

fio = (8 + 30255) 1" fii = (6 + 502) £1° (6.64)
M0 — My + 5mf,~ (6.65)

Inserting Equation (6.64) in the left-hand side of Equation (6.63) and expanding the result up
to the first order in §Z, we obtain

if 1005 (b — mypjo) fjo = if:0i5 (b — myj) fj — Fi0ij0my; f (6.66)
+i (73025 + TT0ZS) (b= mus) s + T — mys) (3025 1F + 3021 F)

where a summation over the indices i and j is implied. Using f, = f;r 7° yields for example

FiCLE} = FiCLpPLE; = FiPrClpts = T Chpts, TiCyfF = FiCif (6.67)

allowing to identify the counterterms on the right-hand side of Equation (6.63)

Ch=16zk+ Loz, Cy; = 8ijmyp; +mpikoZk +mp;doz[l (6.68)
ch =1z + Loz, Cif = bi30myp; +my 30 28 + my; oz (6.69)

without summation over ¢ and j. Therefore, we can write the renormalized one-loop corrections
as a function of the unrenomalized ones and the counterterms:

S0 =3I e?) + § (025 + 02 (6.70)
I ) = SR P + 3 (628 + 678 (6.71)
SIS W?) = S wP) - 5 (myao 2+ mygZ)1) - 8igomy, (6.72)
SR = IR W) = 3 (mpdzf + mpgeZ[1) = oyyomy, (6.73)
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Renormalization conditions

The on-shell renormalization scheme sets conditions to zf‘{] (p), since on the one hand the residua
of the renormalized propagators should be equal to 1 and on the other hand the resulting
propagators should have poles at the physical masses of the described particles. Therefore, we

demand: R R p+my
@GR (p)| , , =0, lim_ T(p)RelY(p) 55 = W(p) (6.74)
pr=m; peomy; pT = my;
~ . —|— m 7 A~
RS )|, . =0, dim DEERGE ppup) = wp)  (675)
pi=my; promy, T g

Imposing these conditions guarantees to have no real contribution to the diagonal entries of
the mass matrices by zf‘zfj (p) on the mass shell and therefore can be understood as on-shell
renormalization scheme. The nondiagonal contributions vanish completely on-shell. The first
two conditions in Equations (6.74) and (6.75) result in

u;(p) [PL (mfiRei]{jL(m?ci) + Reﬁ){jSL(m?fi)> (6.76)
+Pgr <mfiReﬁ)£R(mfci) + Rei]{fR(m?i))] =0

[PL <mijeZA]ZJ-CjR(m§cj) + ReZA]ijSL(m%)) (6.77)
+Pr <mijeﬁ)§;L(m3cj) + Reﬁ)ﬁ}SR(mfcj)ﬂ uj(p) =0

where (p—myg;)ui(p) = wi(p)(p —myi) = 0 was used. Separated into left- and right-handed parts
we get:

mfiReE{jL(mfcl) + Rei]{]SL(mfci) =0 (6.78)
mfl-ReE{jR(mfci) + Ref]{jSR(mfci) =0 (6.79)
myReSL T (m3)) + ReS (md) = 0 (6.80)
myReSL T (m3;) + ReS 7 (m3) = 0 (6.81)

Please note that there is no summation over ¢ and j in the above four equations. If we use
Equations (6.78) and (6.79) in combination with Equations (6.70)—(6.73) in the case i = j and
add up the two equations, the system can be solved for dm ;.

omys = myiRest (m¥) + Rexf™H (m3) + dmy, (9211 — 02]") (6.82)
omgs = myReS [ (m) + RenlT (m%) + Smyi (6251 - 9217) (6.83)
= omy; = % [mﬁReEZfiL(mfci) + mﬁReE{iR(mfci) + ReEZfiSL(mfci) + ReE{iSR(mfci)

The same result can be obtained by using Equations (6.80) and (6.81) in combination with
Equations (6.70)—(6.73). Moreover in the case i # j the conditions in Equations (6.78)—(6.81)
can be used to fix the nondiagonal elements of the field renormalizations 5Zi§ and 6Zg. From
Equations (6.80) and (6.81) together with Equation (6.64) follows for i # j:

R SL
mijeEij (mfcj) + ReEij (mfcj) +

L SR
mijeEij (mfcj) + ReEij (mfcj) +

(my;0Z —mpozk) =0 (6.84)
(myg;02Zf —mypi6Zf) =0 (6.85)

N[—= N[
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From Equations (6.84) and (6.85) we can deduce:

2
I 9 L 2 R 2
62} = ey |} Re]F (i) + mpim Ren S ()

Mgy = My
+mgiReS T (m?)) + mijeE{fR(m;j)] (6.86)
2 L R
525} - [mfimijeE{j (m?c]) —l—m?cheE{j (mfc])
Fi T Mg

—i—mijeE{]SL(m?cj) + mfiReE{]SR(m?j)] (6.87)

Starting with Equations (6.78) and (6.79) results in formulas for 5Z£T and 6ZgT, which are
in agreement with Equations (6.86) and (6.87), if we take into account the hermiticity of the
Lagrangian. It implies the following symmetries for the unrenormalized self-energies:

L > FL R ~fR
sIPeh) =SIeD. et = S0,
SL SfSR
SIF %) = S (p?) (6.88)

Therefore, 625 or 5255 can be obtained from 625r or (SZ;}Jr by the replacements m; <+ m; and

E{JSL > E{JSR. These results are also in agreement with [142, 143, 144]. More tedious is the
derivation of the diagonal entries §Z% and 6Z% from Equation (6.75):

. +my; B o
2hm2 M ﬁPLReE{iL(]f) —|—¢PRReEZfiR(p2)
pP—my, p° — mfi
+PLReSIS (p?) + PRRei:g;SR(pQ)] ui(p) = 0 (6.89)

Taking into account pp = p?, pu;(p) = mpu;(p) and pPr, = Prp this can be easily transformed:

. 1 A N
p21i>n1”}b2 R [(PQPL + m?‘iPR)ReE{iL(p2) + (p*Pr + mf%PL)ReE{iR(ﬁ)
fi fi

+my; <PLRef]£SL (pz) + PRRei{iSL (pz)
+PLReSISE (p2) + PRRei{fR(pQ))] wi(p) =0 (6.90)

Separating the left-handed and right-handed parts two conditions remain:

1 N .
i L [ 2ReS L (2 2 ReS/ R ()2
pQLHT:L%iPQ_mf%' pRes (p)+mfl C2i (p)
i (ReSIH (p2) + ReS[(p) )| = 0 (6.91)
1 - R
I [ 2 R/ L ()2 2RV E()2
g, g, (PR R
i (ReSIH (p%) + ReS[H(p%) )| = 0 (6.92)

Similarly to the case of the massive gauge boson the nominators of the two conditions are

expanded around p? = m?cl using the product rule. The constant terms cancel due to Equa-
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tions (6.78)—(6.81) and we are left with the first order in p? coming with (p? mfl), which
cancels the corresponding denominator:

SIF %)+ m3; (Resth (m3,) + ReS () )

+myi (ReS* (m3,) + ReS! ¥ (1m3,)) = 0 (6.93)
SR md) + m3; (ReSfE(m3,) + RS (m3,)
g (RS ) + ReSH S )) =0 (6.94)
with abbreviations like 5 EfL ,
ReSIE (m3,) = RGTQ() (6.95)
p2=m},

Inserting Equations (6.70)—(6.73) in Equations (6.93) and (6.94) finally allows to calculate the
diagonal entries of the field renormalization constants 5Z£ and 6Zi}f:

5217 = —Re [sz(mf,)erf, (z’fL( )+ 2R m2 Z))

s (S m) + 21 m3) | (6.96)
5717 = —Re [sz(mfz)erfl (E’fL( O+ R 2 @)>

s (S m) + 21 m3) | (6.97)

Specification to neutralinos and charginos

In this section the case of neutralinos and charginos is worked out in more detail. The Feynman
diagrams being relevant for the calculation of the one-loop self-energies are depicted in Figure 6.3.
Again the formulas can be taken from CNNDecays and are not presented within this thesis.

S

< S

0+ 0+
Xi X]

F

Figure 6.3.: Generic self-energy diagrams for neutralinos and charginos.

The tree-level mass matrices and their diagonalization were already presented in Section 5.3,
where we have also shown the relations between the Weyl spinors ¢ or F' in gauge and mass
eigenstates and the Dirac spinors . Since the mass eigenstates )Z;-F and x, describe the same
particle content, the renormalization constants defined by

i — (615 + 3020 Pr+ 3620 Pr) X} (6.98)
)Zj_ — ((5@] + %5Z;]TLPL + %5Z;]TRPR> )2;— (6.99)

X — (5ij + 310z P+ %52,;3133) X (6.100)
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are connected in the following way:

oz =6z, szt =6z, szt =0zt (6.101)

The combination of the mixing on tree-level with the nondiagonal field renormalization con-
stants gives antihermitian parts, which are canceled by introducing counterterms for the mixing
matrices defined in Equation (5.98). They read as follows [145]:

1
ONij = 5 (873" = 02;") N (6.102)

1 1
6Uy =1 (0257 =0z Uy, oV = 7 (025" - 925" ) viy (6.103)

Inserting these additional corrections results in

(D)
= Z (N + 3 (5ZgL + 523#*) o) P+ (N + & (52%3 + 5233*) Nik) Pr] %)
1,J

0
( o )=Z[< o+ N+ BNGOZIE) P+ (N 0N+ SNGOZET) Pr] X0 (6104

0]

+
( Uk ) = Z [(vjk +6Vii+3 ;,;52#) P+ (Ujk +0Uj1 + %Ul-kézg’%) PR] X (6.105)
1,]

_ [(V]k +1 (52# n 52#*) k) P+ (Ujk +1 (525’% n 5Z;;R*> Uik) PR} e

Z7j

This shows that a hermitian definition of the field renormalization constants in the form
oL/R 1 OL/R 0L/ R+ +/r 1 +L/R +L/Rx
62" = 3 (521.]. IRy szt ) B S (521.]. IRy sz ) (6.106)

cancels this problem and allows to set the counterterms of the mixing matrices to zero. However
note that the procedure of renormalized mixing matrices, respectively nondiagonal contributions
to 0Z;; does not allow to have gauge invariant masses or decay widths. Before discussing the
case of on-shell masses of neutralinos and charginos, we address this problem in the following
section.

Gauge invariance

In order to check gauge invariance we are using the general R¢-gauge introduced in Section 5.2.
In the previous section we described the determination of the counterterms for the mixing
matrices of the neutralinos and charginos in Equations (6.102) and (6.103) in accordance to
[146]. This was done in such a way, that 5J\/ij,5Uij and 0V;; cancel the UV divergences and
avoid antihermitian parts in the Lagrangian.

Nevertheless it was pointed out in [147] that in case of the Cabibbo-Kobayashi-Maskawa (CKM)
quark mixing matrix Vegy [148] the corresponding counterterm §Veoky is gauge dependent
0¢0Vekm # 0 using the on-shell scheme of [146], which in turn implies a gauge dependence for
elementary processes like ¢ — Wb at next-to-leading order level [149].

Since then, different solutions to the problem addressed above were proposed in the literature:
Whereas [150] argued that missing absorptive parts due to the unstable nature of the external
particles have to be included in the calculation, [149] proposed a method how to construct a
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gauge invariant counterterm for the mixing matrices inspired by the pinch technique [151], which
defines gauge independent form factors for gauge bosons. Another perspective is presented
in [152], where the gauge variant on-shell renormalized mixing matrix is related to a gauge
independent one in a generalized MS scheme of renormalization.

For the special case of the CKM matrix () different methods were discussed in the literature:
[147] proposed to set the momenta of the nondiagonal entries of the quark self-energies to zero,
while [153] suggested new variants of renormalization in particular for the mixing matrices them-
selves partially based on physical processes which allows to get gauge independent decay widths.
For lepton or neutrino mass matrices also [154] proposed useful renormalization conditions al-
lowing gauge independent results.

Although the method of [149] inspired by the pinch technique has one weak point, namely a
dependence on the choice of the gauge fixing for the mixing matrix counterterm, we will make use
of this method, since it is model independent and does not rely on the concrete renormalization
of physical parameters. Thus, it can be used for all models under consideration allowing gauge
independent masses and decay widths at one-loop level.

p—

P P

N\ N\

/ \ / \

'G=,G% 'G=,G%

N\ // \ //

e e
I I

1 Q0 1 QO

I Si I Si
<0 ~0 ~+ <+
Xi X Xi X

Figure 6.4.: Tadpole contributions including the Goldstone bosons Gy = G*, G°, which have to be
added to the self-energies of the neutralinos ¥° and the charginos Y* to achieve gauge invariance.

We explain the exact procedure being used in our formulation, which was published in [135, 136]:
We calculate two variants of wave-function renormalization constants, namely in case of the
neutralinos 5ZZ-0]~L, 5ZZ-0]~R for arbitrary values of & and 5Z%L, 52%3 for &y = 1 ('t Hooft-Feynman
gauge). The same holds true for the wave-function renormalization constants of the charginos
5Z§L , 5Z§R and 5ZV$L , 5ZV$R. The counterterms for the mixing matrices are calculated via the
wave-function renormalization constants in the 't Hooft-Feynman gauge:

1 % 9]
0Ny = (6255 — 6208 ) Niy (6.107)
ST = & <5Z+R* - 5Z+R) Ui 6V = <5Z+L ~ 5Z+L*) Vi (6.108)
Ty ik ki kj> Ty ik ki kj :

The &y-dependent wave-function renormalization constants will be used for the counterterm of
the considered processes. However note that this splitting in different wave-function renormal-
ization constants forces us to include the additional contributions from the tadpole graphs with
the Goldstone bosons of the massive gauge bosons shown in Figure 6.4. The contributions of
the Goldstone bosons for £ = 1 cancel each other. However for & # 1 they allow for a gauge
invariant formulation of the considered processes as we will see in Chapter 9. Similarly they only
contribute to the UV divergence for &y # 1 proportional to (§y — 1)A with A defined in Equa-
tion (6.10) and cancel exactly the &y-dependent UV divergent parts of the vertex corrections
and all other counterterms.
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6.2.3. On-shell masses of neutralinos and charginos

A special feature of the chargino/neutralino sector is that the number of parameters is lower
than the number of imposed on-shell conditions. This implies finite corrections to the tree-
level masses of neutralinos and charginos. For the MSSM this was worked out in two different
ways: Whereas [145] obtained the counterterms for the tree-level parameter from the individual
elements in the mass matrix at one-loop level, [142] determined the counterterms from the mass
eigenstates themselves. The latter calculation is simple for a (2 x 2) chargino mass matrix. In
case of larger mass matrices, an analytic inversion is not possible anymore. Thus, we follow the
more general concept of [145] to work out the corrections to neutralino and chargino masses in
the NMSSM, BRpV and the urSSM and start with the one-loop contributions to neutralino
masses IMP and chargino masses M

(OM5) 5 = 6 (NTM 4oy V) (6.109)

i n,dia. ij

- Z [5'/\/7” </\/l@9 >nl Nij + Noi (5M® >nl Nij + N (M® >nl 5Nl]}

n,dia. n,dia. n,dia.
n,l

(oMZ),; =6 (UT My, V) } (6.110)

L o0 (M) Vo s (5020, ) Vs (M, )10
n,l

with the diagonalized mass matrices ./\/lf?i .. and their counterterms 5./\/16@?@- ot

(Mf,dm_)nl = Onimyo, <5M$idm,)nl = On10mgo (6.111)
<M§dia')nl = 5nlm>zl:t7 <5M?’di“~)nz = (5nl(5m)~<li (6.112)

The bare mass matrices of the neutralinos and charginos can be expressed as the full on-shell
mass matrix with the corrections presented in Equations (6.109) and (6.110) or via the tree-level
mass matrix expressed in physical parameters together with the renormalization constants of
those:

M) = ME 4 My = My e+ M. (6.113)

Hence, the relations between tree-level and one-loop mass matrices take the form:
ME = My e+ 0Mpec— SME = My o+ AM,, . (6.114)

In the following we will define the model dependent physical parameters, write down the renor-
malization of the mass matrices 6M,, . and identify the renormalization constants of the physi-
cal parameters, which are fixed in the neutralino or chargino sector. Some physical parameters,
namely dmy, dmz and thus § cos Oy are fixed in the gauge boson sector and J tan 5 in the Higgs
sector. In particular for 6 tan 3 we take the DR renormalization [155], such that UV divergences
in the masses and the considered process cancel

dtanB 1
tan s 3272

A <3Tr(YdeT) —3TH(Y, YN + vyt — Tr(YVYVT)) (6.115)

with A is defined in Equation (6.10) and Y, is only present in the uvSSM. Note that this choice
maintains also the gauge invariance of masses and the considered decay widths. We will also
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need the renormalization constants for the sine and cosine of different angles, which are given
by:
0 ot 0 si ot
cos 3 — —sin® g anﬁ’ §1nﬂ = COSQﬁﬂ (6.116)
cos 3 tan 3 sin 3 tan g

MSSM

In case of the MSSM we follow [145]. The tree-level neutralino mass matrix was presented in
Equation (5.106), the chargino mass matrix was given in Equation (5.104). The variation of all
given entries of the tree-level neutralino mass matrix leads to

SME = 50 = i{‘le“ (6.117)
M = —§(mysin by cos B) = omz + 5§1n bw + ocosf M3 (6.118)
my sin Oy cos 3
SMM = §(mzsin Oy sin §) = omyz + 5?111 O + 5?mﬁ M (6.119)
my sin Oy sin 3
SM22 = §M; = 5]\]\442/\422 (6.120)
SM?3 = §(mz cos Oy cos B) = omz + 0 cos By + ocosf M2 (6.121)
my cos Oy cos 3
M2t = —§(mz cos By sin B) = omz + 0 cos by + 5§1n5 M2 (6.122)
my cos Oy sin 3
SM3 = 5 = %M?f (6.123)

whereas all the other variations IM}? = M2 = SM33 = M = 0 necessarily vanish. The
corrections in the chargino mass matrix read

oMo
Mo

SM2 = \/26(myy sin B) = (M—W + 5smﬁ> M2 (6.125)

myy sin 8

SMI =My = —= M2 (6.124)

M2t = V/25(myy cos ) = (M—W + M) M2 (6.126)

my cos 3

5
SM2 = 5y = ?“M? . (6.127)

We will fix 0 Ms and du in the chargino sector, whereas §M; is fixed in the neutralino sector by
imposing the conditions

AMI = AMZ = AME L0 (6.128)

resulting in:

My =SMPM . §My =M S = s ME?2 (6.129)

For all the remaining entries of the neutralino and chargino mass matrices finite shifts AM,, .
have to be taken into account.
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NMSSM

Having the additional angles and parameters

Vg 1
tan fg = —, = —\vug, ma = V2K 6.130
Bs o = 75Avs 3 s (6.130)
in mind, we refer to Equation (5.107) for the neutralino tree-level mass matrix, whereas the
chargino mass matrix is equal to the one in the MSSM. Therefore, apart from the variations
shown in Equations (6.117)—(6.123) and (6.124)—(6.127) already present in the MSSM we get
in addition

SAMP — 5 (_ z ) _ (5_M _ ‘”aﬂ_ﬁ5> M (6.131)
tan Bg n tan Bg
45 — B 5_u_5tanﬂ_5tanﬁ5 45
oMy’ =0 <tanﬂtanﬂg> N < i tan 3 tan Bg Mo (6.132)
s — O g (6.133)
mg

whereas all the other variations M2 = ML = SM2Z = M2 = SM33 = SMH = 0 neces-
sarily vanish. Similar to the MSSM we will fix § Ms and dp in the chargino sector. d My, d tan Bg
and dmg are determined from the neutralino sector by imposing the following conditions

AMI = AM2 = AME = AMP = AMP =0 | (6.134)

which result in:
My = S MPY . SMy = M S = s MP22 (6.135)
dtan By = # (5/\/15;935 — ﬁ(wf“) . Omg=0MEP (6.136)

For all the remaining entries of the neutralino and chargino mass matrices finite shifts AM,, .
have to be taken into account. Note that we could also fix § tan Sg in the Higgs sector.

BRpV

In case of bilinear R-parity breaking the renormalization of the physical parameters is more
challenging. The masses of the Z and W bosons are defined in Equation (5.32), where not
only the vacuum expectation values of the Higgs enter, but also the ones of the left-handed
sneutrinos. As in the (N)MSSM the cosine of the given Weinberg angle cos 6y can be derived
from mw = cos Oyymyz. Apart from the already known tan 8 in the MSSM we define in addition
tan 3; = Yi and € (6.137)
Vg
as additional parameters at tree-level. We remind the reader once again of the form of the
neutralino mass matrix

M, = (M" m) (6.138)

m? 0
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My 0 —my sin by cos O my sin Oy sin SO
M, = My  mygcosby cos O —my cos by sin SO (6.139)
0 —H
sym. 0
(mT)Z- = (—mZ sin Oy cos S tan 3;© myz cos Oy cos ftan 5,0 0 ei) (6.140)

where © is defined in Equation (5.110). In this way we maintain the possibility to fix the
renormalization constants of mz and cos fy in the gauge boson sector, whereas the corrections
from R-parity breaking are parameterized by tan §; and ¢; and the parameter ©(f, ;). Defining
in addition the lepton masses m¢ = %Yg%d the chargino mass matrix, which we already

presented in the previous chapter, is given by:

M, V2myy sin 5O 0 0 0
V2myy cos SO 7 —tan B;m  —tan B;mi2  —tan Bm??
M. = | V2myy cos Btan 3,0 —€1 mi! mi? ml3
V2myy cos B tan 5,0 —€2 m2! m22 m23
V2myy cos /3 tan 330 —€3 m3t m3? m33

(6.141)

Using now the relations cos 3° = cos 8 + ¢ cos 3 and tan 5? = tan ; + d tan B; we do a simple
expansion in first order of § cos 8 and J tan 5;:

1 1
O = ~
0 \/1 + cos? 393", tan? 57 \/1 + cos? B, tan? 3;
3

1 2 ,
B <1+0082ﬁ2jtan25j> ;COS f tan ;0 tan f3;

1 2 )
- (1 +cos? By, tan? @») > cos B3 cos ftan® §; = © + 6O (6.142)

i
The counterterm of © can therefore be expressed as a function of § tan 3; and J cos 5:

60 = — cos 39 cos O3 Z tan? §; — cos® fO3 Z tan ;0 tan 5; (6.143)

0 cos d tan (3; v;—0
= — Z cos? B tan? 3,03 cos + an f 0
- cos 3 tan (;

The variation of all the given entries of the tree-level mass matrix leads to:

M
SMI = oary = OV (6.144)
M
0 dsinf J cos 0
M3 = —§(m sin By cos fO) = nz + §1n LA cos + o0 ML (6.145)
my sin Oy cos 3 ©
MY = §(m sin by sin pO) = (212, 0w, 0sing 00 ) i (6.146)
my sin Oy sin 3 C]

SMLATE = _5(mz sin By cos B tan 5;0) (6.147)
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_ (dmg +5$in(9w dcos 8 5tanﬂ, M14+Z
- \my sin Oy cos 3 tan ﬁl
SM22 = §M; = 5]\]\442/\422 (6.148)
M2 = §(mz cos By cos fO) = omz + 0 cos b + 0 cos 5 + M2 (6.149)
my cos Oy cos 3 @
24 _ odmy dcosby  dsinf 2
IM:" = —6(mz cos Oy sin fO) = + + + M (6.150)
my cos Oy sin 3
M2 = §(mz cos By cos B tan 5;0) (6.151)
_ 5mz+5cos«9w+5cosﬂ 5tanﬁl M24+Z
my cos Oy cos 3 tan ﬁl
SM3 = 5 = 5—“/\424 (6.152)
SMAAH Z 5o, 5€z M44+z (6.153)

whereas all the other variations SM12 = SM33 = M = SM* = 0 necessarily vanish. The
corrections in the chargino mass matrix read

oMo

SME =6M,y = 7 —= M2 (6.154)
o 0
M2 = V25(myy sin fO) = <mLVVVV + Sf;n; > MP (6.155)
M = V26(myy cos BO) = smw + dcos —|— Mz (6.156)
myy cos @
M2 =6p = %M? (6.157)
; d tan By, 5m§i i
6M2’2+ = 6 (—tan Bpmy;) = Z < tan Oy ki ) Mg’ﬂ (6.158)
k &
5_/\/13‘”71 = \/ié(mw cos 3 tan 3;0) (6.159)
B dmw  dcosf  dtan ﬁl 2441
_<mw * cos 3 tanﬂZ )M
SMEH2 — e, — 5ez M2+z2 (6.160)
5Mz+z‘,2+j _ 5m§’ _ 5m€ M2+z 245 (6.161)

and OMy*"" = 0 vanishes. Similar to the (N)MSSM we fix 6M; in the neutralino and 6Ms, dp
in the chargino sector. However, we still have to find appropriate renormalization conditions for
d tan 3;, d¢; and dm¥ . Whereas dm are fixed in the lepton sector, so that one-loop contributions
to leptonic two-point functions vanish, we have several possibilities for d tan §; and d¢;. Whereas
d tan B; could for example be determined from the Higgs sector together with the other angles
tan 8 or tan Bg, we could fix de; with respect to an R-parity violating decay. We will focus on
stable lepton masses, so that we calculate d tan 5; and d¢; from the one-loop contributions in
the chargino sector, which mix the well-known MSSM charginos with the leptons. In total we
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impose the following conditions for the MSSM parameters

!
AMI =AM =AM =0 | (6.162)
which result in
My = SMPM My = SMEN ) Su= —sMEE (6.163)
In a second step the conditions AMETREH £ 0 for the renormalization constants of the lepton
masses m¢ are imposed: g I
gmg = OMZHEHH (6.164)

In a last step the R-parity violating sector with é tan 8; and J¢; is considered, which can be fixed
by imposing AM21T5? = AMZ*H =0

1 1 .
P — .. jr. ks
dtan 3; = det(m?) 5 ,; €ijkelrs Limlmg (6.165)
j? b 7r78
with Y;=— tan BpomF’ — sME>2T (6.166)
k
Se; = SMP2He2 (6.167)

where €5, is the Levi-Civita symbol. In case of vanishing nondiagonal lepton masses at tree-
level m¢ = 0 for i # j this simplifies to Jtan 3; = #Tz Another possibility is to fix § tan 5;

from AMZTHL, However, this induces a dependence on tan 8 and the other renormalization
constants in the gauge sector, whereas in the described case the neutrino and lepton sector are
“decoupled” from those.

For all the remaining entries of the neutralino and chargino mass matrices shifts AM,, . have to
be taken into account. Due to the nonvanishing entries AMZTH! also the lepton masses differ
between tree- and one-loop level. However we will show that this difference is tiny, for reasonable
neutrino masses far below the experimental uncertainties. Note that the Yukawa couplings of
the leptons at tree-level of course have to be adopted, so that the tree-level lepton masses fit
the experimental known values.

uvSSM

Having in mind the additional parameters

tan 3; = Z—;, tan B, = % (6.168)
u

_ 1 RS
SRRV V2

we refer to Equation (5.112) for the tree-level mass matrix of the neutralinos. The chargino mass
matrix has the same form as in BRpV in Equation (6.141) and includes similar to the neutralino
mass matrix the parameter © known from Equation (5.110). Apart from the variations already
present in the bilinear model given in Equations (6.144)—(6.153), where the indices 4 + i have
to be shifted to 5 + ¢, . M,, has the following additional entries:

35 _ of KM\ _ (op dtanf, 35
v o () (s o

Avg, me = V20, € = Ylfvc , (6.169)
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SMB — 5 <tanﬁiei - u) _ <_5tanﬁ _ dtanf, n d tan B;e; + tan B;de; — 5u> M5 (6.171)

tan [ tan S, tan 8 tan [, tan B;e; —
S5 — e g5 (6.172)
me
SMBPH — § ( € > — (ﬁ - Lanﬁc) METE (6.173)
tan S, € tan 3.

whereas all the other variations SM12 = ML = M2 = sM33 = SMPT = SM =0
necessarily vanish. The corrections in the chargino mass matrix are the same as in BRpV,
presented in Equations (6.154)—(6.161). Similar to the MSSM, we fix 0M; in the neutralino
and dMs,dp in the chargino sector. Similar to the NMSSM, we fix §tan 8. and dm, in the
neutralino sector and similar to the BRpV case § tan §; and d¢; are determined in the chargino
sector. However, we will summarize these results once again for the prSSM. We start with the
conditions for the non- R-parity breaking variables

AMI = AM2 = AMY = AMP = AMP L0 | (6.174)
which result in:
oMy = OMEN . §My = MY S = o MP?2 (6.175)
tan? 3, ; 1 ;
5tan g, = 8P (5/\4;?35 - —5/\4%34) . Ome = OME (6.176)
H tan /Bc

. ‘ o
In a second step the conditions AMEH’Q = AM>P = AMZET2TT Z 0 for the renormalization

constants of the lepton masses m , dtan B; and d¢; are imposed, resulting in:

smy = MR Geg = SMPPT? (6.177)
1 1 .

dtanff; = —————— eijkelm'flmjrmks (6.178)

det(me’) 2 ]y%,s o

with Yy == tan pomb’ — sME>>T (6.179)
k

Definition of one-loop on-shell masses

With the procedure introduced in the last sections we calculate one-loop on-shell neutralino
and chargino masses for the models under consideration namely by combining the full one-loop
corrections 0 M;; . with the counterterms M, . obtained according to Equation (6.114). This
results in the one-loop mass matrix M, ., whose diagonalizations lead to one-loop neutralino
m*(x9) and chargino masses mlL()N(Zi) and mixing matrices at the one-loop level N2, UE V1L,
Note that these masses are UV and IR finite as well as gauge independent if we take into account

the gauge independent renormalization of the mixing matrices in Equations (6.107) and (6.108).

Effect on the considered processes

Instead of having the diagonal counterterm for the masses in Equation (6.65) we have to replace

5Z-jmf,~0 — 52‘jmﬁ + 5-/\;lijPL + 5./\;1;2PR , (6.180)
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where M = D}}&MDE with d M being the physical mass counterterm and Dj, D being the

rotation matrices, which diagonalize the tree-level mass matrix Mg;, = DEMDE in the notation
of [144]. With this counterterm contributions to the nondiagonal wave function renormalization
constants arise:

2
ZfL_ QREfL 2 REfR 2
4 gy 2 2 [mfj e ij (mfj)+mfimfj € ij (mfj)

My = My
+mfiReE{]SL(m?cj) + mijeE{]SR(mfcj) — midM;; — mjé./\;l;] (6.181)
R L 2 2 R 2
624" =——— |mpim Rexf (m}) + m?,Rex ] (m3,)
My = My

SL SR y ~
—i—mijeEij (mfc]) + mfl-ReElfj (m?cj) —midM;; — mlé./\/l;kl] (6.182)
However, it turns out that these additional contributions are canceled by the contributions to
ON,6U and 6V, which also have to be calculated using the new wave-function renormalization
constants. This implies that the reduced number of physical parameters only has an impact
on the calculated neutralino and chargino masses, but not directly on the considered processes
itself.

6.3. Neutrino physics

We will later compare the one-loop on-shell masses of neutralinos and charginos with the cor-
responding DR masses, which should be mentioned briefly. Using our notation from Equa-
tion (6.62) we follow [97] and get the renormalized self-energies for neutralinos and charginos
via

t4 ) = [T )] NP (6.183)

where A was defined in Equation (6.10). The corrections in mass eigenstates are then given by

L rars o\ fS lr . .
AMy = —5 [Ei} (m3) + 51 (m?)] -3 [mizg;(mf) +m; Sl (m?) (6.184)
e 1re ;
with  $f(p%) = 5 S0 + 2107 (6.185)
S fS Lrers ~fS
and  B/F (%) = 5 [Efj Hoh) + 51 R(pQ)} - (6.186)

They can either be added to the diagonal mass matrix in mass eigenstates, which has to be
diagonalized afterwards, so that the final mixing matrix is a product of the mixing matrices on
tree-level and on one-loop level. Alternatively we can rotate back the mass corrections using
the tree-level mixing matrices in gauge eigenstates, which can be diagonalized using one mixing
matrix only. We will use the latter description for our calculations.

Independently from this choice, the effective neutrino mass matrix in Equation (5.130) for BRpV
and the prSSM with one-right handed neutrino superfield take the form

(mgfi.,lL)ij = (ZAZ'A]' + b(EiAj + AiEj) + ceiej (6187)

For a motivation of this structure we refer to [97]. Although the on-shell masses are more
complicated and the simple motivation cannot be used a priori for them, we find a similar
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structure for the on-shell neutrino masses. Thus, at one-loop level we can explain the full
neutrino spectrum, since the presented effective neutrino mass matrix mfg"lL has at least two
nonzero eigenvalues. All the neutrino parameters can be fitted by adopting the alignment
parameters ¢; and A;.

Since A; determines the tree-level neutrino mass as shown in Equation (5.136), the most conve-
nient choice for the explanation of neutrino data is the hierarchical spectrum, where ¢; determines
the two lighter masses of the neutrinos at one-loop level. An inverted spectrum is possible, but
requires some fine-tuning within the considered models. Due to the bounds to the absolute scale
of neutrino masses as given in Section 2.3 the parameters A and € are constrained. For typical
SUSY masses order O(100 GeV), we find |A|/u2 ~ 10~7 — 1076 and |&|/p ~ 1075 — 104, This
implies a ratio of |&2/|A| ~ 1073 — 1071

In Equation (5.139) we have shown the structure of the the neutrino mass matrix in case of the
urSSM with two right-handed neutrino superfields. Within this section we want to comment
on the importance respectively nonimportance of one-loop corrections to this tree-level mass
matrix and explain two different ways of fitting the neutrino data:

Having two nonzero eigenvalues in the mass matrix at tree-level in Equation (5.139) two options
arise to explain the experimental data:

> fitl: A generates the atmospheric mass scale, @ the solar mass scale

D> fit2: @ generates the atmospheric mass scale, X the solar mass scale

Again both cases lead in general to a hierarchical spectrum. Thus, a strong fine-tuning would
be necessary to generate an inverted hierarchy, which is not stable against small variations of
the parameters. Moreover the absolute scale of neutrino mass requires both |A|/u2 and |&@|/u
to be small. For typical SUSY masses of order @(100 GeV) we find in the first case |A|/p2 ~
10°7 —107% and |@|/p ~ 1079 — 1078, whereas in the second case we get |A]/pu? ~ 1078 — 107
and |@|/pu ~ 1078 — 10~7. The ratios including € or & are much smaller than those in the 1 D¢
case. Last but not least we comment on the one-loop corrections to Equation (5.139). They are
negligible if

=12 2
@ <1073 and @ <1073 (6.188)
Al Al

are fulfilled. Note that the mixing of the neutrinos with the Higgsinos, given by the third column
in the matrix £ in Equation (B.9), depends not only on «; but also on ¢;. Hence, the one-loop
correction to the neutrino mass matrix contains parts proportional to the ¢; parameters similar
to the 1 7°model. Therefore, both conditions in Equation (6.188) need to be fulfilled. Finally,
in models with more generations of right-handed neutrinos there will be more freedom due to
additional contributions to the neutrino mass matrix. This also allows an inverted hierarchy
spectrum due to the additional freedom as it is shown for three generations in [156].

Calculation of the neutrino parameters

With the one-loop on-shell masses mllsz of the neutrinos and the mixing matrix N we can
calculate the relevant parameters to be compared with experimental neutrino data:

2 2 2 2
Amztm = (mlL(Vg)) — (mlL(Vl)) , Amzol = (mlL(ug)) — (mlL(ul)) (6.189)
3k Ml )
tan? Ogpm = |—=| tan®l,, = |—=| U% = [NV 6.190
atm Ngl’l’?l sol Nllfr:; e3 ‘ 3,5 ( )
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The formulas are valid for BRpV, in case of the uSSM with one right-handed neutrino superfield
we have to replace V't — N . Similarly for the urSSM with more than one right-handed
neutrino superfield the tree-level masses and mixing matrix are used and the indices of N have
to be adopted accordingly.

6.4. Decays x) — x; W7 and y;” — \IW=

In Section 5.4 we discussed the tree-level decay width for the decays )Z? — )ZlinF and )Zli —
)Z?Wi, for which we want to work out the one-loop corrections within this section.

6.4.1. Vertex corrections

The first piece of the one-loop corrections are the vertex corrections. In Figure 6.5 we depict
the six generic contributions. In the Feynman diagrams a) and b) fermions and sfermions
contribute as well as charginos/neutralinos together with the neutral and charged Higgs bosons.
In diagrams c) and f) only charginos, neutralinos and the vector bosons (including the photon)
contribute, whereas in diagrams d) and e) there are in addition the charged and neutral Higgs
bosons as well as the Goldstone bosons. The individual contributions from the diagrams in
Figure 6.5 to the matrix element My are given in Appendix D for the 't Hooft-Feynman gauge
&y = 1. The general case £y # 1 leads to rather lengthy formulas, which are included in the
program CNNDecays [157].

Figure 6.5.: Generic vertex corrections.

The matrix element squared at NLO is given by
1 1 N N
3 > IMP & 5 > [IMr[? + 2Re(My M;) + 2Re(Mwy M7)| (6.191)
pol pol

where My, denotes the mentioned vertex corrections and My includes the various counterterms,
which will be discussed in the next section. In this notation the one-loop decay width is given
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\Rm?,m2,mé, )

FlL — FO
+ 167Tm§’

1 X %

5 > 2Re (Mwy Mz) + (MyM3) . (6.192)
pol

This result is UV finite, gauge independent and also not dependent on the renormalization

scale @), which cancels between the contributions from My and M. The IR finiteness is

presented in all detail after having discussed the counterterm in the following section.

6.4.2. Counterterm corrections

The counterterm for the considered processes can be constructed using the tree-level couplings
in the Lagrangian density

L= fw“ (PLOLij + PrRORi) (W, (6.193)

In order to renormalize the vertex on NLO level, the counterterm has to be calculated using the
wave function renormalization and the renormalization of the mixing matrices as presented in
Section 6.2.2 and the gauge coupling as shown in Section 6.2.1. We obtain

8 5
1 1 . 1 )
00;; + §OLlj5ZW +3 ; OLikdZpy; + 3 kz_l 07 17O0k;

5L D X A (PL (6.194)

+Pgr

8 5
1 1 o 1 .
0ORy; + §Ole5ZW +3 ]; ORrik0Zpy; + 3 kz:l 0Z i1 ORkj

~O1rr—
) X; Wy

Note that the sums are presented for the case of the prSSM with one-right handed neutrino
superfield. According to the number of neutralinos and charginos they have to be adopted in
the corresponding models.

The couplings §Op,;; and 6Op,; for the prSSM (1 v%-model) can be written in the form:
1 * * *
7 (69N3U12 + goN3Uia + gNj30Un)
1

(69N sUis + goN Uz + gNj50Us3) — 7 (6gN7Uis + goN 37U + gN70U14)

(69N j5Uss + 90N 3Us + gNj50Uss) (6.195)
L
V2

For BRpV /\/}{6’778} has to be replaced by -N’j{5,6,7}- In case of the MSSM and NMSSM the terms
with projection on leptons or neutrinos are of course absent. Hence, we define

60115 = — (6gNRUN + goNj5Un + gN 36U ) —

Hg\H
[\

S

60Ri; = — (6gViiNj2 + g6ViiNj2 + gVi10Nj2) + —= (0gVi5Nja + g0VisNja + gVi50N;4) (6.196)

8 5
. 1 1 1 -,
5ALlj =1 <5OLU + 50Llj5ZW + 5 ];1 Ole(;ngj + 5 ];1 5ZLklOij> (6.197)

8 5
. 1 1 0 1 _*
(514le =1 <5Ole + §OR1]’5ZW + 5 kg_l OleéZRkj + 5 kE_l 5ZRklORkj> (6.198)
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and obtain
Mwv =(p1)y" (PLoAri; + ProArij) w(k)e, (p2) . (6.199)

Then the relevant contribution 2Re(Myv M3) C |[M|? for | and j being fixed is given by:

1 *

5 > 2Re(Mwy My) = (6.200)
pol
L * 2 2 2 2 2 \? 4 2

p— O1 | 0AL | miy (mi, + m)z()) - <m)~<, - mi“) +2myy | — 66 Apmg—mgomyy,
w

2
+0% <5AR (m%/v (mi, —|—mf~<0) - <m§2, - mfz()) + 2mf§V> — 65ALm>~<—m)~(om%,V>]

6.4.3. Real corrections

In this section we finally address the question of infrared (IR) divergences. The massless photon
within loops generates such a divergence, which cancels with the divergence from the emission
of a massless photon. Thus, we have to take into account the real corrections. The divergences
are both regularized using the same photon mass, so that the final result has to be independent
of this unphysical mass.

The cancellation of IR singularities between virtual and real soft corrections in quantum elec-
trodynamic (QED) was already known before the invention of relativistic perturbation theory
as Block-Nordsieck theorem [158]. The treatment was described more precisely by Yennie,
Frautschi and Suura [159]. The most general framework applicable for the standard model is
given by the Kinoshita-Lee-Nauenberg theorem [160]. We follow the approach presented by
Weinberg [161].

We use the notation of Denner [137] for our Bremsstrahlung integrals. In contrast to the case
of t — Wb the corrections do not factorize in the same form due to the presence of left- and
right-handed couplings in Equation (5.142).

First we want to comment on the dependence on the linear R¢-gauge, which cancels out in
the real photon emission. The contribution coming from the graph with the internal charged
Goldstone boson exactly cancels with the contribution from the longitudinal part of the W
boson, what can be seen on amplitude level analytically. Therefore, no gauge dependence on the
linear R¢-gauge is left. The calculation of the squared amplitude performing all the polarization
sums is tedious but straightforward.

W:t

Figure 6.6.: Feynman diagrams for the real photon emission F; — F,W*~.

We present the general result for the decay Fj(k) — Fy(p1)W=*(pa, €)v(q,n) shown in Figure 6.6
with the two fermions F; with mass m; and charge Q;, F, with mass m, and charge Q, in
Dirac notation, the W boson with mass my, and polarization vector € and the photon with
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polarization vector 7, where the following couplings are relevant:
LD Fo’Yu(OWLPL + OwgrPRr)E;WH + QOFOWﬂOVFOA‘u + QZ'FZ"}/“OA{FZ'A“ (6.201)

The first two diagrams in Figure 6.6, where the photon is emitted from the external fermion
lines, result in the following matrix elements:

Qo

My =5 = 017" Oy (b + 4+ mo) 7" (OwrPL + OwrPr) u(k)ny (9)e, (p2) (6.202)
M= 2/?-iqﬂ(pl)’wo7 (Pr+ P2 +mi) v (OwrLPr + OwrPr) u(k)n, (g)e,(p2) - (6.203)

The last two diagrams in Figure 6.6 add up to the transverse part of the W boson as internal
particle, being:

1
M3 = — 5 O’Y (g“"(pQ _ q))\ +guA(_2p2 _ q)u —i—gV)‘(pQ + QQ)M) (6.204)
P2 - q
+ q)x(p2 + _ . o
: (_ (P2 q;ﬂgm ) +gm> @(p1 )y (Owr Py + OwrPr) u(k)n;(q)€s (p2)
W

Therein we made already use of the following rewritten denominators

1 1 1
= A 6.205
(p1+9)?—m2 pi4+2p-q+¢®—m2  2p1-q ( )
1 1 1 1
= = ~— 6.206
(p1+p2)2—m? (k—q)?—m? k>—2k-q+¢*>—m? 2k - q ( )
1 1 1

5 (6.207)

(p2+9)2—m  p3+2pa-q+q®—md  2p2-q

with k% = m?, p? =m2, p2 = m%,v and ¢ = 0. For the calculation of the squared amplitude the
following sum rules for the gauge bosons are needed:

* b2up2v
E eu(p2)el/(p2) — —9w + 2H22 (6208)
My
> (@) (9) = —guw (6.209)

The gauge dependent part of the sum rule for the photon cancels out and is therefore not
included. This finally allows to re-express the result in terms of products of four-momenta with
the four-momentum ¢ of the photon. As a starting point for the decay width we take the general
result for the three body decay being

L1 [ dpdpydiq

L

1
k—p1—p2—a)5 ) M 6.210
(4m)3m; w2 | 2p10 2p20 2q0 (k=p1—p2—q) 2 Z M, ( )

pol

where the index R denotes the real emission of a photon. We will use the notation of Denner
for the Bremsstrahlung integrals, which are defined for a decay of a particle with mass mg and
momentum pg into two particles with masses m; and ms and momenta p; and p, and a photon
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with momentum ¢ by

(£2pj, - @) (£2py, - q)
(£2p4; - q)(£2pi, - q)’

where the minus signs refer to the momentum pg of the initial particle. In this context we need

the integrals I]“;z (m;, me, myy), allowing us to write the final result in the form:

d3p1 d3p2 d3 5(4) (

I]l_]Q
2p10 2p20 290

1112

(6.211)

(mo,m1,mg) = — Po —P1— D2 —q)

1
5 ’O ‘ [(’OWL‘Q + ‘OWRP) Q1 + (OWLO;;VR + O?/[/LOWR) QQ] R (6.212)

FR —
(4m)3m;2m3,

where we have introduced abbreviations:

= Qi + 2QiQ0io + Q2100 (6.213)
= Q7Mii + 2QiQo2i0 + Q2200

The individual parts are given by:

Qi =212 + 2 + 2imdy) — 4 [y (2 + m2) + (2 — m2)? — 2y

(Lo + Ioom? + miy (Io2 + In2) + oo (m; — mo) (my; + my) + L]
+ 2I2(m?2 + m2 + 2m3y) — 8m3y (193 + 1) (6.214)
Quio = — 3I(m? +m2) + 2Imfy — 2miy [2mi(In + Io2 — Ia2)
+2m2(m?(loy + 2I2) — L) — 2m (Lo + In2) + I — 2Lom? — 4(195 + I3 + 13)]

+ dmiyy (ma (2(Toy + loz) + I22) + mi (Ing — 21o2) — 215) — 4Igymim

+ 8Igym? mo — 4Igym8 4 4Igom? — 12Igomim? + 12Ipgm?m}

— 4lgomS — Ibm? — IEm? — I3 (m? 4+ m?2 + 2m3y,) + 4lym]}

— 8IomIm?2 + 4lom? — 8I,,mS, (6.215)

Qoo = — 8Imfy — dmiy [mZ(m?(2Io1 + 2oz + Ity — 2I52) + 11 + I2)
+mi(—2I01 — 2Iog + I11 + Ino) + m2(Iy + Iy 4 Ipgm?) + 19 + 2192
+419 + 213
+ dmiy (—mZ(Io1 + Iog — 2111 + I2o)
+m?(3(Io1 + lo2) — Taz) + 211 + 212) — 8miy (Ioy + Ioz — In2)
— 4Iyym$ + 12Igymim?2 — 12Igym2m? + 4IgymS — 4lym?
+ 12[02m?m§ — 12Igom?m? + 4lgom8 — 4y m}

+ 8Iym2m?2 — 4lymi — 4lyymim?2 + 81ym?m

—4IymS — 219m? — 21Vm?2 — 4lym 4 8Iym?m? — 4Iym} (6.216)
Qoii =2m;m, [—2[ + 12m%[/(]0 + m?([oo + I(]Q) - Iozmg + _[2)
+12miy (Ioz + o) — 212] (6.217)

Qoio =2mimy(31 — 12miy, (—m2(Ioy + Ioz) + Ioom? + L) + I3 + I3 — 12I9miy)  (6.218)
Qooo =4mimy [6miy (—m2(Ior + Loz — I11) + mi (I + Io2) + I + I)
—6miy (Io1 + loz — Ia2) + 17 (6.219)
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Figure 6.7.: Real corrections for f(?— — )ZfWi'y.

This result was obtained by using FeynArts and FormCalc with all momentum replacements
done automatically, which leads to a result written in a perhaps uncommon way. However the
result was tested by a comparison with a numerical simulation based on a Monte Carlo integrated
phase space. For our concrete processes we show an example of the relevant Feynman diagrams
in Figure 6.7. The expressions can be easily obtained from the formulas above by plugging in
the correct charges Qy; ) = {0, £1} for the neutralino and chargino. Thus, the IR finite decay
width at NLO is given by

rt=rt4rk | (6.220)

We add some comments on the calculation with a massive photon: First the usage of a massive
photon explicitly breaks the gauge invariance in our calculations. However by choosing a small
photon mass m, < 1 keV, this can be kept under control. In addition we can choose an external
momentum of p? = 0 for the calculation of the photon and photon-Z self-energy, since p?> — 0
is well-defined and not divergent. The pinch technique for the renormalization of the fermionic
mixing matrices does not affect the infrared finiteness, since the photon only contributes to the
diagonal entries of fermionic self-energies.



Chapter 7

Parameter choice for the models under consideration

In the subsequent chapters we work out collider signatures for various scenarios. To facilitate
the comparison with existing studies we adopt the following strategy: We take existing bench-
mark points and augment them with the additional model parameters breaking R-parity at the
electroweak scale. For the MSSM, BRpV and the urSSM we refer to the “Snowmass Points and
Slopes” (SPS), in detail SPS 1a’ [162], SPS 3, SPS 4, SPS 9 [3] and the ATLAS SU4 point [163].
We summarize the relevant parameters of these models in Table 7.1. In addition we add SPS 2/,
which we obtain from SPS 2 by setting M; = M2 = 600 GeV at low energies, so that a Higgsino-
like lightest neutralino is present. For all parameter sets we included a low-energy input file to
the folder /examples of CNNDecays.

SPS 1a’ contains a light spectrum, SPS 3 has a somewhat heavier spectrum and in addition the
lightest neutralino and the lighter stau are close in mass which affects also the R-parity violating
decays of the lightest neutralino. SPS 4 is chosen because of the large tan S value and SPS 9
is an AMSB scenario where not only the lightest neutralino but also the lighter chargino has
dominant R-parity violating decay modes. In all these points the lightest neutralino is so heavy
that it can decay via two-body modes, as long as it is not a light v¢. In contrast for the SU4
point all two-body decay modes (at tree-level) are kinematically forbidden. As the parameters
of these points are given at different scales we use the program SPheno [71] to evaluate them at
@ = my, where we add the additional model parameters. Note that we allow p to depart from
their standard SPS values to be consistent with the LEP bounds on Higgs masses.

‘ H SPS 1a’ | SPS 2 ‘ SPS 3 ‘ SPS 4 ‘ Su4 H ‘ SPS 9 ‘
GUT My (in GeV) 70 1450 90 400 200 My (in GeV) 450
scale M2 (in GeV) 250 300 400 300 160 Mauz (in TeV) 60

Ao (in GeV) —300 0 0 0 | —400
SUSY scale | tanB(mz) 10 10 10 50 10 tan S(mz) 10

Table 7.1.: Important parameters for SPS 1a’, SPS 2, SPS 3, SPS 4, SPS 9 [162, 3] and the ATLAS
SU4 point [163].

In case of the NMSSM and the urSSM we have to specify the additional model parameters,
which are A,k and the corresponding soft SUSY breaking terms T )’f and TH™. Those are
subject to theoretical and experimental constraints. In [111] the question of color and charge
breaking minima, perturbativity up to the GUT scale as well as the question of tachyonic states
for the neutral scalar and pseudoscalars have been investigated. The last issue has already been
addressed in Section 5.1.2 for the NMSSM where we derived conditions on the parameters. By
choosing the coupling constants A, x < 0.6 in the 1 7%model and A, k; < 0.5 in the 2 U°-model,
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perturbativity up to the GUT scale is guaranteed [111]. Note that choosing somewhat larger
values for A and/or k up to 1 does not change any of the results presented below. We also
address the question of color and charge breaking minima by choosing A\ > 0, ki > 0, T;f > 0,
THm™ < 0.

In case of BRpV we have to add the parameters ¢; and v;, which are chosen such that the
neutrino data is fulfilled within the 2 o bounds of Table 2.1, if not stated otherwise. As already
explained the corresponding soft SUSY breaking parameters B; are determined from the tadpole
equations. They have to be chosen complex in addition to Bﬁ in case of complex ¢; as we have
shown in Section 5.1.1. For the urSSM we set the Yukawa couplings Y* and the VEVs v;
accordingly, implying small values Y,* < O(107°). The corresponding T determined from the
tadpole equations are generally negative, so the condition (2.8) of [111] is easy to fulfill.

For the NMSSM and the prSSM with one right-handed neutrino superfield we refer in addition to
the low-energy parameter sets of the NMSSM benchmark scenarios [164, 165] named mSUGRA i
or GMSB j based on the soft SUSY breaking mechanism: minimal supergravity (mSUGRA) or
gauge mediated SUSY breaking (GMSB). In Table 7.2 we recall the most important parameters
of those scenarios. The parameter points can also be found within NMSSM-Tools [166]. For two
of them, namely mSUGRA 3 and mSUGRA 4 we change the low-energy parameters M; <> My
and k ~ 0.1 — 0.4 resulting in mSUGRA 3" and 4/, which show a wino- or a Higgsino-like lightest
neutralino. Also the additional parameters Y, and v; in the prSSM with one right-handed
neutrino superfield are fixed by the neutrino constraints, which can be found in Table 2.1. For
these NMSSM benchmark scenarios we add low-energy input files to the folder /examples of
CNNDecays.

mSUGRA 1 | mSUGRA 3 | mSUGRA 4

GUT M, (in GeV) 180 178 780
scale M o (in GeV) 500 500 775

Ao (in GeV) —1500 —1500 —2250
SUSY tanp(mz) 10 10 2.6
scale g (in GeV) 969 938 —-197

A K 0.10,0.10 0.40, 0.30 0.52,0.10

Ay, A (in GeV) || —959,—1.6 | —616,—11 —557,20

GMSB 1 GMSB 2 GMSB 5

Mess.  Masess (in GeV) 10"3 10"3 5.10'
scale A (in GeV) 1.7-10° 1.7 -10° 7.5-10*
SUSY tanp(mz) 8.5 1.63 50
scale g (in GeV) 1404 2351 1376

A K 0.020, 0.004 0.50,0.43 0.010, —0.0007

Ax, A, (in GeV) || —52,-160 | —446,-2300 |  118,4645

Table 7.2.: Important parameters for the mSUGRA [164] and GMSB [165] benchmark scenarios.

Concerning experimental data we generally take the following constraints into account:

D> As already pointed out we check that the neutrino data are fulfilled within the 20 range
given in Table 2.1 taken from [17] if not stated otherwise. For figures and tables published
in [122] an older version of Table 2.1 from [167] is relevant. However, the update of the
bounds three years ago to present bounds does not change the basic statements.
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D> Breaking lepton number implies that flavor violating decays like . — e of the leptons are
possible, where strong experimental bounds exist [168]. R-parity violation induces those
decays. However in the models under study, it turns out that these bounds are automati-
cally fulfilled once the constraints from neutrino physics are taken into account [169].

D> Bounds on the masses of the Higgs bosons [113, 168]. For this purpose we have added
the dominant one-loop correction to the (2,2)-elements of the scalar mass matrices as
described in Section 5.1.3.

D> Constraints on the chargino and charged slepton masses given by the PDG [168].

D> The bounds on squark and gluino masses from Tevatron [168] are automatically fulfilled
by our choices of the study points. Recent bounds from LHC data might rule out some of
the points under consideration, in particular SPS 1a’ and SU4 potentially show a too light
spectrum. However our statements are mostly generic and apply also for a mass spectrum
shifted to slightly larger masses, so that the presented features remain accessible.

The smallness of the R-parity violating parameters guarantees that the direct production cross
sections for the SUSY particles are very similar to the corresponding MSSM/NMSSM values.






Chapter &

LHC phenomenology of the ;vSSM

This chapter is dedicated to the LHC phenomenology of the urSSM with one or two right-
handed neutrino superfields as we have discussed it in [122]. All the following statements are
based on tree-level calculations, partially using one-loop corrected DR neutralino masses. Corre-
lations between branching ratios and the neutrino mixing angles based on tree-level and one-loop
calculations will be presented in Chapter 10.

8.1. Phenomenology of the 1 v“-model

First we will address the phenomenology of the uSSM with one right-handed neutrino superfield
(1 7%-model), which includes mass hierarchies, the mixing in the scalar and fermionic sectors and
decays of scalar and fermionic states. Within the discussion we call a neutralino mass eigenstates
%V a bino B, if [N;31]|? > 0.5 is fulfilled. Similarly a singlino S is defined as [N 35/> > 0.5.
Note that the first three indices label the neutrinos. As we will see later, a light singlino as
lightest neutralino also gives rise to light scalar SZQ and/or pseudoscalar states PZ-O.
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8 —""
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Figure 8.1.: Masses of the lightest neutralinos )2(1)72 and the lightest scalar SY = Re(¢)/pseudoscalar
PP =Tm(%) as a function of A, = T, /k for A = 0.24, k = 0.060, u = 150 GeV and T = 360 GeV
for SPS 1a’. The different colors refer to the singlino % (blue), the bino %3 (red), the singlet
scalar SY (black, dashed) and the singlet pseudoscalar P (orange, dashed).

According to Equation (5.73) the diagonal entry of the right-handed neutrino in the neutralino

mass matrix is given by m. = v/2kv,. Hence, a singlino as lightest neutralino can be obtained by
choosing small values for x and/or v.. In the discussion within this section we do not refer to the
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Figure 8.2.: One-loop DR masses and particle characters of the lightest neutralinos 9 as a function
of kK for A =0.24, u =170 GeV, T\ = 360 GeV and T,, = —«k - 50 GeV for SPS 1a’. The different
colors refer to singlino purity |A;y35]° (blue, dashed), bino purity |ANjis1]? (red), wino purity
|Nits2]? (black) and Higgsino purity |AN;ys3|> + [Nigs4|? (orange).

NMSSM benchmark scenarios adapted to the prSSM, but to MSSM benchmark scenarios and
specify in addition the chosen values of A, k and an effective u, from which we derive v, using
Equation (4.10). By appropriate choices of Ty and T}, a light singlet scalar and/or pseudoscalar
can be obtained as it can be seen for an example spectrum in Figure 8.1.

We explained the determination of Ty and T, for the NMSSM in Section 5.1.2, which exactly
resembles the behavior in Figure 8.1, namely an increasing mass of the singlet scalar and a
decreasing mass of the singlet pseudoscalar mass with growing 7,. The MSSM parameters
for this example spectrum are based on the benchmark scenario SPS 1a’ except for the choice
p = 150 GeV. Reducing p helps to lower the mixing between the scalar state Sy = h’ and
the lighter singlet scalar S) = ¢, so that S9 is still consistent with experimental data from
LEP. Note that the mixing with the singlet state also reduces the production rate eTe™ — Z SS ,
however the bounds on h° remain strict.

For SPS 1a’ with a reduced value of ;1 = 170 GeV we present an example spectrum for neutral
fermions using DR corrected one-loop masses in Figure 8.2. For reduced values of y the neu-
tralino mass eigenstates are rather mixed, what becomes important for their decay properties.
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Note that the abrupt change in the composition of )Zg can be understood from a level-crossing
in the mass eigenstates 3 and ¥J.

Before discussing the R-parity violating decay of the lightest supersymmetric particle, we want
to focus on the decay properties of the lightest scalars/pseudoscalars in the 1 v°-model, which
are quite similar to those found in the NMSSM [110, 170]. The lightest doublet Higgs boson
similar to the h? in the MSSM mainly decays into bb final states for masses myo < 140 GeV.
However, if there exists a light neutralino, the decay into Y%} can be dominant. An example
is presented in Figure 8.3, which displays the branching ratios of S = h® as a function of the
lightest neutralino mass m(x}) based on the parameter set of Figure 8.2 with a variation of .
As it can be seen from Figure 8.2 the lightest neutralino is mainly singlino in this example. The
variation of s varies its mass, since v, is kept fixed. This feature h® — 9%} is of course also
possible in the NMSSM with ¥ = S or even the MSSM with a very light bino state. However,
in the (N)MSSM the lightest neutralino is stable, implying an invisible decay of the light doublet
Higgs h°. In case of R-parity violation the lightest neutralino x{ mainly decays to bbv, resulting
in 4 b-jets plus missing energy in the final state in combination with displaced vertices in our
example. As we will show in Section 8.1.2 the lightest neutralino ! can have a long lifetime
due to the small R-parity violating parameters, so that the decay of h® can result in displaced
vertices. Note that the singlet scalar SY dominantly decay to bb final states, followed by 777~
final states.

0_07\\\\\\\\\\\\\\\\\\\\\\\\

% 40 45 50 55 60 65
m(X7)[GeV]

Figure 8.3.: Branching ratios Br(S3 = h°) as a function of m(x?) for the parameter set of Figure 8.2
(variation of x). The colors indicate the different final states: Yx{ (red), bb (blue, dashed), 777~
(black), ¢¢ (orange) and Wqq (brown).

8.1.1. Decays of a gaugino-like lightest neutralino

Before addressing the dependence of the decays of the lightest neutralino on the particle char-
acter, we first want to show all possible decay modes of the lightest neutralino induced by
lepton number violating terms: Beside the two-body decays ) — Zv, x? — [*WT and
) — S% / PPv, which are generally but not necessarily dominant for larger masses of the
neutralino, several tree-body decays into leptonic final states are possible, namely X} — ll?tl;_ru,
O — qiq;l, V=3 o ¥ — qiq;v. If charged leptons are in the final state one can expect
a correlation between neutrino physics and ratios of branching ratios, as we have indicated in
Section 5.5.
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Brin % SPS 1a’ | SPS3 SPS 4
Br(x) = I*WTF) || 23-80 | 12—-55 | 68— 72
Br(x = IF1Fv) || 11-75 | 2—-31 [26-3.9

Br(x{ — Zv) 22-89| 5—-28 | 25-28
Br(x{ — S%) - 15 — 53 <20
Decay length [mm] || 1.6 —7.0 | 0.1 —0.5 | 1.4 — 1.6

Table 8.1.: Branching ratios (in %) and total decay length in mm of the decay of the lightest
bino-like neutralino for different values of A € [0.02,0.5] and x € [0.05,0.3] with a dependence of
allowed x(A) similar to [111] and to Figure 8.5 and Th = A- 1.5 TeV and T, = —x - 100 GeV.

We first stick to the case of a bino as lightest neutralino. For the SPS points under consideration
it yields m(x}) > mw, so that the two-body decays ¥} — [TWT are dominant. However,
the three-body decays, in particular {9 — l;l;v dominated by a virtual 7, can have a sizable
branching ratio as it can be seen from Table 8.1 and Figure 8.5. The most important Feynman
graph is shown in Figure 8.4, whose dominance can be understood from Higgsino ﬁd_ and lepton
l; mixing (I; = e, u). For l; = 7 exists an additional contribution induced by ﬁg—y—mixing.

2 0.307
0.25]
- I
0.20}
- g :
W= B 0.15
= I
0.10y Br(%) — Lilw)
Figure 8.4.: Dominant Feynman — 5% - 43%  11%
graphforthedecayfg?—>liTVWith oo5L .,
li =-e,p. 005 010 0415 020 025

A

Figure 8.5.: Dependence of allowed () for values of
A € [0.02,0.5] and € [0.05,0.3] and Br(x{ — Lil;v)
as function of A\ and k exemplary for SPS 1la’ with
1 =390 GeV, Ty = A-1.5 TeV and T, = —~-100 GeV.

Figure 8.5 shows the allowed parameter dependence of x(\) due to tachyonic states. The figure
also indicates the importance of the decay mode Y9 — l;l;v in comparison with W — FWT in
the \-s-plane. The strong variation in the branching ratios for SPS 1a’ is mainly induced by the
strong dependence of the partial decay width of x{ — lil;v, where both decays with [; =1; = 7
and l; # l; = 7 play a role. As demonstrated in Table 8.1 also the final states X! — Zv and in
case of a light scalar with m(x9) > m(h°?) the decay X} — h%v can be important.

To stick to one example, where only three-body decay modes are allowed, we use the SU4
scenario of the ATLAS collaboration [163], which offers a very light SUSY spectrum with a
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bino-like neutralino m(xY) ~ 60 GeV. Figure 8.6 shows the most important branching ratios.
The lightness of the bino-like neutralino XY results in a larger average decay length of (8—90) cm,
strongly dependent on the parameter point in the A-x-plane. Generally the decay length scales
as L o« m™4(x?) for m(x}) < mw. In addition the decay length becomes smaller for smaller
values of A\ and k.
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Figure 8.6.: Decay branching ratios for bino-like lightest neutralino as a function of k for A €
[0.02,0.5), T\ = A- 1.5 TeV, T, = —k - 100 GeV and for MSSM parameters defined by the study
point SU4 of the ATLAS collaboration [163]. The colors indicate the different final states: [;1;v
(red), ¢;g;! (black), qgv (blue) and 3v (orange).

Last we want to mention that also chargino decays can be dominated by R-parity violating
final states, for example in the AMSB point SPS 9. For this benchmark scenario exists a
near degeneracy between the lightest neutralino and the lightest chargino. Varying A and k as
before we find a total decay length of (0.12 — 0.16)mm with Br(x¥ — W*v) = (42 — 57)%,
Br(Xi — ZIF) = (20 — 26)% and Br(xT — hOI*) = (17 — 40)%.

8.1.2. Decays of a singlino-like lightest neutralino

Having discussed the case of a gaugino-like LSP in great detail, we now turn to the case of a
singlino-like lightest neutralino. As we have already shown in the previous sections, this scenario
is connected to a light singlet scalar or pseudoscalar. Recall that in general the particles in the
fermionic sector are strongly mixed for A\,x = O(107!) in combination with a low value of the
effective p-parameter as we have seen in Figure 8.2. Our primary focus for the singlino-like
lightest neutralino is the average decay length, which we show in Figure 8.7 in meter for various
SPS scenarios as a function of the lightest neutralino m(x?). The composition of the neutralino
can be taken from the color code given in the caption. We varied A, k and p to allow for different
LSP masses and we have chosen T in such a way, that all scalar and pseudoscalar states are
heavier than the lightest neutralino. The singlino purity of the LSP increases with decreasing
mass and for pure singlinos the decay length is mainly determined by its mass and the neutrino
masses. However, for neutralino masses below 50 GeV the decay lengths become larger than
1 m, so that a large fraction of neutralinos does not decay within typical collider detectors.
If we allow for lighter scalar and/or pseudoscalar states, so that the decays Y0 — SY(P)v are
kinematically allowed, the average decay length is easily reduced by several orders of magnitude.
Similar to the case of a gaugino-like lightest neutralino typical final states are ITW T, qiq,l, Zv,

qiq;V, lz l;cy and the invisible final state 3v. For the region below the W threshold, meaning
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Figure 8.7.: Decay length of the lightest neutralino ¥} in m as a function of its mass m(x?)
in GeV for different values of A € [0.2,0.5], x € [0.0125,0.1] and p € [110,170] GeV with a
dependence of allowed k() similar to [111] and to Figure 8.5 and T\ = X - 1.5 TeV, whereas
T, € [-10,—0.025) GeV is chosen in such a way, that no lighter scalar or pseudoscalar states with
{m(S?),m(P)} < m(xY) appear. Note that the different colors stand for SPS 1a’ (real singlino,
|Nis]? > 0.5) (gray), SPS 1a’ (mixture state) (black), SPS 3 (real singlino) (blue), SPS 3 (mixture
state) (red) and SPS 4 (mixture state) (orange).
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Figure 8.8.: Singlino decay branching ratios as a function of its mass, for the same parameter
choices as in Figure 8.3. The colors indicate the different final states: bbv (blue, dashed), I;1;v
(red), ¢ig;! (black), 3v (orange) and qqv (q # b, brown).
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m(xY) < my, we refer to Figure 8.8. The dominance of bbv for smaller values of m(x}) is
induced by the decay chain ¥{ — S{v — bbv, whereas for larger values of m(¥}) we have
m(SY) > m(x?}) in this scenario.

Up to now we have considered values of A and x larger than 10~2. However, for very small values
of these couplings the singlet sector effectively decouples from the MSSM sector, although all
singlet particles are very light. Necessarily the R-parity conserving decays of the second lightest
neutralino 3 to the final states x99, XV P, X171~ or x)qq are suppressed in comparison to the
R-parity violating decay modes, which implies a correlation between those decays and neutrino
physics as in case of explicit BRpV.

8.2. Phenomenology of the n v°-model

In the previous section the phenomenology of the uSSM with one right-handed neutrino super-
field has been worked out in detail. In fact most of the signals discussed there are independent
of the number of right-handed neutrinos. However, in case of n generations some additional
features are possible, which we will discuss for the case of n = 2.
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Figure 8.9.: Masses of the scalar states Re(7¢) (black), Re(#5) (red) and h° (blue) and the
pseudoscalar states Im(7§) (black, dashed), Im(#§) (dashed red) and Im(7) (blue, dashed) as
a function of vey for different values of TH? = T122: a) (left) T2 = T2 = 0; b) (right)
TH? = T2 = —1 GeV. The MSSM parameters have been taken such that the standard SPS 1a’
point is reproduced. The light singlet parameters x; = 0.008 and v.; = 500 GeV ensure that in all
points the lightest neutralino is mostly v{, with a mass of 47—48 GeV. In addition, T = 300 GeV
and T% € [10,200] GeV.

As we have shown in accordance to the NMSSM [110, 171] a light singlino always implies a light
scalar /pseudoscalar in the prSSM with one right-handed neutrino superfield. However, in case
of more than one generation of singlets the off-diagonal T}, terms in Equation (4.11) allow for
additional mixing between the different generations of singlet scalars and pseudoscalars. Thus,
the singlet scalars/pseudoscalars can be considerably heavier than the singlet fermions.

We illustrate this feature with an example. If we consider a scenario with a light singlino v{
and a heavy singlino v§ in a model with nonzero trilinear couplings T}!2, the contributions
to the mass of the scalar or pseudoscalar ©{ coming together with the large value of v.p are
proportional to T2, Neglecting those contributions the mass of 7§ would only depend on
the small v.;. Hence it would be light like the corresponding singlino of the same generation.
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However, with nonzero T2 the mass of both v are dominated by the larger values of vg;.
Figure 8.9 demonstrates this feature. The lightest neutralino in both figures is the singlino v{
with a mass of ~ 50 GeV. Both figures show the masses of the singlet scalar states Re(7f)
and Re(7§) and the corresponding pseudoscalar states Im(7¢) and Im(7§) as a function of the
VEV v, for different values of 7112 = T!22, For comparison also the masses of the light Higgs
boson and the lightest left-handed sneutrino Im(7) are shown. As expected the mass of the
lightest singlet scalar does not depend on v in case of T112 = T122 = 0, whereas for a nonzero
TH2 = T122 = —1 GeV Re(#) becomes heavier for larger values of v.o. In the pseudoscalar
sector this effect is comparable, but even more pronounced.

8.2.1. ! decay length and type of fit

In Section 6.3 we presented two different possibilities to fit neutrino data, namely A can generate
the atmospheric mass scale and @ the solar mass scale (fit1) or vice versa (fit2). In fact the decay
length of the lightest neutralino is sensitive to the type of the fit, due to the proportionality
between its couplings with gauge bosons and the R-parity violating parameters as indicated in
Section 5.5.

To point out this feature we consider a simple example with a singlino-like neutralino, which
couples to the gauge bosons proportional to the «; parameters. Therefore, its decay length
follows L o 1/|@|? and obeys the approximate relation

~ ~6 . (8.1)
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Figure 8.10.: Decay length of the lightest neutralino and its dependence on the type of fit to
neutrino data: a) (left) the decay length of the lightest neutralino as a function of m(x9) for the
case fit1 (red) and the case fit2 (blue); b) (right) the ratio L(fit1)/L(fit2) as a function of m(x?).
The MSSM parameters have been taken such that the standard SPS 1a’ point is reproduced. The
light singlet parameter « is varied in the range x € [0.005,0.05]. In all the points the lightest
neutralino has a singlino purity higher than 0.99.

Figure 8.10 shows the decay length of the lightest neutralino and its dependence on the type
of fit to neutrino data as a function of m(xY). Suppose the mass and decay length are known,
this dependence allows to determine the type of fit. Note that this feature is independent of
the MSSM parameters. However, it is lost in cases where the lightest neutralino has a sizable
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gaugino or Higgsino component or lighter scalars/pseudoscalars are present opening additional
decay channels.

8.2.2. Several light singlets

In case of two or even more light singlets the phenomenology of the urSSM can be even richer.
Again the decays of the light Higgs boson A" can be strongly influenced by the presence of
additional light singlets, namely it can decay with measurable branching ratios to pairs of right-
handed neutrinos of different generations. Similarly also the MSSM neutralinos can decay to
different light right-handed neutrinos.

We consider the case of two light singlinos and two light scalars/pseudoscalars. Then we obtain
a mass spectrum with the singlets v{ and v§ as the two lightest neutralinos )2?,2 and a mass
eigenstate Y3 being mostly a bino. The scalar sector contains two very light mostly singlet states
S9 and SY, which are consistent with the LEP bounds. Finally the state S can be identified
as the light doublet Higgs boson kY. Similarly the pseudoscalar sector can contain light singlet
states.

It turns out that the decays of the bino-like neutralino )Zg can be very important to distinguish
between the model with one light singlet and models with several ones. Since the decay channels
strongly dependent on the particle spectrum including the masses of singlinos and scalars/pseu-
doscalars a general list of signals cannot be given. However, some features are always present:
If they are kinematically allowed the decays YJ — )Z?’QS?(PP) will dominate with the sum of
branching ratios typically larger than 50%. Therein kinematics mainly dictates the relative
importance of the different decay channels.
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Figure 8.11.: Branching ratios Br(x3 = B® — x9) (red) and Br(x3 = B® — x9) (blue) as a function
of the mass of the lightest neutralino for the scenario considered in Section 8.2.2. The MSSM
parameters have been taken such that the standard SPS 1a’ point is reproduced, whereas the
singlet parameters are chosen randomly in the ranges v.1, ve2 € [400,600] GeV, A1, A2 € [0.0,0.4],
TH =T22 ¢ [-7.5,-0.5] GeV, T2 = T2 € [-0.75, —0.0025] GeV and T, T} € [0,600] GeV.
k1 = kg = 0.008 is fixed to ensure the lightness of the two singlinos.

Figure 8.11 illustrates this feature, where we show both branching ratios as a function of the
mass of the lightest neutralino. Whereas the singlet parameters are taken randomly, the rest of
the spectrum is fixed by the benchmark scenario SPS 1a’. Both branching ratios are at least of
order 1073 —10~* allowing for enough statistics, although the relative importance of each singlino
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cannot be predicted in general. For very light singlinos the two-body decays )Zg — XS (PY)
and Y3 — X3SY(PY) are open, so that the branching ratios are close to 50% as expected if the
singlet parameters of both generations are of the same size. If the mass of the lightest neutralino
is increased, some of the two-body decays close, in particular the one involving %9, which has
to be produced through three-body decays, resulting in a suppression of Br(xg — Xy). Keep in
mind that also the decay mode )Zg — )2(1)7258(]320 ) might be relevant with branching ratios about
10% — 20% giving additional information.

Beside the singlet scalars/pseudoscalars appearing in the final states also the other usual bino
decays of the NMSSM are possible, namely )2(1)72l+l* or 92(1],2(1(7 final states, in particular when
the decays to singlet scalars/pseudoscalars are kinematically forbidden.

As argued in the urSSM with one right-handed neutrino superfield the decays of the light Higgs
boson hY are also strongly influenced by the presence of light singlet states, since final states
can involve ! or 9. In this case typically the standard Higgs boson decays are reduced to less
than 40%, completely spoiling the usual search strategies.
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Figure 8.12.: Higgs boson decays as a function of the mass of the lightest neutralino for the scenario
considered in Section 8.2.2: a) (left) the standard decay channel h° — bb; b) (right) the exotic
decays to pairs of singlinos h® — Y%y (red), h® — X9%9 (blue) and h° — (3¢9 (black). The
parameters are chosen as in Figure 8.11.

The branching ratios of the standard and exotic Higgs bosons are shown in Figure 8.12. Again
the bb channel is more reduced compared to the main channel x{x! the lighter the neutralino
mass X gets. However, also the branching ratio to x{xy can be sizable. Note that Y decays
dominantly to ¥ plus two SM fermions. Thus, we can distinguish between the 1 7°-model and
models with more than one generation of singlets. The decay to ¥3X3 is small due to kinematics,
but can lead to interesting final states with up to 8 b-jets and missing energy. We want to add
that in those scenarios with many light singlets ¥} might dominantly decay to bbv, which reduces
statistics in the more interesting l;cl;FV and ¢;g;! channels. Additionally mixing effects in the
singlet sector might lead to less pronounced correlations.



Chapter 9
One-loop calculations - Masses and total decay widths

This chapter is dedicated to the one-loop corrections for the neutralino and chargino masses
and the processes under consideration for the various models. As we have pointed out in the
previous sections the one-loop corrections to masses are crucial for the phenomenology of SUSY
models and even necessary in case of BRpV and the purSSM with one right-handed neutrino
superfield to explain the full neutrino spectrum. We show that also the corrections to the decay
widths can be sizable and therefore important for SUSY cascade decays and the decays of the
LSP in R-parity violation. The technical aspects of the one-loop calculations are presented in
Appendix E, namely we show the UV and IR finiteness as well as the gauge independence of
the masses and decay widths at one-loop level. In addition we comment on the renormalization
scale dependence within the appendix.

9.1. One-loop masses of neutralinos and charginos

In this section we discuss the one-loop on-shell masses for neutralinos and charginos as explained
in Section 6.2.3 for the various models under consideration. First we present the on-shell masses
in case of the MSSM and NMSSM, before sticking to R-parity violating models. The corrections
to the tree-level and one-loop on-shell masses of the heavy neutralinos and charginos (meaning
the neutralinos and charginos present in the (N)MSSM) originating from the R-parity violating
parameters are negligible. Therefore in case of the R-parity violating models we will focus on
the neutrino and lepton masses and discuss the differences between their on-shell definition and
the corresponding DR masses.

9.1.1. Heavy neutralinos and charginos

For the MSSM and the NMSSM benchmark scenarios, which we introduced in Chapter 7 we
present the tree-level and one-loop on-shell masses in Tables 9.1 and 9.2. The mass corrections
m — m' are generally small, in most cases in the per-mil range. Only the light singlino in the
mSUGRA 4 scenario gets a large correction of 2.6% from squark and quark contributions.

9.1.2. Neutrino and lepton masses, neutrino mixing angles

In this section we discuss the one-loop corrections to the neutrino and lepton mass eigenstates
in the neutralino and chargino mass matrices. As already indicated the effect of the R-parity
violating parameters to the heavy neutralino and chargino masses is negligible. As starting
point we illustrate the behavior of the absolute neutrino masses and emphasize that the on-shell
renormalization allows a similar parameter dependence as the DR masses as they are defined in
Section 6.3 or [97]. We stress once again that the one-loop on-shell corrections do not vanish
due to the number of free parameters at tree-level.
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‘ H SPS 1a’ | SPS 3 ‘ SPS 4 ‘ SPS 9 H SPS 2/ ‘ SU4 ‘
% m 96.20 | 157.43 | 117.18 | 164.28 || 389.57 | 59.66
m!r 95.88 157.19 | 117.00 | 164.30 || 389.20 | 59.23
C B B B w H B
% m 176.24 | 290.12 | 213.51 | 527.79 || 416.08 | 108.30
m' || 176.32 | 290.47 | 213.92 | 527.64 || 416.04 | 108.27
C 1474 W 1474 B H w
5 m 396.34 | 518.53 | 384.35 | 1024.68 || 600.00 | 313.23
mt || 397.62 | 518.74 | 384.93 | 1023.90 || 599.87 | 315.36
C H H H H B H
9 m 411.66 | 534.28 | 400.96 | 1028.75 || 626.51 | 328.49
m't || 410.21 | 532.92 | 399.86 | 1029.53 || 626.18 | 326.30
C H H H H W H
XEim 175.86 | 289.89 | 213.31 | 164.28 || 396.53 | 107.64
m't || 176.04 | 290.38 | 213.83 | 164.46 || 397.06 | 107.63
C W W W W H* W
Xz :m 412.49 | 534.45 | 402.42 | 1028.71 || 621.36 | 330.17
mt || 411.80 | 533.59 | 401.65 | 1028.35 || 620.57 | 329.53
C H* H* H* H* w* H*

Table 9.1.: Neutralino and chargino masses m at tree-level and m!'” at one-loop level in GeV and
main particle character C for the MSSM using the “Snowmass Points and Slopes” [3] and the
ATLAS SU4 point [163] benchmark scenarios.

mSUGRA mSUGRA GMSB

1 ‘ 3 ‘ 4 3’ 4 1 ‘ 2 ‘ 5
% m 210.79 | 210.97 | 89.08 208.78 | 196.82 || 472.48 | 472.53 | 203.30
m't || 210.61 | 210.77 | 91.45 208.55 | 199.51 || 472.38 | 472.39 | 203.30

C B B S 7% H B B S
X m 387.18 | 387.47 | 215.38 || 391.11 | 205.60 || 620.06 | 855.54 | 496.87
m'E || 387.10 | 387.37 | 215.58 || 390.82 | 205.24 || 620.06 | 855.53 | 496.81

C W 1474 H B H S w B
X3 m 971.11 | 942.27 | 217.09 || 941.92 | 327.26 || 854.13 | 2352.36 | 899.60
mil || 971.75 | 941.05 | 217.51 || 940.00 | 326.83 || 854.43 | 2352.49 | 899.98

C H H H H S 1474 H W
X3 m 976.52 | 943.16 | 330.51 || 942.49 | 330.44 || 1405.44 | 2355.92 | 1377.67
m'l || 975.14 | 942.79 | 331.01 || 943.05 | 330.95 || 1405.15 | 2354.84 | 1377.45

C H H B H B H H H
X2 m 2101.57 | 1421.70 | 608.43 || 1421.70 | 608.43 || 1412.41 | 4062.82 | 1383.97
m'E || 2101.57 | 1421.67 | 607.64 || 1421.66 | 607.65 || 1411.46 | 4062.84 | 1383.04

C S S w S w H S H
Xiim 387.16 | 387.48 | 201.36 || 208.83 | 201.36 || 854.11 | 855.53 | 899.59
m'l || 387.23 | 387.53 | 201.73 || 208.77 | 201.75 || 854.57 | 855.69 | 900.14

C W W H* W H* W W W
Xz :m 977.07 | 947.45 | 608.40 || 946.04 | 608.40 || 1412.29 | 2355.33 | 1384.24
mtl || 976.69 | 947.07 | 607.80 || 945.71 | 607.81 | 1411.62 | 2355.06 | 1383.51

C H* H* wW* H* w* H* H* H*

Table 9.2.: Neutralino and chargino masses m at tree-level and m!'” at one-loop level in GeV and
main particle character C' for the NMSSM using the mSUGRA [164] and GMSB [165] benchmark

scenarios.
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The neutrino masses m!'%(

v;) of the three left-handed neutrinos as a function of |&2/|A| are
shown in Figure 9.1. We set ¢4 = ¢ = €3 and Ay = Ay = A3z and choose a fixed value of
|A| = 0.235 GeV?. In case of BRpV the scenario is based on SPS 3, in case of the uvSSM with
one right-handed neutrino superfield on mSUGRA 1. In contrast we fix Ay = —As = A3 in
Figure 9.2, so that the sign-condition e A

2 Ao
———=<0 (9.1)

is fulfilled, resulting in a behavior described in [97, 121].
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Figure 9.1.: Three on-shell neutrino masses m'*(;) in eV as a function of |¢]2/|A] for a scenario

in a) (left) the uvSSM based on mSUGRA 1; b) (right) BRpV based on SPS 3.

> 10t g > 10% £
B L R [
T 0 T W0
3 & 3 8
S 10te TS
10'2§ 10’1§
10°F 107:
E e
]_0‘4§ . B 10—3§ _ )
f- jé/1A] L jé/1A]
1075 1 \\\HH‘ \\\HH‘ \\\HH‘ | L 10—4 \\HH‘ \\\HH‘ \\\HH‘ Lol
1072 10t 10° 10! 107t 10° 10 107

Figure 9.2.: Three on-shell neutrino masses m'Z(1;) in eV as a function of |&2/|A| using the sign-
condition defined in Equation (9.1) for a scenario in a) (left) prSSM based on mSUGRA 1; b)
(right) BRpV based on SPS 3.

The sign-condition allows a simpler fit to the solar angle, since it helps to decouple the atmo-
spheric and the solar problem by reducing the contributions from the b-term in the effective
neutrino mass matrix at one-loop level in Equation (6.187). We will therefore make use of this
sign-condition in the following. Both models show a similar behavior regarding the importance
of one-loop corrections as a function of the (effective) parameter ¢;: The absolute value of |€]
determines the neutrino masses m!'*(v1) and m'’(vy), which are generated at one-loop level,
whereas |A| sets the tree-level neutrino mass m!Z(v3) constant for small |€]. m,, is affected by
the one-loop corrections only for large values of |€]. For the explanation of the neutrino mixing
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angles the individual ¢; and A; have to be chosen differently. Dependent on the parameter point
in the urSSM as well as in BRpV in case of scenarios without sign-condition a level-crossing as
in Figure 9.1 a) can take place. It corresponds to a sign-flip between m!”(v1) and m'’(v3).

At tree-level the Yukawa couplings Y, of the leptons have to be adopted, such that the tree-level
lepton masses coincide with the experimental values. After we have fitted the tree-level lepton
masses m, to the experimental values, we define the relative one-loop correction

(9.2)

1L
5 — 'me — e

Me

Figure 9.3 shows the relative correction d. for the lepton masses at one-loop level for the scenarios
already presented in Figures 9.1 a) and 9.2 a) with respect to the neutrino masses. For reasonable
neutrino masses we find corrections to the lepton masses of d, < 10719, which are so small that
they are even for the electron below the experimental uncertainties. The shown dips have to be
understood as sign change, since we present the absolute value of the correction.
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Figure 9.3.: Corrections J. defined in Equation (9.2) for the three lepton masses (7 (black, solid),
1 (red, dashed), e (blue, dot-dashed)) as a function of |€]2/|A] for the urSSM as in Figure 9.1 a),
in detail a) (left) without sign-condition in Equation (9.1); b) (right) with sign-condition in
Equation (9.1).

To show the differences between the DR masses as defined in [97] or Section 6.3 and the on-shell
masses as given in Section 6.2.3 we make use of the benchmark scenario SPS 3 in BRpV and
refer to Figure 9.4 for the result.

Although there is a difference in the mass of the lightest neutrino m!%(v1), the mass differences
Am?,,, and Am? , defined in Equation (6.189) in both schemes are comparable, since they are
determined by the absolute values of m!'*(15) and m!?(v3). Comparing the on-shell with the DR
masses the largest mass m!”(13) is sometimes only for larger values |é] affected by the one-loop
contributions, since the on-shell renormalization tends to reduce their impact. However, we can
summarize that the two renormalization prescriptions are very similar for the neutrinos, whereas
for the heavy neutralinos and charginos and the leptons the corrections are much smaller in the
on-shell procedure in comparison to the DR renormalization. For the DR lepton masses 6, is
typically 0.3 — 2%, the corrections to the heavy neutralino and chargino masses are in the order
of a few per-cent [172]. Here we have found J. < 107! and corrections to the heavy neutralinos
and charginos in the per-mil range. As argued the mass differences due to the R-parity violating
parameters in BRpV and the urSSM with one right-handed neutrino superfield in comparison
to the MSSM and NMSSM for the heavy neutralinos and charginos are negligible.
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Figure 9.4.: Mass differences Am?2,, (black, solid) and Am?2 , (red, dashed) as a function of |2 /|A]

atm sol

for BRpV based on SPS 3 using the a) (left) on-shell masses defined in Section 6.2.3; b) (right)
DR masses as defined in [97].

9.1.3. Relation between A, ¢ and the neutrino mass differences/mixing angles

We are left with the discussion of the relations between the neutrino mass differences, the mixing
angles and the (effective) alignment parameters € and K. For all figures presented within this
section we fit the alignment parameters, such that the neutrino data bounds are fulfilled except
for the mass difference/mixing angle shown in the corresponding figure. We again refer to [17]
for the current neutrino data, which can be found in Table 2.1.

After we have fitted the atmospheric mass difference and the atmospheric mixing angle at tree-
level using A in accordance to [97], € respectively ¢ is used at the one-loop level to explain the
solar mass difference and the solar mixing angle. The correlation to € is more distinct than the
one to €, since a prerotation with the matrix N, according to € = N,& was performed, where N,
diagonalizes the tree-level neutrino mass matrix m¢ given in Equation (5.130).
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Figure 9.5.: Correlation between the alignment parameters and the neutrino mass differences for
the prSSM based on mSUGRA 1 (black), 3’ (red, dashed), 4’ (blue, dot-dashed) and GMSB 5
(brown, dotted) given in Table 9.2, in detail: a) (left) Am2,, in eV?2 as a function of [A| in GeV;
b) (right) Am?2 , in eV? as a function of |€] in GeV.
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Figure 9.6.: Correlation between the alignment parameters and the neutrino mixing angles for the
uvSSM based on mSUGRA 1 (black), 3’ (red, dashed), 4’ (blue, dot-dashed) and GMSB 5 (brown,
dotted) given in Table 9.2, in detail: a) (left) tan? 0,4, as a function of Ay/As; b) (right) tan? 0
as a function of € /é.

Thus, the vector g is perpendicular to A. In the models under consideration the mixing matrix
N, is exactly given by [117]

VASHAS A1 Ao A1Ag

1A VATEASIAL ATEASIN
N, = 0 ——s ——2 9.3
v /AZ+A2 /AZ+A2 (93)
Ay Ay As
A N A
First we comment on the atmospheric and solar mass differences Am?,,, and Am?2,. By con-

struction the atmospheric mass difference is correlated with |K|, whereas the solar mass difference
is determined by |€] as it can be seen in Figure 9.5 for various scenarios in the prSSM with one
right-handed neutrino superfield. Using Equation (5.136) we estimate the absolute value of A.
Figure 9.6 presents the the correlation between the alignment parameters A; and & and the
neutrino mixing angles using the definitions of Equation (6.190) for the same scenarios as in
Figure 9.5. The ratio Ay/Ag3 fits the atmospheric angle, whereas €; /€5 determines the solar angle.
The reactor angle is given by A1//A3 + A% [97], which can receive sizable loop corrections.
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9.2. Corrections to neutralino and chargino decays

In this section we show results for the corrections to the decays )2? — Xx; W and )Z:r — )Z?W+
in the (N)MSSM, which play an important role in SUSY cascades. Afterwards we focus on the
absolute corrections to the R-parity violating decays ¥ — I[TW~. Their relation to neutrino

mixing angles is worked out in the following chapter.

9.2.1. Two-body decays \} — x; W' and xj — xJW™ in the (N)MSSM

Sc. Decay I'Y (in GeV) | T (in GeV) | &1, 02 0142
=W 2.153 2.234 1.8% | 2.0% 3.8%
= Wt 2.181 2.256 1.8% | 1.6% 3.4%

LR = xyw | 3.206-1073 | 2.897-107% | —2.6% | —7.0% || —9.6%
X=X WT | 1542107 | 1.521-107! || —=1.9% | 0.5% | —1.4%
X; = XIW= | 25751072 | 2.561-1073 | 0.8% | —1.3% || —0.5%
Yo — XIW~ | 5.860-107! | 5.766-10"% | 02% | —1.8% || —1.6%
o — XoW~ 2.201 2.222 -0.3% | 1.2% 0.9%
W= W 2.085 2.153 1.8% | 1.5% 3.3%
= W 2.121 2.181 1.8% | 1.0% 2.8%
S X — Wt | 2.937-1072 | 27551072 || =1.7% | —4.5% | —6.2%
= oWt 1.302 1.352 -0.6% | 4.5% | 3.9%
XL = XYW~ | 2951-1073 | 2.910-107 || 0.7% | —2.1% | —1.4%
o = XYW~ | 5.684-107% | 5.552-1071 || 0.2% | —2.5% | —2.3%
o — XoW~ 2.115 2.141 0.6% | 0.6% 1.2%
X=Xy Wt | 4.719-1072 | 5.080-1072 || —0.3% | 7.9% 7.6%
XY= Xy Wt | 7.442-1071 | 7.288 107! || 0.2% | —2.3% | —2.1%
Al g7 = X9 | 1.623-1071 | 1.650- 107" || —0.9% | 2.5% 1.6%
o = XYW~ | 2.357-107% | 2.291-107 || 02% | —3.0% | —2.8%
o = XoW~ | 5.758 107! | 5.586-1071 || 0.2% | —3.2% | —3.0%
No = XaW ™ | 6.024-107% | 5.875-1071 || 0.2% | —2.7% | —2.5%
Xo — XqW ™ | 7.007-1072 | 6.963-10"2 | —0.3% | —0.3% || —0.6%

Table 9.3.: NLO corrections for the mSUGRA benchmark scenarios; ¢ is defined in Equation (9.4).

We discuss the NLO corrections to the decay widths )Z? — x; W7 and )Z;r — )Z?WJF taking the
NMSSM as example in this section. As long as the singlino is not involved, the discussed effects
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are transferable to the MSSM. For the mSUGRA and GMSB scenarios we show our results for
the decay widths in Tables 9.3 and 9.4 respectively. Beside the tree-level and one-loop corrected
widths the correction factor
Fl _ FO

is shown, which is split in the parts 0; = 0(5,4) due to squark and quark corrections and d;
containing the other contributions, which includes the hard photon emission for comparison
with [173]. Please note that for the renormalization of the electric charge and the wave-function
renormalization of dZy, all light fermions are always taken into account, since otherwise the
renormalization in the Thomson limit can not be guaranteed.

Sc. Decay I'Y (in GeV) | T (in GeV) | &1, P 0142
= x W 2.891 3.068 —0.2% | 6.3% 6.1%

4 1
= Wt 2.943 3.114 —0.1% | 5.9% 5.8%

Ll xy = xX9w— | 1.027-1072 | 1.028-107% | 0.0% | 0.1% 0.1%
T — X9W~ | 8.907-107° | 8.942-107° || —0.1% | 0.5% 0.4%
Xo = XW™ | 8.941-1071 | 8795107 | 02% | —1.8% | —1.6%
Xo — XOW ™ | 3.787-107% | 3.697-107% | —0.5% | —1.9% | —2.4%

o — XaW~ 2.962 3.126 —0.1% | 5.6% 5.5%
W= W 7.431 7.241 02% | —2.8% | —2.6%
= W 7.442 7.254 04% | —2.9% || —2.5%
2 0 xyWt | 1.164-1072 | 9.868-1073 || —3.4% | —11.8% | —15.2%
= oWt 1.890 1.851 -2.0% | —01% | —2.1%
X = XIW= ] 6.150-107% | 6.135-107% | 0.0% | —0.2% | —0.2%
o — XiW ™ 1.807 1.708 —0.7% | —4.8% || —5.5%
o — XoW~ 7.491 7.235 03% | =3.7% || —3.4%
= W 2.283 2.439 -0.3% | 71% 6.8%
X — Wt 2.333 2.485 —0.1% | 6.6% 6.5%

Ol X7 = XOW— | 1.462-107° | 1.453-107° || —0.3% | —0.3% || —0.6%
T = X9W ™ | 84241073 | 8.407-1073 | —0.1% | —0.1% | —0.2%
Xo = XYW~ | 1.279-1073 | 1.242-1073 || —0.6% | —2.2% | —2.9%
Xo — XOW~ | 7.898-1071 | 7.775-107 | —0.1% | —1.5% | —1.6%
Xy — XOW~ 2.339 2.486 —0.1% | 6.4% 6.3%

Table 9.4.: NLO corrections for the GMSB benchmark scenarios; d is defined in Equation (9.4).
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Figure 9.7.: a) (left): On-shell neutralino masses as a function of M; and the other parameters
according to mSUGRA 1 apart from x = 0.14. The red solid line marks B whereas the other states
are shown with black dashed lines; b) (right): Particle character for the bino state B as a function
of My: red (solid): Bino character |[Nj1|?, blue (dot-dashed): Higgsino character |Njs|* + |Nja|?,
black (dotted): Wino character |Nj2|?, green (dashed): Singlino character |Ajs|?.

In case that the neutralino has either large wino and/or Higgsino components the tree-level
widths are larger, since from Equations (5.143) and (5.144) follows that the W boson couples
cither to a wino(W?J)-wino(W¥) or a Higgsino-Higgsino combination. This accounts for several
at first glance surprising features like the fact that in mSUGRA scenarios 1 and 3 the width
[(xY — XgW™) is larger than T'(YY — W~x{) despite the smaller phase space. Also the
difference in dy in the decay Y, — X{W ™ in the scenarios mSUGRA 1 and 3 can be understood
from differences in the scalar sector. In general the corrections are of order 1 — 3%, but can
easily go up to 10%. Depending on the parameters the corrections can have both signs.

In the following we want to discuss the effects in case of a singlino or bino involved in the decays.
If the neutralino involved is either pure bino or pure singlino, the partial widths into a W
boson vanishes as it can be seen from the tree-level couplings in Equations (5.143) and (5.144).
Therefore, processes containing states, which are to a large extent bino or singlino in Tables
9.3 and 9.4 have small widths at tree-level. However, the corresponding couplings are induced
at one-loop level, which we investigate in more detail in the following. Note that we partially
consider a wide mass range being aware that neutralinos with masses above 1 TeV will hardly
be produced at LHC and might only be accessible at a multi-TeV lepton collider such as CLIC.
All the figures showing decay widths are based on tree-level masses m(f(zio) for neutralinos and
charginos ensuring that the final decay widths are UV and IR finite as well as gauge independent.
Taking into account the one-loop corrected masses m!'" ()Ziio), which are nearly identical to the
tree-level masses, for the one-loop decay width results in slight differences, which are hardly
visible in the shown figures.

Bino decays

We start with the consideration of a bino-like neutralino B, which is the neutralino mass eigen-
state with |[Aj1]? > 0.5. Taking benchmark point mSUGRA 1 we vary the gaugino mass M for
our subsequent numerical investigations. In addition we shift x from 0.11 to 0.14 to disentangle
different effects and to simplify our discussion. Figure 9.7 a) shows the corresponding neutralino
mass spectrum as a function of M;. The particle character of the bino-like state B is presented
in Figure 9.7 b). At the various crossings in Figure a) the index of the corresponding neutralino
mass eigenstate changes.
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Figure 9.8.: a) (left): LO (black, dashed) and NLO (red, solid) decay widths for B — x; W+ as a
function of M; for the spectrum of Figure 9.7; b) (right): Correction factor § in % defined in Equa-
tion (9.4) for B — ] W™ as a function of M;: blue (dashed): Squark and quark contributions,
black (dot-dashed): Other sectors, red (solid): Full correction.
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Figure 9.9.: a) (left): LO (black, dashed) and NLO (red, solid) decay widths for B — x5 W as a
function of M; for the spectrum of Figure 9.7; b) (right): Correction factor § in % defined in Equa-
tion (9.4) for B — X5 W™ as a function of M;: blue (dashed): Squark and quark contributions,
black (dot-dashed): Other sectors, red (solid): Full correction.

In Figure 9.8 a) we show the LO and NLO decay width of B — X1 W as a function of M;. At
M; ~ 1 TeV the bino crosses the Higgsino state resulting in a rise of the width with M; and the
subsequent decrease. With further increasing M; a negative interference of the Higgsino and
wino parts at tree-level occurs, so that a small LO decay width suffers large NLO corrections. We
note that here and in the following figures a Coulomb singularity occurs close to the kinematical
threshold, meaning close to m(B) = m(X{) + my, which has to be resumed. As this has not
been done, our plots start slightly above this region.

The relative size of the corrections are presented in Figure 9.8 b), where we again split the
squark/quark contributions from the additional ones. Kinks occur at the level-crossings in
Figure 9.7. Note that both parts of the correction can be of equal importance and that they
can either partly cancel each other or point in the same direction depending on the regions of
the parameter space. The fact, that the loop induced corrections can be of the same order of
magnitude as the tree-level widths, does not imply a break-down of perturbation theory, but can
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be understood as a consequence that in the limit of a pure bino the tree-level coupling vanishes
but the one-loop induced one is nonzero.

The LO and NLO widths for the decay B — X2 W1 with x5 being a Higgsino are shown in
Figure 9.9 a) as a function of Mj. In contrast to the decay discussed before there is a positive
interference of the wino-wino and Higgsino-Higgsino components in the LO couplings given in
Equations (5.143) and (5.144). The decrease of the couplings for increasing M; is compensated
by a phase space factor (m(B)/my)? according to Equations (5.146) and (5.149). Therefore, a
slight increase of the width with increasing M; can be observed. Again the corrections can be
sizable amounting up to about 15%.

Singlino decays

We define a neutralino to be singlino-like S in case of |Nj5|> > 0.5 resulting in similar features as
in case of a bino-like neutralino. However, there is one important difference: For a pure singlino
exists only a coupling to the doublet Higgs/Higgsino states and the singlet Higgs boson. Hence,
the squark/quark contributions should be of less importance compared to the bino case.
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Figure 9.10.: a) (left): On-shell neutralino masses as a function of x and the other parameters
according to mSUGRA 4 apart from A = 0.01. The green solid line marks S whereas the other
states are shown with black dashed lines; b) (right): Particle character for the singlino state
S as a function of s: red (solid): Bino character |Nj;|?, blue (dot-dashed): Higgsino character
INjs]? + |NVa|?, black (dotted): Wino character |Nj2|?, green (dashed): Singlino character |Njs|2.

The benchmark scenario mSUGRA 4 with a reduced A of 0.01 is convenient for our numerical
investigation, since it allows to have a relatively pure light singlino mass eigenstate. We vary s
between 2 - 1073 and 6 - 1072 leading to singlino masses between 100 GeV and 2.5 TeV. In this
rather light particle spectrum the Higgsino-like chargino has a fixed mass of m(ﬁc) = 201 GeV
and the wino-like chargino has a mass of m(xs) = 608 GeV. Figure 9.10 a) shows the mass
spectrum of the neutralinos, the particle character is presented in Figure 9.10 b).

We show the details for the decay S — X; W in Figure 9.11. Again the decrease of the
coupling due to the decrease in the wino and Higgsino components is compensated by an increase
of the phase space factor (m(S)/mw)? with increasing x. Figure 9.11 b) clearly shows that
the contributions of the quarks and squarks are less important compared to the bino case.
However the remaining contribution can amount up to 10%. The decay into the heavier chargino
shows similar features as it can be seen from Figure 9.12. The threshold effects due to on-shell
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Figure 9.11.: a) (left): LO (black, dashed) and NLO (red, solid) decay widths for S — Y7 W as
a function of s for the spectrum of Figure 9.10; b) (right): Correction factor ¢ in % defined in
Equation (9.4) for S — X7 W as a function of : blue (dashed): Squark and quark contributions,
black (dot-dashed): Other sectors, red (solid): Full correction.
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Figure 9.12.: a) (left) LO (black, dashed) and NLO (red, solid) decay widths for S — x; W as
a function of s for the spectrum of Figure 9.10; b) (right): Correction factor ¢ in % defined in
Equation (9.4) for S — X5 W as a function of : blue (dashed): Squark and quark contributions,
black (dot-dashed): Other sectors, red (solid): Full correction.

intermediate states in the loops are more pronounced in this case, mainly caused by sleptons

and Higgs bosons at m(S) ~ 1 TeV and by squarks at m(S) ~ 1.6 TeV.

Chargino decays

Next we want to address the corrections to the chargino decays taking the example of a wino-
like chargino W decaying into a bino- or singlino-like neutralino )2(1]72, being the two lightest
neutralinos in the benchmark scenario GMSB 5. We depart from the original parameters by
setting My = 300 GeV and u = 600 GeV to lower the particle masses further. Then we vary the
gaugino mass My between 100 and 2000 GeV. The resulting neutralino mass spectrum can be
found in Figure 9.13 a) and the chargino mass spectrum is shown in Figure 9.13 b). The two
light neutralinos have a nearly fixed mass of m(x}) = 89 GeV for the singlino-like neutralino
and m(x9) = 298 GeV for the bino-like neutralino.
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The two Figures 9.14 and 9.15 present the decays W+ — X?’2W+. Note that the peaks close to
M5 =~ 620 GeV can be explained by the level-crossing of the wino-like states with the Higgsino-
like states. The overall features of the widths and corrections are of course similar to the case
of the neutralino decays. The corrections are in the order of a few per-cent except for a region
close to My = 1.15 TeV for the decay W+ — OWT in Figure 9.15 where the tree-level couplings
to X3 nearly vanish due to a negative interference between the wino and Higgsino contributions.
We find that the squark/quark contributions are smaller than the remaining ones.
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Figure 9.13.: a) (left): On-shell neutralino masses and b) (right): On-shell chargino masses as a
function of My. The other parameters are as GMSB 5 apart from M; = 300 GeV and u = 600 GeV.
The red lines in b) correspond to the wino-like states and the two blue ones in a) to the singlino
state Y and bino state X3.
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Figure 9.14.: a) (left): LO (black, dashed) and NLO (red, solid) decay widths for W+ — W+
as a function of My for the spectrum of Figure 9.13; b) (right): Correction factor ¢ in % defined
in Equation (9.4) for W+ — YW as a function of My: blue (dashed): Squark and quark
contributions, black (dot-dashed): Other sectors, red (solid): Full correction.
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Figure 9.15.: a) (left): LO (black, dashed) and NLO (red, solid) decay widths for W+ — xJWw+
as a function of My for the spectrum of Figure 9.13; b) (right): Correction factor ¢ in % defined
in Equation (9.4) for wt - W as a function of My: blue (dashed): Squark and quark
contributions, black (dot-dashed): Other sectors, red (solid): Full correction.

9.2.2. Two-body decays ! — [T"W~ in R-parity violating models

In this section we want to discuss the absolute corrections to the R-parity violating decay
X} — ITW~ taking the example of the uvSSM with one-right handed neutrino superfield. We
use the NMSSM inspired scenario mSUGRA 4, where we vary x € [0.1,0.5] in order to have a
singlino- and a Higgsino-like lightest neutralino XY in comparison. Note that for x < 0.1 the
decay is near the kinematical threshold and for x > 0.5 a Landau pole appears. Figure 9.16 a)
contains the particle spectrum of the neutralinos as a function of k, whereas b) shows the particle
character of the lightest neutralino. In Figure 9.16 ¢) one can find the NLO decay width for the
decay x| — ITW~ and d) presents the relative correction as defined in Equation (9.4).

Of course, the choice of mSUGRA 4 does not fix the R-parity violating parameters. In fact,
the size and the sign of the corrections is strongly dependent on those parameters, either vy;
and Y or A; and €. For our example we fixed A = (0.31,5.21,2.02) - 1072 GeV2 and € =
(7.49,9.61,—6.57) - 1072 GeV in Figure 9.16. Since the solar mass difference and mixing angle
are induced at one-loop level, the corrections to the decay X} — e W~ are sizable and can be of
the order of the tree-level decay width or even larger. In contrast the corrections to the second
or third generation leptons X! — pu* W= or 7FW ™ are generally smaller, but remain of order
10%. Note that the neutrino bounds from Table 2.1 are only fulfilled for small values of k in
Figure 9.16.
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Figure 9.16.: On-shell neutralino masses, particle content of the lightest neutralino and decay
widths (¥} — ITW ™) as a function of x within the uSSM based on the mSUGRA 4 scenario
and A = (0.31,5.21,2.02) - 1072 GeV? and € = (7.49,9.61, —6.57) - 1073 GeV: a) (upper left)
Neutralino masses m!%(x?) (m'*(x9) (red, solid), m'*(x9 5 ;) (black, dashed)); b) (upper right)
Particle character |N}F|? (0¢ (red, solid), H, + Hy (blue, dashed), B (black, dot-dashed), W
(orange, dot-dashed)); c) (lower left) NLO decay width I'! (e (blue, dot-dashed), p (red, dashed),
7 (black)); d) (lower right) Relative correction ¢ defined in Equation (9.4) (e (blue, dot-dashed),
u (red, dashed), 7 (black)).






Chapter 10

Neutrino mixing angles and leptonic branching ratios

In this chapter we discuss the interesting feature of a correlation between branching ratios of
different leptonic final states in the R-parity violating decays of the LSP and the neutrino mixing
angles. This feature is specific to the class of BRpV schemes, since neutrino data fixes all R-
parity violating couplings in sufficiently small intervals. In case of explicit BRpV this has been
shown for a (bino-dominated) neutralino LSP in [118, 174, 175], for charged scalar LSPs in [176],
for sneutrino LSPs in [177, 178], and for chargino, gluino and squark LSPs in [177]. In case of
trilinear and bilinear couplings such a tight connection between LSP decays and neutrino physics
is lost to some extent. The question, whether those relations are also present in models with
effectively generated bilinear terms, was addressed in [100] for spontaneous R-parity breaking
and in [122, 156] for the prSSM confirming the behavior in explicit BRpV.

In the first section we focus on our work done in [122] presenting the correlations for the prSSM
with one right-handed neutrino superfields using tree-level decay widths in combination with
one-loop corrected DR masses and mixing matrices for the neutralinos including the neutrinos.
However, we pointed out already that in case of a singlino LSP the usage of one-loop mixing
matrices for the tree-level decay width results in an unexpected behavior, so that in the second
section we follow our work in [136]. Hence, we present the ratios of the full one-loop decay width
for X{ — IZWT not only for the 1 7°-model of the urSSM, but in addition for BRpV. In the
last section of this chapter we focus on the prSSM with two right-handed neutrino superfields,
where a tree-level calculation can be done consistently under the assumption that the conditions
in Equation (6.188) are fulfilled.

10.1. Tree-level correlations in the yvSSM with 1 v°

We will start our discussion with the consideration of a gaugino-like neutralino focusing on the
two-body decay X} — [TW~. Figure 10.1 a) shows the predicted correlation of the branching
ratios respectively decay widths to the atmospheric angle for various MSSM scenarios varying
the additional parameters of the purSSM, namely A, k. Note that the correlation gets more
pronounced using the full one-loop decay width in the next section or in the n generation case
without the need of one-loop contributions. In Chapter 8 we discussed in addition SPS 9,
where the degeneracy between the lightest neutralino and lightest chargino results in chargino
decays dominated by R-parity violating final states. Also these decays are correlated to neutrino
mixing angles: Figure 10.1 b) shows the ratio of decay widths I'(x{ — Zu*)/T(x{ — Z71) as
a function of the atmospheric angle similar to the I[TW ~ final states in case of a neutralino LSP.
This dependence is of course equal to the one of the branching ratios.

For some benchmark scenarios with a very light particle spectrum three-body decays are dom-
inant, which we will only consider at tree-level in combination with the one-loop corrected
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Figure 10.1.: a) (left) Ratio I'(x} — utW=)/T'(x) — 77 W ™) as a function of tan? 6,4, for different
SPS scenarios (SPS 1a’ (black), SPS 3 (red), SPS 4 (blue)) and for different values of A € [0.02,0.5]
and k € [0.05,0.3] with a dependence of allowed k() similar to [111] and to Figure 8.5 and
Ty = A-1.5 TeV and T, = —« - 100 GeV; b) (right) Ratio I'(y{ — Zp)/T(x{ — Z77) as
a function of tan? 044, for the AMSB scenario SPS 9 and for different values of A € [0.02,0.5],
Kk €10.1,0.6], Th = A-1.5 TeV and T); = —« - 100 GeV.
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Figure 10.2.: Ratio I'(Y} — erv)/T(X} — p1v) as a function of tan? 5, with same set of parame-
ters as Figure 10.1. Bino purity |[Ay1|? > 0.97. a) (left) Three-body contributions only; b) (right)
Two-body plus three-body contributions. For a discussion see text.

DR mixing matrix NZ. As it can be seen from Figure 10.2 the three-body decay Y — lilv
exemplifies a correlation to the solar mixing angle, where v denotes all three generations of
left-handed neutrinos. However, there are two main contributions to this final state, namely
N = EWT — liljv and XY — 7*1 — l;ljv. The former is dominated by the alignment parame-
ter A;, the latter is sensitive to €;, which induces the correlation to the solar angle in accordance
to Figure 10.2 a). Both contributions are shown in Figure 10.2 b). In case the W is on-shell
the observance of hadronic final states allows to calculate the leptonic final states to reduce the
two-body contribution. This improves the quality of the correlation significantly.

In case of the ATLAS SU4 point [163] (see Chapter 7) the LSP decays are dominated by three-
body decays ¥{ — ¢iqjp and O — l;l;v, whose decay widths are related to the neutrino mixing
angles as shown in Figure 10.3.

Finally we present the correlation for a singlino-like LSP using the three-body final state /;/;v.
The relation to the solar mixing angle for a singlino purity of |Nys5/|? € [0.75,0.83] and a singlino
mass m(x)) € [22,53] GeV is illustrated in Figure 10.4 without adding the contributions from
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Figure 10.3.: a) (left) Ratio I'(X} = ¢;q;1)/T(X} = ¢:;7) as a function of tan®fus,, for the SU4
scenario of the ATLAS collaboration [163]; b) (right) Ratio T'(x{ — erv)/T(x} — urv) as a
function of tan? 6, with same set of parameters as a). Bino purity |[Ay|? > 0.94.

the two-body decay in [TWT. The absolute values for the branching ratios are comparable to
the ones of the described SU4 scenario with a bino-like lightest neutralino. We want to add
that for the shown example the light Higgs S9 = h° decays to ¥)X} with a branching ratio of
Br(SY = h — x{xY) = (21 —91)%. However, we note that this result has to be taken advisedly,
since the two-body final states do not show the relations we expect from the consideration of
tree-level couplings using the one-loop corrected mixing matrices as we will see in the next
section.
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Figure 10.4.: Ratio T'(x? — erv)/T(x) — urv) as a function of tan? s, for the SPS 1a’ scenario
and A\ € [0.2,0.5], p € [110,170] GeV, x = 0.035, T\, = A- 1.5 TeV and T,, = —0.7 GeV.

10.2. One-loop correlations in the ;vSSM with 1 7° and BRpV

After focusing on tree-body decay modes we will now discuss the correlations for the two-body
decays ¥} — ITW ™ in more detail using the full one-loop decay width as theoretically explained
in Section 6.4 for the prSSM with one right-handed neutrino superfield and for BRpV. The
absolute size of the corrections compared to the pure tree-level calculation was already illustrated
in Section 9.2.2.
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In accordance to Section 5.5 the tree-level couplings can be approximated in terms of the align-
ment parameters A and €, which are connected to the neutrino mixing angles as shown in
Section 9.1.3. Therefore, one can expect the following tree-level relation:

% — ptwo) ~ Ora \?
rO(xy = 7+W~-) Or31

2
~ <ﬁ—z> ~ tan® Ouem (10.1)

However, it is a priori not clear, whether this relation also holds at the one-loop level. It
turns out that using one-loop corrected DR masses and mixing matrices N''* for the tree-level
decay width partially spoils the relation to the neutrino mixing angles and even further leads
to unphysical large corrections compared to the tree-level decay width. Performing the full
one-loop correction including the real corrections from photon emission in the on-shell scheme
described in this thesis retains the predictions at tree-level, resulting in:
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Figure 10.5.: Ratios I'(x{ — ptW™)/T(x? — 77W~) with T' = I'? in black, I' = I'! in red, dashed,
I' = T° with A% in blue, dot-dashed, I' = T'® with A2, U and V' in brown, dotted as a
function of Ay/Ag for the BRpV scenarios of Chapter 7: a) (left) SPS 2’; b) (right) SPS 3.

We start with BRpV taking two scenarios, where the lightest neutralino is either mainly a bino
(scenario SPS 3) or Higgsino (scenario SPS 2'), and present the results in Figure 10.5. The figures
do not only illustrate the tree-level and one-loop relations, but in addition the potentially false
relations obtained by using the one-loop mixing matrices for the neutralinos A% or in addition
the charginos U'* and V!! within the tree-level decay width T9(xY — ITW ™) presented in
Equation (5.146). Instead of showing the relation to the atmospheric mixing angle tan? 0,4, we
show the ratios as a function of As/Ag, which are connected to the mixing angle in accordance
to Figure 9.6. The reason is the more pronounced connection to the alignment parameters itself.
Note that the other R-parity violating parameters are fixed in such a way, that the neutrino
data are within their 20 bounds as given in Table 2.1. For the Higgsino-like neutralinos the
NLO corrections are generally more important than for gaugino-like neutralinos. In fact the
correlations using one-loop masses and mixing matrices can be off by a factor of 2 compared to
the complete NLO calculation. The latter one shifts the correlations up to 30% compared to
the tree-level result.

For the purSSM we highlight the correlation using the scenarios mSUGRA 1, mSUGRA 3/,
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mSUGRA 4’ and GMSB 5 presented in Chapter 7 in Figure 10.6. In case of the mSUGRA 4
scenario the width originates from the variation of the neutrino parameters within the 20 bounds.
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Figure 10.6.: Ratios I'(x? — ptW™)/T(x? = 7FW~) with ' = I'? in black, I' = T'! in red, dashed,
I' = I'Y with A'F in blue, dot-dashed, I' = I'° with N, U and V¥ in brown, dotted as a
function of As/A3 for the urSSM scenarios in Chapter 7: a) (upper left) mSUGRA 1; b) (upper
right) mSUGRA 3'; ¢) (lower left) mSUGRA 4’; d) (lower right) GMSB 5.

If the lightest neutralino is either mainly a bino, wino or pure Higgsino, we know from BRpV that
the approximated one-loop contributions using I'’ in combination with the one-loop corrected
mixing matrices show the expected behavior. As soon as the singlino component of the neutralino
gets sizable or even dominant, these approximations obviously fail and we have to refer to the
complete one-loop decay width I'! to obtain a reliable result. Figure 10.6 d) presents the case
of a singlino-like LSP using the scenario GMSB 5, where clearly the complete one-loop decay
width is needed for reasonable correlations. Figure 10.6 ¢) shows the relation for a Higgsino
with a purity of 91.7% and a subdominant singlino component of 6.9%. Also in this case the
full one-loop decay width is advisable.

The reader might wonder about the reason for this misleading ratios in case of a singlino com-
ponent of the lightest neutralino. In case of a pure singlino the second and the last term of the
left-handed coupling Op;; shown in Equation (5.143) cancel at tree-level. If the tree-level mixing
matrix A\ is replaced by the one-loop mixing matrix A''% this cancellation is spoilt, leading to
unreasonable results for the decay widths and necessarily the ratios of decay widths. However,
taking into account the complete one-loop corrections restores this effect.
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10.3. Tree-level correlations in the yvSSM with 2 v°

In this last section we want to consider the connection between LSP decays and neutrino mixing
angles for the prSSM with two right-handed neutrino superfields, which can be done consistently
on tree-level without the need of one-loop corrections in case the conditions of Equation (6.188)
hold. Since the structure of the approximated couplings in Section 5.5 is different, some addi-
tional features show up in case of n = 2.

According to Section 6.3 we have two possibilities to fit neutrino data, which was already impor-
tant for the decay length of a singlino-like neutralino as seen in Section 8.2.1. For completeness
we recall that in case of fitl A; was used to fit the atmospheric scale and «; for the solar scale,
whereas fit2 was working vice versa.
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Figure 10.7.: a) (left) Ratio I'(x) — u™W)/T(x? — 7tW~) as a function of tan®6us,; b)
(right) Ratio I'(Y) — etTW™)//T(X} — ptW=)2 + (] — 7+ W )2 as a function of sin® O for
a bino-like LSP. Bino purity |[Ay1|? > 0.9. Neutrino data is fitted using option fit1.
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Figure 10.8.: a) (left) Ratio I'(Y) — eTW™)//T(X} — ptW=)2 + D(x] — 7t W )2 as a function
of tan? 6, for a bino-like LSP. Bino purity |Ayi|? > 0.9. Neutrino data is fitted using option fit2;
b) (right) Ratio (Y — eTW™)//T(X} — ptW=)2 + T(xY — 77 W )2 as a function of tan? 05,
for a singlino-like LSP. Singlino purity |[Ny5|? > 0.9. Neutrino data is fitted using option fit1.

Given the approximated couplings in Section 5.5 a bino-like lightest neutralino couples propor-
tional to A;, whereas for a singlino-like neutralino the coupling is proportional to the alignment
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parameter a;. Using fitl we show the ratios T'(x? — p*W=)/T(x? — 7tW ™) as a function of
tan? 044 and T(X) — et W) //T(X) = ptW)2 +T(x) — 7t W )2 as a function of sin? fp
for a bino-like neutralino in Figure 10.7. The correlation using a pure tree-level calculation is
more pronounced than in the 1 °-model, implying that the ratio |¢|2/|A| is much smaller. In
case of fit2 a correlation of I'({) — e*W™)//T(X) — ptW—)2 + (X — 7t W )2 to the solar
mixing angle is induced as shown in Figure 10.8 a).
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Figure 10.9.: a) (left) Ratio I'(x{ — ptW~)/T(x) — 77W~) as a function of tan?0,,,; b)
(right) Ratio I'(Y — et W™)//T(X) = ptW=)2 + T(X§ — 77 W~)2 as a function of sin” §p for
a singlino-like LSP. Singlino purity |[Ni5]? > 0.9. Neutrino data is fitted using option fit2.

For the case of a singlino-like neutralino the correlations and types of fit to neutrino data are
swapped with respect to the gaugino-like LSP case: The couplings in Equations (5.143) and
(5.144) are proportional to «; instead of A;, so that a scenario with a singlino-like LSP and fit1l
(fit2) is similar to a bino-like LSP and fit2 (fit1). This is demonstrated for the solar angle in
Figure 10.8 b) and the atmospheric and reactor angle in Figure 10.9. In order to determine
the case of fit the particle character of the lightest neutralino is crucial. Its determination is
possible to a good accuracy at CLIC or the ILC, but might be difficult at the LHC. Note that the
correlations for a singlino-like LSP presented in [156] for the 3 7°-model cannot be reproduced
completely in the 2 7°-model.

Although all shown results in this section were based on SPS 1a’ we checked that for the other
benchmark scenarios the results do not change. Similarly to the two-body decay modes also
three-body decays like ¥{ — qiq;l, mediated by a virtual W boson, are correlated to neutrino
mixing angles.

Lets us add a final comment: In case of n > 2 right-handed neutrino superfields, the effective neu-
trino mass matrix will have additional terms with respect to the one given in Equation (5.139).
However, these contributions from additional right-handed neutrinos might be sub-dominant.
Thus, if these additional right-handed neutrinos produce a negligible contribution to the neu-
trino masses but are at the same time the LSP v%, the correlations between the decays of v and
the neutrino mixing angles is lost.






Chapter 11

Conclusion

As pointed out in the introduction fundamental questions about the origin of masses for particles
and physics beyond the standard model might be answered in the near very exciting future for
particle physics. This thesis contributes to the understanding of extensions of the minimal
supersymmetrization of the standard model and their phenomenology at colliders like the LHC.
We presented the scalar and fermionic sectors of the NMSSM, bilinear R-parity violation and
the pvSSM at tree-level highlighting the physical parameters of each model. For the LHC phe-
nomenology of supersymmetric models the mass spectra of the squarks and sleptons, the scalars
and pseudoscalars as well as the neutralinos and charginos are crucial, since they determine the
detailed form of SUSY cascade decays. Therefore we worked out the one-loop contributions for
the neutralino and chargino mass matrices including neutrinos and leptons and two-body decays
of the form )2(])» — )ZlinF using an on-shell scheme. Whereas for the MSSM on-shell one-loop
corrections were discussed in various publications, the corrections in the MSSM extensions un-
der consideration were not yet known. Since the number of free parameters at tree-level in the
neutralino and chargino sector is lower than the number of conditions imposed in an on-shell
scheme, one-loop mass corrections to the neutralinos and charginos in the MSSM and NMSSM
had to be taken into account. Within this discussion we put special emphasis on the gauge in-
variance of our calculation by choosing a pinch technique for the renormalization of the mixing
matrices, the reason being that the pinch technique is easily extendable to the discussed models.
The two-body decays contain the real emission of a photon to obtain an infrared finite result.
Due to the presence of left- and right-handed couplings the real emission does not factorize in
the two-body decay width times a factor containing the Bremsstrahlung of the photon.

After the analytical formulas we also presented numerical results for the one-loop contributions
in the various models under consideration: In the MSSM and NMSSM the mass corrections to
neutralinos and charginos in the on-shell scheme are small of order per-mil, whereas in a DR
scheme they are known to be of order per-cent. In R-parity violating models the limited number
of physical parameters in the neutralino and chargino sector at tree-level also induces corrections
to lepton and neutrino masses in the on-shell scheme: We have shown that the corrections
to lepton masses are tiny, below the experimental uncertainties, whereas the neutrino masses
obtain similar corrections as in case of DR calculations. Thus, the full neutrino spectrum can be
explained at one-loop level in bilinear R-parity violation and the uvSSM with one right-handed
neutrino superfield using an on-shell scheme, where at tree-level only one neutrino acquires a
mass, so that finite one-loop corrections are needed.

For various particle characters we illustrated that the two-body decays )Z? — )ZliI/V¢ can receive
sizable corrections at the one-loop level in the (N)MSSM. In case of small tree-level decay width
due to a cancellation of wino and Higgsino contributions the corrections can be even larger
than the tree-level decay width itself. Moreover for a pure singlino or bino the tree-level width
vanishes, such that one-loop contributions had to be considered to make reliable predictions. In
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case of the R-parity violating decays X{ — [*WT of the lightest neutralino in bilinear R-parity
violation and the pvSSM with one right-handed neutrino superfield the one-loop corrections can
also be large, in particular for an electron in the final state. For the numerical analysis of the
one-loop corrections carried out in this thesis we developed the programs MaCoR and CNNDecays,
which are described in the appendix.

For the prSSM with one and two right-handed neutrino superfields we presented the LHC
phenomenology with special focus on light singlet states in the scalar/pseudoscalar as well as
the fermionic sector. Since the R-parity violating couplings are small compared to the (N)MSSM
soft SUSY breaking parameters, the uvSSM, but also BRpV, provide similar SUSY production
cross sections and decay chains. The phenomenological difference to the (N)MSSM is the final
decay of the lightest neutralino and decays of the lightest Higgs. We calculated the decay
length of the lightest neutralino, which can result in displaced vertices within the detectors of
the LHC. However, if a singlino-like lightest neutralino has a mass below 30 GeV the decay
length might exceed several meter, so that a measurement of the final decay might not be
possible. For the latter feature the masses of the lightest singlet scalar/pseudoscalar states are
crucial, since the decay YJ — SZQ (Pio)u significantly reduces the decay length of the lightest
neutralino, if kinematically allowed. Apart from a scalar/pseudoscalar final state the lightest
neutralino decays are either dominated by two-body decays involving a heavy gauge boson or
in particular for smaller masses of a bino- or singlino-like neutralino by the three-body decays
into [;l;v or ¢;q;l/v. Another interesting difference compared to the MSSM phenomenology are
non-standard Higgs decays like SZQ — %Y into a pair of lightest neutralinos, which further
decay. Hence, non-standard Higgs decays into up to six leptons or quarks in combination with
displaced vertices and missing energy are possible. However, from the phenomenological point
of view the purSSM with one right-handed neutrino superfield is identical to the NMSSM in
combination with bilinear R-parity violation. In case of more than one right-handed neutrino
superfield we pointed out that in specific scenarios of a singlino-like neutralino the decay length
is correlated to the neutrino mass scale. Whereas for one right-handed neutrino superfield the
singlet scalar/pseudoscalar states are close to the singlino in mass, in case of more fields the soft
SUSY breaking terms allow for the decoupling of the sectors. If several light scalars are present
in particular the decays of the MSSM-like lightest Higgs h and the bino-like neutralino might
help to determine the number of right-handed neutrino superfields in the urSSM.

Finally we discussed in great detail the pronounced correlation between branching ratios of the
lightest neutralino decay and the neutrino mixing angles in BRpV and in the prSSM with one
and two right-handed neutrino superfields. This feature is mainly independent of the SUSY
parameter point, but determined by neutrino physics only. Apart from the tree-level results
for the three-body decays in the prSSM with one right-handed neutrino superfield we focused
on the correlations of the two-body decays ) — I*WT in BRpV and the puvSSM at one-loop
level, the reason being that one-loop corrected masses are needed for the explanation of the full
neutrino spectrum. We demonstrated that in particular for singlinos as lightest neutralino full
one-loop corrections for the decays have to be taken into account to obtain the expected tree-
level correlations. Lastly the distinct correlations in the prSSM with two right-handed neutrino
superfields were worked out, where a pure tree-level calculation can be performed consistently.



Appendix A
Tadpole equations and mass matrices in the yvSSM

In this section we summarize the tadpole equations and mass matrices for the urSSM with n
right-handed neutrino superfields. The superpotential of the urSSM can be found in Equa-
tion (4.9), the soft SUSY breaking Lagrangian in Equation (4.11). All the results can be repro-
duced with MaCoR, which we present in Appendix F.1. Except from the squarks the rotation
from gauge to mass eigenstates was already described in Section 5. The masses of the neutralinos
including the neutrinos and the charginos including the leptons are part of Section 5.3.

A.1. Tadpole equations

Using the scalar potential of the urSSM, which can be deduced from Equation (5.1), results in
following minimization conditions:

v 1 1 1 .
0= 9oy :5(92 + g WPvg + mi g + §vd)\k)\fvckvcl + gvdvg)\k)\k
1 ., 1 o . 1 o ‘
- gvfsvu(ﬁmk + KR Ag) — Zvivckvcl{)\kyull + A (V) - Zvivz‘(AkYJk + (V)
1
~ 5tk (TN + (1)) = 0 (A1)
ov 1 1 1 1
tg =S = §(92 + g'2)u2vu + m%{uvu + gvu)\k)\fvckvcl + 52}2%)%)\}; - gvgivd(mk)\}z + KL A\k)
u
1 . ) 1 ) ) 1 ) .
+ gvivgk(ﬁZYﬁk + g (V7)) — §Udvuvi(>\}iyﬁk + A (Y5)*) + §UuUinY5k(Yu]k)*
1 N 1 .
+ §UuYJk(Yu”) VekVel — ﬁvdvck(Tf +(T)")
+ Lv-v (T + (THF)*)y = 0 (A.2)
2\/5 (3 Ck v 1 .
v 1 1 Ly |
t) = 90, :g(gz + g%t + §(m%U + m%jz’)vj - Zvdvi()‘kyulk + )‘k(Yulk)*)
K
1 o o1 e -
+ ngkUU(“kYqu + R (YER)*) — Zvdvckvcl()‘kyyll + (V%)
1 o _ 1 o ‘ .
o (VA0 (58 + s (VRS 4+ (7))
1 ‘ ‘
+ ﬁvuvcm + (1)) =0 (A.3)
oo, 1 1
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1 1 . A . .
+ 55+ vDva e + AN + Jogea (VR + ()Y

1 , A A A 1
+ quiosta((VR) Y+ V) = s (T + (1))

2v/2

1 ) ) A A 1 A .
- Zvdvivd()\Z‘YV’k + MY £ Y (YD) 4 ﬁvuvi(Tlﬁk + (T7F)*)

1
+ {5 (T,ljlm + (Tflm)*) =0 (A4)

These equations imply a summation over ¢,7 =1,...,3 and k,[,m = 1,...,n, only ¢ is fixed in
case of t) and k in case of t(c)k.
A.2. Scalar matrices

Here we give the mass matrices of the scalars and pseudoscalars including the sneutrinos and
the charged scalars including the sleptons.

A.2.1. Charged Scalars

The quadratic part of the scalar potential, which contains the charged scalars, is of the form

Ve =S~ TM2.8% (A.5)

with the following particle content:
STT = (Hy)  HY & i 5, i, 7°) (A.6)
ST = (Hy, (HF)' .7, @), (0 (7)) (A7)

Méi is the (8 x8)-mass matrix of the charged scalars, which is presented in Landau gauge £y = 0,
resulting in a massless Goldstone boson. For the general case of R¢-gauges the contributions in

Section 5.2 have to be added. It can be split in the following form:

.I.
2 2
a3 = | M <MH2i> (A8)
My Mg

The (2 x 2)-matrix M%; is given by:

1
(Mfrir) 1y =mi, + 5 (6% + g%)vg + (67 = g™)(vg — vf = 5 —23))

1 1
+ §>\k)\fvckvcl + 5 (YeYeT)ijvj
HH)12 _49 UV Vq 9 kAL UuVd 4 EREVUck 2’quz k\ Ly \/EUCk by
2 2 *
(Miir)g = (Miga),

1
(M) gy =mi, + g[(92 + g% + (g% — %) (v] +v7 + 05 + v3)]

1 1 , .
+ §Ak)\fvckvcl + §Uckvclek(YVZl) (A9)
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Again a summation over i,7,4',5' = 1,2,3 and k,I,m = 1,...,n numbering the right-handed
neutrino superfields has to be performed, if one of the indices does not show up on the left-hand
side of an equation. The (6 x 2)-matrix, that mixes the charged Higgs bosons with the charged
sleptons, is given by

M2
M?. = ( HL> (A.10)
=\,
with: 1 1 ' 1
(Mip), :Zg2vdvi - §>\ZYVuvckvd — 5 <YeYeT> U
2 1, I wovin 1 wpik 1 ik (1 jh 1 ik
(MHL)Z.2 :Zg VUi — Z:‘ik’l}ckYV + §vuvd)\kh,/ — §vuijl, (YR — EvckTy
1 . ) 1 ,
2 _ k . *
(Mirg) ;= — §quck(Yeﬂ)*YJ ~ Y (17")
2 1 Jiyx 1 Jiyxy gk
(MHR)Z'Q = — §Akvckvj(Ye ) — §Ud(Ye ) YV Vek (A.ll)

Finally, the (6 x 6)-mass matrix of the charged sleptons can be decomposed as follows

M? M?
M2 = < LL LR) (A.12)
-\ Mg, Mzg
with: 2 2 1 12 2 2 2 2 2 2 1 2
(MLL)Z']‘ = mi)ij + g(g — g7 )(vg — vy, + vy + vy +03)di; + 19 v

M,%R =— §AkvckvuYe + %vdTe
My = (Mg)'
(M), =(m3); + 3070 — 03 — 0} 3 — )0
+ %vfl (YJ Ye>ij - %ij,(yg’i)*yg’ﬂ' (A.13)
A.2.2. Neutral Scalars
In the basis ,
ST = (0§, 08, 751, 7f%) (A.14)

the scalar potential includes the following term
1 o /
Vgo = 550 Mz, s (A.15)

with the ((5 + n) x (5 4 n))-matrix M3, of the neutral scalars, which we decompose in the

following form: 9 9 2
Miry Mg M HL

T
M2 = | (MEs) Mg M| (A.16)

T T
2 2 2
(MHL> (Mi S) M2
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The matrix elements are given as follows:
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(MIQ{H) 9=~ Z(gQ + g'z)vdvu + AsALvqvy — gvgk()‘k“k + A\pkk)

1 . A
= St OY + A(YH)) -
2 2
(MHH)21 = (MHH)12
1
(Mirn) g5 =miz, — 5(92 +9”)(vg — 3v, + vf + v3 + v3)
1 1
+ 5)\k)\2kvckvcz + 57)62[)%)\;; +

ﬁvdm (1))

1 o 1 __
§vckvczY3k(YJl)* + §vivj(YJk) vk

1 A A
- §vdv,~(A;Y3’“ + M (YF)9) (A.17)

1
Oy Vek (Ahk + Akky) + §vdvcl(>\k)\7 + ApA1)

1 ) ) ) )
“0ivg (ALY 4+ A (VI 4+ X YR 4 0 (YR

1 *
— T+ () -

2v/2
1 * * 1 * *
(MFrs)y =— Zvdvck()\k"% + Aikp) + Evuvcl()\k)\l + ApA)

1 k k 1 ik ik 1 ik ik
— ——vg(T + (T + —=v; (T 4+ (TH)*) + o0 (KLY 4 ki (YVIF)*
2\/5 d()\ ()\)) 2\/5 Z(l/ (1/)) 4Ck Z(kl/ k(u))

1 o ‘ ‘
+ 5 Vuva YR+ (V)Y (A.18)

v

(M%) =7(0% + g™)vavs = TURORYE + A(VH)) = Jrava VY + M(¥1))

1 1y, s . 1 ‘ -
(M27), == 706>+ 9vavi + U (RYE 4k (V9)) = Souva(ARYs* + M(Y))
1 . . . . 1 ‘ .
+ gy (YO + (V) + oo+ (1)) (A.19)

1 *
Zvdvu()\]t/ﬁk + )‘k/’?k)(skl

1 1 «
(M3s),, =3 ((mZe) + (mBe)u) + —(AMT + M) (v 4 vl) —
3 1 1 . ) . )
+ Al F VO + 4quz(HkY’k + ki (VER) )61 + Zvi[(yﬁk)*yu’l + YRV

1 ) ) ) ) 1 ) ) ) )
+ o[V Y+ VIR = qoav (VY + MR+ () + AV
1
+ g ten(TE + (TH™)) (A.20)



A. Tadpole equations and mass matrices in the uvSSM 135
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A.2.3. Pseudoscalars
In the basis

POT = (89, 6%, 5t ) (A.23)

wr

the scalar potential includes the following term
1 / /
Vpo = §P0 vz, P | (A.24)

with the ((5+n)x (54n))-matrix M3, of the pseudoscalars, which we decompose in the following
form:
Mpy  Mps My,
T
M2, = | (M) . Mis  ME | (A.25)
2 2 \T 2
(MHL) (MZg)" ME;

The individual elements are given by:
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A.2.4. Squarks

We have not yet addressed the impact of R-parity violating couplings in the urSSM for the
squark mass matrices, which should be done in this short section. Using the gauge eigenstates
i)' = (g, tgs) = (@, a5*) and a similar one for d; we can write the quadratic part of the

(1
scalar potential containing the squarks in the form

V,g=a Mz +dTMEd (A.32)

where the hermitian (6 x 6)-matrix ng with § = @ or d is given by

M2, M2
M2 = kb “TdLR . (A.33)
e < q2RL q2RR

Using the (3 x 3)-identity matrix I3 the individual blocks for % and d are

MgLL = %vi (YJYUT) +m% + (%92 _ ﬁga) u2[3
M2, 5 = —tvepvads (V) + dvavs VP (V) + %vu (T)

Mg = 3vi (YY) + (m3 )T + 3% I (A.34)
and
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.I.
2 _ (2
Mg, = (MJLR)
T
Mg = 3va (Yd Vi) + (mfic) — 159”0’ I3 (A.35)

The mass eigenstates of the squarks are obtained by
G=R'{ and G =RLY | (A.36)
where the unitary rotation matrices diagonalize the hermitian mass matrices according to
G172 (pa\t
= RIM; (R7) : (A.37)

2
Mij,diag.






Appendix B

Expansion matrices in BRpV and the yvSSM

In this section we present the expansion matrices £, £;, and £ as they appear in the approximated
diagonalization matrices of the neutralinos and charginos of Section 5.3

_ N NeT (U Uc&%) _ < Ve VC££>
N - <_VT£ VT ) ) U= <_§L 1'3 ) V= —ER 1-3 . (Bl)

Using the abbreviations in Equations (4.10), (5.132) and (5.133) and the determinant shown in
Equation (5.134), the elements of £ in case of BRpV are given by:

__gMip
2DetO PV

m~Uq -
ADetBRPY

/
M.
_9 QNAi
2Det(

fig= -+ —L
=G A
' o 4DetBRPV

§i1 &g = (B.2)

MUy

§ia = (B.3)

With the determinant in Equation (5.135) instead of Equation (5.134) we get for the urSSM
with one right-handed neutrino superfield:

g Mo

§in = W(vdvu)\z +mrp); (B.4)
0
M
iz = —milﬁ(vdvuv +mpp)A; (B.5)
0
€; m
Eig = —— + ——TL—— (N20g(v2 4+ v2) + 2mpuvy)A; B.6
7 [ SIuDet(l)M,,SSM( ( d u) u) g ( )
m
§ia = — Tt (A 003+ 0) + 2mpva)A; (B.7)
0
Am.
Sis = 4\/§Det17u/SSM (v — v A (B.8)
0

In case of the urSSM with two right-handed neutrino superfields the expansion matrix £ is of

the form ) ) €
gij = K/]\AZ + Kg[ozl- — ;(5]'3 (Bg)

with €;, A; and «; defined in Equations (4.10), (5.132) and (5.138). The K and K, using the
definitions of a,b, ¢ in Equation (5.140) can be obtained from

K) =

29' M. 29' M.
gMopt g1 29 Moy
m~ M~y
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2gM 2gM
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A= T e 58SM —
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with the determinants from Equations (5.134) and (5.141). The expansion matrices {7, and &g
in U and V are in all models given by

Y
(gL)il \/5Det+
2
€ g o\
(SL)Z‘Q - _ g un
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where the determinant Dety of the chargino mass matrix yields

1
Dety = Mou — 5922}(12}“ . (B.12)



Appendix C

Passarino-Veltman integrals

In this section we will provide the necessary information about one- and two-point functions in
the notation of Passarino and Veltman. In particular the derivatives of the two-point functions
Bgo1 and By - being relevant when using Re-gauge - should be presented in all detail.

C.1. Notation and basic integral

The notation of Passarino-Veltman integrals in their general form T}, "7 was presented in Sec-
tion 6.1.2. We emphasized the important role of the special integral I,,(f?) for our calculations:

d

@R 1 xQ)E [, 1
In(fQ) T 2‘7.‘.2 /d k(kQ _ fZ)n - i?Td/Q /d k(kZ _ fQ)n
d
(1) (@23 L =2 paon (1)

I'(n)
The last equality should be deduced in all details. Therefore some basic formulas are needed:

D> I'(z) function with expansion for z — 0:

I'(z) = /00 ditt*"le™" with T(z241)=20(z) and T(1)=T(2) =1

0
I'(2) =9 L e+ O(2) with ~vg = —/ dtlnte™ (C.2)
Z 0
D> d-dimensional unit sphere:
d /2
d*Q = ] (C.3)
r(3)
D> special integral:
o (t+1f L'(f)

At first we perform a Wick rotation to get from Minkowski to Euclidean space to be able to use
d-dimensional polar coordinates:

/ dk® = —/ dk® = z/ d(ik%) = z/ dk?, (C.5)
—00 +i0c0 +ioc0 —00
I e I (C.6)
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With this Wick rotation (kg again called k) we get:

L(f% = %/ddkﬁ = (—1)"%72/)22%/ddkm
= (-1 4”625/;_4 /dd / dkk?! k2+f2)
= (—1)"(47Q?)? %F(%) (? )”/0 dkk® 1W
- (—1)"(4WQ2)2_%F(2%) (f2)”/0 dtf21 (tf? )% )(t+11)”

( — %l) fd72n (07)

To regularize the UV divergences we set d = 4—2¢ with € > 0 in the following sections. Regarding
the special cases n = 1,2, 3, one gets:

L(f?) = —(4nQ?)T (=14 )22 =% g2 <A +1+In <?§)> +0(e) (C.8)

L(f?) = (rQ)T(e)f* < At (?j) + O(e) (C.9)

B(f%) = ~(nQY 3T+ 2% 2 0 (C.10)
where we have defined

A= % — v + In(47) (C.11)

with the Euler-Mascheroni constant g from Equation (6.10).

C.2. Scalar integrals

Next we want to calculate the scalar integrals Ag, By and By before focusing on the tensor
reduction in the following section. The scalar 1-point function Ay is given by Ag(m?) = I (m?).
Therefore the result is:

4—d 2
Ag(m?) = %/ddkkz _1m2 — m? [A+1+ln (%)} (C.12)

1T

Some more work has to be done for the scalar 2-point function, which is defined by:

(27 Q)1 1

2 d
in? /dkw—wmx%+p>—m@

Bo(p?,mi,m3) =

(C.13)
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To be able to use I(f?), we have to linearize the denominator by using the Feynman parametriza-
tion, which is generally defined by:

1 r ... 1 1 5 )l a1
a1 an (al i hi an) / dry ... / dxy, (xl e T ) o1+ +§n (C'14)
g1t gn Llar) - Tlan) Jo 0 (m1g1 oo Tpgy) T

In this simple case we obtain:

2 27TQ4 Cr o Sz +y—1)
Bo(p?*,mi, m3) = /d k:/ dm/ dy —m%)+y((k+p)2—m%))2

27TQ4d d
AL / T =

27Q)* 4 1
= (WLQ/ dx/ddk ,  (Ca5)
i 0 ((k+p—xp)? — 22p? + xp? + x(m3 — m3) — m3)

Substituting k + xp — k leads to I(f?) with f? = 22p? — xp® + x(m? — m2) + m%:

1
Bo(p?,m3.m3) = (47Q%)T(e) /O dz (a9 — op + a(m? — md) +m3) (C.16)

Now we can use an expansion in the parameter e:
o
—elnz)™
re=> {zela)? (C.17)
n=0

Thus, for By a straightforward calculation shows:

1 2,2 .2 2 _ .2 2
Bo(p*,m3,m3) = A — / doln TP I :C(gnl my) + m (C.18)
0 Q
Please note that the integral over x is symmetric in my and mg by substituting x — 1 — =,
which becomes obvious when writing f? = —p?z(1 — ) +2m? + (1 — z)m3. This already implies

Bo(p?,m?,m3) = Bo(p?,m3,m?). At the very end this leads to

2 2 _ 2 1
By(p*,m3,m3) = A—|—2+ln< @ )—i—ml 2m21n<@>_m112712 (——r>lnr, (C.19)

mimeo p mi p r

where r and % denote the negative roots of the polynomial

2 2 2
mi;+ms5—p
12

mimsa

z+1=(x+7) (w—l—%)

The derivative of By with respect to p? yields:

0

BO(an ’I’I’L%, m%) = —BO(an ’I’I’L%, m%)

2 2 2
_ mj —mj mo mime [ 1 1 re+1
= ———F—In (—)—i— 1 (;—7") lnr—?<1+r2_1lnr (C.20)
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C.3. Tensor integrals

Lorentz covariance in d dimensions allows us to decompose the tensor integrals in terms of scalar

integrals. We want to present a simple example. Starting with

27Q)" K"
B, 0.m7) = % /ddkk2((k +p)? —m?)

we use Lorentz covariance to write:
B*(p®,0,m?) = p*B1(p*,0,m?)

The calculation of B; can now easily be done by contraction with p,, yielding:

2mQ)* ¢ pk
Bl =B, = / d’k
Pumm =P i K2((k + p)2 — m?)

Re-expressing pk = 5 [((k +p)? — m?) — k? — (p* — m?)] we get:

SO 0 1C.2) P W C.10) bl U
pB“‘iLfﬁf_/dkﬁ__Tﬁf_/dk@?ﬁfiﬁ
2 2y (21Q)* ¢ d 1
0 =S [ )

Therefore By can be written in the form:

1

Bl p27 07 m2 -

[40(0) = Ao(m?) = (p* = m*) Bo(p*, 0,m?)]

In this way we get for the A and B tensor integrals in terms of scalar integrals:

1 1
Aoo(m2) = Zm2A0(m2) + §m4

1
Bl(p27m%7m%) = 2—]92 [(m% - m%)(BO(p27m%7m%) - BO(07m%7m%))]

1
- 530(]92’ m%’ m%)
1

BOO(pQ’ m%a ’I’I’L2) = 6

| Ag(m3) + (* = m3 + m3) By (p?, mi, m3)

1
+2m%Bo(p2,m%,m§) + mg + m% — gpQ]
1
Buu(p,m3, m3) = 3 | Ao(m3) — mi Bo(p”, md, m)

1
200 = md + ) BAGP  d) + (47 — 3 3|

1
BOOl(p27m%7m%) - g [Qm%Bl(p27m%7m%) - Ao(m%)

1
U = 4 ) B, ) — (i +4m3 52

(C.21)

(C.22)

(C.23)

(C.24)

(C.25)

(C.26)

(C.27)

(C.28)

(C.29)

(C.30)
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B (p*,mi,m3) = — Ag(m3) +3(p* — m3 +m?)Bi1(p*, mi, m3)

4p?
+2m2 By (p*, m?, m3) — é(Zm% + 4m3 — p?) (C.31)
C.4. Special cases for B functions
PV integral UV behavior PV integral | UV behavior

Ay m2A Ago %m‘lA
By A By —IA
Boo = (3m1 +3m32 — p?)A Bn A
Boo1 3 (—2m? — 4m3 + p?)A Bin —IA
Coo %A Coo1 -4
Cooz —5A
Boo -LA Boo A

Table C.1.: UV divergent parts of the Passarino-Veltman integrals.

The following special cases turn out to be useful in the numerical evaluation. Here we give
only the finite parts and summarize the UV divergent parts of the functions appearing in the
calculation in Table C.1.

2
By(0,0,m?) = By(0,m?,0) =1+1n (Z > (C.32)
1 Q? Q?
Bo(0,m3,m3) =1+ ——— |mjl —mjln (= C.33
0(0,m7,m3) +m%_m% [ml n<m1> ms n(m% (C.33)
Q2
Bo(0,m* m?) = In <m2> (C.34)
Q2
By(p®,0,0) =2 +1n (F) + i (C.35)
Q? m? — p? 2
BO(pQ,Oamz) = BO(p2am2,0) =2-+1n <W + T In{1- W (036)
2 2 1
Bo(p?,m?*,m*) =2+1n (%) - T;—Q <; - 7°> Inr (C.37)
2 Q?
Bo(m*,m*,m*) =2+In|{— | —m (C.38)
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C.5. Derivatives of the B functions

First we present the general results for the derivatives and afterwards the special cases. Again
we only show the finite parts, whereas the UV divergent parts can be found in Table C.1.

2 2

Bo(p?,m3,m3) is given in Equation (C.20).

2

B1(P27m%7m2) :2_

Boo (pQ, m%, m%)

Bi1(p?,m3, m3)

3001 (pQ, m%, m%)

: 2 2 9
By11(p”, m7, m3

):W[

1 [(m = ) Bo(p?,md ) + (m = m) B0, md )

—p(m} —m3 + p?) Bo(p?, mi, m3) | (C.39)
o1 [~30mE = m3)2Bo(0,mt )

+3(m{ — 2mim3 + mj — p*)Bo(p?, mi, m3)

—p (3P, m3, m3) Bo (0, mit, m3) + 27) | (C.40)

605 [2(m1 — ma)(my + ma)(2m3 — 2m3 + p*)Bo(0, m?, m3)
= 2(p*(m} — 2m3) + 2(m} — m3)*) Bo(p?, m}, m3)
+2p*(p*(mi — 2m3) + (m} — m3)® + p*) Bo(p*, mi, m3)

0P Ag(m3) + p(m3 + md)] (C.a1)

1
1440 [6(m? —m3)(2(m] — m3)* — p*(mi + 2m3))Bo(0, m3, m3)

+6(p?(mi — m3)(mf + 3m3) — 2(m§ —m3)® + p°) Bo(p*, mi, m3)
+6p*(mi —m3 + p?)
(=2p%(mi +m3) + (m] —m3)* + p*) Bo(p*, mi, m3)
+6p%(m3 — m?)Ag(m3) + p*(3m] — 3mj + 4p4)] (C.42)
3(mi — m3)(2p*(m — 2m3)
+3(mi —m3)* + p") Bo(0,mi, m3)
— 3(p"(m — 3m3) + 2p°(m} — 3m3)(mi — m3)
+3(mi —m3)*)Bo(p®, mi, m3)
+3p*(mi —m3 +p*)((mf —m3)? — 2m3p® + p*) Bo(p*, mi, m3)
= 6p* Ag(m3) (m —m3 + p?)
+p2(3m] + 2mip? — 3mi + 4m%p2)] (C.43)

In subsequent formulas for p? = 0 we use the abbreviations

2 2 m2
K = log (%) , Ko = log (%) , K3 =log (ﬁ) . (C.44)
1 2 1

Thus we get for my # mg # 0

BO(O,m%,mQ) =

2,,2

mj + 52—
2 2
mi —m;
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Bi(0,m}, m3) =

Byo(0,m?, m3) =

Bll (0 ml y m%)

B001 (0 m1 s m%)

1 4 2 6 2.4 6
m [—3m1m2 (2K3 =+ 1) — le + 6m1m2 — My
1

— m%)3 [— (6K1+5) m? +9(2K; +3) m‘llmg

72(m?
—9 (2K + 3) mimj + (6K + 5) mS)]
1
24(mf — m3)°
+6m§ —

[4m§m3 (6K3 + 5)

36m1m2 + 12m1m2 2m2:|

(12K + 13) m — 8 (6K + 11) m{m3

288(m? — m3)*
+ 36 (2}(2 + 3) mim3s — 8 (6Ko + 5) m3m$
+ (12K + 7) mj]

. 1
2 2\ 8, 2
Blll(o,ml,m2) = W [—5m1m2 (12K3 + 13)
—12m1° — 120m$m3 — 60mimS + 20mim§ — 3my’]
and for the remaining cases:
By(0,m?,m?) = L B1(0,m?, m?) = L
Y 6m? B 12m?2
. . 1
2 2
BO(O707m ):2—2 Bl(o,o,m ):—W
Bo(0,m?,0) = — Bl(OmZO):L
0 ) ) m2 7 ) 3m2
: 1 Q? 1
2 2 2
Byo(0,m*,m*) = —Elog <m2> B11(0,m* m?) = 502
Q* : 2
Boo(0,0,m~) T [6108; (W) +5} B11(0,0,m") = 1om?2
1 Q? . 9 1
Boo(o,m O) = —5 [610g <W> + 5:| BH(O,m ,O) = —4m2
Boo1(0,m?*,m?) = — log Q—2 B111(0,m?,m?) = — L
001 (0, 2 =G 111(0, m7, 30m2
1 Q? . 9 1
B 121 B -
001(0 0 m ) 288 [ og< 2> +7] 111(0,0,m ) 202

. 1 2 . 1
BOOl(O,mz,O) 288 [1210g <Q—2> + 13:| Bln(O,mz,O) = ——

5m2

]

(C.46)

(C.47)

(C.48)

(C.49)

(C.50)

(C.51)
(C.52)

(C.53)

(C.54)
(C.55)
(C.56)
(C.57)
(C.58)

(C.59)






Appendix D

Vertex corrections for the decays I, — F,)/W*

In this chapter we show the generic formulas for the NLO vertex contributions to the decays
F; — F,WW¥* in the 't Hooft-Feynman gauge £y = 1. The program CNNDecays [157] also contains
the formulas for the general R¢-gauge, however their presentation would spoil this thesis. The
formulas for the self-energies can for example be taken from [179] allowing to calculate the
derivatives with respect to p?>. Within CNNDecays they can be found in the folder corrections
and the particle insertions in callcorrections.

Figure D.1.: Generic Vertex NLO corrections.

Figure D.1 illustrates the generic contributions to the matrix element My,. All contributions
have the same generic structure:

My =——u(py)7* (Pp My + Pry) u(k)e (p2) (D.1)

“16m2 "

] *
+W5(P1) (PLMy + PrMY) u(k)e, (p2)

Together with the individual matrix elements for the six Feynman diagrams we denote in addition
the particle combinations to be inserted in these diagrams for the decay Y° — ¥~ W neglecting
generation indices. The following notation is used: S° stands for one of the scalar states, P°
for one of the pseudoscalars including the Goldstone boson and ST for one of the charged
scalars including the Goldstone boson. Note that scalars, pseudoscalars, charged scalars and
the neutralinos and charginos are supposed to contain the (s)neutrinos and (s)leptons. The
indices of couplings and masses in the generic formulas have to be understood in the following
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150 D. Vertex corrections for the decays F; — FW=+

form: F; and F, denote the decaying and outgoing fermion, W the external W-boson, whereas
F, Fi2, S, S12, V or Vi represent possible internal fermionic, scalar or vector particles. It
is understood implicitly that one has to sum over possible flavor and generation indices of the
internal particles.

The vertex in Figure 6.5 a) contains two internal fermions and one scalar. The couplings are
abbreviated as follows:

O1 = Oprv,.(Fp, F1,W), Oz = Ofprv,r(F2, F1, W) (D.2)
O3 = Ofps,.(F1, F;, S), O4 = Ofps,r(F1, Fi, S) (D.3)
Os = Opps,1.(Fy, F», S), O¢ = Orrs,r(Fo, F2, S) (D.4

The arguments of the Passarino-Veltman integrals in the following formulas are as follows:
Bo(m%/,m%Q,m%l) and C’i,Cl-j(m%,v,m?,mg,mf%,m%l,m%). P~ossible particle insertions in the
notation SF; F, are given by SOx0x*, POx0x*, SEx*X, tud, ddu. The individual contributions
are:

M, = — O1[O3mp, (Oemp,Co — OsmoCh) + O40¢mp,mi(Co + C1)]

+ 0105m,Co(Osmp, + Ogm;) + Oo [Og(OG(m%CO +m?Cy + By — 2Co

—m2(Co + C1 + Cs)) — Osmp,my(Co + C1 + C2)) + O40gmpm;Ch] (D.5)
M, =01 {O305mp,m;C1 + O4 [O5(m%Co + miC1 — me(Co + C1 + Co)

+Boy — 2Cn0) — Ogmp,mo(Co + C1 + Ca)]}

+ 02 {O3m;(Ogm,C2 — Osmp,(Co + C1))

+O04mp, (Ogmo(C1 4+ C3) — Osmp,Co) } (D.6)
My, =py2{0104 [O5m,(Cra + C2 + C22) — Osmp, (Co + C1 + C2)]

+0206(0O4mp, C1 — O3m;C12)}

+ p52{0206 [O3m;(Cy + C12) + Oymp, C1] — 010405m,(C1 + 2C12)} (D.7)
My, =pi2{0105(03mp, C1 — O4m;Cha)

+0203 [Osmo(Cr2 + Ca2 + C2) — Osmp,(Co 4+ C1 + Co)|}

+ ph2{0105(03mp, C1 + O4m;(C1 + C12)) — 020306m,(C1 + 2C12)} (D.8)

For the vertex in Figure 6.5 b) we define:

O1 = Ogsv (51, 52,V) (D.9)
Oz = Ofps,.(F, F;, S1), O3 = Ofrs,r(F, F;, St) (D.10)
O4 = Ofps,(Fy, F, S2), Os = OrFps,r(Fo, F, S2) (D.11)

For completeness we note that in case of O; the following internal momentum combination
appears (ps, — ps,) over which of course has been integrated. The Passarino-Veltman integrals
below have the arguments C’i,Cij(mg,m%,v,m?,m%,m%Q,mél). Possible pNartiNCIe insertions in
the notation F'S;S, are given by x°S08%, y*5+80, {VP0S*, y*S*PO, wid, ddu. The different

parts are:

MLb =2010505Cy (D.12)
MQJ, =2010304Cy (D.13)
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M?!,L,b =ph 01 {O3(05mp(Cy + 2C2) — O4my(Cy + 2C12))
—0205m;i(Cy + 2C52)} — 2pY 01 {O205m;i(C12 + C + C32)
+03 [04mo(C1 + C11 + C12) — Osmp(Co + C1 + C2)]} (D.14)
Mﬁb =2pi' 01 {O2 [O4mp(Co + C1 + Cs) — O5m,(C1 + C11 + Ci2)]
—0304m;(C12 4+ Co + Ca2)} + phO1 {O2 [Oamp(Co + 2C3)
—O05mo(C1 4 2C12)] — O304m;(Cy + 2C92)} (D.15)

For the vertex in Figure 6.5 c¢) we define:

O1 = Ofrv,.(F1, F;, V), Oy = Orrpv,r(F1, F;, V) (D.16)
O3 = Oprv,.(F, F1,W), Oy = Ofprv,r(F2, F1, W) (D.17)
Os = Ofrpv,.(Fo, 5, V), O¢ = Orrv,r(Fy, F2,V) (D.18)

The arguments of the Passarino-Veltman integrals are Cj, Cj; (m%[,,m?,mg,mf%,m%l,m%,) and

Bo(m?,,m%,,m% ). Possible particle insertions in the notation VI Fy are given by Zx°xT,
W F> F1 p

Wxtx?. The final result is:

My . =20105 {03 [m3Cy + m2(Cy — Cz) — m2(Co + C1 + 2C»)

+m12/VCQ + By — 2000] — O4mp1mF2C'o} —2090406m;m,C5 (D.19)
My . =20206 { Oy [m§,Co + mi (Cy — Ca) — m2(Co + Cy + 2C5)
—i—m%/VCg + BO — 2000] — OngImF2Co} — 2010305mim002 (D.QO)

M;’c :4p’f {02 [0305mF102 + O4(O5mp202 + OGmO(CQ + 022))]
—010305m;(Cy + C12)} — 4ph {O2 [0305mp, C1 + O4(Osmp, (Co + C1)
+06mo(Cy + C11 + Cr2 + C2))] — 010305m;(C1 + C11)} (D.21)
My =4py {01 [03(05mo(Ci2 + Cag) + Ogmp,C2) + 040mp, Co]
—020406m;i(Cy + Ch2)} — 4p5 {O1 [03(05mo(C1 + Ch1 + Chz2 + Co)
+Ogmp, (Co+ C1)) + 0406mp, Cr] — 020,06mi(Cy + Ci1)} (D.22)

For the vertex in Figure 6.5 d) we define:

O1 = Orpv,.(Fy, F, V), Oz = Oprv,r(F,, F,V) (D.23)
O3 = Ofps,.(F, F;, S), O4 = Orrs,r(F, F;, S) (D.24)
05 = Oy v (S, W. V) (D.25)

2 2

The arguments of the Passarino-Veltman integrals are Cj, Cij(mg, m%/V, msi, mep, m%/, m%) in the

following formulas. Possible particle insertions in the notation FSV are given by x*S++,
XESEZ, X0SOW, XOPOW. Tt yields:
Ml,d :05(0103mFC’0 — 0104mi02 + 0203m001) (D.26)
M27d :05(0104m001 — OQOng’CQ + OQO4mFC’0) (D.27)
M;d =2p!f01040501 (D.28)
M‘ﬁd =2p;f02030501 (D.29)
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We define for the vertex in Figure 6.5 e):

O1 = Orppv,L(F, F;,V), Oy = Orpv,r(F, F;,V) (D.30)
O3 = Opps,L(F,, F,S), O4 = Opps.r(F,, F,S) (D.31)
Os = Ogyy (S,W,V) (D.32)

The Passarino-Veltman integrals, which appear in the following formulas, have as arguments
C;, Cyj (m?,m%{,,mg,m%,m%,m%). Possible particle insertions in the notation F'V'S are given
by ¥°ZS*, xTW SO, xTW P°. The individual contributions are given by:

M; . =05(—0103m,Cs + O104mpCy + O204m;Ch) ( )
M; . =05(0103m;Cy + O205mpCh — 0204m,C5) ( )
My, =2(p) + py)020405C1 (D.35)
My, =2(p} + py)010305C1 (D.36)

Finally for the vertex in Figure 6.5 f) we define:

O1 = Orrv,L(F, F;, V1), Oz = Orrv,r(F, Fi, V1) (D.37)
O3 = Ofrpv,.(Fy, F, V3), O4 = Orpv,r(F,, F,V3) (D.38)
Os = Ovyy (W, V1, Va) (D.39)

For completeness we note that Os has the following internal momentum contribution over which

has been integrated: ((p"jl —ply)g”? +...). The arguments of the Passarino-Veltman integrals

are Cy, Cj; (mg,m%v,m?,m%,m%@,m%/l) and Bo(m%,v,m%@,m%/l). Possible particle insertions in

the notation F'V;V, are given by x*W+, X°ZW, x*W Z. In this case the vertex contributions
have the form:

M ; =05 {0 [03(2mECy + mZ (207 + 3C5)

+m2(3C1 + 2C3) — 2miy (C1 + C2) 4 2By + 4Co0) + 304mpm,Co)

+302m; [O3mpCy + Oymo(C1 + C2)]} (D.40)
My ¢ =05 {301m;(O3mo(C1 + C2) + OympCyp) 4+ O2 [303mpm,Cy

+ 04(2m%Co + m? (201 + 3C3)

+m2(3C1 + 2Cs) — 2miy (C1 + Ca) + 2By + 4Co0)] } (D.41)
M;,f = — 205 {p} [0103m;(2(C12 + Ca2) — C1) + O2(303mp(Cy + Cs)

+04m,(2(C11 + Cr2) — C2))] + P [0103m;(C 4 2C32)

—02(04my(C1 — 2C12 4+ Co) — 303mpCs)]} (D.42)
My = =205 {p} [01(03mo(2(C11 + C12) — C2) + 304mp(C1 + C2))

+0204m;(2(Cr2 4 Ca2) — C1)] + Py [0204m;i(C2 + 2C2)

—01(03my(C1 — 2C12 4+ C) — 304mpCs)]} (D.43)



Appendix E
Technical aspects of one-loop calculations

We present the technical aspects of our calculations of masses and decay widths at one-loop
level for the NMSSM using the mSUGRA 3 scenario and focus on the arbitrarily chosen decay
)Zg — X7 W, for proofing the UV and IR finiteness and the gauge independence.

E.1. Masses

The on-shell masses as we have defined them in Section 6.2.3 are UV and IR finite as well as
gauge independent. For the mSUGRA 3 scenario under consideration we show the one-loop
masses of the neutralinos and charginos in Figure E.1 as a function of the UV parameter A
as defined in Equation (6.10) and as a function of the photon mass m.. In both cases no
dependence on the parameters for the individual masses can be seen, meaning the masses are
constant, which implies they are UV and IR finite.

2 g mm————————————————————————— o] 2 i m——————————————————————————
& 1400F O 1400
g g r
1L>1200 - 1£>1200 r
E P
_* 1000 _® 1000
= =
© s0f > 800}
A @ [
= 600 = 600
400 400}
D)) = e e e o D)) [ e e e
T I I B N Y Y Y I B Y I
0% 102 10° 10?2 100 1060 10° 100 102 0% 108 10% 10% 102 10° 10® 10 10 102 10°
A m,, in GeV

Figure E.1.: One-loop on-shell masses of neutralinos m'%(x?) (dashed) and charginos m!*(xY)
(solid) as a function of: a) (left) the UV parameter A as defined in Equation (6.10); b) (right)
the photon mass m.. In both cases the masses are constant and independent of the A and m,.

Since we have used a DR renormalization of tan 3 as defined in Equation (6.115) the masses
of neutralinos and charginos are dependent on the renormalization scale () as it can be seen
from Figure E.2 a). Since the renormalization of tan 5 only enters nondiagonal elements in the
neutralino mass matrix, the sum of the neutralino masses is independent of ). This statement
is not valid for the chargino masses, since those are calculated from the squared chargino mass
matrix, implying that the dependence of nondiagonal elements enters the trace of diagonal
elements of the squared matrix. However, note that the residual () dependence is small, typically
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154 E. Technical aspects of one-loop calculations

only O(0.1) GeV over several orders of magnitude in Q. In case of R-parity violation we checked
that for the neutrino and lepton masses the relative dependence on () is comparable to the
one of neutralino and chargino masses. By construction the calculated masses are also gauge
independent as it is shown in Figure E.2 b).
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Figure E.2.: a) (left) Mass difference m(Q) —m(mz) for the one-loop on-shell masses of neutralinos
m(x?) (dashed) and charginos m!”(x?) (solid) as a function of the renormalization scale @ in

GeV; b) (right) One-loop on-shell masses of neutralinos m'*(x?) (dashed) and charginos m'*(x9)
(solid) as a function of the gauge parameters £ = &y = &z = €a.

E.2. Decay widths
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Figure E.3.: a) (left) Individual contributions to I'" in GeV as a function of m., in GeV, in detail:
I'% (black, solid), I'" + I'l, + I'ty (blue, dashed), I'f (orange, dashed), I'* (red, solid); b) (right)
Individual contributions to T'' in GeV as a function of @ in GeV, in detail: FlcT(ég) (orange,
dashed); I'L(6U,8V) (purple, dashed); Tt (6N) (green, dashed); T (62w ) (brown, dashed);
L (62°%) (magenta, dashed); T'L,(02F) (gray, dashed); T't, (blue, dashed); T (black, solid); I't
(red, solid).

Similar to the masses we want to discuss the technical aspects of the one-loop calculations
concerning the decay widths taking the example X3 — ¥; WT. In Figure E.3 a) we show the
cancellation of the photon mass dependence between the vertex and counterterm contributions
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I’%/ and I’lcT and the real emission of a photon I'®, implying that the final one-loop decay width
I =T0%4T}{, + Tl 4+ T is an IR finite quantity.

Next we focus on the dependence on the renormalization scale ), which vanishes for the decay
width T'!, since the DR renormalization of tan 8 does not enter the one-loop correction as long
as the one-loop masses are not used for the calculation. The cancellation of the individual
contributions to the counterterm and the vertex correction, which are dependent on @), can be
seen in Figure E.3 b) together with the fact, that the sum is a renormalization scale independent
result.
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Figure E.4.: Individual contributions to I'! in GeV as a function of the UV parameter A, in detail:
Itr(8g) (orange, dashed); T, (6U, 6V) (purple, dashed); T'ip(6N) (green, dashed); T (6Zw)
(brown, dashed); It (62°) (magenta, dashed); I'Lp(6ZF) (gray, dashed); '}, (blue, dashed); I'?
(black, solid); I'* (red, solid).

We are now left with the cancellation of the UV divergences between the various contributions,
which we show in Figure E.4. All individual counterterms and the vertex correction are depen-
dent on the UV parameter A, which we defined in Equation (6.10). However, the sum results
in a UV finite decay width I''. Last but not least we want to focus on the gauge independence
of our calculation, which can be seen from Figure E.5. In Figure E.5 a) we varied £ = {y = £z,
whereas we fixed 4 = 1. In contrast Figure E.5 b) shows the variation of all gauge parameters.
Please note that dg is gauge independent, since the individual contributions from the renormal-
ization of the electric charge and the Weinberg angle cancel. Moreover the contributions from
ON and 6U, 8V are gauge independent by construction. All the other contributions can show a
gauge dependence, which cancels after summing up to the full decay width IT'!.
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Figure E.5.: Individual contributions to I'! in GeV as a function of the gauge parameters ¢, a) (left)
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Appendix F

Programs

In this chapter we describe the two programs, which were developed for the presented work and
thereafter we list all public and commercial programs being used in the context of this thesis.

F.1. The Mathematica package MaCoR

In the context of R-parity violating models the Mathematica package MaCoR (Masses and
Couplings in R-parity violating SUSY) was written, which calculates the mass matrices and
couplings for bilinear R-parity violation and the urSSM with n right-handed neutrino super-
fields. It provides in addition the scalar potential and allows to calculate the tadpole equations.
Moreover MaCoR handles the MSSM and the NMSSM and is easily extendable to an arbitrary field
content as long as no additional gauge groups are added. For the urSSM with one right-handed
neutrino superfield and BRpV the results were cross-checked against the program SARAH [180)]
except from the 4-point scalar interactions, which were not needed within this thesis. In the
following we will explain the basic features of the program, which can be downloaded from [181]
for the NMSSM or can be obtained from the author for the various other models:

2| MacoRNMSSM.nb

SetDi rectory [Not ebookDi rectory [1] 29:
/ homey stefan / uni/ MaCoR 33:
<<l agrangi anNVBSM. i’ 37

Model file for the generation of the Lagragian of the NMSSM, S. Liebler 2010
Definitions Morcover the following

Dirac part n be used for the caleulation of couplings " DiracParticle[i ]"

Generating kinetic Lagrangian

Generating Superpotential , D ~Terms and Gaugino interactions
Generating Soft ~breaking Langrangian

Generating Lagrangian , Please hold on'!

~ Lagrangian without kinetic terms

- Lagrangian with kinetic terms

- Partial Lagrangians

~ Scalar potential

Definition of particles 2
Definition of ThreePointCouplings -1
Definition of MassMatrixFunction To g
Ready for takeoff! CorrFFs

Use the following particle content " Particle[i,#]" with i being CorrSSw = -i,

the generation index/ number of particles in species and t being:

1 sin L2 osin .3 slepin . 4 slepins
5 Si%0 , 6 Pir0 LT Re(snul) . 8 Im(snuli),
- - - - €2, 1]
9 suli . 10: suin~dag , 11: sdi . 12: sd_i~dag
13 A[0] .14 A1)

By default the gauge bosons have lower indices, namely «, A, o, ¢ for A, Z, W+, W-—. For vertices
with more than one equal gauge bosons, a new index w is introduced automatically .

Use the following particle content " ParticleWey! [i,]" with i being

the generation index/ number of particles in species and # being for fermionic

particles, if you want to calculate mass matrices:

1 Fino) .2 Fif0(2) 3 Fir0(l)hdag |, 4 Fi70(2)"dag
. 6 onuli(2) . 7o nuli(l)rdag ., 8 nui(2)"dag
. N (xScalar Mass Matrixsx)
L 100 Fife(2 .1 Fife(1)~dag MassMatrixFunction [Particle[tl, 5], Particle[t2, 5]][[1, 1]]
1 1 3g’vevd® glvewu’ 3gst’ vevd?  gst? vew?
= vevS? A Conjg(A) + = vevu® A Conjg(A) + ————— ———— + - +MHd2
2 2 8 8 8

. 24: lepi~-(2)"dag
. 260 uli(2) ., 270 ui(1)~dag ., 28 ul(2)"dag,

157
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MaCoRNMSSM.nb |3 4| MacoRNMSSM.nb
MassMatrixFunction [Particle[t1, 5], Particle[t2, 5]1[[1, 2]] (xChiObar , Chimi, W*-+)
vev$ Conjg(TA) 1 i i ings [ (t1, 31,
————— 4+ vevd vevu A Conjg(A) -~ vevS> A Conjg (k) — DiracParticle [t2, 2], Particle[t3, 13], Ga[4]]
I 4
V2 Pl: g (2 Conjg(Nm(12, 2)) Um(t1, 1) + V2 Conjg(Nm(12, 3)) Um(1l, 2)) ob(£)(1)
[ [ [ TA vevs K
~ vevS® k Conjg(1) -~ g7 vevd vevu - = gst® vevd vevu - ———— Pt [\/2 Conjg( Vim(t1, 2)) Nm (12, 4) -2 Conjg( Vim(tl, 1) Nm(12, 2)} a()(1)
4 4 4 N7 2
MassMatrixFunction [Particle[tl, 5], Particle[t2, 5]][[1, 3]]
vevu Conjg(Th) i 1 TA vewu
—————— +vevd vev$ A Conjg(A) — = vevS vevu A Conjg(x) —= vevS vevu & Conjg(d) —
242 2 2 242

(x!1Tadpole equations!!x)

D{Vscalar, vevs] /. vec(a ][b_] » 0
vevs? Conjg(Te)  vevd vevu Conjg(TV) 1

+= vevd? vevS A Conjg(1) —
242 242 2

1
vevd vevS vevu A Conjg(x) —~ vevd vevS vevu k Conjg(1) + vevS® x Conje(k) +
2

T u
2v2 2v2

(x!1Three point couplings!!Scalars and gauge bosons!!s)

1
= vevS vevu® A Conjg(1) + MS2 vevs +

(PO, Spm, W+) (xHere Ga[3] specifies the W boson!!x)
(+Note the momentum structure!!s)
Simplify [ThreePointCouplings [Particle [t1, 6], Particle(t2, 1], Particle[t3, 13], Ga[3]]]

1
— g (Rpl(12, 1) Rpse(tl, 1) +Rpl(12, 2) Rpse(tl, 2)) ((P(PO(t1) (o)) (1) =(P(Spm(2)) (o)) (1))
2

(*!1Four point couplings!!s)
(450,50, W, W)

FourPointCouplings [Particle [t1, 5], Particle[t2, 5],

Particle[t3, 13], Particle(t3, 13], Ga[3], Ga[4]]

1

— (g? Rse(tl, 1) Rse(12, 1) (=g (£, o)) — g > Rse(tl, 2) Rse(12, 2) g (£, o))
2

(x!1Three point couplings with fermions!!s)
has to be

We briefly want to present the basic functions of the Mathematica package MaCoR: The deriva-
tive D [Vscalar,vev] with vev = vevd, vevu, vevS respectively allows to calculate the tadpole
equations. Fermionic mass matrices can be obtained by MassMatrixFunction[.,.] inserting
two Weyl spinors ParticleWeyl[gen,par], whereas Particle[gen,par] specifies scalar/pseu-
doscalar particles and gauge bosons. Therein gen denotes the generation index of the particle
under consideration and par determines the particle itself. For example the charged scalars S,
are given by Particle[t, 1], the neutral scalars S? by Particle[j,5]. Loading the Lagrangian
of a model gives the list of all available particles and their antiparticles and the corresponding
numbering. Three or four point interactions can be derived using ThreePointCouplingsl(., ., .]
or FourPointCouplings([.,.,.,.], where in case of a gauge boson Particle[t1,13] the ad-
ditional argument Ga[i] with ¢ = 1 for the photon v, ¢ = 2 for the Z boson and i = 3,4 for
the W+ bosons has to be added. Three point couplings involving fermions can be calculated
by DiracThreePointCouplingsl(.,.,.], where the first two particles have to be the fermions
and the last particle can either be a scalar or gauge boson, where in the latter case again Ga[i]
specifies the gauge boson.

MaCoR has been used to calculate all the couplings and mass matrices for CNNDecays, where they
are included in the folder couplings and the file oneloop/treemasses.f90 as explained in the
next section.

F.2. The program CNNDecays

For the calculation of the on-shell masses as described in Section 6.2.3 and the full NLO cor-
rections for the decays )Z;-—L — )Z?Wi and Y9 — X?Wi including the R-parity violating decays
)Z? — l~/,j€FI/I/jE we provide the program CNNDecays, which was published in [135] and can be ob-
tained from [157]. Recently also the neutralino decays )2? — XVZ were added. It is written in
Fortran 95 and based on SPheno [71].
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The program folder contains the following sub-folders:

>

>

>

callcorrections: routines to combine the generic routines contained in corrections
with the model dependent information concerning masses and couplings.

corrections: generic NLO routines, which are provided in R¢-gauge and 't Hooft-Feynman
gauge, as well as the loop functions which are not contained in the SPheno package.

couplings: couplings organized in three sub-folders, namely NMSSMmunuSSM containing
the couplings for the NMSSM and the pvSSM with one right-handed neutrino superfield,
MSSMbilinear for the MSSM and bilinear R-parity violation and bilinearcomplex for
bilinear R-parity violation with complex parameters as described in Section 5.1.1. The
couplings were cross-checked with the program SARAH [180].

oneloop: contains the main program CNNDecays.f90 and the main module for the cal-
culation Renormbasic.f90. The latter one can also be used to implement the package in
other programs. In treemasses.f90 the matrices for all considered models on tree-level
can be found, whereas loopmasses.f90 contains the two routines NeutralinoMassLoopQOS
and CharginoMassLoop0S, which perform the calculation of on-shell one-loop masses for
neutralinos and charginos. The tadpole equations for the models under consideration can
be found in tadpoles.f90. The calculation of wave-function renormalization constants
and counterterms is included in wavemassrenorm.f90. Moreover addtools.f90 contains
different routines for the fit of lepton masses at tree-level in R-parity violating super-
symmetry, the check of the neutrino data and bounds on Higgs masses. In the module
Bremsstrahlung.f90 the user finds the relevant routines for the calculation of hard photon
emission.

sphenooriginal: necessary parts of SPheno.

examples: This folder contains various example input files, whose general form we present
in the following. In the sub-folder MSSM-SPS-SU4 MSSM input files based on the SPS
scenarios and the ATLAS SU4 point are included, whereas NMSSM-mSUGRA-GMSB provides
NMSSM benchmark scenarios, which were described in Chapter 7. In addition example
input files for the urSSM and bilinear R-parity violation with real or complex parameters
can be found.

Before compiling it might be necessary to adjust the f90-compiler and the corresponding flags
in the Makefile which is placed in the main folder. In addition the number of processors can be
specified to allow for a faster compilation of the routines, which contain the one-loop corrections.
The program CNNDecays can then be created by performing make in the main folder. It is stored
in the sub-folder bin and runs with ./CNNDecays, if an input file named LesHouches.in is
accessible.

The input and output files in examples are based on the SUSY Les Houches Accord (SLHA) [182,

183).

Concerning the input, which is expected to be given at the electroweak scale, there are

two main differences with respect to the SLHA:

1.

2.

The entries of the block EXTPAR are interpreted as effective on-shell values for the masses
and mixing entries. Therefore the entry 0 setting the scale is ignored.

A new block called NLOPAR has been created containing the information to check for the
gauge and renormalization scale independence of the results. The program allows to use
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only the UV divergent parts of the Passarino-Veltman integrals. Moreover the divergence
itself can be set to an arbitrary value. By varying the photon mass we can simply check
the IR finiteness. In addition the gauge parameter &, can be set to an arbitrary value
and it can be chosen, whether R¢-gauge or 't Hooft-Feynman gauge should be used for
the photon, the Z-boson and the W-boson independently. Note that the renormalization
scale @) in NLOPAR only affects the scale within the Passarino-Veltman integrals and does
not imply any running of the parameters of the block EXTPAR. Last but not least, the user
can choose whether LO or NLO neutralino and chargino on-shell masses are used for the
calculation of the processes, meaning they enter as external as well as internal masses.

As already mentioned the folder examples contains such example input files for the MSSM,
the NMSSM, bilinear R-parity violation as well as the urSSM with one right-handed neutrino
superfield. In all models the (effective) parameter p has to be provided in the block EXTPAR,
either as entry 23 or as entry 65 in case it is an effective parameter. Thus, in case of the
NMSSM and the prSSM this value is used together with entry 61 to calculate the singlet or
right-handed sneutrino vacuum expectation value vg respectively v.. A couple of parameters is
fixed by the tadpole equations, namely m%{d,m%{u in case of the MSSM and in addition B; in
case of BRpV, whereas in the NMSSM we fix m% and in the p/SSM the diagonal elements of
m2. and T in addition. For BRpV with complex p and e also the imaginary parts of B; and
B,, are deduced from tadpole equations. Below we give an example input file LesHouches.in
based on the benchmark scenario mSUGRA 1 for the urSSM:

Block MODSEL # Select model
3 6 # munuSSM
4 1 # RPviolation
Block SMINPUTS # Standard Model inputs
1 1.27920000E+-02 # ALPHA EM" —1(MZ)
2 1.16639000E—-05 # GF
3 1.17200000E-01 # ALPHA_S(MZ)
4 9.11870000E+01 # MZ
5 4.21400000E+00 # MB(MB)
6 1.71400000E+-02 # MIOP (POLE MASS)
7 1.77700000E400 # MTAU
Block MINPAR # Input parameters
3 10 # tanb
4 1 # sign (mu)
BLOCK EXTPAR
1 2.11635141E+02 # M1
2 3.91898115E+02 # M2
3 1.11230823E+03 # M3
11 —1.42395369E+03 # ATOP
12 —2.61046378E+03 # ABOT
13 —1.77741018E+03 # ATAU
31 3.77391179E+02 # M_eL
32 3.77391179E+02 # MomuL
33 3.65780798E+02 # M_taul
34 2.57517852E+02 # MR
35 2.57517852E+02 # MmuR
36 2.21138594E+02 # M_tauR
41 1.02413355E403 # M_qlL
42 1.02413355E+03 # M_q2L
43 8.46048325E+02 # M_q3L
44 9.86146013E+02 # M_uR
45 9.86146013E+02 # McR
46 5.65558510E+02 # MR
47 9.81632542E+02 # M.dR
48 9.81632542E+02 # MsR
49 9.66133394E+02 # M_bR
61 1.00000000E—-01 # LAMBDA
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62 1.08485437E-01
63 —9.59966990E4-02
64 —1.58051889E+00
65 9.68523016E402
73 5.71920838E—-06
74 6.20206893E—-06
75 —6.20206893E—-06
BLOCK RVSNVEVIN

1 —1.35445088E-03

2 —1.27271724E-03

3 1.71364110E-03

BLOCK NLOPAR

1 0

2 0.00000000E400

3 1.00000000E-05

4 9.11870000E+01

5 1.00000000E+05

6 1

7 1

8 1

9 0

# KAPPA/2

# TLAMBDA/LAMBDA = ALAMBDA

EFFMU
hnu_1
hnu_2
hnu_-3

_L_
_L_
_L_

W N =

< < <

UV divergence:
UV divergence:
IR divergence:
Renormalization

FFF IR I FFHH FIHFFH

# NLO masses for

T_KAPPA /KAPPA =

A KAPPA

1 = only UV div. parts
Delta
Photon regulator mass

scale:

Gauge dependence: Xi

Xi =1 for photon, otherwise set to 0
Xi =1 for Z, otherwise set to 0
Xi =1 for W'\pm, otherwise set to 0

process: 0 LO masses,

Q for NLO calc.

1 uses NLO masses

In BRpV ¢; and v; can be chosen as input parameters

Block MODSEL
1 0
4 1

BLOCK RVKAPPAIN

1 1.45660382E—-02
2 9.01765562E—-03
3 —3.16131217E-03

BLOCK RVSNVEVIN

1
2
3

—8.68089903E—-04
—4.50162251E-04
4.19592513E-04

# Select model
# bilinear model
# RPviolation

# kappa-1 = eps_1
# kappa-2 = eps_2
# kappa-3 = eps-3
# v_L_1
# v_L_2
# v_L_3

whereas in the yrSSM Y, and v; are input variables:

Block MODSEL

3
4

BLOCK EXTPAR

73
74
75

5.71920838E-06
6.20206893E—-06
—6.20206893E—-06

BLOCK RVSNVEVIN

1
2
3

—1.35445088E—-03
—1.27271724E-03
1.71364110E-03

# Select model
# munuSSM
# RPviolation

hnu_1
hnu_-2
hnu_.3

FFHFFHF FFHH®

< < <

_L_
_L_
_L_

W N =

A successful run creates the output file CNNDecays.dec. We store in the SLHA block MASS
the NLO masses of neutralinos and charginos, whereas the LO masses are only part of the
screen output. In the SLHA block DECAYTREE the LO decay widths I'? in GeV are shown. The
corresponding NLO decay width I'! in GeV are given in the SLHA block DECAY. For the lightest
neutralino x| we also give the R-parity violating decays in case of BRpV and the prSSM. In
those cases the block SPhenoRP contains all the relevant parameters for neutrino physics. In
case of light scalars or pseudoscalars, which violate the LEP bounds, a warning is part of the
screen output, which also informs about a successful description of the neutrino data according
to [17], if R-parity is broken. In the example output file we give only the crucial information:




162

F. Programs

# SUSY Les Houches Accord 2 — Neutralino + Chargino NLO Decays
# S. Liebler, published in arXiv:1011.6163
# in case of problems send email to
# Created: 23.08.2011, 18:17

Block SPINFO # Program information

1 CNNDecays # spectrum calculator

Block MODSEL # Model selection

3 6 # munuSSM

4 1 # add R—parity

Block MASS # Mass spectrum

# PDG code mass particle
12 —3.32997778E—14 # nu_1
14 8.80228020E—12 # nu-2
16 —4.82129947E—11 # nu_3
1000022 2.10611052E402 # chiOl
1000023 3.87101530E402 +# chi02
1000025 —9.71754987E+02 # chi03
1000035 9.75135419E402 +# chi04
1000045 2.10157308E+03 # nu-R
11 5.10999060E—04 +# e+
13 1.05658000E—-01 # mu +
15 1.77700000E4+00 # tau+
1000024 3.87225368E+4+02 # chil+
1000037 9.76694005E402 # chi2+
DECAYTREE 1000022 5.71681505E—13 # chiOl
# BR NDA ID1 D2
1.66867238E—-01 2 —15 24 # BR(chi0l —>
1.66867238E—-01 2 15 —24 # BR(chi0l —>
1.64601716E—-01 2 —13 24 # BR(chi0l —>
1.64601716E—01 2 13 —24 # BR(chi0l —>
1.61639201E—-03 2 —11 24 # BR(chi0l —>
1.61639201E-03 2 11 —24 # BR(chi0l —>
3.33829308E-01 2 16 23 # BR(chi0l —>
1.23762944E—-60 2 14 23 # BR(chi0l —>
1.14818350E—-60 2 12 23 # BR(chi0l —>
DECAY 1000022 6.10147635E—13 # chi0l1 on NLO
# BR NDA ID1 ID2
1.66206979E—-01 2 —15 24 # BR(chi0l —>
1.66206979E—-01 2 15 —24 # BR(chi0l —>
1.65219418E-01 2 —13 24 # BR(chi0l —>
1.65219418E—-01 2 13 —24 # BR(chi0l —>
1.73036516E—-03 2 —11 24 # BR(chi0l —>
1.73036516E—-03 2 11 —24 # BR(chi0l —>
3.33686476E—-01 2 16 23 # BR(chi0l —>
2.68286001E-33 2 14 23 # BR(chi0l —>
1.00157839E—-33 2 12 23 # BR(chi0l —>

Block SPhenoRP # additional RP parameters

1 5.53918495E-02 # Re(eps-1)
6.00684651E—02 # Re(eps_-2)
—6.00684651E—02 # Re(eps-3)
.10857140E—02 # Re(Lambda_1)
.12780743E—01 # Re(Lambda_2)
.14264164E—01 # Re(Lambda_3)
.24701272E—-03 # m"2_atm [eV "2]
.74790278E—-05 # m"2_sol [eV 2]
.27404289E—-01 # tan"2 theta_atm
.08145879E—-01 # tan"2 theta_sol

Re(v_d epsilon_
Re(v_d epsilon_
Re(v-d epsilon_

O O 00O U kW
O NN NN

—

Block NLOPAR # Renormalization parameters
1 0 # UV divergence: 1

only UV div. parts

into W boson

sliebler@physik . uni—wuerzburg.de

tau— WH)
tau+ W-)
mu— WH)
mu + W-)
e— WH)
e+ W-)
nu-3 Z)
nu-2 7Z)
nu-l Z)

tau— WH)
tau+ W-)
mu— WH)
mu + W-)
e— WH)
e+ W-)
nu-3 Z)
nu-2 7Z)
nu.l Z)

1 + mu v_L1)
2 4+ mu v_L2)
3 + mu v_L3)

[GeV " 2]
[GeV " 2]
[GeV " 2]
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0.00000000E+4+00 # UV divergence: Delta
1.00000000E—05 # IR divergence: Photon regulator mass
9.11870000E+4+01 # Renormalization scale: Q for NLO calc.
1.00000000E+4+05 # Gauge dependence: Xi

1 +# Special choice of gauge for photon

1 # Special choice of gauge for Z boson

1 # Special choice of gauge for W boson

0 # NLO masses used for process: 0 LO, 1 NLO masses

© 00O Ui WN

F.3. Used commercial programs/public codes

Since MaCoR is written as Mathematica package it is based on a commercial program. Also parts
of CNNDecays were written by the use of other public codes. In the following we list all programs
used in the context of this thesis:

D> Mathematica [184]: The Mathematica packages FeynArts, FormCalc and MaCoR are pro-
cessed with Mathematica 7. Moreover plots and diagrams are generated with the various
plot functions within Mathematica.

D> FeynArts and FormCalc [131, 185]: Both programs were used to provide the generic rou-
tines for the one-loop calculations as they appear in CNNDecays and for basic calculations
of two- and three-body decays.

D> SARAH [180]: The couplings and mass matrices of MaCoR were cross-checked with the results
of SARAH in case of the urSSM with one right-handed neutrino superfield and BRpV.

D> SPheno [71]: In CNNDecays the basic routines for the in- and output, the loop functions
and the diagonalization of matrices are taken from SPheno, which can be found in the
folder sphenoorginal within CNNDecays. Moreover the results involving decay widths of
particles in the urSSM were generated with a modified version of SPheno.

D> This thesis is written in IWTEX2e with the help of Kile 2.0 and BibTeX.

D> feynmf/mp: All Feynman diagrams were generated with this IXTEX program of Thorsten
Ohl based on MetaPost [186].

> GNU Image Manipulation Program GIMP: Some diagrams and pictures were processed
with the help of GIMP.
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