
Fakultät für Physik und Astronomie

LHCphenomenology and higher order
electroweak corrections in supersymmetric

modelswith andwithoutR-parity

Dissertation zur Erlangung des naturwissenschaftlichen Doktorgrades
der Bayerischen Julius-Maximilians-Universität Würzburg

vorgelegt von

Stefan Rainer Liebler

aus Bayreuth

September 2011

Lehrstuhl für Theoretische Physik II

Institut für Theoretische Physik und Astrophysik

Julius-Maximilians-Universität Würzburg





Eingereicht am:

bei der Fakultät für Physik und Astronomie.

1. Gutachter:

2. Gutachter:

3. Gutachter:

der Dissertation.

1. Prüfer:
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Ihre Theorie ist verrückt, aber nicht
verrückt genug um wahr zu sein.

Niels Bohr





Zusammenfassung

Das heutige Standardmodell der Teilchenphysik ist eine der präzisesten 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 für die Erzeugung von Massen der Elementarteilchen im Standard-
modell, jedoch ist dieser experimentell (noch) nicht nachgewiesen. Insbesondere benötigt das
Standardmodell für die Erklärung der leichten Massen der Neutrinos noch eine Erweiterung.
Darüber hinaus liefert das Standardmodell keinen Kandidaten für 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 fußt. Statt der ein-
fachsten supersymmetrischen Realisierung des Standardmodells beschäftigen wir uns mit Erwei-
terungen, darunter das nächstminimale supersymmetrischen Standardmodell (NMSSM), wel-
ches ein zusätzliches Singletfeld enthält, sowie R-Paritätsverletzende Modelle. R-Parität ist
eine diskrete Symmetrie, die die Stabilität des Protons in supersymmetrischen Erweiterun-
gen garantiert. Die Nutzung von leptonzahlverletzenden Termen im Kontext von bilinearer
R-Paritätsverletzung und dem µνSSM erlaubt die Erklärung von Neutrinodaten, da besagte
Terme eine Mischung der Neutralinos mit den Neutrinos bewirken.
Seit 2009 stößt der “Large Hadron Collider” (Großer Hardonenbeschleuniger, LHC) am CERN
in Genf in den Energiebereich von Teraelektronenvolt vor und erlaubt so die Produktion von
schweren, noch unbekannten Teilchen. Somit könnte die nahe Zukunft die Frage nach der Mas-
senerzeugung im Standardmodell beantworten und Hinweise auf neue Physik liefern. Daher
arbeiten wir die Phänomenologie der oben erwähnten supersymmetrischen Modelle an Beschleu-
nigerexperimenten heraus und diskutieren die Unterschiede zur einfachsten supersymmetrischen
Realisierung des Standardmodells. Im Falle von R-Paritätsverletzung können die Zerfälle des
leichtesten Neutralinos Vertices mit Abstand zum Wechselwirkungspunkt erzeugen. In Kom-
bination mit leichten singletartigen Teilchen können diese Zerfälle eine reiche Phänomenologie
bereithalten wie beispielsweise Higgszerfälle in leichte singletartige Neutralinos, welche vor ihrem
Zerfall eine messbare Strecke im Detektor zurücklegen.
In dieser Arbeit präsentieren wir auch Rechnungen in der nächsthöheren Ordnung Störungs-
theorie, da Einschleifenbeiträge große Korrekturen zu den Massen und Zerfallsbreiten auf Baum-
graphenniveau liefern können. Wir berechnen die Massen von Neutralinos und Charginos, wel-
che im Falle der R-Paritätsverletzung Neutrinos und Leptonen beinhalten, in nächsthöherer
Ordnung und heben die Gemeinsamkeiten und Unterschiede zu exisitierenden Rechnungen in
anderen Renormierungsschemata hervor. Darüberhinaus betrachten wir Zweikörperzerfälle der
Form χ̃0

j → χ̃±
l W

∓ auf Einschleifenniveau. Im Falle von verschwindenden Zerfallsbreiten auf
Baumgraphenniveau können die Korrekturen groß werden, genauso auch für die R-Paritäts-
verletzenden Zerfälle des leichtesten Neutralinos χ̃0

1 → l±W∓. Ein Charakteristikum von Model-
len basierend auf bilinearer R-Paritätsverletzung ist die Korrelation zwischen den Verzweigungs-
verhältnissen der leichtesten Neutralinozerfälle und den Neutrinomischungswinkeln. Wir zeigen
diese Beziehungen auf Baumgraphenniveau und für die Zweikörperzerfälle χ̃0

1 → l±W∓ auch in
nächsthöherer Ordnung, da nur die volle Einschleifenkorrektur das erwartete Ergebnis liefert.
Im Anhang werden die zwei für diese Arbeit erzeugten Programme MaCoR und CNNDecays vor-
gestellt. Während 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 µνSSM
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 χ̃0

j → χ̃±
l W

∓ 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 χ̃0

1 → l±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 χ̃0

1 → l±W∓ 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 α and β greek indices in this work refer to the space-time components and are
running from µ, ν, ρ, . . . = 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

xµ = (t, ~x) and pµ = (E, ~p) , (1)

where we have used the metric gµν = gµν = 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
uç, where ç implies charge conjugation in accordance to

uç = v = CuT = Cγ0u
∗ with u = u†γ0 (2)

and the charge conjugation matrix C. The helicity states with helicity 1
2 and −1

2 can then be
written in the form

uR/L =
1

2
(1± γ5)u and uçR/L =

1

2
(1∓ γ5) u

ç , (3)

so that the projection operators are given by

PL =
1

2
(1− γ5) und PR =

1

2
(1 + γ5) . (4)

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 =

(
ρα
η†α̇

)
with the Weyl spinors ρα and η†α̇ . (5)

In this notation yields (η)†α̇ = ǫα̇β̇ (η)†
β̇
, where the antisymmetric ǫ contracts the SU(2) indices

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

xv
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the dotted and undotted indices the following relations hold

u =

(
ρ

η†

)
implying u =

(
η

ρ†

)T

. (6)

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

PLu =

(
ρ
0

)
and PRu =

(
0

η†

)
. (7)

In addition this notation allows to write

uiPLuj = ρiηj , uiPRu = ρ†iη
†
j (8)

uiγ
µPLuj = ρ†iσ

µρj , uiγ
µPRuj = ηiσ

µρ†j (9)

in accordance to [2] with the γ matrices split into (2×2)-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 F±

i in Weyl notation
and the neutral fermions being called F 0

i and which transform via

χ̃−
i =

(
F−
i(

F+
i

)†

)
and χ̃0

i =

(
F 0
i(

F 0
i

)†

)
(10)

to the Dirac spinors χ̃−
i and χ̃0

i of the charged and neutral fermions. Using this definition the
neutral fermions are Majorana particles. Taking the example of the superfield êc, the scalar
component ẽc = ẽ∗R is the supersymmetric partner of the Weyl spinor ec = e†R. The notation c
appears in the context of Weyl spinors and should not be confused with the ç 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

σµ σ0 =

(
1 0
0 1

)
= σ0,σ1 =

(
0 1
1 0

)
= −σ1,σ2 =

(
0 −i
i 0

)
= −σ2 and

σ3 =

(
1 0
0 −1

)
= −σ3

Not to be confused with the scalars σ0d and σ0u appearing in several
chapters together with the matrix σ0.

ǫab ǫ11 = ǫ22 = 0, ǫ12 = +1, ǫ21 = −1
φ scalar field
ψ chiral field (Weyl spinor)

Φ̂ chiral superfield, in the form Φ̂ (θ) = φ+
√
2θ ·ψ+θ ·θF (see Section 3.5)

θ Grassmann variable in superfield notation

Used symbols - particle physics

T a generator of SU(N), either λa

2 with a = 1, . . . , 8 of SU(3) or σa

2 with
a = 1, . . . , 3 of SU(2)

g, g′ gauge couplings of SU(2)L or U(1)Y
θW weak mixing angle, Weinberg angle

GF Fermi constant GF√
2
= g2

8m2

W

mZ ,mW masses of the heavy gauge bosons Z and W
vd, vu vacuum expectation values of Hd and Hu

tan β Ratio of vacuum expectation values tan β = vu/vd
vc, vS vacuum expectation values of the right-handed sneutrinos ν̃c or the

scalar singlet S
vi vacuum expectation values of the left-handed sneutrinos ν̃i, i = 1, 2, 3
s Mandelstam variable, center of mass system energy

√
s

~ = 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
µνSSM µ via ν 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 (†)
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
µ-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 µνSSM, 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

1
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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
χ̃0
j → χ̃±

l W
∓, 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 µνSSM 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 µ-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 µνSSM, 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 µνSSM. Moreover we summarize the procedure of gauge fixing using Rξ-
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 χ̃0

j → χ̃±
l W

∓ 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 χ̃0

1 → l±W∓ 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 χ̃0

j → χ̃±
l W

∓ 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 χ̃0

j → χ̃±
l W

∓ 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 µνSSM 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 µνSSM 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 χ̃0

j → χ̃±
l W

∓ 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 µνSSM.
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 µνSSM 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 µνSSM and vertex cor-
rections for χ̃0

j → χ̃±
l W

∓. 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

xµ → x′µ = Λµ
νx

ν + aµ (2.1)

with the Lorentz transformation Λµ
ν and the space-time translation aµ. Those transformations

are induced by the generators of the four translations Pµ and the generators of the homogeneous
Lorentz transformations Mµν , which include rotations and boosts. They follow the Poincaré
algebra:

[Pµ, Pν ] = 0

[Mµν , Pρ] = i (gνρPµ − gµρPν)

[Mµν ,Mρ,σ] = −i (gµρMνσ − gµσMνσ + gνσMµσ − gνσMµσ) (2.2)

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

C1 = PµPµ = P 2, C2 = WµWµ = W2 (2.3)

with the Pauli-Lubanski-vector Wµ = 1
2ǫ

µνρσPνMρσ. Whereas C1 identifies the mass of a parti-
cle, the eigenvalues of C2 are related to the spin or to the helicity in case of a massless particle.

5
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Beside these Poincaré group the standard model of particle physics is based on the internal
symmetry groups SU(3)C × SU(2)L × 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
supersymmetry.

In brevity we will sketch the particle content of the standard model based on the combination
of the internal symmetry groups SU(3)C × SU(2)L × 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 gαµ as elements of SU(3)C , three gauge bosons W i

µ as elements of SU(2)L and
one gauge boson Bµ 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 µ and tau τ and their antiparticles, the neutrinos ν 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 φ(x) = 1√

2
(φ1(x)+ iφ2(x)) with

the Lagrangian density

L = ∂νφ(x) (∂νφ(x))
† − V (φ) with the potential V (φ) = µ2|φ(x)|2 + λ|φ(x)|4 (2.4)

the system is invariant under a global U(1) phase transformation φ′(x) = eiαφ(x). Asking for
the minimal energy, the ground state, one has to distinguish the following cases: If µ2 > 0, the
minimum of V (φ) is obviously given by φ(x) = 0, thus φ(x) describes a massive scalar boson.
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However in case of µ2 < 0 the minimum of V (φ) is given for

|φ(x)| =
√

−µ2
2λ

=:
1√
2
v > 0 , (2.5)

which can also be seen from Figure 2.1.

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

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 φ1(x) = v+σ(x) and φ2(x) = η(x) with two real fields σ(x) and η(x),
so that the quadratic terms in the Lagrangian density can be written in the form

L ⊃ 1

2
∂νσ(x)∂νσ(x)−

1

2
(2λv2)σ2(x) +

1

2
∂νη(x)∂νη(x) . (2.6)

The fields obviously describe a massive σ-boson with mass
√
2λv2 and a massless η-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) × U(1) transformation instead of a global U(1) transfor-
mation. Then the breaking SU(2)L × U(1)Y → U(1)EW , also called electroweak symmetry
breaking (EWSB), induces the following mixing between the three gauge bosons W i

µ and the
gauge boson Bµ, which partially acquire a mass:

W (±)
µ =

1√
2

(
W 1

µ ∓W 2
µ

)
with mass mW =

1

2
gv ,

Zµ =
1√

g2 + g′2

(
gW 3

µ − g′Bµ

)
with mass mZ =

1

2

√
g2 + g′2v ,

Aµ =
1√

g2 + g′2

(
g′W 3

µ + gBµ

)
with mass mγ = 0 . (2.7)

Whereas the photon γ represented by the photon field Aµ 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 σ′ and the gauge couplings g
of SU(2)L and g′ of U(1)Y . The Lagrangian density without the interaction terms in σ′ can be
written in the form

L ⊃ −1

4
FµνF

µν − 1

2
F †
W,µνF

µν
W +m2

WW
†
µW

µ

− 1

4
FZ,µνF

µν
Z +

1

2
m2

ZZµZ
µ +

1

2

(
∂µσ′

) (
∂µσ

′)− 1

2
m2

Hσ
′2 , (2.8)

where the field strength tensor F a
µν = ∂µA

a
ν −∂νAa

µ+gf
abcAb

µA
c
ν 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 θW and the fine-structure constant αEM and the electric charge e, we
define in addition:

cos θW =
g√

g2 + g′2
, e =

gg′√
g2 + g′2

, αEM =
e2

4π
. (2.9)

The non-presence of the massless and unphysical Goldstone boson η in Equation (2.8) is only
possible in case of the unitary gauge, whereas in arbitrary gauges like the Rξ-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 νe, 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 να and mass eigenstates νk can be written in the form

|να〉 = U∗
αk |νk〉 , (2.10)

where U is a unitary mixing matrix with U†U = 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

U =




c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13
s12c23 − c12s23s13e

iδ −c12c23 − s12s23s13e
iδ c23c13


 ·



eiα1/2 0 0

0 eiα2/2 0
0 0 1


 (2.11)

using the abbreviations cij = cos θij und sij = sin θij with the three neutrino mixing angles θij. δ,
α1 and α2 are CP violating phases, from which α1 and α2 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 Schrödinger’s equation in flavor space allows to calculate the time evolution of a single

parameter best-fit 2σ 3σ

∆m2
21[10

−5 eV2] 7.59+0.20
−0.18 7.24 − 7.99 7.09 − 8.19

∆m2
31[10

−3 eV2]
2.45+0.09

−0.09 2.28 − 2.64 2.18 − 2.73

−
(
2.34+0.10

−0.09

)
− (2.17 − 2.54) − (2.08 − 2.64)

tan2 θ12 0.453+0.037
−0.031 0.39 − 0.54 0.37 − 0.56

tan2 θ23
1.04+0.29

−0.22 0.69 − 1.56 0.64 − 1.78

1.08+0.30
−0.23 0.72 − 1.56 0.64 − 1.78

tan2 θ13
0.010+0.009

−0.006 ≤ 0.028 ≤ 0.036

0.013+0.009
−0.006 ≤ 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 1σ bounds; the upper rows correspond to the normal, the lower rows to the
inverted hierarchy.

flavor state, so that the transition or survival probability Pαβ between the flavors α and β can
be deduced

Pαβ =

3∑

k,j=1

Jαβ
jk exp

(
−i

∆m2
kjL

2E

)
(2.12)

= δαβ − 4

2∑

j=1

3∑

k=j+1

ReJαβ
kj sin2

(
∆m2

kjL

4E

)
+ 2

2∑

j=1

3∑

k=j+1

ImJαβ
kj sin

(
∆m2

kjL

2E

)
,

where Jαβ
jk = U∗

αkUβkUαjU∗
βj and ∆m2

kj = m2
k −m2

j , E 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 ∆m2

ij can be measured. Assuming a hierarchy of the

mass splitting in the form ∆m2
21 ≪

∣∣∆m2
31

∣∣ in combination with large mixing angles θ12 and θ23
and a small angle θ13 and no CP violating phases, the transition/survival probability between
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different flavors can be approximated by:

Pαβ = δαβ − 4
(
Jαβ
31 + Jαβ

32

)
sin2 (∆31)− 4Jαβ

21 sin2 (∆21) with ∆ij =
∆m2

ijL

4E
(2.13)

By inserting the simplified PMNS matrix U from Equation (2.11) with θ13 = δ = α1 = α2 = 0
the transition/survival probability can be used to explain the different measurements of neutrino
data at detectors:

⊲ Atmospheric experiments: Within hadronic showers in the atmosphere the decay of the
charged pion according to π+ → µ+νµ → e+νeνµνµ (similar for π−) generates a large
number of νe and νµ and their antiparticles. If one chooses the baseline L (∼ 1000 km)
and the energy E (∼ GeV) such that ∆31 ≈ π

2 and ∆21 ≈ 0, the transition/survival
probabilities are given by:

Pee ≈ 1, Peµ = Pµe ≈ 0, Pµµ ≈ 1− sin2 (2θ23) sin
2 (∆31) (2.14)

The survival probability Pµµ is smaller than one, since νµ oscillate into ντ , which escape
the detector. Experiments like Superkamiokande [18] therefore measure the atmospheric
angle θ23 and the difference of the squared masses ∆m2

31 by the consideration of the survival
probabilities Pµµ.

⊲ Solar experiments: The easiest way to measure the solar mixing angle is to use electron
antineutrinos νe from terrestrial nuclear power plants with a baseline L (∼ 100 km) and
the energy E (∼ MeV) resulting in ∆21 ≈ π

2 and ∆31 → 1
2 (averaged). In this case the

survival probability Pee can be approximated by

Pee ≈ 1− sin2 (2θ12) sin
2 (∆21) . (2.15)

Thus, detectors like KamLAND [19] deduce the solar difference of the squared masses ∆m2
21

and the solar mixing angle θ12 from the νe rates. The precise measurements of those
data from solar neutrinos is more complicated, implying that terrestrial experiments are
preferred.

⊲ Reactor experiments: Choosing a short baseline L of a few kilometers gives a survival rate
of Pee ≈ 1 for θ13 → 0. Necessarily deviations can be interpreted as nonvanishing θ13.

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:

⊲ Tritium beta decay experiments: The decay 3H → 3He e−νe 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

m2
β =

3∑

i=1

|U1i|2m2
i (2.16)

with a current value of mβ < 2.2 eV at 95%CL [22]. In Karlsruhe KATRIN [23] will
improve these bounds within the next years.
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⊲ Neutrinoless double beta decay: Neutrinoless double beta decay (0ν2β) is only possible in
case of neutrinos to be Majorana particles [24]. In particular decays within the nucleus 76Ge
were used to set an upper bound for the quantity

mββ =
3∑

i=1

U2
1imi (2.17)

to be mββ ≤ 0.3 − 0.6 eV [14] by the Heidelberg-Moscow collaboration [25]. mββ can
vanish, although the individual neutrino masses mi are nonzero. Many experiments like
GERDA [26], CUORE [27] and EXO [28] focus on 0ν2β, in particular to test the funda-
mental question, if neutrinos are Majorana particles.

⊲ 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

∑
imi ≤ 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 θ13 using the above parameterization of the PMNS matrix. Choosing ∆m2

21 > 0 the sign of
∆m2

31 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 ∆m2

31 > 0, which implies m1 < m2 < m3, and inverted hierarchy (IH)
for ∆m2

31 < 0 coming together with m3 < m1 < m2. Within this work we will mainly generate
normal hierarchies, since inverted hierarchies need finetuning of parameters in the models under
consideration.

★
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Figure 2.2.: a) (left) Allowed regions in the sin2 θ23-∆m
2
31-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 sin2 θ12-∆m

2
21-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 sin2 θ13 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 2σ and 3σ bounds of tan2 θij instead of sin2 θij in Table 2.1. Not included in this
data is the indication of a nonvanishing value of θ13 > 0 by T2K [35], however the best-fit value
in Figure 2.3 already points to a positive value for θ13.

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

θsol = θ12, θatm = θ23, θR = θ13, ∆m2
sol = ∆m2

21, ∆m2
atm = ∆m2

31 . (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

G5 =
fαβ
Λ

(LαH) (HLβ) , (2.19)

where H denotes the Higgs SU(2)L doublet and L is the SU(2)L 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 Λ has to
be at a very high scale ≥ 1015 GeV to allow for neutrino masses, which are in agreement with
experimental data. A large Λ, 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)L 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)L
triplet with hypercharge [38], a fermionic SU(2)L 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 νL via a right-handed neutrino νR, which is comparable to the seesaw I scenario. Since
νR 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 ∝ νLνR for neutrinos mixing the
right-handed νR with the left-handed neutrino νL. In addition, the neutral charge of the neu-
trino allows a Majorana mass term ∝ νRνR for the the right-handed neutrinos or ∝ νLνL 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 0ν2β, 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

Lseesaw = −1

2

(
νL, ν

ç
R

)
M

(
ν çL
νR

)
+ h.c. with M =

(
mL

M mD

mD mR
M

)
. (2.20)

In this notation yields ν ç = CνT = Cγ0ν
∗ with the charge conjugation matrix C for Dirac

spinors. The eigenvalues of the matrix M are given by

m1,2 =
1

2

(
mL

M +mR
M ±

√
(mL

M −mR
M )2 + 4m2

D

)
, (2.21)

which in case of mR
M ≫ mD and mL

M = 0 can be approximated by:

m1 ≈ mR
M and m2 ≈

m2
D

mR
M

(2.22)

Whereas m1 corresponds to the mass of the heavy right-handed neutrino νR, the eigenvalue m2

describes the generation of a small neutrino mass for the left-handed neutrino νL, which is
suppressed by the heavy mass scalemR

M . In this sense the naming “seesaw” has to be understood,
since mR

M 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 m1 ≈ mR

M gets, the smaller m2 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)L, 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:

⊲ 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 Pµ

and Mµν 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 Qα, which transform fermions into bosons
and vice versa. For a particle with spin J it yields

Q(†)
α |J〉 =

∣∣J ± 1
2

〉
, (3.1)

where α = 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].

⊲ 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 mGUT ∼ 1016 GeV
[46]. Moreover the weak mixing angle θW , which can be predicted in GUTs, is within the
experimental bounds at the electroweak scale using supersymmetry [47].

15
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⊲ Hierarchy problem:

In grand unified theories the considered models are valid up to a large scale of mGUT ∼
1016 GeV, where the strong, the weak and the electromagnetic force are supposed to unify.
However we know that SU(2)L × U(1)Y is broken at the electroweak scale according to
Section 2.2. Knowing the mass of the charged gauge boson mW = 1

2gv and the gauge
coupling g of SU(2)L, the vacuum expectation value is v ≈ 246 GeV, implying that also
the Higgs boson with mH =

√
2λv2 should have a mass of the same order. Quantum

corrections to the Higgs mass can be estimated by

∆m2
H = m2

WO
(
m2

GUT

m2
W

)
, (3.2)

implying that the standard model needs large finetuning over ∼ 1026 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].

⊲ Spontaneous symmetry breaking:

Symmetry breaking SU(2)L ×U(1)Y → U(1)EW via the Higgs mechanism as explained in
Section 2.2 needs a negative parameter µ2, 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
mGUT with positive squared masses results in a negative µ2 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 Pµ and Mµν in Section 2.1 and introduced the spinorial charge Qα in Section 3.1
using the indices α = 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)

{
Qα, Q

†
β

}
= 2 (σµ)αβ Pµ

{Qα, Qβ} =
{
Q†

α, Q
†
β

}
= 0

[Pµ, Qα] =
[
Pµ, Q

†
β

]
= 0

[Qα,Mµν ] =
1

2
(σµν)

β
α Qβ

[
Q†

α,Mµν

]
= −1

2
Qβ (σµν)

β
α (3.3)

with σµν = 1
4 (σµσν − σνσµ) and σµ being defined in the glossary. These relations imply in

particular
[
P 2, Qα

]
= 0. Together with P 2 = PµP

µ = m2 we can deduce that all particle of
the same supermultiplet, which are obtained by acting with Qα 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)2s with the spin s of the particle, which anticommutes with the
spinorial charge Qα, since Qα 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〉 〈i| = 1 and the same eigenvalue pµ of the four-momentum

operator Pµ fulfill:

pµtr
[
(−1)2s

]
=
∑

i

〈i| (−1)2sPµ |i〉 ∝
∑

i

〈i| (−1)2sQQ† |i〉+
∑

i

〈i| (−1)2sQ†Q |i〉

=
∑

i

〈i| (−1)2sQQ† |i〉 −
∑

j

〈j| (−1)2sQQ† |j〉 = 0 (3.4)

Therein we used the anticommutation of (−1)2s with the spinorial charge Q. The first expression
is proportional to the number of bosonic nB minus the number of fermionic degrees nF of
freedom, so that they have to be equal in a supermultiplet with pµ 6= 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 ψ represented by a two-component Weyl
spinor and for each gauge boson Aµ 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 L = F ∗F + 1

2DD. 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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chiral supermultiplets
superfield
notation

spin 0 spin 1
2 SU(3)C , SU(2)L, U(1)Y

squarks, quarks Q̂
(
ũL, d̃L

)
(uL, dL)

(
3, 2, 1

6

)

(×3 generations) ûc ũ∗R u†R
(
3̄, 1, −2

3

)

d̂c d̃∗R d†R
(
3̄, 1, 1

3

)

sleptons, leptons L̂ (ν̃e, ẽL) (νe, eL)
(
1, 2, −1

2

)

(×3 generations) êc ẽ∗R e†R (1, 1, 1)

Higgs, Higgsinos Ĥu

(
H+

u ,H
0
u

) (
H̃+

u , H̃
o
u

) (
1, 2, 1

2

)

Ĥd

(
H0

d ,H
−
d

) (
H̃0

d , H̃
−
d

) (
1, 2, −1

2

)

gauge supermultiplets spin 1
2 spin 1 SU(3)C , SU(2)L, U(1)Y

gluinos, gluons g̃ g (8, 1, 0)

winos, W-bosons W̃±, W̃ 0
3 W±,W 0

3 (1, 3, 0)

bino, B-boson B̃ B (1, 1, 0)

Table 3.1.: Particle content of the minimal supersymmetric standard model (MSSM) including their
behavior under SU(3)C × SU(2)L × 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

[
T 2
3 Y
]
= tr

[
Y 3
]
= 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∗

uHu 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:

Lfree = ∂µφ∗i∂µφi + iψ†iσ̄µ∂µψi + F ∗iFi (3.5)

Possible interactions and mass terms can be expressed in terms of the so called superpotentialW ,
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 =
1

2
M ijφiφj +

1

6
Y ijkφiφjφk (3.6)



3. Supersymmetry - MSSM 19

Note that we omit linear terms of the form Liφi, 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 ij and Y ijk are totally symmetric in their
indices. In this definition the interactions can then be expressed in the form

LI =

(
−1

2
W ijψiψj +W iFi

)
+ h.c. with W i =

∂W

∂φi
, W ij =

∂W

∂φi∂φj
. (3.7)

The equations of motion for the auxiliary fields F are given by

Lfree|F + LI|F = F ∗iFi +W iFi +W ∗iF ∗
i =⇒ Fi = −W ∗

i , F
∗i = −W i. (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:

L = ∂µφ∗i∂µφi + iψ†iσ̄µ∂µψi −
1

2

(
W ijψiψj +W ∗ijψ†

iψ
†
j

)
−W iW ∗

i . (3.9)

Adding the gauge supermultiplets the Lagrangian density in total is given by

L =−
(
Dµφi

)†
Dµφi − iψ†iσµDµψi −

1

2

(
W ijψiψj +W ij∗ψ†

iψ
†
j

)
−W iW ∗

i

− 1

4
F a
µνF

µν
a − iλ†aσµDµλa +

1

2
DaDa

−
√
2ga

(
φ∗iT aψi

)
λa −

√
2gaλ

†
a

(
ψ†iT aφi

)
+ ga

(
φ∗iT aφi

)
Da . (3.10)

The equations of motions for the D-terms yield

Da = −ga
(
φ∗iT aφi

)
. (3.11)

The covariant derivatives in the Lagrangian density are

Dµφi = ∂µφi − igaA
a
µ (T

aφ)i

Dµψi = ∂µψi − igaA
a
µ (T

aψ)i

Dµλ
a = ∂µλ

a + gfabcAb
µλ

c . (3.12)

In non-abelian gauge groups the field strength tensor has the general form

F a
µν = ∂µA

a
ν − ∂νA

a
µ + gfabcAb

µA
c
ν . (3.13)

Finally the Lagrangian density results in the following scalar potential

V (φi, φ
∗
i ) =W iW ∗

i +
1

2

∣∣∣∣∣∣

∑

a,i

ga
(
φ∗iT aφi

)
∣∣∣∣∣∣

2

≥ 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:

{θi, θj} = 0 and in particular θ2i = 0 . (3.15)

Moreover the Grassmann variables commute with arbitrary complex numbers. For left-handed
superfields we need spinorial Grassmann variables, which fulfill θ21 = θ22 = 0 and allow for
terms independent of θ, proportional to θ and proportional to θ1θ2. Having the scalar product
θaθb = −1

2ǫabθ · θ in mind, a chiral superfield can be written in the form

Φ̂ (θ) = φ+
√
2θ · ψ + θ · θF . (3.16)

Together with the relation [59]

θ · ψiθ · ψj = −1

2
θ · θψiψj (3.17)

we can write for products of superfields:

Φ̂i (θ) Φ̂j (θ) =φiφj +
√
2θ · (ψiφj + ψjφi) + θ · θ (φiFj + φjFi − ψiψj) (3.18)

Φ̂i (θ) Φ̂j (θ) Φ̂k (θ) =φiφjφk +
√
2θ · (ψiφjφk + ψjφiφk + ψkφiφj)

+ θ · θ (φiφkFj + φjφkFi + φiφjFk

−φkψiψj − φiψjψk − φjψiψk) (3.19)

Taking the F -terms only, which are the terms proportional to θ · θ and are denoted by
[
Φ̂iΦ̂j

]
F

and
[
Φ̂iΦ̂jΦ̂k

]
F
, the interaction part of the Lagrangian density induced by the superpotential

W (Φ̂) =
1

2
M ijΦ̂iΦ̂j +

1

6
Y ijkΦ̂iΦ̂jΦ̂k (3.20)

is given by
LWW =

([
W (Φ̂)

]
F
+ h.c.

)
. (3.21)

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

Fi = −W ∗
i = −M ijφj −

1

2
Y ijkφjφk . (3.22)

3.6. Superpotential of the MSSM

The superpotential of the MSSM in superfield notation is given by

WMSSM = ǫab

(
Y ij
u Ĥ

b
uQ̂

a
i û

c
j + Y ij

d Ĥ
a
d Q̂

b
i d̂

c
j + Y ij

e Ĥ
a
d L̂

b
i ê

c
j − µĤa

d Ĥ
b
u

)
, (3.23)

so that the full Lagrangian density of the MSSM can be constructed with the knowledge of the
sections before. It includes SU(2)L-superfields, which have to be contracted using ǫab from the
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glossary. The scalar and fermionic components of the superfields can be taken from Table 3.1.
The indices i, j 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 µ-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.

a)

t

tc H0
u

b)
t̃c

t

H̃0
u

c)

t̃

H̃0
utc

Figure 3.1.: Illustration of the interactions arising from the first term of the superpotential in
Equation (3.23), t and tc can be understood as tL and t†R 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:

⊲ Global spontaneous breaking: The energy of the vacuum state in SUSY is

Evac = 〈0|H |0〉 ≥ 0 , (3.24)

where the spinorial charge has to fulfill:

Qα |0〉 = 0 and Q†
α |0〉 = 0 (3.25)
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The corresponding Hamilton operator can be constructed in the following form:

H =

2∑

α=1

{
Qα, Q

†
α

}
= 2tr [σµPµ] = P0 (3.26)

However, if the vacuum is not a supersymmetric state

Qα |0〉 = |ψα〉 6= 0 and/or Q†
α |0〉 = |ψα〉 6= 0 (3.27)

and Evac > 0, SUSY is a spontaneously broken theory and the Goldstone theorem nec-
essarily predicts a state |ψα〉, 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 |ψα〉 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 −κD) Fayet-Iliopoulos-mechanism [64]. Also mixtures of these two mechanisms
are possible. In both cases the broken operator Qα and thus the Goldstino is a spin-12
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-32 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 T and the term Bµ in
the scalar sector are possible:

−LSB,all =
(
m2

Q̃

)
ij
Q̃a∗

i Q̃
a
j +

(
m2

ũc

)
ij
ũc∗i ũ

c
j +

(
m2

d̃c

)
ij
d̃c∗i d̃

c
j +

(
m2

L̃

)
ij
L̃a∗
i L̃

a
j

+
(
m2

ẽc
)
ij
ẽc∗i ẽ

c
j +m2

Hd
Ha∗

d Ha
d +m2

Hu
Ha∗

u Ha
u

+ ǫab

[
T ij
u H

b
uQ̃

a
i ũ

c
j + T ij

d H
a
d Q̃

b
i d̃

c
j + T ij

e H
a
d L̃

b
i ẽ

c
j + h.c.

]

+
1

2

(
M1B̃

0B̃0 +M2W̃
xW̃ x +M3g̃

z g̃z + h.c.
)

(3.28)

−LSB,MSSM =− LSB,all − ǫab

[
BµH

a
dH

b
u + 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)L and SU(3)C . In addition
the shown (3× 3)-couplings T and Bµ can be chosen complex and the (3× 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 T proportional to
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the corresponding Yukawa couplings Y and the (3× 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
ẽ1 +m2

ẽ2 = 2m2
e , (3.30)

which relates the mass eigenstates ẽ1 and ẽ2 of the two gauge eigenstates ẽL and ẽR 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)

M3 =M2 =M1 = m1/2

m2
Q̃
= m2

ũc = m2
d̃c

= m2
L̃
= m2

ẽc = m2
0 · I3, m2

Hd
= m2

Hu
= m2

0

Tu = A0Yu, Td = A0Yd, Te = A0Ye

Bµ = B0µ (3.31)

with the scalar parameters m1/2, m
2
0, A0 and B0 and the (3× 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

H0
u, H

0
d , H

+
u , H

−
d h, H, A0, H±

t̃L, t̃R, b̃L, b̃R t̃1, t̃2, b̃1, b̃2

B̃, W̃ 0, H̃0
u, H̃

0
d χ̃0

1, χ̃
0
2, χ̃

0
3, χ

0
4

W̃±, H̃+
u , H̃

−
d χ̃±

1 , χ̃
±
2

g̃ (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 G0 and G± are not shown.

⊲ 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 χ̃0

1, . . . , χ̃
0
4. Similarly the charged winos

and the charged Higgsinos form the charginos, named χ̃±
1 , χ̃

±
2 . 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 f̃ at tree-level, can be written in the form

Lf̃ = −1

2

(
f̃ †L, f̃

†
R

)
Mf̃

(
f̃L
f̃R

)
, (3.32)

where the mass matrix Mf̃ supposing real parameters is given by

Mf̃ =

(
m2

f̃
+m2

Z cos(2β)(If3 −Qfs
2
W ) +m2

f mf (Af + µ {cot β, tan β})
mf (Af + µ {cot β, tan β}) m2

f̃ ′
+m2

Z cos(2β)Qf s
2
W +m2

f

)
. (3.33)

Therein {cot β, tan β} is valid for {u, d} or {ν, e} fermions. Beside the Weinberg angle
s2W = sin2 θW this formula includes the mass of the fermionic superpartner mf , the soft

breaking coupling Tf , the third component of the weak isospin If3 , the electric charge Qf

and the following soft breaking parameters mf̃ = mQ̃,mL̃ for left-handed squarks, sleptons
and mf̃ ′ = mũc ,md̃c ,mẽc for right-handed u-squarks, d-squarks and sleptons.

Sincemf 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)L-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 G0 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 A0 and two charged Higgs H±. 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 =WMSSM +W/R with

W/R = ǫab

(
1

2
λijkL̂

a
i L̂

b
j ê

c
k + λ′ijkL̂

a
i Q̂

b
j d̂

c
k − ǫiL̂

a
i Ĥ

b
u

)
+

1

2
λ′′ijkû

c
i d̂

c
j d̂

c
k , (3.34)

which are bi- or trilinear in the superfields. For reasons of gauge symmetry it yields λijk = −λjik
and λ′′ijk = −λ′′ikj. By a rotation of Ĥd and L̂i the bilinear term ǫi can in principle be reabsorbed
in the terms λijk and λ′ijk. However, the soft SUSY breaking terms

−L
SB,/R = −BiL̃iHu + . . . (3.35)

do not vanish simultaneously. The baryon B and lepton numbers L for the fields involved are
equal to B = +1

3 for Q̂i. It yields B = −1
3 for ûci , d̂

c
i , whereas all the other particles have baryon

number B = 0. Moreover it is L = +1 for L̂i and L = −1 for êci , otherwise L = 0. Thus
the terms with λijk, λ

′
ijk and ǫi violate lepton number by one unit, whereas the term with λ′′ijk

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.

We will point out one example: In case of non-
vanishing λ′11k and λ′′11k the decay p→ π0e+ has
the following decay width:

Γ(p→ e+π0) ∝
∑

k=2,3

1

m4
d̃k

∣∣λ′11kλ′′11k
∣∣2 (3.36)

The contribution mediated by a s̃R-squark is
shown in Figure 3.2. Since the lifetime of the
proton is larger than 1032 years, this results in
an upper bound for the product of these cou-
plings:

λ′11kλ
′′∗
11k ≤ 2 · 10−27

(
md̃k

100 GeV

)2

(3.37)

s̃∗R
d

u

u

ν, e

d, u

u

λ′′∗
112 λ′

112

Figure 3.2.: Contribution to the proton decay
via couplings λ′ and λ′′ in Equation (3.23).

Whereas the bilinear parameters ǫ have their strongest bounds from neutrino physics, the trilin-
ear parameters λ, λ′ and λ′′ 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

Rp = (−1)3(B−L)+2s (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 Z2-symmetry. Inserting
the quantum numbers of each particle shows that all particles of the standard model and the
Higgs bosons have R-parity Rp = +1, whereas all the squarks, sleptons, gauginos and Higgsinos
have Rp = −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
Rp = −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 µ-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 µ-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 µ-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 µ-problem. In accordance to [79] we briefly sketch the
arguments, why µ has to be at the electroweak scale and cannot vanish: The µ-term gives rise
to identical positive masses µ2 for the Higgs fields |Hu|2 and |Hd|2, but in addition it provides
a Dirac mass term µ for their fermionic superpartners. Whereas the soft SUSY breaking mass
term Bµ effects the scalar sector, the masses of the fermionic superpartners at tree-level are only
determined by µ itself. Thus, the non-observance of light charginos - where the charged Higgsino
components H̃+

u and H̃−
d enter - induces a bound of |µ| & 100 GeV. In addition a vanishing µ

induces a Peccei-Quinn-symmetry [80] in the scalar sector resulting in a massless axion. Also
the soft SUSY breaking term Bµ has to be nonzero to guarantee that both neutral components
H0

u and H0
d are nonvanishing at the minimum of the Higgs potential. In total µ cannot vanish,

but is also bounded by |µ| . mSUSY: If the mass contributions to Hu and Hd induced by the
µ-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 µ-problem can be found by replacing the bilinear µ-term in the super-
potential with a trilinear term involving a new particle, namely a chiral supermultiplet Ŝ, which
is a gauge singlet. The resulting model is named next-to-minimal supersymmetric standard
model (NMSSM) and is characterized by the following superpotential:

WNMSSM = ǫab

(
Y ij
u Ĥ

b
uQ̂

a
i û

c
j + Y ij

d Ĥ
a
d Q̂

b
i d̂

c
j + Y ij

e Ĥ
a
d L̂

b
i ê

c
j − λŜĤa

d Ĥ
b
u

)
+

1

3
κŜŜŜ (4.1)

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 Ŝ gets a vacuum expectation

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

µ = λ 〈S〉 =:
1√
2
λvS (4.2)

is generated. Since the SUSY breaking terms are of the order of the electroweak scale to allow
for a soft breaking, also vS and necessarily µ are naturally of this order, if λ 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 LSB,all in Equation (3.28), are

−LSB,NMSSM =− LSB,all +m2
SSS

∗ − ǫab

[
TλSH

a
dH

b
u + h.c.

]
+

[
1

3
TκSSS + h.c.

]
. (4.3)

The last term in the superpotential given in Equation (4.1) avoids the presence of a global U(1)-
symmetry HdHu → eiαHdHu, S → e−iαS (Peccei-Quinn-symmetry [80]), which guarantees the
bilinear µ-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
Z3-symmetry. Transforming all superfields according to Ŝ → e2πi/3Ŝ, the superpotential is not
changed. Electroweak symmetry breaking and the generation of the effective µ-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 ν̂c

and add it to the superpotential of the MSSM:

W =WMSSM + ǫabY
i
ν Ĥ

b
uL̂

a
i ν̂

c +mM ν̂
cν̂c (4.4)

Note that instead of νL and νR denoting Dirac spinors as originally used for the introduction
to the seesaw mechanism, we are working with Weyl spinors ν and νc in the context of su-
persymmetry. The Yukawa couplings Yν induce Dirac masses mD = Yνvu after electroweak
symmetry breaking. In addition one can add explicit Majorana masses mM , so that the seesaw
mechanism is equivalent to the one we presented for the standard model [78]. In principle, the
Yukawa couplings Yν are already sufficient to generate neutrino masses. However the seesaw
mechanism allows to explain the suppression of the neutrino masses mi ≤ 1 eV compared to
the other fermion masses without the need of choosing the Yukawa couplings unnaturally small
Yν < 10−10.
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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 ν̃c, which is in general mixed with the
left-handed sneutrino ν̃ by the soft SUSY breaking coupling Tν . There exist seesaw extensions,
which allow for a small mixing Tν = AνYν and a light ν̃c, 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 ν̃c 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 GUTs. 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:

⊲ 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

ZB
3 = exp

(
2πi

3
(B − 2Y )

)
(4.5)

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

⊲ 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
G5 = (f/Λ)QQQL are generated. They conserve R-parity, but allow for the decay of the
proton, so that strong bounds on the coupling f < 10−7 for Λ ∼ mGUT 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 ǫiL̂iĤu,
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 ǫi-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 µνSSM, which combines the advantages of bilinear R-parity
violation together with a solution of the µ-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

WBRpV = ǫab

(
Y ij
u Ĥ

b
uQ̂

a
i û

c
j + Y ij

d Ĥ
a
d Q̂

b
i d̂

c
j + Y ij

e Ĥ
a
d L̂

b
i ê

c
j − µĤa

d Ĥ
b
u + ǫiL̂

a
i Ĥ

b
u

)
, (4.6)

where ǫab is again the complete antisymmetric SU(2) tensor with ǫ12 = 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 LSB,all in Equation (3.28):

−LSB,BRpV =− LSB,all + ǫab

[
BiL̃

a
iH

b
u −BµH

a
dH

b
u + h.c.

]
(4.7)

The ǫi-terms induce a mixing between the well-known gauge eigenstates of the neutralinos
B̃, W̃ 0

3 , H̃
0
d and H̃0

u and the three left-handed neutrinos νi 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 ǫi and the three soft SUSY breaking parametersBi. However we derive the latter ones
from the tadpole equations and take the vacuum expectation values of the left-handed sneutrinos
vi as additional input to ǫi. Similar to the µ-problem in the MSSM it is a priori unclear, why
the parameters ǫi should be near the electroweak scale. Thus we introduce spontaneous R-
parity violation or the µνSSM, 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 λ, λ′ are present at a fundamental scale, they
will induce bilinear R-parity violation at a different scale. However bilinear terms ǫi can exist in
the absence of trilinear parameters, since massive terms ǫi do not generate massless parameters
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λ or λ′. This can also be seen from spontaneous bilinear R-parity violation, where R-parity is
conserved at high energies:

SpontaneousR-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 ǫi have to
be chosen at O(0.1 GeV), since they are generated similar to the µ-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

WspRpV =WNMSSM + ǫab

(
Y ij
ν Ĥ

b
uL̂

a
i ν̂

c
j

)
+ hŜν̂cΦ̂ . (4.8)

In addition to the singlet superfield Ŝ from the NMSSM, right-handed neutrino superfields ν̂cj
and a singlet superfield Φ̂ 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 ǫi =

1√
2
Y i
ν vc with the VEV of the right-

handed sneutrino 〈ν̃c〉 = 1√
2
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 χ̃0

1 → Jνi with branching ratios up to 100% [99, 100]. Moreover measurements
to lepton flavor violating decays like µ → eγ have to account for the additional decays µ → eJ
or µ→ eJγ, 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. µνSSM

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

WµνSSM = ǫab
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κklmν̂
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c
l ν̂

c
m . (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 ν̂ck. 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 〈ν̃ck〉 = 1√

2
vck an

effective µ-term and effective bilinear terms of the form

µ =
1√
2
λkvck and ǫi =

1√
2
Y ik
ν vck (4.10)
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are generated. Similar to the NMSSM and spontaneous R-parity violation the µνSSM only
contains trilinear terms, so that the “domain wall”-problem is also present due to a discrete
Z3-symmetry, but the solutions of the NMSSM can be adopted. We want to add that the terms
ν̂cĤdĤu and ν̂cν̂cν̂c 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:

−LSB,µνSSM =− LSB,all +mν̃c
2
klν̃

c
kν̃

c∗
l

+ ǫab

[
T ik
ν H

b
uL̃

a
i ν̃

c
k − T k

λ ν̃
c
kH

a
dH

b
u + h.c.

]
+

[
1

3
T klm
κ ν̃ckν̃

c
l ν̃

c
m + 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 κ term in Equation (4.9), this is equivalent to writing this term including only diagonal
couplings κklmν̂

c
kν̂

c
l ν̂

c
m −→ κk(ν̂

c
k)

3 with k = 1, . . . , n and n being the number of right-handed
neutrino superfields ν̂c. However, the rotation made in the superpotential does not necessarily
diagonalize the soft trilinear terms T klm

κ in Equation (4.11) and the soft mass terms mν̃c
2
kl

implying in general additional mixing between the right-handed sneutrinos.
Concerning the generation of neutrino masses the µνSSM is very similar to BRpV. If we take
the µνSSM 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 ν̂c 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 ν̂c 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 i

ν and the
soft SUSY breaking couplings T i

ν . As in the case of BRpV we can choose the VEVs of the left-
handed sneutrinos vi as input and calculate the parameters T i

ν from the tadpole equations. In
fact it turns out that in the µνSSM 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 µνSSM 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 µνSSM with only one singlet.



Chapter 5

Supersymmetric models at tree-level

In this chapter we will discuss the basic features of the MSSM, NMSSM, bilinear R-parity
violation and the µνSSM 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 χ̃0

j → χ̃±
l W

∓ and χ̃±
l → χ̃0

jW
±, which are of

particular interest for SUSY cascade decays and with regard to the R-parity violating final state
χ̃0
1 → l±W∓.

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
∗
i + 1

2g
2
a (φ

∗
iTaφi)

(
φ∗jTaφj

)
− LSB . (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 S0′ , P 0′ 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

VS0,P 0,S± =
1

2
S0′TM2

S0S
0′ +

1

2
P 0′TM2

P 0P
0′ + S−′TM2

S±S
+′

(5.2)
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with the mass matrices of the scalars M2
S0 , the pseudoscalarsM

2
P 0 and the charged scalars M2

S± .
The mixing matrices, which rotate these gauge into mass eigenstates, are defined as follows:

S±
i = RS±

ij S
±′

j , S0
i = RS0

ij S
0′
j , P 0

i = RP 0

ij P
0′
j (5.3)

Since M2
S± is a hermitian matrix, RS±

is a unitary rotation matrix, M2
S0 and M2

P 0 are real

symmetric matrices, so that the corresponding rotation matrices RS0

and RP 0

are orthogonal.
They diagonalize the mass matrices in the form:

M2
S±,dia. = RS±

M2
S±

(
RS±

)†
(5.4)

M2
S0,dia. = RS0

M2
S0

(
RS0

)T
(5.5)

M2
P 0,dia. = RP 0

M2
P 0

(
RP 0

)T
(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 µνSSM 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 Rξ-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 H0

d and H0
u can be expanded in the following way

H0
d =

1√
2

(
σ0d + vd + iφ0d

)
, H0

u =
1√
2

(
σ0u + vu + iφ0u

)
, (5.7)

where σ0 indicates the scalar and φ0 the pseudoscalar component. The angle tan β is defined as
the ratio of the VEVs vu and vd in the following form

tan β =
vu
vd

. (5.8)

The mass matrices can be deduced as second derivatives with respect to the fields from the
scalar potential in Equation (5.1), resulting in:

VS0 =
1

2

(
σ0d, σ

0
u

)
M2

S0

(
σ0d
σ0u

)
and VP 0 =

1

2

(
φ0d, φ

0
u

)
M2

P 0

(
φ0d
φ0u

)
with (5.9)

M2
S0 =

1

2

(
2m2

Hd
+ 1

4 (g
′2 + g2)(3v2d − v2u) −(Bµ +B∗

µ)− 1
2vdvu(g

′2 + g2)

−(Bµ +B∗
µ)− 1

2vdvu(g
′2 + g2) 2m2

Hu
+ 1

4 (g
′2 + g2)(3v2u − v2d)

)
(5.10)



5. Supersymmetric models at tree-level 35

M2
P 0 =

1

2

(
2m2

Hd
+ 1

4 (g
′2 + g2)(v2d − v2u) Bµ +B∗

µ

Bµ +B∗
µ 2m2

Hu
− 1

4(g
′2 + g2)(v2d − v2u)

)
(5.11)

Taking the scalar potential V the minimization conditions can be calculated

t0d =
∂V

∂vd
= −1

2
(Bµ +B∗

µ)vu +
(
m2

Hd
+ µµ∗

)
vd + vdD = 0 (5.12)

t0u =
∂V

∂vu
= −1

2
(Bµ +B∗

µ)vd +
(
m2

Hu
+ µµ∗

)
vu − vuD = 0 (5.13)

with the abbreviation D = 1
8(g

2 + g′2)
(
v2d − v2u

)
. Note that a redefinition of the fields Hu and

Hd allows to choose Bµ real and positive in the MSSM. In the following we calculate the soft
SUSY breaking masses m2

Hd
and m2

Hu
from the tadpole equations. Choosing real VEVs and a

real and positive Bµ we can insert m2
Hd

and m2
Hu

in M2
P 0 in Equation (5.11):

M2
P 0 = Bµ

(
vu/vd 1
1 vd/vu

)
(5.14)

The eigenvalues of this matrix are:

m2
P1

= m2
G0 = 0, m2

P2
= m2

A =
Bµ

vdvu
(v2d + v2u) =

2Bµ

sin(2β)
(5.15)

The first eigenvalue corresponds to the Goldstone boson G0, 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 θW , αEM , mZ and tan β, µ, m2
A (5.16)

The Weinberg angle θW and the fine-structure constant αEM were defined in Equation (2.9). To-
gether with the mass of the Z boson mZ they are known from various experiments, in particular
LEP. tan β, µ and the mass of the pseudoscalar Higgs m2

A are free parameters in supersym-
metry. From these quantities we can deduce the gauge couplings g′ and g in accordance to
Equation (2.9) and the vacuum expectation values vd and vu using the formulas for the heavy
gauge boson masses in combination with tan β:

m2
Z =

1

2

(
g2 + g′2

) (
v2d + v2u

)
, m2

W =
1

2
g2
(
v2d + v2u

)
= m2

Z cos2 θW , mγ = 0 (5.17)

Using this input we can also reexpress the matrix of the scalars M2
S0 in Equation (5.10) and we

get

M2
S0 =

(
m2

A sin2 β +m2
Z cos2 β −(m2

A +m2
Z) sin β cos β

−(m2
A +m2

Z) sin β cos β m2
A cos2 β +m2

Z sin2 β

)
(5.18)

with the eigenvalues:

m2
S1,S2

= m2
h,H =

1

2

[
m2

A +m2
Z ±

√(
m2

A +m2
Z

)2 − 4m2
Zm

2
A cos2(2β)

]
(5.19)
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Similarly we can rewrite the mass matrix of the charged scalars:

VS± =
(
H−

d ,H
−
u

)
M2

S±

(
H+

d

H+
u

)
with (5.20)

M2
S± =

(
m2

Hd
+ 1

8(g
′2 + g2)(v2d − v2u) +

1
4g

2v2u B∗
µ + 1

4g
2vdvu

Bµ + 1
4g

2vdvu m2
Hu

− 1
8 (g

′2 + g2)(v2d − v2u) +
1
4g

2v2d

)
(5.21)

=

(
Bµ

vdvu
+

1

4
g2
)(

v2u vdvu
vdvu v2d

)
, (5.22)

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

m2
S±

1

= m2
G± = 0, m2

S±

2

= m2
A +m2

W . (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 m2

h = m2
Z cos2(2β)

in the limit m2
A ≫ m2

Z . This imposes the bound mh < 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:

ν̃i =
1√
2

(
ν̃Ri + vi + iν̃Ii

)
(5.24)

The minimization conditions in case of BRpV take the form

t0d =
∂V

∂vd
= −1

2

(
Bµ +B∗

µ

)
vu +

(
m2

Hd
+ µµ∗

)
vd + vdD − vj

1

2

(
µ∗ǫj + µǫ∗j

)
= 0 (5.25)

t0u =
∂V

∂vu
= −1

2

(
Bµ +B∗

µ

)
vd +

(
m2

Hu
+ µµ∗

)
vu − vuD +

1

2

(
Bj +B∗

j

)
vj + vuǫjǫ

∗
j = 0 (5.26)

t0i =
∂V

∂vi
= viD + vj

1

2

(
ǫ∗i ǫj + ǫiǫ

∗
j

)
− vd (µ

∗ǫi + µǫ∗i )

+
1

2
(Bi +B∗

i ) vu +
1

2

(
vj(m

2
L̃
)ji + (m2

L̃
)ijvj

)
= 0 , (5.27)

where a summation over j has to be performed, whereas i = 1, 2, 3 is fixed. In case of VEVs of
the left-handed sneutrinos D is given by D = 1

8 (g
2 + g′2)

(
v2d − v2u +

∑
i v

2
i

)
. 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:

S0′T =
(
σ0d, σ

0
u, ν̃

R
i

)
, P 0′T =

(
φ0d, φ

0
u, ν̃

I
i

)
(5.28)

S+′T =
((
H−

d

)∗
,H+

u , ẽ
∗, µ̃∗, τ̃∗, ẽc, µ̃c, τ̃ c

)
(5.29)

S−′T =
(
H−

d ,
(
H+

u

)∗
, ẽ, µ̃, τ̃ , (ẽc)∗ , (µ̃c)∗ , (τ̃ c)∗

)
(5.30)
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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 m2

Hd
and m2

Hu
we calculate Bi = Bǫ

i ǫi from the tadpole equations, so that BRpV
has the additional parameters vi, ǫi compared to the MSSM:

tan θW , αEM , mZ and tan β, µ, m2
A, ǫi, vi (5.31)

Of course also the soft SUSY breaking masses m2
L̃ij

and m2
ẽcij, which entered the slepton and

sneutrino mass matrix in the MSSM, are now present in the scalar mass matrices. Note that we
use m2

A to calculate Bµ 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
m2

A, 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:

m2
Z =

1

4
(g2 + g′2)(v2d + v2u +

∑

i

v2i ), m2
W =

1

4
g2(v2d + v2u +

∑

i

v2i ) = m2
Z cos2 θW (5.32)

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

tan βi =
vi
vd

, (5.33)

which will be used in our discussions later.

The elements mixing the MSSM scalar sector with the sneutrinos or sleptons are proportional
to vi, ǫi and Bi ∝ (vi, ǫi). 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 ǫi 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 χ̃0

1 → l+W− and l−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

Hd = eiθ

(
1√
2
(σ0d + vd + iφ0d)

H−
d

)
, Hu =

(
H+

u
1√
2
(σ0u + vu + iφ0u)

)
(5.34)

L̃i = eiηi

(
1√
2

(
ν̃Ri + vi + iν̃Ii

)

l̃i

)
, (5.35)
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where a phase of Hu is absorbed into the other two phases, and complex parameters

ǫi = ǫRi + iǫIi , Bi = BR
i + iBI

i , µ = µR + iµI , Bµ = BR
µ + iBI

µ (5.36)

we get in addition to the tadpole equations for the real components of the VEVs td, tu and ti in
the last subsection:

tId =
∂V

∂θ
= BI

µvdvu + µIvdvjǫ
R
j − µRvdvjǫ

I
j = 0 (5.37)

tIi =
∂V

∂ηi
= vivuB

I
i − vdvi

(
µRǫIi − µIǫRi

)
+ vivj

(
µRi µ

I
j − ǫIi ǫ

R
j

)
= 0 (5.38)

where we sum over j and fix i. The equations allow us to choose real vacuum expectation values,
implying θ = ηi = 0. However, if we choose ǫi to be complex, we have to allow for complex
values of BI

µ and BI
i , which can be determined from the latter tadpole equations. In addition

the scalar and pseudoscalar states are mixed, so that we get

VS0 =
1

2
S0′TM2

SPS
0′ with M2

SP =

(
M2

S0 (M2
SPmix)

T

M2
SPmix M2

P 0

)
(5.39)

based on the following particle content:

S0′T =
(
σ0d, σ

0
u, ν̃

R
i , φ

0
d, φ

0
u, ν̃

I
i

)
(5.40)

Whereas the diagonal parts M2
S0 and M2

P 0 can be taken from [97] the new nondiagonal entries
are in accordance to [109]:

M2
SPmix =




0 BI
µ µIǫR1 − µRǫI1 µIǫR2 − µRǫI2 µIǫR3 − µRǫI3

BI
µ 0 −BI

1 BI
2 BI

3

µRǫI1 − µIǫR1 −BI
1 0 −ǫR2 ǫI1 + ǫR1 ǫ

I
2 −ǫR3 ǫI1 + ǫR1 ǫ

I
3

µRǫI2 − µIǫR2 −BI
2 ǫR2 ǫ

I
1 − ǫR1 ǫ

I
2 0 −ǫR3 ǫI2 + ǫR2 ǫ

I
3

µRǫI3 − µIǫR3 −BI
3 ǫR3 ǫ

I
1 − ǫR1 ǫ

I
3 ǫR3 ǫ

I
2 − ǫR2 ǫ

I
3 0




(5.41)

A simple numerical check of the correctness of these formulas is the presence of the Goldstone
boson m2

S0

1

= m2
G0 = 0, when m2

Hd
, m2

Hu
, BR

i , B
I
i and BI

µ 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 µνSSM

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 H0

d and H0
u the singlet S is

expanded:

S =
1√
2

(
σ0S + vd + iφ0S

)
(5.42)
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The minimization conditions in case of the NMSSM are given by:

t0d =
∂V

∂vd
= − 1

2
√
2
vSvu(Tλ + T ∗

λ ) +
1

2
vd(v

2
u + v2S)λλ

∗ − 1

4
v2Svu(λκ

∗ + κλ∗)

+
1

8
(g2 + g′2)vd(v

2
d − v2u) +m2

Hd
vd = 0 (5.43)

t0u =
∂V

∂vu
= − 1

2
√
2
vdvS(Tλ + T ∗

λ ) +
1

2
vu(v

2
d + v2S)λλ

∗ − 1

4
vdv

2
S(λκ

∗ + κλ∗)

+
1

8
(g2 + g′2)vu(v

2
u − v2d) +m2

Hu
vu = 0 (5.44)

t0S =
∂V

∂vS
=

1

2
√
2
v2S(Tκ + T ∗

κ )−
1

2
√
2
vdvu(Tλ + T ∗

λ ) +
1

2
vS(v

2
d + v2u)λλ

∗

− 1

2
vdvSvu(λκ

∗ + κλ∗) + v3Sκκ
∗ +m2

SvS = 0 (5.45)

Apart from m2
Hd

and m2
Hu

we also calculate m2
S 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

VS± =
(
H−

d ,H
−
u

)
M2

S±

(
H+

d
H+

u

)
with (5.46)

M2
S± =




[
m2

Hd
+ 1

8(g
′2 + g2)(v2d − v2u)

+1
4g

2v2u +
1
2λλ

∗v2S

] [
1
4g

2vdvu − 1
2λλ

∗vdvu
+1

2λκ
∗v2S + 1√

2
TλvS

]

[
1
4g

2vdvu − 1
2λλ

∗vdvu
+1

2λ
∗κv2S + 1√

2
T ∗
λvS

] [
m2

Hu
− 1

8 (g
′2 + g2)(v2d − v2u)

+1
4g

2v2d +
1
2λλ

∗v2S

]




(5.47)

=

(
1

4
g2 − 1

2
λ2 +

κλv2S
2vdvu

+
TλvS√
2vdvu

)(
v2u vdvu
vdvu v2d

)
, (5.48)

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

m2
S±

1

= m2
G± = 0, m2

S±

2

=

(
1

4
g2 − 1

2
λ2 +

κλv2S
2vdvu

+
TλvS√
2vdvu

)
(v2d + v2u) (5.49)

Our input parameters of the scalar and gauge sectors of the NMSSM are

tan θW , αEM , mZ and tan β, µ, λ, κ, Tλ, Tκ . (5.50)

From µ and λ we can derive the VEV vS of the singlet S using Equation (4.2). Later we will
replace λ by the VEV vS , the latter one being expressed by the new angle βS , and κ by the
singlino mass mS̃, both defined by:

tan βS =
vS
vu

and mS̃ =
√
2κvS (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 Tλ and Tκ 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

VS0,P 0,S± =
1

2
S0′TM2

S0S
0′ +

1

2
P 0′TM2

P 0P
0′ (5.52)

with the following particle content:

S0′T =
(
σ0d, σ

0
u, σ

0
S

)
, P 0′T =

(
φ0d, φ

0
u, φ

0
S

)
(5.53)

Solving the tadpole equations for m2
Hd
,m2

Hu
and m2

S the mass matrix of the pseudoscalar states
yields:

M2
P 0 =

(
M2

HH M2
HS(

M2
HS

)T
M2

SS

)
(5.54)

with

M2
HH =

(
(Ω1 +Ω2)

vu
vd

Ω1 +Ω2

Ω1 +Ω2 (Ω1 +Ω2)
vd
vu

)
, M2

HS =

(
(−2Ω1 +Ω2)

vu
vS

(−2Ω1 +Ω2)
vd
vS

)

M2
SS = (4Ω1 +Ω2)

vdvu
v2S

− 3Ω3 (5.55)

where we have introduced the following abbreviations Ωi:

Ω1 =
1

4
(λκ∗ + λ∗κ) v2S , Ω2 =

1

2
√
2
(Tλ + T ∗

λ ) vS, Ω3 =
1

2
√
2
(Tκ + T ∗

κ ) vS (5.56)

Diagonalizing M2
P 0 results in the Goldstone boson G0 and two pseudoscalar states A1 and A2:

m2
P 0

1

= m2
G0 = 0

m2
P 0

2

= m2
A1

=
1

2
(Ω1 +Ω2)

(
vd
vu

+
vu
vd

+
vdvu
v2S

)
− 3

2
Ω3 −

√
Γ

m2
P 0

3

= m2
A2

=
1

2
(Ω1 +Ω2)

(
vd
vu

+
vu
vd

+
vdvu
v2S

)
− 3

2
Ω3 +

√
Γ

with Γ =

(
1

2
(Ω1 +Ω2)

(
vd
vu

+
vu
vd

+
vdvu
v2S

)
− 3

2
Ω3

)2

+ 3 (Ω1 +Ω2)Ω3

(
vd
vu

+
vu
vd

)
− 9Ω1Ω2

(
v2S
v2d

+
v2S
v2u

)
(5.57)

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

Ω3 <
vdvu
v2S

3Ω1Ω2

Ω1 +Ω2
=: f1 (Ω2) (5.58)

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

M2
S0 =

(
M2

HH M2
HS(

M2
HS

)T
M2

SS

)
(5.59)
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with

M2
HH =

(
(Ω1 +Ω2)

vu
vd

+Ω6
vd
vu

−Ω1 − Ω2 − Ω6 +Ω4

−Ω1 − Ω2 − Ω6 +Ω4 (Ω1 +Ω2)
vd
vu

+Ω6
vu
vd

)

M2
HS =

(
(−2Ω1 − Ω2)

vu
vS

+Ω4
vS
vu

(−2Ω1 − Ω2)
vd
vS

+Ω4
vS
vd

)
, M2

SS = Ω2
vdvu
v2S

+Ω3 +Ω5 (5.60)

using the additional parameters

Ω4 = λλ∗vdvu > 0, Ω5 = 2κκ∗v2S > 0, Ω6 =
1

4

(
g2 + g′2

)
vdvu > 0 . (5.61)

In principle the eigenvalues m2
S1,2,3

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 < (Ω1 +Ω2)
vu
vd

+Ω6
vd
vu

0 < (Ω1 +Ω2)

(
Ω6

(
v2d
v2u

+
v2u
v2d

)
− 2Ω6 + 2Ω4

)
+ 2Ω4Ω6 − Ω2

4

0 < Ω3 − f2 (Ω2) , (5.62)

where f2(Ω2) is given by:

f2 (Ω2) =
Σ1

Σ2
with (5.63)

Σ1 = (Ω1 +Ω2) Ω5 (−2Ω4 + 2Ω6) +
(
Ω2
4 − 2Ω4Ω6

)
Ω5

+ (Ω1 +Ω2)Ω
2
4v

2
S

(
vd
v3u

+
vu
v3d

)
+
(
4Ω2

1 + 3Ω1Ω2

)
Ω6

1

v2S

(
v3d
vu

+
v3u
vd

)

− (Ω1 +Ω2)Ω5Ω6

(
v2d
v2u

+
v2u
v2d

)
+ 2 (Ω1 +Ω2 − Ω4 + 2Ω6)Ω

2
4

v2S
vdvu

− 2 (2Ω1 +Ω2) (2Ω1 + 2Ω2 − Ω4 + 2Ω6)Ω4

(
vd
vu

+
vu
vd

)

+
[
16Ω3

1 + 8 (4Ω2 − Ω4 +Ω6) Ω
2
1 + 10Ω1Ω2 (2Ω2 − Ω4 +Ω6)

+Ω2 (2Ω2 − Ω4) (2Ω2 − Ω4 + 2Ω6)]
vdvu
v2S

(5.64)

Σ2 = (Ω1 +Ω2) Ω6

(
v2d
v2u

+
v2u
v2d

)
+ 2 (Ω1 +Ω2) (Ω4 − Ω6)

+ 2Ω4Ω6 − Ω2
4 (5.65)

Except for special values of tan β and λ 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(Ω2) < Ω3 < f1(Ω2) (5.66)
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Taking a negative value of Ω3 (∝ Tκ) near f2(Ω2) results in a very light singlet scalar, whereas
for a value of Ω3 near f1(Ω2) a very light singlet pseudoscalar is present. Thus we find a value
of Ω3 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 µνSSM, we comment on the theoretical upper bound of the lightest
scalar S0

1 at tree-level: The smallest eigenvalue ofM2
S0 has to be less than the lower eigenvalue of

any (2×2)-submatrix. Taking the submatrixM2
HH the maximized value of the lower eigenvalue

at tree-level is given by [58]:

m2
S1

≤ m2
Z

[
cos2(2β) +

2λ2

g2 + g′2
sin2(2β)

]
(5.67)

In contrast to MSSM this expression imposes a priori no upper bound, as long as the Higgs self-
coupling λ is not limited. However, supposing perturbativity up to the GUT scale in combination
with loop corrections results in an upper bound of m2

S1
. 145 GeV. In fact, also in models with a

more complicated particle content together with additional 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].

µνSSM

We are left with the discussion of the scalar sector of the µνSSM with in general n right-handed
neutrino superfields. Apart from H0

d and H0
u and the left-handed sneutrinos ν̃i also the right-

handed sneutrinos ν̃ck with k = 1, . . . , n can be expanded similarly:

ν̃ck =
1√
2

(
ν̃cRk + vck + iν̃cIk

)
(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:

S0′T =
(
σ0d, σ

0
u, ν̃

cR
k , ν̃Ri

)
, P 0′T =

(
φ0d, φ

0
u, ν̃

cI
k , ν̃

I
i

)
(5.69)

S+′T =
((
H−

d

)∗
,H+

u , ẽ
∗, µ̃∗, τ̃∗, ẽc, µ̃c, τ̃ c

)
(5.70)

S−′T =
(
H−

d ,
(
H+

u

)∗
, ẽ, µ̃, τ̃ , (ẽc)∗ , (µ̃c)∗ , (τ̃ c)∗

)
(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 µνSSM 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 m2

Hd
,m2

Hu
,m2

ν̃c and the couplings Tν . Thus the input parameters of the scalar and gauge
boson sector in the µνSSM are given by:

tan θW , αEM , mZ , tan β, µ, λk, κk, T k
λ , T klm

κ , Y ik
ν , vi (5.72)

Moreover the soft SUSY breaking parameters of the slepton and sneutrino sector are input
parameters in case of the µνSSM, namely m2

L̃ij
and m2

ẽcij . In case of the µνSSM with one

right-handed neutrino superfield, now also called 1 ν̂c case, we will replace λ1 = λ later by vc,
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κ1 = κ by the singlino mass mc and Y
i1
ν = Y i

ν by ǫi using Equation (4.10) and define similar to
the NMSSM and BRpV:

tan βi =
vi
vd
, tan βc =

vc
vu

and mc =
√
2κvc (5.73)

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 µνSSM is identical to the one of the NMSSM. Thus the statements about the masses of the
scalars S0

1,2,3 and the pseudoscalars P 0
1,2 also hold for the µνSSM, so that a reasonable choice of

Tλ and Tκ allows to avoid tachyonic states. Also the upper bound for the lightest Higgs S0
1 is

not changed compared to the NMSSM [111].

In the n generation case (n ν̂c case) a similar result holds as long as Tκ and m2
ν̃c do not have

off-diagonal entries compared to κ. 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 Tκ while keeping at the same time the singlet fermions relatively light.
We illustrate this feature in the chapter about the phenomenology of the µνSSM.

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 S̃ in the NMSSM or νck
in the µνSSM 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 S0

i at LEP are the “Bjorken process” e+e− → Z0S0
i and for scalars S0

i in
company with pseudoscalars P 0

j in addition the associated production mechanism e+e− → S0
i P

0
j .

Other processes are subdominant. Thus, the mass exclusion bounds onmS0

i
andmP 0

j
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 µνSSM, 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 S0

i

and m pseudoscalars P 0
j the relevant couplings for the production processes are contained in the

Lagrangian density

L ⊃
n∑

i=1

(√
2GF

)1/2
m2

Zη
i
BS

0
i Z

0
µZ

0µ +

n∑

i=1

m∑

j=1

(√
2GF

)1/2
mZη

ij
A

(
Z0µS0

i

↔
∂µ P

0
j

)
(5.74)

with the Fermi constant given by GF =
√
2g2

8m2

W
. The parameters η are defined as follows

ηiB =
1

v


vdRS0

i1 + vuR
S0

i2 +
3∑

j=1

vjR
S0

i,j+l


 (5.75)
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ηijA = RS0

i1 R
P 0

j1 −RS0

i2 R
P 0

j2 +

3∑

k=1

RS0

i,k+lR
P 0

j,k+l , (5.76)

where the rotation matrices of the scalars RS0

and pseudoscalars RP 0

appear and l has to be
chosen such that the rotation matrices point on the sneutrino gauge eigenstates (l = 2 in BRpV
and l = 3 in the µνSSM 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 η, which results
for the “Bjorken process” [114] in

σ
(
e+e− → Z0S0

i

)
= (ηiB)

2G
2
Fm

4
Z

96πs
(v2e + a2e)β

β2 + 12m2
Z/s(

1−m2
Z/s

)2
+ (ΓZmZ/s)

2

with ve = −1 + 4 sin θ2W , ae = −1, β =
1

s

√
κ(s,m2

Z ,m
2
i ) , (5.77)

where κ is the well-known Kaellen function κ(x, y, z) = x2 + y2 + z2 − 2xy − 2yz − 2xz and
√
s

denotes the center-of-mass energy. For the associated production mechanism yields

σ
(
e+e− → S0

i P
0
j

)
= (ηijA )

2G
2
Fm

4
Z

96πs

(
v2e + a2e

) β3
(
1−m2

Z/s
)2

+ (ΓZmZ/s)
2

with β =
1

s

√
κ(s,m2

j ,m
2
i ) . (5.78)

We abbreviated the masses of the scalar and pseudoscalar by mi = m(S0
i ) and mj = m(P 0

j )
in both formulas. The results of the experiments at LEP [113] make use of a scale factor S95,
which is defined in the following form

S95 =
σmax

σref
, (5.79)

where σmax refers to the maximal production cross section, which is still compatible with the
measurements at 95% confidence level and σref is the reference production cross section. Thus,
S95 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 σSMHZ =
σ
(
e+e− → Z0H

)
, for the associated production mechanism it is given by

σref = βσSMHZ with β =

√
κ3(s,m2

j ,m
2
i )/s

3

(√
κ(s,m2

Z ,m
2
i )/s

) (
κ(s,m2

Z ,m
2
i )/s

2 + 12m2
Z/s

) . (5.80)

This results in S95 = (ηiB)
2 and S95 = (ηijA )

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 S95 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 S0

i and pseudoscalars P 0
i are supposed to be standard model like, implying a

dominant decay into bb and τ+τ−. Despite from some special cases, where a decay into a pair
of neutralinos χ̃0

1χ̃
0
1 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 S95 at 95% confidence level for the “Bjorken process”
e+e− → Z0S0

i as a function of the scalar mass mH1 = mS0

i

, Assumption: Branching ratios of

S0
i are similar to the ones of the standard model Higgs H ; b) (right) Maximum value of S95 at

95% confidence level for the associated production mechanism e+e− → S0
i P

0
j as a function of the

scalar mH1 = mS0

i

and pseudoscalar mass mH2 = mP 0

i

, Assumption: Branching ratios of S0
i and

P 0
i 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

(MS0)1L22 = (MS0)22 +
3

4π2v2uCv
m2

t log

(
mt̃1

mt̃2

m2
t

)

with Cv = 1− v21 + v22 + v23
v2d + v2u + v21 + v22 + v23

(5.81)

Here mt denotes the top mass and mt̃1,2
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:

T {J} =
Z {J}
Z {0} with (5.82)

Z {J} =

∫
D[A] exp

(
iS {A}+ i

∫
d4xJµ,a(x)Aa

µ(x)

)
(5.83)

S {A} =

∫
d4x

(
−1

4
F a
µν(x)F

a,µν(x)

)
(5.84)

In this notation the gauge fields A = (Aa
µ) and the sources J = (Ja

µ) appear. Moreover F a
µν

denotes the field strength tensor as defined in Section 2.2 and the measure D[A] = Πx,µ,adA
a
µ(x)

involves a product over all group and vector components of the field Aa
µ(x) 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 δ-functional with conditions of the form
Ca {A;x}−ca(x) = 0. For their exact definition we refer to [6]. The integration can be rewritten
by a variable transformation using two anticommuting scalar fields ua(x) and ua(x), which are
just auxiliary fields and are called Faddeev-Popov ghost fields. This procedure results in the
Lagrangian

L = −1

4
F a
µν(x)F

a,µν(x)− 1

2ξ
Ca {A;x}Ca {A;x} −

∫
d4zua(x)

δCa {A;x}
δAc

ν(z)
Dcb

ν u
b(z) , (5.85)

where ξ stems from a Gaussian weight function, so it can be chosen arbitrary, and Dcb
ν denotes

the covariant derivative in the notation of infinitesimal gauge transformations Dab
ν δθ

b(x) =
∂νδθ

a(x)+ gfabcAb
µ(x)δθ

c(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 Aµ and the Goldstone
bosons G of the form Aµ∂

µG. However there exists a class of renormalizable gauge, where these
terms are absent. It is given by the gauge fixing conditions

C± = ∂µW±
µ ∓ imW ξ

′
WG

± (5.86)

CZ = ∂µZµ −mZξ
′
ZG

0

Cγ = ∂µAµ

in combination with the gauge-fixing terms

L = − 1

2ξA
(CA)2 − 1

2ξZ
(CZ)2 − 1

ξW
C+C− . (5.87)
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Choosing ξ′ = ξ cancels the mentioned mixing terms up to irrelevant total derivatives. This is
the class of ’t Hooft-Feynman gauge or Rξ-gauge, which we partially use in our later calculations.
By a variation of ξA, ξZ and ξW 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:

iGµν
V (k2) =

gµν

k2 −m2
V

− (1− ξV )
kµkν(

k2 −m2
V

) (
k2 − ξVm2

V

) (5.88)

The one of the massless photon is:

iGµν
γ (k2) =

gµν

k2
− (1− ξA)

kµkν

k4
(5.89)

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

iG(k2) =
−1

k2 − ξVm2
V

, (5.90)

implying that both have a mass of m2
GV

= m2
uV

= ξVm
2
V in Rξ-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

M2
P 0 −→M2

P 0 + ξZm
2
ZM

2
GP 0 (5.91)

M2
S± −→M2

S± + ξWm
2
WM

2
GS± . (5.92)

In case of the MSSM the matrices are given by

M2
GP 0 =M2

GS± =
1

v2d + v2u

(
v2d −vuvd

−vuvd v2u

)
. (5.93)

In case of the NMSSM the matrix in Equation (5.93) is the upper (2×2)-block of the pseudoscalar
(3 × 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

M2
GP 0 =

1

v2d + v2u +
∑

i v
2
i




v2d −vuvd v1vd v2vd v3vd
−vuvd v2u −v1vu −v2vu −v3vu
v1vd −v1vu v21 v1v2 v1v3
v2vd −v2vu v1v2 v22 v2v3
v3vd −v3vu v1v3 v2v3 v23




(5.94)

M2
GS± =

(
M2

GP 0 0

0 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 µνSSM rows and columns with zeros for each right-handed sneutrino
in M2

GP 0 have to be added. All these contributions result in the unphysical mass eigenstate
describing the Goldstone boson with mass

√
ξZmZ in case of the pseudoscalars and

√
ξWmW
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in case of the charged scalars. Apart from the propagator and the masses the gauge-fixing
parameters ξV 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 S0

k to the Faddeev-Popov fields of the Z boson in BRpV, where RS0

denotes
the mixing matrix of the neutral scalars:

CS0

kuZuZ
= − i

4
ξZ
(
g cos θW + g′ sin θW

)
(
vdR

S0

k1 + vuR
S0

k2 +
∑

l

vlR
S0

kl+2

)
(5.96)

In case of the µνSSM RS0

kl+2 has to be shifted to RS0

kl+2+m 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 ψ0 and ψ±, which contain the Weyl spinors mixing after electroweak symmetry
breaking, the relevant part of the Lagrangian density can be written in the form

L ⊃ −1

2

(
ψ0
)T Mnψ

0 − 1

2

((
ψ−)T Mcψ

+ +
(
ψ+
)T MT

c ψ
−
)
+ h.c. (5.97)

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

F 0
i = Nisψ

0
s , F+

i = Vitψ
+
t and F−

i = Uitψ
−
t , (5.98)

so the rotation matrices U and V diagonalize the mass matrix Mc of the charginos in the form:

Mc,dia. = U∗McV
−1 (5.99)

The rotation matrices can be obtained by the relations:

M2
c,dia. = VM†

cMcV
−1 = U∗McM†

c (U
∗)−1 (5.100)

The neutralino mass matrix Mn is a complex, but symmetric matrix. According to [116] a
complex and symmetric matrices A can be diagonalized in the form SAST = Adia. with a
unitary matrix SS† = 1. Thus, using the unitary matrix N the neutralino mass matrix is
diagonalized by

N ∗MnN † = Mn,dia. . (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:

χ̃0
i =

(
F 0
i(

F 0
i

)†

)
, χ̃+

i =

(
F+
i(

F−
i

)†

)
, χ̃−

i =

(
F−
i(

F+
i

)†

)

χ̃0
i =

(
F 0
i ,
(
F 0
i

)†)
, χ̃+

i =
(
F−
i ,
(
F+
i

)†)
, χ̃−

i =
(
F+
i ,
(
F−
i

)†)
(5.102)

We will start with the MSSM and NMSSM, before explaining the generation of neutrino masses
in BRpV and the µνSSM. 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 vd of the Higgs field H0

d as in the standard model. The gauge
eigenstates of the neutral gauginos B̃ and W̃3 mix with the neutral Higgsinos H̃0

d and H̃0
u to

four neutralinos χ̃i in the MSSM, in case of the NMSSM the singlino S̃ has to be added. In the
charged sector the charged gauginos W̃±, which are mixed according to

W̃± =
1√
2

(
W̃1 ∓ iW̃2

)
, (5.103)

form together with the charged Higgsinos H̃−
d and H̃+

u two charginos χ̃±
i . In the basis

(
ψ−)T =

(
W̃−, H̃−

d

)
,

(
ψ+
)T

=
(
W̃+, H̃+

u

)
,

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

Mc =

(
M2

1√
2
gvu

1√
2
gvd µ

)
=

(
M2

√
2mW sin β√

2mW cos β µ

)
, (5.104)

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

ψ0
)T

=
(
B̃0, W̃ 0

3 , H̃
0
d , H̃

0
u, S̃

)
, (5.105)

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

MMSSM
n =




M1 0 −1
2g

′vd
1
2g

′vu
0 M2

1
2gvd −1

2gvu
−1

2g
′vd

1
2gvd 0 −µ

1
2g

′vu −1
2gvu −µ 0




=




M1 0 −mZ sin θW cos β mZ sin θW sin β
M2 mZ cos θW cos β −mZ cos θW sin β

0 −µ
sym. 0


 (5.106)
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MNMSSM
n =




M1 0 −1
2g

′vd
1
2g

′vu 0

0 M2
1
2gvd −1

2gvu 0

−1
2g

′vd
1
2gvd 0 − 1√

2
λvS − 1√

2
λvu

1
2g

′vu −1
2gvu − 1√

2
λvS 0 − 1√

2
λvd

0 0 − 1√
2
λvu − 1√

2
λvd

√
2κvS




=




M1 0 −mZ sin θW cos β mZ sin θW sin β 0
M2 mZ cos θW cosβ −mZ cos θW sinβ 0

0 −µ − µ
tan βS

sym. 0 −µ
tanβ tan βS

mS̃




(5.107)

In case of the NMSSM µ, tan βS and mS̃ 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 0

i and F±
j and from those the Dirac spinors χ̃0

i and χ̃±
j , 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 µνSSM

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× 5)-mass
matrix of the charginos Mc using the basis

(
ψ−)T =

(
W̃−, H̃−

d , e, µ, τ
)

(
ψ+
)T

=
(
W̃+, H̃+

u , e
c, µc, τ c

)
, (5.108)

has the same form, namely

Mc =




M2
1√
2
gvu 0 0 0

1√
2
gvd µ − 1√

2
Y i1
e vi − 1√

2
Y i2
e vi − 1√

2
Y i3
e vi

1√
2
gv1 −ǫ1 1√

2
Y 11
e vd

1√
2
Y 12
e vd

1√
2
Y 13
e vd

1√
2
gv2 −ǫ2 1√

2
Y 21
e vd

1√
2
Y 22
e vd

1√
2
Y 23
e vd

1√
2
gv3 −ǫ3 1√

2
Y 31
e vd

1√
2
Y 32
e vd

1√
2
Y 33
e vd




=




M2

√
2mW sin βΘ 0 0 0√

2mW cosβΘ µ − tan βim
i1
e − tan βim

i2
e − tan βim

i3
e√

2mW cos β tan β1Θ −ǫ1 m11
e m12

e m13
e√

2mW cos β tan β2Θ −ǫ2 m21
e m22

e m23
e√

2mW cos β tan β3Θ −ǫ3 m31
e m32

e m33
e




,

(5.109)

where µ and ǫi have to be taken from Equation (4.10) in case of the µνSSM. Apart from
tan βi = vi/vd we define mij

e = 1√
2
Y ij
e vd. Note that we allow for nondiagonal lepton masses mij

e ,

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

matrix at one-loop level. However the lepton Yukawa couplings Ye and thus mij
e can be chosen
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diagonal at tree-level. The quantity Θ is a function of tan β and tan βi:

Θ = Θ(β, βi) =

√
1

1 + cos2 β
∑

i tan
2 βi

vi→0
−−−−−−−→ 1 (5.110)

It allows to express the elements of the chargino and later also the neutralino mass matrix in
terms of the physical observables mZ or mW defined in the gauge boson sector, whereas the
small contributions from R-parity violation are encoded in tan βi, ǫi or Θ, the latter one being
approximately 1 for reasonable small VEVs vi 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 ii

e 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 µνSSM indepen-
dently. We start with BRpV, where we get in the basis

(
ψ0
)T

=
(
B̃0, W̃ 0

3 , H̃
0
d , H̃

0
u, ν1, ν2, ν3

)
(5.111)

the following mass matrix for the neutralinos:

Mn =

(
Mn m̂

m̂T 0

)
(5.112)

Mn =




M1 0 −1
2g

′vd
1
2g

′vu
0 M2

1
2gvd −1

2gvu
−1

2g
′vd

1
2gvd 0 −µ

1
2g

′vu −1
2gvu −µ 0


 (5.113)

=




M1 0 −mZ sin θW cos βΘ mZ sin θW sin βΘ
M2 mZ cos θW cosβΘ −mZ cos θW sin βΘ

0 −µ
sym. 0


 (5.114)

(m̂T )i =
(
−1

2g
′vi

1
2gvi 0 ǫi

)
(5.115)

=
(
−mZ sin θW cosβ tan βiΘ mZ cos θW cos β tan βiΘ 0 ǫi

)
(5.116)

Again we rewrote the matrix to adopt our notation for the renormalization procedure later.
Thus the R-parity violating parameters ǫi and vi are encoded in ǫi, tan βi and Θ 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 µνSSM the gauge eigenstates of the neutralinos are ordered in the form

(
ψ0
)T

=
(
B̃0, W̃ 0

3 , H̃
0
d , H̃

0
u, ν

c
k, ν1, ν2, ν3

)
(5.117)

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

Mn =

(
Mn m̂

m̂T 0

)
(5.118)
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Mn =




M1 0 −1
2g

′vd
1
2g

′vu 0

0 M2
1
2gvd −1

2gvu 0

−1
2g

′vd
1
2gvd 0 − 1√

2
λlvcl − 1√

2
λkvu

1
2g

′vu −1
2gvu − 1√

2
λlvcl 0 1√

2

(
Y ik
ν vi − λkvd

)

0 0 − 1√
2
λkvu

1√
2

(
Y ik
ν vi − λkvd

)
1√
2
κkvck




, (5.119)

where the last row and column of Mn have to be copied n-times using k = 1, . . . , n, whereas
it has to be summed over i and l. The part of the mass matrix containing the right-handed
neutrinos is diagonal with the elements 1√

2
κkvck. The (3× (4 + n))-mass matrix m̂ yields

(m̂T )i =
(
−1

2g
′vi

1
2gvi 0 1√

2
Y il
ν vcl

1√
2
Y ik
ν vu

)
, (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 Mn can be
rewritten in the following way

Mn =

(
Mn m̂

m̂T 0

)
(5.121)

Mn =




M1 0 −mZ sin θW cos βΘ mZ sin θW sin βΘ 0
M2 mZ cos θW cos βΘ −mZ cos θW sinβΘ 0

0 −µ − µ
tan βc

sym. 0 tan βiǫi−µ
tan β tan βc

mc




(5.122)

(m̂T )i =
(
−mZ sin θW cosβΘtan βi mZ cos θW cos βΘtan βi 0 ǫi

ǫi
tan βc

)
, (5.123)

where the effective µ and effective bilinear terms ǫi are defined in accordance to Equation (4.10).
Moreover the definitions for tan βc, tan βi and mc, 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 µνSSM we will
present an approximate diagonalization of the neutralino mass matrices Mn, which we showed
in the last section. The diagonalization of the neutralino mass matrix can be approximated
according to [117] as follows:

N ∗MnN † = Mn,dia. with N ∗ =

(
N∗ 0

0 VT

)(
1− 1

2ξ
†ξ ξ†

−ξ 1− 1
2ξξ

†

)
(5.124)

For small values of the (3 × 4)- respectively (3 × (5 + n))-matrix ξ, namely ξij ≪ 1, N ∗ is
approximately a unitary matrix, since N∗ and VT are chosen to be unitary. Setting ξ = m̂TM−1

n

allows the following transformation

N ∗MnN † ≈
(
N∗ 0

0 VT

)(
Mn 0

0 −m̂TM−1
n m̂

)(
N † 0
0 V

)
, (5.125)
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if higher orders in ξ are neglected. Thus, using the definition of an effective neutrino mass matrix
meff.

νν = −m̂TM−1
n m̂ we define N∗ and VT to diagonalize

N∗MnN
† =Mn,dia. and VTmeff.

νν V = meff.,dia.
νν . (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 Mn

only a numerical determination of the eigenvalues is possible. The matrices ξ 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

Mc =

(
Mc E′

E me

)
, (5.127)

where we have used the (3× 3)-mass matrix of the leptons me and the (2× 2)-mass matrix of
the charginos Mc, one can do the following approximation for small values of E′ ≈ 0, i.e. small
VEVs of the left-handed sneutrinos vi

U =

(
Uc Ucξ

T
L

−ξL I3

)
, V =

(
Vc Vcξ

T
R

−ξR I3

)
, (5.128)

where the matrices ξL and ξR can be deduced from

ξ∗L = EM−1
c

ξ∗R = m†
eEM

−1
c

(
M−1

c

)T
= m†

eξ
∗
L

(
M−1

c

)T
. (5.129)

and the identity matrix I3 implies a diagonal form of the lepton Yukawa couplings. Uc and Vc
diagonalize the (2×2)-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
violating models by using the effective neutrino mass matrix meff.

νν = −m̂TM−1
n m̂. In case of

BRpV and the µνSSM with one right-handed neutrino superfield and assuming real parameters
this results in

(meff.
νν )ij = aΛiΛj (5.130)

with a being

aBRpV =
mγ

4DetBRpV
0

, a1µνSSM =
mγ(λ

2vdvu + µmc)

4µDet1µνSSM0

, (5.131)

where we have introduced the alignment parameter

Λi = µvi + vdǫi (5.132)
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with µ given by Equation (4.10) in the µνSSM and the abbreviation

mγ = g2M1 + g′2M2 . (5.133)

The determinants of Mn are given by

DetBRpV
0 =

1

2
mγµvdvu −M1M2µ

2 (5.134)

Det1µνSSM0 =
1

8
mγ(λ

2(v2d + v2u)
2 + 4mcµvdvu)−M1M2µ(vdvuλ

2 +mcµ) . (5.135)

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

m(ν3) = a|~Λ| , (5.136)

allowing an estimation for the correct magnitude of ~Λ. 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 Mn yields

det (Mn − ρI) = ρ2P (ρ) , (5.137)

where P (ρ) is a polynomial in ρ. 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 µνSSM 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 Λi as defined in Equation (5.132) we have
a new alignment parameter

αi = vu(λ2Y
i1
ν − λ1Y

i2
ν ) . (5.138)

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

(meff.
νν )ij = aΛiΛj + b(Λiαj + Λjαi) + cαiαj (5.139)

with
a =

mγ

4µDet2µνSSM0

(mc1λ
2
2vuvd +mc2λ

2
1vuvd +mc1mc2µ)

b =
mγ

8
√
2µDet2µνSSM0

(v2u − v2d)(mc1vc1λ2 −mc2vc2λ1)

c =− 1

16µ2Det2µνSSM0

[
µ2(mγ(v

2
d + v2u)

2 − 8M1M2µvuvd)

+4DetBRpV
0 (mc1v

2
c1 +mc2v

2
c2)
]

(5.140)
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using mck =
√
2κkvck and the determinant of the (6× 6)-mass matrix of the heavy states

Det2µνSSM0 =
1

8

[
(mc2λ

2
1 +mc1λ

2
2)(mγ(v

2
d + v2u)

2 − 8M1M2µvuvd)

+8mc1mc2DetBRpV
0

]
. (5.141)

The mass matrix in Equation (5.139) has two nonzero eigenvalues in contrast to BRpV and
the µνSSM 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 χ̃0
j → χ̃±

l W
∓ and χ̃±

l → χ̃0
jW

±

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 χ̃0

1 → l±W∓, which play an important role within this
thesis. Thus, it is reasonable to discuss the decays χ̃±

l → χ̃0
jW

± and the couplings χ̃0
i −χ̃±

j −W∓

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 = χ̃−
l γ

µ (PLOLlj + PRORlj) χ̃
0
jW

−
µ + h.c. . (5.142)

The couplings are given by

OLlj = −gN ∗
j2Ul1 −

1√
2
g

(
N ∗

j3Ul2 +

3∑

k=1

Ul,2+kN ∗
j,4(4+n)+k

)
(5.143)

ORlj = −gV ∗
l1Nj2 +

1√
2
gV ∗

l2Nj4 , (5.144)

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

Γ0 =
1

16πm3
i

√
κ(m2

i ,m
2
o,m

2
W )

1

2

∑

pol

|MT |2 , (5.145)

where mi (mo) is the mass of the mother (daughter) particle and MT is the tree-level matrix
element. Explicitly they are

Γ0
(
χ̃0
j → χ̃+

l W
−) = 1

16πm3
j

√
κ(m2

j ,m
2
l ,m

2
W )

×
((

|OLlj |2 + |ORlj |2
)
f(m2

j ,m
2
l ,m

2
W )− 6Re(OLljO

∗
Rlj)mjml

)
(5.146)

Γ0
(
χ̃+
i → χ̃0

kW
+
)
=

1

16πm3
i

√
κ(m2

i ,m
2
k,m

2
W )

×
((

|OLik|2 + |ORik|2
)
f(m2

i ,m
2
k,m

2
W )− 6Re(OLikO

∗
Rik)mimk

)
(5.147)
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making use of the following functions

f(x, y, z) =
1

2
(x+ y)− z +

(x− y)2

2z
(5.148)

κ(x, y, z) =x2 + y2 + z2 − 2xy − 2xz − 2yz . (5.149)

5.5. Coupling χ̃0
i − χ̃±

j −W∓ - Approximate formulas

The tree-level couplings OLi1 in Equation (5.143) and ORi1 in Equation (5.144) for the special
case of the lightest neutralino χ̃0

1 coupling to a lepton l+i in the R-parity violating models can
be approximated in terms of the alignment parameters Λi, ǫi and in case of the µνSSM with
two right-handed neutrino superfields also αi, 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 ξ, ξL and
ξR 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 NξT

−V†ξ∗ V†

)
, U =

(
Uc Ucξ

T
L

−ξL I3

)
, V =

(
Vc Vcξ

T
R

−ξR I3

)
, (5.150)

where I3 is the (3 × 3)-identity matrix. Inserting the expressions for ξ, ξL and ξR 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:

OLi1 ≈
g√
2


gN12Λi

Det+
−
(ǫi
µ
+

g2vuΛi

2µDet+

)
N13 −

4(4+n)∑

k=1

N1kξik




ORi1 ≈ gY ii
e vd

2Det+

[
gvuN12 −M2N14

µ
ǫi +

g(2µ2 + g2v2u)N12 − g2(vdµ+M2vu)N14

2µDet+
Λi

]
(5.151)

Whereas the approximated right-handed couplings ORi1 are the same in BRpV and the µνSSM
and differ slightly from the ones presented in [118], inserting the expansion matrices ξij yields
for the left-handed coupling OLi1 in BRpV and the µνSSM with one right-handed neutrino
superfield the following expressions:

OBRpV
Li1 ≈gΛi√

2

[
−g

′M2µ

2Det0
N11 +

(
g

Det+
+
gM1µ

2Det0

)
N12

− vu
2

(
mγ

2Det0
+

g2

µDet+

)
N13 +

vdmγ

4Det0
N14

]
(5.152)

O1µνSSM
Li1 ≈gΛi√

2

[
− g′M2

2Det0
(vdvuλ

2 +mcµ)N11 +

(
g

Det+
+

gM1

2Det0
(vdvuλ

2 +mcµ)

)
N12

−
(

g2vu
2µDet+

− mγ

8µDet0
(λ2vd(v

2
d + v2u) + 2mcµvu)

)
N13

+
mγ

8µDet0
(λ2vu(v

2
d + v2u) + 2mcµvd)N14 −

λmγ

4
√
2Det0

(v2u − v2d)N15

]
(5.153)

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
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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 Ye, it is obvious that the lightest neutralino χ̃0

1

couples to l+i W
− proportional to Λi without any dependence on the ǫi parameters. This fact

is in case of the considered BRpV and the µνSSM with one right-handed neutrino superfield
independent of the nature of the lightest neutralino χ̃0

1.
The case of the µνSSM with two right-handed neutrino superfields offers a richer structure,
since not only the alignment parameters Λi and ǫi, but in addition αi is relevant. Neglecting
the right-handed coupling the expression for a bino-like neutralino with N2

11 = 1 yields

O2µνSSM
Li1 =−

√
2gg′M2µ

mγ
(aΛi + bαi) . (5.154)

The latter formula implies that a bino-like neutralino χ̃0
1 couples to l+i W

− dependent on two
pieces being proportional to either Λi or αi. However the relative importance of those two terms
can be easily estimated: If we assume that all masses are at the same scale mSUSY and the
couplings λ, κ are of order O(0.1) and the R-parity violating parameters Y i

ν and vi are of order
O(Yν) and O(mSUSYYν) respectively, we get aΛi ∼ 200 bαi. Thus the coupling is dominated by
the term proportional to Λi.
For a pure Higgsino-like neutralino characterized by N2

13 +N2
14 = 1 we observe a dependence on

Λi and αi using the expansion matrices ξ, ξL and ξR from Appendix B. We add one example
for a singlino-like neutralino defined by N2

1k = 1: The coupling of νc1 in the µνSSM with two
right-handed neutrino superfields is given by ξi5 resulting in a dependence on Λi and αi. 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 µνSSM with one right-handed neutrino superfield or performs a complete
NLO calculation of the considered decay width.





Chapter 6

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 Rξ-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 µνSSM 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 µνSSM
[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 Γ(χ̃0

i → χ̃±
i W

∓) 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 Γ(χ̃0

1 → l±i W
∓) 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 φ4-theory with the Lagrangian
density

L =
1

2
(∂µφ0)(∂

µφ0)−
1

2
m2

0φ
2
0 −

λ0
4!
φ40 , (6.1)

it contains a four-point interaction λ0, which can be represented as tree-level Feynman graph.
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However using two of these interactions, also the next order in perturbation theory can be
depicted:

p1

p2

and

k

p1 + p2 − k

p1

p2

(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 d4k is rewrit-
ten in spherical coordinates and the radius of the 4-dimensional sphere is limited to a maximum
value of Λ, 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

Greg (p,m) = G (p,m) +
∑

k

CkG (p,Mk) (6.3)

with coefficients Ck, which are functions of the masses m and Mk. 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 uγµ∂µu, 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 [φ] = [Aµ] = (d − 2)/2. In 4 dimension the electric charge e
has no mass dimension. However a glimpse at the coupling euγµAµu shows that in d dimensions
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it should yield [e] = (4− d)/2. To solve this problem a mass parameter Q is introduced

e→ eQ
4−d
2 (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 − ǫ dimensions.
Therefore, in supersymmetry dimensional reduction (DRED) instead of DimReg is used, where
tensors and spinors stay in 4 dimensions with an index µ 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 ǫ-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 Romão [132].

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

T
µ1...µp
n =

(2πQ)4−d

iπ2

∫
ddk

kµ1 . . . kµp

D0D1 . . . Dn−1
(6.5)

with the denominators being defined as follows

Di = (ri + k)2 −m2
i+1 + iǫ , (6.6)

where ri can be interpreted from Figure 6.1.

pn−1

pnp1

p2

p3 p4

k

r1 + k

r3 + k

Figure 6.1.: Definition and notation
of Passarino-Veltman integrals

In this notation the following relations hold:

rj =

j∑

i=1

pi with j = 1, . . . , n − 1, r0 =

n∑

i=1

pi = 0 (6.7)

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

In(f
2) :=

(2πQ)4−d

iπ2

∫
ddk

1

(k2 − f2)n
=

(4πQ2)2−
d
2

iπd/2

∫
ddk

1

(k2 − f2)n

= (−1)n(4πQ2)2−
d
2
Γ(n− d

2 )

Γ(n)
fd−2n (6.8)

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

I1(f
2) = −(4πQ2)ǫΓ(−1 + ǫ)f2−2ǫ ǫ→0−→ f2

(
∆+ 1 + ln

(
Q2

f2

))
+O(ǫ) , (6.9)

where we have defined:

∆ =
1

ǫ
− γE + ln(4π) with γE = −

∫ ∞

0
dt ln te−t ≈ 0.577 (6.10)

Therein the Euler-Mascheroni constant γE is used. The scalar 1-point function A0 is exactly
given by A0(m

2) = I1(m
2). Hence, the result is:

A0(m
2) =

(2πQ)4−d

iπ2

∫
ddk

1

k2 −m2
= m2

[
∆+ 1 + ln

(
Q2

m2

)]
(6.11)

The UV divergence is contained in the parameter ∆ together with two constant terms. Setting
∆ = 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 Rξ-gauge. Next we need a reasonable
description how to treat the UV divergent parts ∆ 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 φ4-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:

φ0 = Z
1
2φ, Z = 1 + δZ (6.12)

m2
0 = Zmm

2, Zm = 1 + δZm → m2
0 = m2 + δZmm

2 =: m2 + δm2 (6.13)

λ0 = Zλλ, Zλ = 1 + δZλ (6.14)

Then we can rewrite the Lagrangian density in Equation (6.1) as follows:

L =
1

2
Z(∂µφ)(∂

µφ)− 1

2
ZZmm

2φ2 − λ

4!
ZλZ

2φ4 (6.15)

=
1

2
(∂µφ)(∂

µφ)− 1

2
m2φ2 − λ

4!
φ4

+
1

2
δZ(∂µφ)(∂

µφ)− 1

2
(δZm + δZ)m2φ2 − λ

4!
(δZλ + 2δZ)φ4

+O(δZ2) (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 δZ are only important for higher-loop calculations. Thus, the Feyn-
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man rules are:

=
i

p2 −m2 + iǫ
and = i

(
(p2 −m2)δZ −m2δZm

)
(6.17)

= −iλ and = −i (δZλ + 2δZ)λ (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:

−iM(p2) = + =
λ

2
I1(m

2) + i((p2 −m2)δZ − δZmm
2)

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

= + +

∼ i

p2 −m2
+

i

p2 −m2

(
−iM(p2)

) i

p2 −m2
=

i

p2 −m2

(
1 +

M(p2)

p2 −m2

)
(6.19)

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

iM(p1p2 → p3p4) = + + + +

=− iλ+ (−iλ)2 [iV (s) + iV (t) + iV (u)] − i(δZλ + 2δZ)λ (6.20)

with the Mandelstam variables s = (p1+ p2)
2, t = (p1− p3)3 and u = (p1− p4)2 and the integral

V (p2) =
i

2

∫ 1

0
dxI2(m

2 − x(1− x)p2) . (6.21)

The basic idea of renormalization is to absorb the divergences of I1(f
2) in the self-energy and

those of I2(f
2) in the scattering amplitude into the renormalization constants δZ, δZm and δZλ.

Since I1(m
2) is independent of p2 we choose δZ = 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 Q, 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 In(f
2) can be split in the form

In(f
2) ∝ A∆+B for ǫ → 0 . (6.22)
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In the minimal subtraction scheme (MS) the renormalization constants are chosen such that
they cancel the A1

ǫ -pole of the integrals, in case of the MS scheme they cancel A∆. For our
example this implies in the MS scheme for the self-energy:

−iM(p2) =
λ

2
I1(m

2)− im2δZm
ǫ→0−→ i

λm2

32π2

(
∆+ 1− log

(
m2

Q2

))
− im2δZm (6.23)

=⇒ δZMS
m =

λ

32π2
∆, M(p2) = − λm2

32π2

(
1− log

(
m2

Q2

))
(6.24)

Obviously the mass correction M(p2) is UV finite, but dependent on the mass parameter Q.
Doing the same procedure for the scattering amplitude yields

δZMS
λ =

3λ

32π2
∆ , (6.25)

resulting in a finite scattering amplitude iM(p1p2 → p3p4), which is still dependent on Q. Note
that the counterterms are not dependent on the mass parameter Q, 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:

∣∣∣
p2=m2

= lim
p2→m2

i

p2 −m2

(
1 +

M(p2)

p2 −m2

)
!
= lim

p2→m2

i

p2 −m2
(6.26)

A Taylor expansion of M(p2) according to

M(p2) =M(m2) +
d2

dp2
M(p2)

∣∣∣∣
p2=m2

(
p2 −m2

)
+ . . . (6.27)

results in the following conditions for M(p2):

M(p2)
∣∣
p2=m2 = 0,

d2

dp2
M(p2)

∣∣∣∣
p2=m2

= 0 (6.28)

For the scattering amplitude we demand:

iM(p1p2 → p3p4)
!
= −iλ for s = 4m2, t = u = 0 (6.29)

The second condition of Equation (6.28) is automatically fulfilled, whereas δZOS
m and δZOS

λ can
be fixed from the other conditions in Equations (6.28) and (6.29) to be:

δZOS
m =

λ

32π2

(
∆+ 1− log

(
m2

Q2

))
(6.30)

δZOS
λ =

λ

32π2

[
3∆ −

∫ 1

0
dx log

(
m2 − x(1− x)4m2

Q2

)
− 2 log

(
m2

Q2

)]
(6.31)
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Whereas the renormalization constants are now dependent on Q, the mass correction M(p2) = 0
vanishes for all p2 and also the scattering amplitude is now independent of Q:

iM(p1p2 → p3p4) = −iλ− iλ2

32π2

∫ 1

0
dx

[
log

(
m2 − x(1− x)s

m2 − x(1− x)4m2

)

+ log

(
m2 − x(1− x)t

m2

)
+ log

(
m2 − x(1− x)u

m2

)]
(6.32)

As demanded it yields iM(p1p2 → p3p4) = −iλ for s = 4m2 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 Q 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 Q 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(n), 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 Rξ-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 µνSSM
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 Rξ-gauge

We will first present the renormalization of a massive gauge boson in Rξ-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 Rξ-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

iGµν
V (k2) =

gµν

k2 −m2
V

− (1− ξV )
kµkν(

k2 −m2
V

) (
k2 − ξVm

2
V

) . (6.33)

We call the inverse propagator at tree-level iΓµν
V (k2), which can be deduced according to

(
iGµν

V (k2)
) (
iΓV,νρ(k

2)
)
= δµρ resulting in: (6.34)

iΓµν
V (k2) = −igµν(k2 −m2

V ) + i

(
1− 1

ξV

)
kµkν = −igµνT (k2 −m2

V ) + igµνL

(
m2

V − k2

ξV

)
(6.35)

Therein we have used the transverse and longitudinal projectors:

gµνT = gµν − kµkν

k2
, gµνL =

kµkν

k2
(6.36)

Adding the one-loop corrections split in the transverse Σ̂V
T (k

2) and longitudinal part Σ̂V
L (k

2) the
propagator reads

iΓ̂µν
V (k2) = −igµνT (k2 −m2

V ) + igµνL

(
m2

V − k2

ξV

)
− igµνT Σ̂V

T (k
2)− i

ξV
gµνL Σ̂V

L (k
2) , (6.37)

where the hat indicates renormalized one-loop contributions.

The generic Feynman diagrams contributing to Σ̂V
T (k

2) and Σ̂V
L (k

2) are depicted in Figure 6.2.
The concrete formulas are not given within this thesis, since they are rather lengthy in Rξ-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.
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V

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 L0 in the physical
Lagrangian density Lph and the corresponding counterterms Lct, the latter being parameterized
by parameters C1, . . . , C4. This procedure results in

− igµνT (k2 −m2
V 0)V

0
µ V

0
ν − igµνL

(
m2

V 0 −
k2

ξV 0

)
V 0
µ V

0
ν (6.38)
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= −igµνT (k2 −m2
V )VµVν − igµνL

(
m2

V − k2

ξV

)
VµVν

− igµνT (k2C1 − C2)VµVν − igµνL (C3 − k2C4)VµVν ,

where C1, . . . , C4 are functions of the following three multiplicative renormalization constants,
which connect the bare and the physical parameters in the following form:

m2
V 0 → Zmm

2
V = (1 + δZm)m2

V = m2
V + δm2

V with δm2
V = m2

V δZm

V 0
µ → ZV Vµ = (1 + 1

2δZV )Vµ

ξV 0 → Z−1
ξV
ξV = (1 + δZξV )

−1ξV (6.39)

Alternatively the multiplicative renormalization of the gauge fixing parameter could be done
by (1 + δZξV )ξV , which corresponds to a simple replacement δZξV ↔ −δZξV . Inserting Equa-
tion (6.39) in the left-hand side of Equation (6.38) and expanding the result up to the first order
in δZ, we can compare this expansion with the right-hand side of Equation (6.38). Thus, the
parameters C1, . . . , C4 of the counterterms can be identified:

C1 = δZV , C2 = δm2
V +m2

V δZV = C3, C4 =
1

ξV
(δZξV + δZV ) (6.40)

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:

iΓ̂V,µν(k2) =− igµνT (k2 −m2
V ) + igµνL

(
m2

V − k2

ξV

)
(6.41)

− igµνT ΣV
T (k

2)− igµνT (k2δZV −m2
V δZV − δm2

V )

− i

ξV
gµνL ΣV

L (k
2)− igµνL

(
m2

V δZV + δm2
V − k2

ξV
(δZξV + δZV )

)

=⇒ Σ̂V
T (k

2) = ΣV
T (k

2) + k2δZV −m2
V δZV − δm2

V (6.42)

=⇒ Σ̂V
L (k

2) = ΣV
L (k

2) + ξVm
2
V δZV + ξV δm

2
V − k2(δZξV + δZV ) (6.43)

Renormalization conditions

The renormalized propagator iĜµν
V , which can be calculated from the renormalized two point

function iΓ̂µν
V in accordance to Equation (6.34), should have its pole at the physical, experimental

squared mass m2
V . Therefore, an on-shell renormalization condition is imposed, namely the real

part of the one-loop correction should vanish for k2 = m2
V :

ReΓ̂µν
V (k2)ǫν(k

2)
∣∣∣
k2=m2

V

= 0 (6.44)

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

lim
k2→m2

V

1

−i(k2 −m2
V )

ReiΓ̂µν
V (k2)ǫν(k

2) = ǫµ(k2) . (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

ReΣ̂V
T (m

2
V ) = 0 (6.46)

ReΣ̂′V
T (m2

V ) :=
∂ReΣ̂V

T (k
2)

∂k2

∣∣∣∣∣
k2=m2

V

= 0 , (6.47)

where a simple expansion in k2 around m2
V was used:

ReΣ̂V
T (k

2) = ReΣ̂V
T (m

2
V ) +

∂ReΣ̂V
T (k

2)

∂k2

∣∣∣∣∣
k2=m2

V

(k2 −m2
V ) (6.48)

These on-shell renormalization conditions can now be used to derive δm2
V and δZV as a function

of the unrenormalized one-loop contributions from Equation (6.42), resulting in:

δm2
V = ReΣV

T (m
2
V ), δZV = −ReΣ′V

T (m
2
V ) (6.49)

The ZξV 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 θW , which we
defined as mW = mZ cos θW , yields:

cos θW → cos θW + δ cos θW (6.50)

δ cos θW =
1

2
cos θW

(
δm2

W

m2
W

− δm2
Z

m2
Z

)
(6.51)

For completeness we add the relations:

δ cos θW
cos θW

=
δmW

mW
− δmZ

mZ
= − tan2 θW

δ sin θW
sin θW

=

(
1− m2

W

m2
Z

)
δ sin θW
sin θW

(6.52)

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

e→ δZ(0)
e e = (1 + δZ(0)

e )e (6.53)

results in

δZ(0)
e =

1

2
Σ′γγ

T (0)− tan θW
m2

Z

ΣZγ
T (0) , (6.54)

so that we get the relation e(0) =
√
4πα(0) between the renormalized charge and the fine

structure constant in the Thompson limit. Whereas we use α(0) for our tree-level calculations,
the choice α(mZ) = αEM is more convenient for the higher-order results. Necessarily we have
to account for the shift ∆α between Q = 0 and Q = mZ , which we do in accordance to [139],



6. One-loop calculations - Theory 69

resulting in

δZ(mZ )
e = δZ(0)

e − ∆α

2
= (6.55)

=
1

2
Σ′γγ

T,all(0)−
1

2
Σ′γγ

T,light f(0) +
1

2m2
Z

ReΣγγ
T,light f(m

2
Z)−

tan θW
m2

Z

ΣZγ
T (0) . (6.56)

The equation is based on the relation

∂

∂k2
Σγγ
T,light f(0)

∣∣∣∣
k2=0

= ∆α+
1

m2
Z

ReΣγγ
T,light f(m

2
Z) , (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 ∆α can be split into a leptonic part ∆αleptonic = 0.031497687 calculated to
3-loop order [140] and a hadronic part ∆αhadronic = 0.02755± 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 → δZgg = (1 + δZg)g = g + δg (6.58)

which can be calculated by:

δg =

(
δZ(mZ )

e − δ sin θW
sin θW

)
g (6.59)

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 = δijf j(i∂µγ
µ −mf,i)fi (6.60)

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

fj fi
≡ iΓ̂f

ij (p) , (6.61)

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 L =
ui(p)Γ̂

f
ij(p)uj(p) and inversion of iΓ̂f

ij results in the physical propagator. The full form can be
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written as

iΓ̂f
ij (p) = iδij(/p−mfi) + i

[
/p
(
PLΣ̂

fL
ij

(
p2
)
+ PRΣ̂

fR
ij

(
p2
))

+PLΣ̂
fSL
ij (p2) + PRΣ̂

fSR
ij (p2)

]
. (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, L0 = Lph + Lct is imposed,
resulting in

if i0δij(/p−mfj0)fj0 = if iδij(/p−mfj)fj (6.63)

+ if i

(
CL
ijPL/p+ CR

ijPR/p− C−
ijPL − C+

ijPR

)
fj ,

where CL
ij , C

R
ij , C

−
ij and C+

ij parameterize the counterterms and can be identified with the follow-
ing multiplicative renormalization constants:

fLi0 →
(
δij +

1
2δZ

L
ij

)
fLi , fRi0 →

(
δij +

1
2δZ

R
ij

)
fRi (6.64)

mfi0 → mfi + δmfi (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 δZ, we obtain

if i0δij(/p−mfj0)fj0 ≈ if iδij (/p−mfj) fj − f iδijδmfjfj (6.66)

+ i
(
f
L
i
1
2δZ

L†
ij + f

R
i

1
2δZ

R†
ij

)
(/p−mfj)fj + if i(/p−mfi)

(
1
2δZ

L
ijf

L
j + 1

2δZ
R
ijf

R
j

)

where a summation over the indices i and j is implied. Using f i = f †i γ
0 yields for example

f iC
L
ij/pf

L
j = f iC

L
ij/pPLfj = f iPRC

L
ij/pfj = f

L
i C

L
ij/pfj, f iC

−
ij f

L
j = f

R
i C

−
ijfj (6.67)

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

CL
ij =

1
2δZ

L
ij +

1
2δZ

L†
ij , C−

ij = δijδmfi +mfi
1
2δZ

L
ij +mfj

1
2δZ

R†
ij (6.68)

CR
ij = 1

2δZ
R
ij +

1
2δZ

R†
ij , C+

ij = δijδmfi +mfi
1
2δZ

R
ij +mfj

1
2δZ

L†
ij (6.69)

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

Σ̂fL
ij (p2) = ΣfL

ij (p2) + 1
2

(
δZL

ij + δZL†
ij

)
(6.70)

Σ̂fR
ij (p2) = ΣfR

ij (p2) + 1
2

(
δZR

ij + δZR†
ij

)
(6.71)

Σ̂fSL
ij (p2) = ΣfSL

ij (p2)− 1
2

(
mfiδZ

L
ij +mfjδZ

R†
ij

)
− δijδmfi (6.72)

Σ̂fSR
ij (p2) = ΣfSR

ij (p2)− 1
2

(
mfiδZ

R
ij +mfjδZ

L†
ij

)
− δijδmfi (6.73)
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Renormalization conditions

The on-shell renormalization scheme sets conditions to iΓ̂f
ij (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:

ui(p)ReΓ̂
f
ij(p)

∣∣∣
p2=m2

fi

= 0, lim
p2→m2

fi

ui(p)ReΓ̂
f
ii(p)

/p+mfi

p2 −m2
fi

= ui(p) (6.74)

ReΓ̂f
ij(p)uj(p)

∣∣∣
p2=m2

fj

= 0, lim
p2→m2

fi

/p+mfi

p2 −m2
fi

ReΓ̂f
ii(p)ui(p) = ui(p) (6.75)

Imposing these conditions guarantees to have no real contribution to the diagonal entries of
the mass matrices by iΓ̂f

ij (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

ui(p)
[
PL

(
mfiReΣ̂

fL
ij (m2

fi) + ReΣ̂fSL
ij (m2

fi)
)

(6.76)

+PR

(
mfiReΣ̂

fR
ij (m2

fi) + ReΣ̂fSR
ij (m2

fi)
)]

= 0
[
PL

(
mfjReΣ̂

fR
ij (m2

fj) + ReΣ̂fSL
ij (m2

fj)
)

(6.77)

+PR

(
mfjReΣ̂

fL
ij (m2

fj) + ReΣ̂fSR
ij (m2

fj)
)]
uj(p) = 0

where (/p−mfi)ui(p) = ui(p)(/p−mfi) = 0 was used. Separated into left- and right-handed parts
we get:

mfiReΣ̂
fL
ij (m2

fi) + ReΣ̂fSL
ij (m2

fi) = 0 (6.78)

mfiReΣ̂
fR
ij (m2

fi) + ReΣ̂fSR
ij (m2

fi) = 0 (6.79)

mfjReΣ̂
fR
ij (m2

fj) + ReΣ̂fSL
ij (m2

fj) = 0 (6.80)

mfjReΣ̂
fL
ij (m2

fj) + ReΣ̂fSR
ij (m2

fj) = 0 (6.81)

Please note that there is no summation over i 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 δmfi.

δmfi = mfiReΣ
fL
ii (m2

fi) + ReΣfSL
ii (m2

fi) +
1
2mfi

(
δZL†

ii − δZR†
ii

)
(6.82)

δmfi = mfiReΣ
fR
ii (m2

fi) + ReΣfSR
ii (m2

fi) +
1
2mfi

(
δZR†

ii − δZL†
ii

)
(6.83)

=⇒ δmfi =
1
2

[
mfiReΣ

fL
ii (m2

fi) +mfiReΣ
fR
ii (m2

fi) + ReΣfSL
ii (m2

fi) + ReΣfSR
ii (m2

fi)
]

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 6= j the conditions in Equations (6.78)−(6.81)
can be used to fix the nondiagonal elements of the field renormalizations δZL

ij and δZR
ij . From

Equations (6.80) and (6.81) together with Equation (6.64) follows for i 6= j:

mfjReΣ
fR
ij (m2

fj) + ReΣfSL
ij (m2

fj) +
1
2

(
mfjδZ

R
ij −mfiδZ

L
ij

)
= 0 (6.84)

mfjReΣ
fL
ij (m2

fj) + ReΣfSR
ij (m2

fj) +
1
2

(
mfjδZ

L
ij −mfiδZ

R
ij

)
= 0 (6.85)



72 6. One-loop calculations - Theory

From Equations (6.84) and (6.85) we can deduce:

δZL
ij =

2

m2
fi −m2

fj

[
m2

fjReΣ
fL
ij (m2

fj) +mfimfjReΣ
fR
ij (m2

fj)

+mfiReΣ
fSL
ij (m2

fj) +mfjReΣ
fSR
ij (m2

fj)
]

(6.86)

δZR
ij =

2

m2
fi −m2

fj

[
mfimfjReΣ

fL
ij (m2

fj) +m2
fjReΣ

fR
ij (m2

fj)

+mfjReΣ
fSL
ij (m2

fj) +mfiReΣ
fSR
ij (m2

fj)
]

(6.87)

Starting with Equations (6.78) and (6.79) results in formulas for δZL†
ij and δZR†

ij , 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:

ΣfL
ij (p2) = Σ̂fL†

ij (p2), ΣfR
ij (p2) = Σ̂fR†

ij (p2),

ΣfSL
ij (p2) = Σ̂fSR†

ij (p2) (6.88)

Therefore, δZL
ij or δZR

ij can be obtained from δZL†
ij or δZR†

ij by the replacements mi ↔ mj and

ΣfSL
ij ↔ ΣfSR

ij . These results are also in agreement with [142, 143, 144]. More tedious is the

derivation of the diagonal entries δZL
ii and δZR

ii from Equation (6.75):

lim
p2→m2

fi

/p+mfi

p2 −m2
fi

[
/pPLReΣ̂

fL
ii (p2) + /pPRReΣ̂

fR
ii (p2)

+PLReΣ̂
fSL
ii (p2) + PRReΣ̂

fSR
ii (p2)

]
ui(p) = 0 (6.89)

Taking into account /p/p = p2, /pui(p) = mfiui(p) and /pPL = PR/p this can be easily transformed:

lim
p2→m2

fi

1

p2 −m2
fi

[
(p2PL +m2

fiPR)ReΣ̂
fL
ii (p2) + (p2PR +m2

fiPL)ReΣ̂
fR
ii (p2)

+mfi

(
PLReΣ̂

fSL
ii (p2) + PRReΣ̂

fSL
ii (p2)

+PLReΣ̂
fSR
ii (p2) + PRReΣ̂

fSR
ii (p2)

)]
ui(p) = 0 (6.90)

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

lim
p2→m2

fi

1

p2 −m2
fi

[
p2ReΣ̂fL

ii (p2) +m2
fiReΣ̂

fR
ii (p2)

+mfi

(
ReΣ̂fSL

ii (p2) + ReΣ̂fSR
ii (p2)

)]
= 0 (6.91)

lim
p2→m2

fi

1

p2 −m2
fi

[
m2

fiReΣ̂
fL
ii (p2) + p2ReΣ̂fR

ii (p2)

+mfi

(
ReΣ̂fSL

ii (p2) + ReΣ̂fSR
ii (p2)

)]
= 0 (6.92)

Similarly to the case of the massive gauge boson the nominators of the two conditions are
expanded around p2 = m2

fi 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 p2 coming with (p2 − m2
fi), which

cancels the corresponding denominator:

Σ̂fL
ii (m2

fi) +m2
fi

(
ReΣ̂′fL

ii (m2
fi) + ReΣ̂′fR

ii (m2
fi)
)

+mfi

(
ReΣ̂′fSL

ii (m2
fi) + ReΣ̂′fSR

ii (m2
fi)
)
= 0 (6.93)

Σ̂fR
ii (m2

fi) +m2
fi

(
ReΣ̂′fL

ii (m2
fi) + ReΣ̂′fR

ii (m2
fi)
)

+mfi

(
ReΣ̂′fSL

ii (m2
fi) + ReΣ̂′fSR

ii (m2
fi)
)
= 0 (6.94)

with abbreviations like

ReΣ̂′fL
ij (m2

fi) :=
∂ReΣ̂fL

ij (p2)

∂p2

∣∣∣∣∣
p2=m2

fi

. (6.95)

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 δZL

ii and δZR
ii :

δZfL
ii = −Re

[
ΣfL
ii (m2

fi) +m2
fi

(
Σ′fL

ii (m2
fi) + Σ′fR

ii (m2
fi)
)

+mfi

(
Σ′fSL

ii (m2
fi) + Σ′fSR

ii (m2
fi)
)]

(6.96)

δZfR
ii = −Re

[
ΣfR
ii (m2

fi) +m2
fi

(
Σ′fL

ii (m2
fi) + Σ′fR

ii (m2
fi)
)

+mfi

(
Σ′fSL

ii (m2
fi) + Σ′fSR

ii (m2
fi)
)]

(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.

χ0±
i

F

S

χ0±
j χ0±

i

F

V

χ0±
j

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 ψ or F in gauge and mass
eigenstates and the Dirac spinors χ̃. Since the mass eigenstates χ̃+

i and χ̃−
i describe the same

particle content, the renormalization constants defined by

χ̃0
i →

(
δij +

1
2δZ

0L
ij PL + 1

2δZ
0R
ij PR

)
χ̃0
j (6.98)

χ̃+
i →

(
δij +

1
2δZ

+L
ij PL + 1

2δZ
+R
ij PR

)
χ̃+
j (6.99)

χ̃−
i →

(
δij +

1
2δZ

−L
ij PL + 1

2δZ
−R
ij PR

)
χ̃−
j (6.100)
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are connected in the following way:

δZ0L
ij = δZ0R∗

ij , δZ+L
ij = δZ−R∗

ij , δZ−L
ij = δZ+R∗

ij (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]:

δNij =
1

4

(
δZ0L

ik − δZ0R
ki

)
Nkj (6.102)

δUij =
1

4

(
δZ+R∗

ik − δZ+R
ki

)
Ukj, δVij =

1

4

(
δZ+L

ik − δZ+L∗
ki

)
Vkj (6.103)

Inserting these additional corrections results in

(
ψ0
k(

ψ0
k

)†

)
=
∑

i,j

[(
N ∗

jk + δN ∗
jk +

1
2N ∗

ikδZ
0L
ij

)
PL +

(
Njk + δNjk +

1
2NikδZ

0R
ij

)
PR

]
χ̃0
i (6.104)

=
∑

i,j

[(
N ∗

jk +
1
4

(
δZ0L

ij + δZ0L∗
ij

)
N ∗

ik

)
PL +

(
Njk +

1
4

(
δZ0R

ij + δZ0R∗
ij

)
Nik

)
PR

]
χ̃0
i

(
ψ+
k(

ψ−
k

)†

)
=
∑

i,j

[(
V ∗
jk + δV ∗

jk +
1
2V

∗
ikδZ

+L
ij

)
PL +

(
Ujk + δUjk +

1
2UikδZ

+R
ij

)
PR

]
χ̃+
i (6.105)

=
∑

i,j

[(
V ∗
jk +

1
4

(
δZ+L

ij + δZ+L∗
ij

)
V ∗
ik

)
PL +

(
Ujk +

1
4

(
δZ+R

ij + δZ+R∗
ij

)
Uik

)
PR

]
χ̃+
i

This shows that a hermitian definition of the field renormalization constants in the form

δZ
0L/R
ij → 1

2

(
δZ

0L/R
ij + δZ

0L/R∗
ij

)
, δZ

+L/R
ij → 1

2

(
δZ

+L/R
ij + δZ

+L/R∗
ij

)
(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 δZij 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 Rξ-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 δNij , δUij and δVij 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 VCKM [148] the corresponding counterterm δVCKM is gauge dependent
∂ξδVCKM 6= 0 using the on-shell scheme of [146], which in turn implies a gauge dependence for
elementary processes like t→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 Q 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.

χ̃0
l χ̃0

j

S0
i

G±, G0

χ̃±
l χ̃±

j

S0
i

G±, G0

Figure 6.4.: Tadpole contributions including the Goldstone bosons GV = G±, G0, which have to be
added to the self-energies of the neutralinos χ̃0 and the charginos χ̃± 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 δZ0L

ij , δZ
0R
ij for arbitrary values of ξV and δZ̆0L

ij , δZ̆
0R
ij for ξV = 1 (’t Hooft-Feynman

gauge). The same holds true for the wave-function renormalization constants of the charginos
δZ±L

ij , δZ±R
ij and δZ̆±L

ij , δZ̆±R
ij . The counterterms for the mixing matrices are calculated via the

wave-function renormalization constants in the ’t Hooft-Feynman gauge:

δNij =
1

4

(
δZ̆0L

ik − δZ̆0R
ki

)
Nkj (6.107)

δUij =
1

4

(
δZ̆+R∗

ik − δZ̆+R
ki

)
Ukj, δVij =

1

4

(
δZ̆+L

ik − δZ̆+L∗
ki

)
Vkj (6.108)

The ξV -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 ξV = 1 cancel each other. However for ξV 6= 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 ξV 6= 1 proportional to (ξV − 1)∆ with ∆ defined in Equa-
tion (6.10) and cancel exactly the ξV -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 × 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 µνSSM and start with the one-loop contributions to neutralino
masses δM⊛

n and chargino masses δM⊛
c

(
δM⊛

n

)
ij
= δ

(
N TM⊛

n,dia.N
)
ij

(6.109)

=
∑

n,l

[
δNni

(
M⊛

n,dia.

)
nl
Nlj +Nni

(
δM⊛

n,dia.

)
nl
Nlj +Nni

(
M⊛

n,dia.

)
nl
δNlj

]

(
δM⊛

c

)
ij
= δ

(
UTM⊛

c,dia.V
)
ij

(6.110)

=
∑

n,l

[
δUni

(
M⊛

c,dia.

)
nl
Vlj + Uni

(
δM⊛

c,dia.

)
nl
Vlj + Uni

(
M⊛

c,dia.

)
nl
δVlj

]

with the diagonalized mass matrices M⊛
dia. and their counterterms δM⊛

dia.:

(
M⊛

n,dia.

)
nl

= δnlmχ̃0

l
,
(
δM⊛

n,dia.

)
nl

= δnlδmχ̃0

l
(6.111)

(
M⊛

c,dia.

)
nl

= δnlmχ̃±

l
,
(
δM⊛

c,dia.

)
nl

= δnlδmχ̃±

l
(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:

M0
n,c = M⊛

n,c + δM⊛
n,c = Mn,c + δMn,c (6.113)

Hence, the relations between tree-level and one-loop mass matrices take the form:

M⊛
n,c = Mn,c + δMn,c − δM⊛

n,c =: Mn,c +∆Mn,c (6.114)

In the following we will define the model dependent physical parameters, write down the renor-
malization of the mass matrices δMn,c and identify the renormalization constants of the physi-
cal parameters, which are fixed in the neutralino or chargino sector. Some physical parameters,
namely δmW , δmZ and thus δ cos θW are fixed in the gauge boson sector and δ tan β in the Higgs
sector. In particular for δ tan β we take the DR renormalization [155], such that UV divergences
in the masses and the considered process cancel

δ tan β

tan β
=

1

32π2
∆
(
3Tr(YdYd

†)− 3Tr(YuYu
†) + Tr(YeYe

†)− Tr(YνYν
†)
)

(6.115)

with ∆ is defined in Equation (6.10) and Yν is only present in the µνSSM. 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:

δ cosβ

cos β
= − sin2 β

δ tan β

tan β
,

δ sin β

sin β
= cos2 β

δ tan β

tan β
(6.116)

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

δM11
n = δM1 =

δM1

M1
M11

n (6.117)

δM13
n = −δ(mZ sin θW cos β) =

(
δmZ

mZ
+
δ sin θW
sin θW

+
δ cos β

cos β

)
M13

n (6.118)

δM14
n = δ(mZ sin θW sinβ) =

(
δmZ

mZ
+
δ sin θW
sin θW

+
δ sin β

sin β

)
M14

n (6.119)

δM22
n = δM2 =

δM2

M2
M22

n (6.120)

δM23
n = δ(mZ cos θW cos β) =

(
δmZ

mZ
+
δ cos θW
cos θW

+
δ cos β

cos β

)
M23

n (6.121)

δM24
n = −δ(mZ cos θW sin β) =

(
δmZ

mZ
+
δ cos θW
cos θW

+
δ sin β

sin β

)
M24

n (6.122)

δM34
n = −δµ =

δµ

µ
M34

n (6.123)

whereas all the other variations δM12
n = δM21

n = δM33
n = δM44

n = 0 necessarily vanish. The
corrections in the chargino mass matrix read

δM11
c = δM2 =

δM2

M2
M22

n (6.124)

δM12
c =

√
2δ(mW sin β) =

(
δmW

mW
+
δ sinβ

sin β

)
M12

c (6.125)

δM21
c =

√
2δ(mW cos β) =

(
δmW

mW
+
δ cos β

cos β

)
M21

c (6.126)

δM22
c = δµ =

δµ

µ
M22

c . (6.127)

We will fix δM2 and δµ in the chargino sector, whereas δM1 is fixed in the neutralino sector by
imposing the conditions

∆M11
c = ∆M22

c = ∆M11
n

!
= 0 (6.128)

resulting in:

δM1 = δM⊛11
n , δM2 = δM⊛11

c , δµ = δM⊛22
c (6.129)

For all the remaining entries of the neutralino and chargino mass matrices finite shifts ∆Mn,c

have to be taken into account.
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NMSSM

Having the additional angles and parameters

tan βS =
vS
vu
, µ =

1√
2
λvS , mS̃ =

√
2κvS (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

δM35
n = δ

(
− µ

tan βS

)
=

(
δµ

µ
− δ tan βS

tan βS

)
M35

n (6.131)

δM45
n = δ

( −µ
tan β tan βS

)
=

(
δµ

µ
− δ tan β

tan β
− δ tan βS

tan βS

)
M45

n (6.132)

δM55
n =

δmS̃

mS̃

M55
n , (6.133)

whereas all the other variations δM12
n = δM15

n = δM21
n = δM25

n = δM33
n = δM44

n = 0 neces-
sarily vanish. Similar to the MSSM we will fix δM2 and δµ in the chargino sector. δM1, δ tan βS
and δmS̃ are determined from the neutralino sector by imposing the following conditions

∆M11
c = ∆M22

c = ∆M11
n = ∆M35

n = ∆M55
n

!
= 0 , (6.134)

which result in:

δM1 = δM⊛11
n , δM2 = δM⊛11

c , δµ = δM⊛22
c (6.135)

δ tan βS =
tan2 βS
µ

(
δM⊛35

n − 1

tan βS
δM⊛34

n

)
, δmS̃ = δM⊛55

n (6.136)

For all the remaining entries of the neutralino and chargino mass matrices finite shifts ∆Mn,c

have to be taken into account. Note that we could also fix δ tan βS 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 θW can be derived
from mW = cos θWmZ . Apart from the already known tan β in the MSSM we define in addition

tan βi =
vi
vd

and ǫi (6.137)

as additional parameters at tree-level. We remind the reader once again of the form of the
neutralino mass matrix

Mn =

(
Mn m

mT 0

)
(6.138)
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Mn =




M1 0 −mZ sin θW cos βΘ mZ sin θW sin βΘ
M2 mZ cos θW cosβΘ −mZ cos θW sin βΘ

0 −µ
sym. 0


 (6.139)

(mT )i =
(
−mZ sin θW cosβ tan βiΘ mZ cos θW cos β tan βiΘ 0 ǫi

)
(6.140)

where Θ is defined in Equation (5.110). In this way we maintain the possibility to fix the
renormalization constants of mZ and cos θW in the gauge boson sector, whereas the corrections
from R-parity breaking are parameterized by tan βi and ǫi and the parameter Θ(β, βi). Defining
in addition the lepton masses mij

e = 1√
2
Y ij
e vd the chargino mass matrix, which we already

presented in the previous chapter, is given by:

Mc =




M2

√
2mW sin βΘ 0 0 0√

2mW cos βΘ µ − tan βim
i1
e − tan βim

i2
e − tan βim

i3
e√

2mW cos β tan β1Θ −ǫ1 m11
e m12

e m13
e√

2mW cos β tan β2Θ −ǫ2 m21
e m22

e m23
e√

2mW cos β tan β3Θ −ǫ3 m31
e m32

e m33
e




(6.141)

Using now the relations cosβ0 = cos β + δ cos β and tan β0i = tan βi + δ tan βi we do a simple
expansion in first order of δ cos β and δ tan βi:

Θ0 =

√
1

1 + cos2 β0
∑

i tan
2 β0i

≈
√

1

1 + cos2 β
∑

i tan
2 βi

−
(

1

1 + cos2 β
∑

j tan
2 βj

)3
2 ∑

i

cos2 β tan βiδ tan βi

−
(

1

1 + cos2 β
∑

j tan
2 βj

)3
2 ∑

i

cos βδ cos β tan2 βi = Θ+ δΘ (6.142)

The counterterm of Θ can therefore be expressed as a function of δ tan βi and δ cos β:

δΘ = − cos βδ cos βΘ3
∑

i

tan2 βi − cos2 βΘ3
∑

i

tan βiδ tan βi (6.143)

= −
∑

i

cos2 β tan2 βiΘ
3

(
δ cos β

cosβ
+
δ tan βi
tan βi

)
vi→0

−−−−−−−→ 0

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

δM11
n = δM1 =

δM1

M1
M11

n (6.144)

δM13
n = −δ(mZ sin θW cos βΘ) =

(
δmZ

mZ
+
δ sin θW
sin θW

+
δ cos β

cosβ
+
δΘ

Θ

)
M13

n (6.145)

δM14
n = δ(mZ sin θW sin βΘ) =

(
δmZ

mZ
+
δ sin θW
sin θW

+
δ sin β

sin β
+
δΘ

Θ

)
M14

n (6.146)

δM1,4+i
n = −δ(mZ sin θW cos β tan βiΘ) (6.147)
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=

(
δmZ

mZ
+
δ sin θW
sin θW

+
δ cos β

cos β
+
δ tan βi
tan βi

+
δΘ

Θ

)
M1,4+i

n

δM22
n = δM2 =

δM2

M2
M22

n (6.148)

δM23
n = δ(mZ cos θW cos βΘ) =

(
δmZ

mZ
+
δ cos θW
cos θW

+
δ cos β

cos β
+
δΘ

Θ

)
M23

n (6.149)

δM24
n = −δ(mZ cos θW sin βΘ) =

(
δmZ

mZ
+
δ cos θW
cos θW

+
δ sin β

sin β
+
δΘ

Θ

)
M24

n (6.150)

δM2,4+i
n = δ(mZ cos θW cos β tan βiΘ) (6.151)

=

(
δmZ

mZ
+
δ cos θW
cos θW

+
δ cos β

cos β
+
δ tan βi
tan βi

+
δΘ

Θ

)
M2,4+i

n

δM34
n = −δµ =

δµ

µ
M34

n (6.152)

δM4,4+i
n = δǫi =

δǫi
ǫi

M44+i
n (6.153)

whereas all the other variations δM12
n = δM33

n = δM3,4+i
n = δM44

n = 0 necessarily vanish. The
corrections in the chargino mass matrix read

δM11
c = δM2 =

δM2

M2
M22

n (6.154)

δM12
c =

√
2δ(mW sin βΘ) =

(
δmW

mW
+
δ sin β

sin β
+
δΘ

Θ

)
M12

c (6.155)

δM21
c =

√
2δ(mW cos βΘ) =

(
δmW

mW
+
δ cos β

cos β
+
δΘ

Θ

)
M21

c (6.156)

δM22
c = δµ =

δµ

µ
M22

c (6.157)

δM2,2+i
c = δ (− tan βkmki) =

∑

k

(
δ tan βk
tan βk

− δmki
e

mki
e

)
M2,2+i

c (6.158)

δM2+i,1
c =

√
2δ(mW cos β tan βiΘ) (6.159)

=

(
δmW

mW
+
δ cos β

cos β
+
δ tan βi
tan βi

+
δΘ

Θ

)
M2+i,1

c

δM2+i,2
c = −δǫi =

δǫi
ǫi

M2+i,2
c (6.160)

δM2+i,2+j
c = δmij

e =
δmij

e

mij
e

M2+i,2+j
c (6.161)

and δM1,2+i
c = 0 vanishes. Similar to the (N)MSSM we fix δM1 in the neutralino and δM2, δµ

in the chargino sector. However, we still have to find appropriate renormalization conditions for
δ tan βi, δǫi and δm

ij
e . Whereas δmij

e are fixed in the lepton sector, so that one-loop contributions
to leptonic two-point functions vanish, we have several possibilities for δ tan βi and δǫi. Whereas
δ tan βi could for example be determined from the Higgs sector together with the other angles
tan β or tan βS , we could fix δǫi with respect to an R-parity violating decay. We will focus on
stable lepton masses, so that we calculate δ tan βi and δǫi 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

∆M11
n = ∆M11

c = ∆M22
c

!
= 0 , (6.162)

which result in
δM1 = δM⊛11

n , δM2 = δM⊛11
c , δµ = −δM⊛22

c . (6.163)

In a second step the conditions ∆M2+i,2+j
c

!
= 0 for the renormalization constants of the lepton

masses mij
e are imposed:

δmij
e = δM⊛2+i,2+j

c (6.164)

In a last step the R-parity violating sector with δ tan βi and δǫi is considered, which can be fixed

by imposing ∆M2+i,2
c = ∆M2,2+i

c
!
= 0

δ tan βi =
1

det(mij
e )

1

2

∑

j,k,l,r,s

ǫijkǫlrsΥlm
jr
e m

ks
e (6.165)

with Υi = −
∑

k

tan βkδm
ki
e − δM⊛2,2+i

n (6.166)

δǫi = δM⊛2+i,2
c , (6.167)

where ǫijk is the Levi-Civita symbol. In case of vanishing nondiagonal lepton masses at tree-

level mij
e = 0 for i 6= j this simplifies to δ tan βi =

1
mii

e
Υi. Another possibility is to fix δ tan βi

from ∆M2+i,1
c . However, this induces a dependence on tan β 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 ∆Mn,c have to

be taken into account. Due to the nonvanishing entries ∆M2+i,1
c 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.

µνSSM

Having in mind the additional parameters

tan βi =
vi
vd
, tan βc =

vc
vu

(6.168)

µ =
1√
2
λvc, mc =

√
2κvc, ǫi =

1√
2
Y i
ν vc , (6.169)

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 Θ 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 + i, δMn has the following additional entries:

δM35
n = δ

(
− µ

tan βc

)
=

(
δµ

µ
− δ tan βc

tan βc

)
M35

n (6.170)
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δM45
n = δ

(
tan βiǫi − µ

tan β tan βc

)
=

(
−δ tan β

tan β
− δ tan βc

tan βc
+
δ tan βiǫi + tan βiδǫi − δµ

tan βiǫi − µ

)
M45

n (6.171)

δM55
n =

δmc

mc
M55

n (6.172)

δM5,5+i
n = δ

(
ǫi

tan βc

)
=

(
δǫi
ǫi

− δ tan βc
tan βc

)
M55+i

n (6.173)

whereas all the other variations δM12
n = δM15

n = δM25
n = δM33

n = δM3,5+i
n = δM44

n = 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 δM1 in the neutralino
and δM2, δµ in the chargino sector. Similar to the NMSSM, we fix δ tan βc and δmc in the
neutralino sector and similar to the BRpV case δ tan βi and δǫi are determined in the chargino
sector. However, we will summarize these results once again for the µνSSM. We start with the
conditions for the non-R-parity breaking variables

∆M11
c = ∆M22

c = ∆M11
n = ∆M35

n = ∆M55
n

!
= 0 , (6.174)

which result in:

δM1 = δM⊛11
n , δM2 = δM⊛11

c , δµ = δM⊛22
c (6.175)

δ tan βc =
tan2 βc
µ

(
δM⊛35

n − 1

tan βc
δM⊛34

n

)
, δmc = δM⊛55

n (6.176)

In a second step the conditions ∆M2+i,2
c = ∆M2,2+i

c = ∆M2+i,2+j
c

!
= 0 for the renormalization

constants of the lepton masses mij
e , δ tan βi and δǫi are imposed, resulting in:

δmij
e = δM⊛2+i,2+j

c , δǫi = δM⊛2+i,2
c (6.177)

δ tan βi =
1

det(mij
e )

1

2

∑

j,k,l,r,s

ǫijkǫlrsΥlm
jr
e m

ks
e (6.178)

with Υi = −
∑

k

tan βkδm
ki
e − δM⊛2,2+i

n (6.179)

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 δM⊛

n,c with the counterterms δMn,c obtained according to Equation (6.114). This
results in the one-loop mass matrix M⊛

n,c, whose diagonalizations lead to one-loop neutralino

m1L(χ̃0
i ) and chargino massesm1L(χ̃±

i ) and mixing matrices at the one-loop level N 1L, U1L, V 1L.
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

δijmfi0 → δijmfi + δM̃ijPL + δM̃∗
jiPR , (6.180)
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where δM̃ = D∗
RδMD†

L with δM being the physical mass counterterm and DL,DR being the

rotation matrices, which diagonalize the tree-level mass matrixMdia. = D∗
RMD†

L in the notation
of [144]. With this counterterm contributions to the nondiagonal wave function renormalization
constants arise:

δZfL
ij =

2

m2
fi −m2

fj

[
m2

fjReΣ
fL
ij (m2

fj) +mfimfjReΣ
fR
ij (m2

fj)

+mfiReΣ
fSL
ij (m2

fj) +mfjReΣ
fSR
ij (m2

fj)−miδM̃ij −mjδM̃∗
ji

]
(6.181)

δZfR
ij =

2

m2
fi −m2

fj

[
mfimfjReΣ

fL
ij (m2

fj) +m2
fjReΣ

fR
ij (m2

fj)

+mfjReΣ
fSL
ij (m2

fj) +mfiReΣ
fSR
ij (m2

fj)−mjδM̃ij −miδM̃∗
ji

]
(6.182)

However, it turns out that these additional contributions are canceled by the contributions to
δN , δU and δV , 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

Γ̂f
ij (p) =

[
Γf
ij (p)

]
∆=0

, (6.183)

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

∆Mij = −1

2

[
Σ̂fS
ij (m2

i ) + Σ̂fS
ij (m2

j )
]
− 1

2

[
miΣ̂

f
ij(m

2
i ) +mjΣ̂

f
ij(m

2
j)
]

(6.184)

with Σ̂f
ij(p

2) =
1

2

[
Σ̂fL
ij (p2) + Σ̂fR

ij (p2)
]

(6.185)

and Σ̂fS
ij (p2) =

1

2

[
Σ̂fSL
ij (p2) + Σ̂fSR

ij (p2)
]

. (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 µνSSM with one-right handed neutrino superfield take the form

(meff.,1L
νν )ij = aΛiΛj + b(ǫiΛj + Λiǫj) + cǫiǫj . (6.187)

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 meff.,1L

νν has at least two
nonzero eigenvalues. All the neutrino parameters can be fitted by adopting the alignment
parameters ǫi and Λi.
Since Λi 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 ǫi 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 ~Λ and ~ǫ are constrained. For typical
SUSY masses order O(100 GeV), we find |~Λ|/µ2 ∼ 10−7 − 10−6 and |~ǫ|/µ ∼ 10−5 − 10−4. This
implies a ratio of |~ǫ|2/|~Λ| ∼ 10−3 − 10−1.
In Equation (5.139) we have shown the structure of the the neutrino mass matrix in case of the
µνSSM 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:

⊲ fit1: ~Λ generates the atmospheric mass scale, ~α the solar mass scale

⊲ fit2: ~α generates the atmospheric mass scale, ~Λ 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 |~Λ|/µ2 and |~α|/µ
to be small. For typical SUSY masses of order O(100 GeV) we find in the first case |~Λ|/µ2 ∼
10−7 − 10−6 and |~α|/µ ∼ 10−9 − 10−8, whereas in the second case we get |~Λ|/µ2 ∼ 10−8 − 10−7

and |~α|/µ ∼ 10−8 − 10−7. The ratios including ~ǫ or ~α are much smaller than those in the 1 ν̂c

case. Last but not least we comment on the one-loop corrections to Equation (5.139). They are
negligible if

|~α|2
|~Λ|

. 10−3 and
|~ǫ|2
|~Λ|

. 10−3 (6.188)

are fulfilled. Note that the mixing of the neutrinos with the Higgsinos, given by the third column
in the matrix ξ in Equation (B.9), depends not only on αi but also on ǫi. Hence, the one-loop
correction to the neutrino mass matrix contains parts proportional to the ǫi parameters similar
to the 1 ν̂c-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 m1L
νi of the neutrinos and the mixing matrix N 1L we can

calculate the relevant parameters to be compared with experimental neutrino data:

∆m2
atm =

(
m1L(ν3)

)2 −
(
m1L(ν1)

)2
, ∆m2

sol =
(
m1L(ν2)

)2 −
(
m1L(ν1)

)2
(6.189)

tan2 θatm =

∣∣∣∣∣
N 1L

3,6

N 1L
3,7

∣∣∣∣∣

2

, tan2θsol =

∣∣∣∣∣
N 1L

2,5

N 1L
1,5

∣∣∣∣∣

2

, U2
e3 =

∣∣N 1L
3,5

∣∣2 (6.190)
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The formulas are valid for BRpV, in case of the µνSSM with one right-handed neutrino superfield
we have to replace N 1L

i,j → N 1L
i,j+1. Similarly for the µνSSM 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 χ̃0
j → χ̃±

l W
∓ and χ̃±

l → χ̃0
jW

±

In Section 5.4 we discussed the tree-level decay width for the decays χ̃0
j → χ̃±

l W
∓ and χ̃±

l →
χ̃0
jW

±, 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 MV are given in Appendix D for the ’t Hooft-Feynman gauge
ξV = 1. The general case ξV 6= 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

2

∑

pol

|M |2 ≈ 1

2

∑

pol

[
|MT |2 + 2Re(MVM

∗
T ) + 2Re(MWVM

∗
T )
]

, (6.191)

whereMV denotes the mentioned vertex corrections andMWV 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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by

Γ1L = Γ0 +

√
κ(m2

i ,m
2
o,m

2
W )

16πm3
i

1

2

∑

pol

2Re ((MWVM
∗
T ) + (MVM

∗
T )) . (6.192)

This result is UV finite, gauge independent and also not dependent on the renormalization
scale Q, which cancels between the contributions from MV and MWV . 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 = χ̃−
l γ

µ (PLOLlj + PRORlj) χ̃
0
jW

−
µ . (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

δL ⊃ χ̃−
l γ

µ

(
PL

[
δOLlj +

1

2
OLljδZW +

1

2

8∑

k=1

OLlkδZ
0
Lkj +

1

2

5∑

k=1

δZ−∗
LklOLkj

]
(6.194)

+PR

[
δORlj +

1

2
ORljδZW +

1

2

8∑

k=1

ORlkδZ
0
Rkj +

1

2

5∑

k=1

δZ−∗
RklORkj

])
χ̃0
jW

−
µ .

Note that the sums are presented for the case of the µνSSM 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 δOLlj and δORlj for the µνSSM (1 ν̂c-model) can be written in the form:

δOLlj =−
(
δgN ∗

j2Ul1 + gδN ∗
j2Ul1 + gN ∗

j2δUl1

)
− 1√

2

(
δgN ∗

j3Ul2 + gδN ∗
j3Ul2 + gN ∗

j3δUl2

)

− 1√
2

(
δgN ∗

j6Ul3 + gδN ∗
j6Ul3 + gN ∗

j6δUl3

)
− 1√

2

(
δgN ∗

j7Ul4 + gδN ∗
j7Ul4 + gN ∗

j7δUl4

)

− 1√
2

(
δgN ∗

j8Ul5 + gδN ∗
j8Ul5 + gN ∗

j8δUl5

)
(6.195)

δORlj =− (δgV ∗
l1Nj2 + gδV ∗

l1Nj2 + gV ∗
l1δNj2) +

1√
2
(δgV ∗

l2Nj4 + gδV ∗
l2Nj4 + gV ∗

l2δNj4) (6.196)

For BRpV Nj{6,7,8} has to be replaced by Nj{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

δALlj = i

(
δOLlj +

1

2
OLljδZW +

1

2

8∑

k=1

OLlkδZ
0
Lkj +

1

2

5∑

k=1

δZ−∗
LklOLkj

)
(6.197)

δARlj = i

(
δORlj +

1

2
ORljδZW +

1

2

8∑

k=1

ORlkδZ
0
Rkj +

1

2

5∑

k=1

δZ−∗
RklORkj

)
(6.198)
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and obtain

MWV = u(p1)γ
µ (PLδALlj + PRδARlj) u(k)ǫ

∗
µ(p2) . (6.199)

Then the relevant contribution 2Re(MWVM
∗
T ) ⊂ |M |2 for l and j being fixed is given by:

1

2

∑

pol

2Re(MWVM
∗
T ) = (6.200)

1

m2
W

[
O∗

L

(
δAL

(
m2

W

(
m2

χ̃− +m2
χ̃0

)
−
(
m2

χ̃− −m2
χ̃0

)2
+ 2m4

W

)
− 6δARmχ̃−mχ̃0m2

W

)

+O∗
R

(
δAR

(
m2

W

(
m2

χ̃− +m2
χ̃0

)
−
(
m2

χ̃− −m2
χ̃0

)2
+ 2m4

W

)
− 6δALmχ̃−mχ̃0m2

W

)]

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 Rξ-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 Rξ-gauge is left. The calculation of the squared amplitude performing all the polarization
sums is tedious but straightforward.

Figure 6.6.: Feynman diagrams for the real photon emission Fi → FoW
±γ.

We present the general result for the decay Fi(k) → Fo(p1)W
±(p2, ǫ)γ(q, η) shown in Figure 6.6

with the two fermions Fi with mass mi and charge Qi, Fo with mass mo and charge Qo in
Dirac notation, the W boson with mass mW and polarization vector ǫ and the photon with
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polarization vector η, where the following couplings are relevant:

L ⊃ F oγµ(OWLPL +OWRPR)FiW
µ +QoF oγµOγFoA

µ +QiF iγµOγFiA
µ (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:

M1 =
Qo

2p1 · q
u(p1)γ

νOγ (/p1 + /q +mo) γ
µ (OWLPL +OWRPR)u(k)η

∗
ν(q)ǫ

∗
µ(p2) (6.202)

M2 =− Qi

2k · qu(p1)γ
µOγ (/p1 + /p2 +mi) γ

ν (OWLPL +OWRPR)u(k)η
∗
ν(q)ǫ

∗
µ(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:

M3 =− 1

2p2 · q
Oγ

(
gµν(p2 − q)λ + gµλ(−2p2 − q)ν + gνλ(p2 + 2q)µ

)
(6.204)

·
(
−(p2 + q)κ(p2 + q)λ

m2
W

+ gκλ

)
u(p1)γ

κ (OWLPL +OWRPR) u(k)η
∗
ν(q)ǫ

∗
µ(p2)

Therein we made already use of the following rewritten denominators

1

(p1 + q)2 −m2
o

=
1

p21 + 2p1 · q + q2 −m2
o

≈ 1

2p1 · q
(6.205)

1

(p1 + p2)2 −m2
i

=
1

(k − q)2 −m2
i

=
1

k2 − 2k · q + q2 −m2
i

≈ − 1

2k · q (6.206)

1

(p2 + q)2 −m2
W

=
1

p22 + 2p2 · q + q2 −m2
W

≈ 1

2p2 · q
(6.207)

with k2 = m2
i , p

2
1 = m2

o, p
2
2 = m2

W and q2 = 0. For the calculation of the squared amplitude the
following sum rules for the gauge bosons are needed:

∑
ǫ∗µ(p2)ǫν(p2) → −gµν +

p2µp2ν
m2

W

(6.208)

∑
η∗µ(q)ην(q) → −gµν (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 q of the photon. As a starting point for the decay width we take the general
result for the three body decay being

ΓR =
1

(4π)3mi

1

π2

∫
d3p1
2p10

d3p2
2p20

d3q

2q0
δ(4) (k − p1 − p2 − q)

1

2

∑

pol

|M |2 , (6.210)

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 m0 and
momentum p0 into two particles with masses m1 and m2 and momenta p1 and p2 and a photon
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with momentum q by

Ij1j2i1i2
(m0,m1,m2) =

1

π2

∫
d3p1
2p10

d3p2
2p20

d3q

2q0
δ(4) (p0 − p1 − p2 − q)

(±2pj1 · q)(±2pj2 · q)
(±2pi1 · q)(±2pi2 · q)

, (6.211)

where the minus signs refer to the momentum p0 of the initial particle. In this context we need
the integrals Ii1i2j1j2

(mi,mo,mW ), allowing us to write the final result in the form:

ΓR =
1

(4π)3mi2m2
W

|Oγ |2
[(
|OWL|2 + |OWR|2

)
Ω1 + (OWLO

∗
WR +O∗

WLOWR)Ω2

]
, (6.212)

where we have introduced abbreviations:

Ω1 = Q2
iΩ1ii + 2QiQoΩ1io +Q2

oΩ1oo (6.213)

Ω2 = Q2
iΩ2ii + 2QiQoΩ2io +Q2

oΩ2oo

The individual parts are given by:

Ω1ii =2I(m2
i +m2

o + 2m2
W )− 4

[
m2

W (m2
i +m2

o) + (m2
i −m2

o)
2 − 2m4

W

]

·
[
I0 + I00m

2
i +m2

W (I02 + I22) + I02(mi −mo)(mi +mo) + I2
]

+ 2I20 (m
2
i +m2

o + 2m2
W )− 8m2

W (I0122 + I12 ) (6.214)

Ω1io =− 3I(m2
i +m2

o) + 2Im2
W − 2m2

W

[
2m4

o(I01 + I02 − I22)

+2m2
o(m

2
i (I01 + 2I22)− I2)− 2m4

i (I02 + I22) + I10 − 2I2m
2
i − 4(I0122 + I02 + I12 )

]

+ 4m4
W (m2

o(2(I01 + I02) + I22) +m2
i (I22 − 2I02)− 2I2)− 4I01m

4
im

2
o

+ 8I01m
2
im

4
o − 4I01m

6
o + 4I02m

6
i − 12I02m

4
im

2
o + 12I02m

2
im

4
o

− 4I02m
6
o − I10m

2
i − I10m

2
o − I20 (m

2
i +m2

o + 2m2
W ) + 4I2m

4
i

− 8I2m
2
im

2
o + 4I2m

4
o − 8I22m

6
W (6.215)

Ω1oo =− 8Im2
W − 4m2

W

[
m2

o(m
2
i (2I01 + 2I02 + I11 − 2I22) + I1 + I2)

+m4
o(−2I01 − 2I02 + I11 + I22) +m2

i (I1 + I2 + I22m
2
i ) + I01 + 2I0122

+4I02 + 2I12
]

+ 4m4
W (−m2
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6
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4
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6
o − 4I02m

6
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o + 4I02m

6
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4
i
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im
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o − 4I1m

4
o − 4I11m
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im

2
o + 8I11m
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6
o − 2I01m

2
i − 2I01m

2
o − 4I2m

4
i + 8I2m

2
im

2
o − 4I2m

4
o (6.216)

Ω2ii =2mimo

[
−2I + 12m2

W (I0 +m2
i (I00 + I02)− I02m

2
o + I2)

+12m4
W (I02 + I22)− 2I20

]
(6.217)

Ω2io =2mimo(3I − 12m2
W (−m2

o(I01 + I02) + I02m
2
i + I2) + I10 + I20 − 12I22m

4
W ) (6.218)

Ω2oo =4mimo

[
6m2

W (−m2
o(I01 + I02 − I11) +m2

i (I01 + I02) + I1 + I2)

−6m4
W (I01 + I02 − I22) + I01

]
(6.219)
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Figure 6.7.: Real corrections for χ̃0
j → χ̃∓

l W
±γ.

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 Q{i,o} = {0,±1} for the neutralino and chargino. Thus, the IR finite decay
width at NLO is given by

Γ1 = Γ1L + ΓR . (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 mγ < 1 keV, this can be kept under control. In addition we can choose an external
momentum of p2 = 0 for the calculation of the photon and photon-Z self-energy, since p2 → 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 µνSSM 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 settingM1 =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 β 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 νc. 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
Q = mZ , where we add the additional model parameters. Note that we allow µ to depart from
their standard SPS values to be consistent with the LEP bounds on Higgs masses.

SPS 1a′ SPS 2 SPS 3 SPS 4 SU4 SPS 9

GUT M0 (in GeV) 70 1450 90 400 200 M0 (in GeV) 450
scale M1/2 (in GeV) 250 300 400 300 160 maux (in TeV) 60

A0 (in GeV) −300 0 0 0 −400

SUSY scale tanβ(mZ) 10 10 10 50 10 tan β(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 µνSSM we have to specify the additional model parameters,
which are λk, κk and the corresponding soft SUSY breaking terms T k

λ and T klm
κ . 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 λ, κ < 0.6 in the 1 ν̂c-model and λk, κk < 0.5 in the 2 ν̂c-model,
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perturbativity up to the GUT scale is guaranteed [111]. Note that choosing somewhat larger
values for λ and/or κ 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 λk > 0, κk > 0, T k

λ > 0,
T klm
κ < 0.

In case of BRpV we have to add the parameters ǫi and vi, which are chosen such that the
neutrino data is fulfilled within the 2 σ bounds of Table 2.1, if not stated otherwise. As already
explained the corresponding soft SUSY breaking parameters Bi are determined from the tadpole
equations. They have to be chosen complex in addition to BI

µ in case of complex ǫi as we have

shown in Section 5.1.1. For the µνSSM we set the Yukawa couplings Y ik
ν and the VEVs vi

accordingly, implying small values Y ik
ν < O(10−5). The corresponding T ik

ν determined from the
tadpole equations are generally negative, so the condition (2.8) of [111] is easy to fulfill.

For the NMSSM and the µνSSMwith 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 M1 ↔M2

and κ ≈ 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 i

ν and vi in the µνSSM 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 M0 (in GeV) 180 178 780
scale M1/2 (in GeV) 500 500 775

A0 (in GeV) −1500 −1500 −2250

SUSY tanβ(mZ) 10 10 2.6
scale µ (in GeV) 969 938 −197

λ, κ 0.10, 0.10 0.40, 0.30 0.52, 0.10
Aλ, Aκ (in GeV) −959,−1.6 −616,−11 −557, 20

GMSB 1 GMSB 2 GMSB 5

Mess. MMess (in GeV) 1013 1013 5 · 1014

scale Λ (in GeV) 1.7 · 105 1.7 · 105 7.5 · 104

SUSY tanβ(mZ) 8.5 1.63 50
scale µ (in GeV) 1404 2351 1376

λ, κ 0.020, 0.004 0.50, 0.43 0.010,−0.0007
Aλ, Aκ (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:

⊲ As already pointed out we check that the neutrino data are fulfilled within the 2σ 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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⊲ Breaking lepton number implies that flavor violating decays like µ→ eγ 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].

⊲ 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.

⊲ Constraints on the chargino and charged slepton masses given by the PDG [168].

⊲ 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 8

LHC phenomenology of the µνSSM

This chapter is dedicated to the LHC phenomenology of the µνSSM 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 ν̂c-model

First we will address the phenomenology of the µνSSMwith one right-handed neutrino superfield
(1 ν̂c-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
χ̃0
i a bino B̃, if |Ni+3,1|2 > 0.5 is fulfilled. Similarly a singlino S̃ is defined as |Ni+3,5|2 > 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 S0

i and/or pseudoscalar states P 0
i .
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Figure 8.1.: Masses of the lightest neutralinos χ̃0
1,2 and the lightest scalar S0

1 = Re(ν̃c)/pseudoscalar
P 0
1 = Im(ν̃c1) as a function of Aκ = Tκ/κ for λ = 0.24, κ = 0.060, µ = 150 GeV and Tλ = 360 GeV

for SPS 1a′. The different colors refer to the singlino χ̃0
1 (blue), the bino χ̃0

2 (red), the singlet
scalar S0

1 (black, dashed) and the singlet pseudoscalar P 0
1 (orange, dashed).

According to Equation (5.73) the diagonal entry of the right-handed neutrino in the neutralino
mass matrix is given by mc =

√
2κvc. Hence, a singlino as lightest neutralino can be obtained by

choosing small values for κ and/or vc. 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 χ̃0
i as a function

of κ for λ = 0.24, µ = 170 GeV, Tλ = 360 GeV and Tκ = −κ · 50 GeV for SPS 1a′. The different
colors refer to singlino purity |Ni+3,5|2 (blue, dashed), bino purity |Ni+3,1|2 (red), wino purity
|Ni+3,2|2 (black) and Higgsino purity |Ni+3,3|2 + |Ni+3,4|2 (orange).

NMSSM benchmark scenarios adapted to the µνSSM, but to MSSM benchmark scenarios and
specify in addition the chosen values of λ, κ and an effective µ, from which we derive vc using
Equation (4.10). By appropriate choices of Tλ and Tκ 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 Tλ and Tκ 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 Tκ. The MSSM parameters
for this example spectrum are based on the benchmark scenario SPS 1a′ except for the choice
µ = 150 GeV. Reducing µ helps to lower the mixing between the scalar state S0

2 = h0 and
the lighter singlet scalar S0

1 = ν̃c, so that S0
2 is still consistent with experimental data from

LEP. Note that the mixing with the singlet state also reduces the production rate e+e− → ZS0
2 ,

however the bounds on h0 remain strict.

For SPS 1a′ with a reduced value of µ = 170 GeV we present an example spectrum for neutral
fermions using DR corrected one-loop masses in Figure 8.2. For reduced values of µ 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 χ̃0
3 can be understood from a level-crossing

in the mass eigenstates χ̃0
3 and χ̃0

4.

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 ν̂c-model, which
are quite similar to those found in the NMSSM [110, 170]. The lightest doublet Higgs boson
similar to the h0 in the MSSM mainly decays into bb final states for masses mh0 < 140 GeV.
However, if there exists a light neutralino, the decay into χ̃0

1χ̃
0
1 can be dominant. An example

is presented in Figure 8.3, which displays the branching ratios of S0
2 = h0 as a function of the

lightest neutralino mass m(χ̃0
1) based on the parameter set of Figure 8.2 with a variation of κ.

As it can be seen from Figure 8.2 the lightest neutralino is mainly singlino in this example. The
variation of κ varies its mass, since vc is kept fixed. This feature h0 → χ̃0

1χ̃
0
1 is of course also

possible in the NMSSM with χ̃0
1 = S̃ 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 h0. In case of R-parity violation the lightest neutralino χ̃0

1 mainly decays to bbν, 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 χ̃0

1 can have a long lifetime
due to the small R-parity violating parameters, so that the decay of h0 can result in displaced
vertices. Note that the singlet scalar S0

1 dominantly decay to bb final states, followed by τ+τ−

final states.
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Figure 8.3.: Branching ratios Br(S0
2 = h0) as a function ofm(χ̃0

1) for the parameter set of Figure 8.2
(variation of κ). The colors indicate the different final states: χ̃0

1χ̃
0
1 (red), bb (blue, dashed), τ+τ−

(black), cc (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 χ̃0

1 → Zν, χ̃0
1 → l±W∓ and

χ̃0
1 → S0

i ν / P 0
i ν, which are generally but not necessarily dominant for larger masses of the

neutralino, several tree-body decays into leptonic final states are possible, namely χ̃0
1 → l±i l

∓
j ν,

χ̃0
1 → qiq̄jl, χ̃

0
1 → 3ν or χ̃0

1 → qiq̄jν. 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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Br in % SPS 1a′ SPS 3 SPS 4

Br(χ̃0
1 → l±W∓) 23 − 80 12 − 55 68− 72

Br(χ̃0
1 → l±i l

∓
j ν) 11 − 75 2− 31 2.6 − 3.9

Br(χ̃0
1 → Zν) 2.2 − 8.9 5− 28 25− 28

Br(χ̃0
1 → S0

i ν) − 15 − 53 < 2.0

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 λ ∈ [0.02, 0.5] and κ ∈ [0.05, 0.3] with a dependence of
allowed κ(λ) similar to [111] and to Figure 8.5 and Tλ = λ · 1.5 TeV and Tκ = −κ · 100 GeV.

We first stick to the case of a bino as lightest neutralino. For the SPS points under consideration
it yields m(χ̃0

1) > mW , so that the two-body decays χ̃0
1 → l±W∓ are dominant. However,

the three-body decays, in particular χ̃0
1 → liljν dominated by a virtual τ̃ , 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 H̃−

d and lepton

li mixing (li = e, µ). For li = τ exists an additional contribution induced by H̃0
d -ν-mixing.

χ̃0

1
= B̃

τ̃
H̃−

d

ν

li

τ

g′

hτ

ǫi

Figure 8.4.: Dominant Feynman
graph for the decay χ̃0

1 → liτν with
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Figure 8.5.: Dependence of allowed κ(λ) for values of
λ ∈ [0.02, 0.5] and κ ∈ [0.05, 0.3] and Br(χ̃0

1 → liljν)
as function of λ and κ exemplary for SPS 1a′ with
µ = 390 GeV, Tλ = λ·1.5 TeV and Tκ = −κ·100 GeV.

Figure 8.5 shows the allowed parameter dependence of κ(λ) due to tachyonic states. The figure
also indicates the importance of the decay mode χ̃0

1 → liljν in comparison with χ̃0
1 → l±W∓ in

the λ-κ-plane. The strong variation in the branching ratios for SPS 1a′ is mainly induced by the
strong dependence of the partial decay width of χ̃0

1 → liljν, where both decays with li = lj = τ
and li 6= lj = τ play a role. As demonstrated in Table 8.1 also the final states χ̃0

1 → Zν and in
case of a light scalar with m(χ̃0

1) > m(h0) the decay χ̃0
1 → h0ν 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(χ̃0
1) ≈ 60 GeV. Figure 8.6 shows the most important branching ratios.

The lightness of the bino-like neutralino χ̃0
1 results in a larger average decay length of (8−90) cm,

strongly dependent on the parameter point in the λ-κ-plane. Generally the decay length scales
as L ∝ m−4(χ̃0

1) for m(χ̃0
1) < mW . In addition the decay length becomes smaller for smaller

values of λ and κ.
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Figure 8.6.: Decay branching ratios for bino-like lightest neutralino as a function of κ for λ ∈
[0.02, 0.5], Tλ = λ · 1.5 TeV, Tκ = −κ · 100 GeV and for MSSM parameters defined by the study
point SU4 of the ATLAS collaboration [163]. The colors indicate the different final states: liljν
(red), qiqj l (black), qq̄ν (blue) and 3ν (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 λ and κ as
before we find a total decay length of (0.12 − 0.16)mm with Br(χ̃±

1 → W±ν) = (42 − 57)%,
Br(χ̃±

1 → Zl±) = (20 − 26)% and Br(χ̃±
1 → h0l±) = (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 λ, κ = O(10−1) in combination with a low value of the
effective µ-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(χ̃0

1). The composition of the neutralino
can be taken from the color code given in the caption. We varied λ, κ and µ to allow for different
LSP masses and we have chosen Tκ 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 χ̃0

1 → S0
1(P

0
1 )ν 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 l±W∓, qiqj l, Zν,
qiqjν, l

±
i l

∓
j ν and the invisible final state 3ν. For the region below the W threshold, meaning



100 8. LHC phenomenology of the µνSSM

20 40 60 80 100 120 140
10-5

10-4

10-3

10-2

10-1

100

101

102

D
ec
ay

le
n
gt
h
of

χ̃
0 1
[m

]

m(χ̃0
1) [GeV]

Figure 8.7.: Decay length of the lightest neutralino χ̃0
1 in m as a function of its mass m(χ̃0

1)
in GeV for different values of λ ∈ [0.2, 0.5], κ ∈ [0.0125, 0.1] and µ ∈ [110, 170] GeV with a
dependence of allowed κ(λ) similar to [111] and to Figure 8.5 and Tλ = λ · 1.5 TeV, whereas
Tκ ∈ [−10,−0.025] GeV is chosen in such a way, that no lighter scalar or pseudoscalar states with
{m(S0

1),m(P 0
1 )} < m(χ̃0

1) appear. Note that the different colors stand for SPS 1a′ (real singlino,
|N45|2 > 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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choices as in Figure 8.3. The colors indicate the different final states: bb̄ν (blue, dashed), liljν
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m(χ̃0
1) < mW , we refer to Figure 8.8. The dominance of bbν for smaller values of m(χ̃0

1) is
induced by the decay chain χ̃0

1 → S0
1ν → bbν, whereas for larger values of m(χ̃0

1) we have
m(S0

1) > m(χ̃0
1) in this scenario.

Up to now we have considered values of λ and κ 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 χ̃0

2 to the final states χ̃0
1S

0
1 , χ̃

0
1P

0
1 , χ̃

0
1l

+l− or χ̃0
1qq 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 ν̂c-model

In the previous section the phenomenology of the µνSSM 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(ν̃c1) (black), Re(ν̃c2) (red) and h0 (blue) and the
pseudoscalar states Im(ν̃c1) (black, dashed), Im(ν̃c2) (dashed red) and Im(ν̃1) (blue, dashed) as
a function of vc2 for different values of T 112

κ = T 122
κ : a) (left) T 112

κ = T 122
κ = 0; b) (right)

T 112
κ = T 122

κ = −1 GeV. The MSSM parameters have been taken such that the standard SPS 1a′

point is reproduced. The light singlet parameters κ1 = 0.008 and vc1 = 500 GeV ensure that in all
points the lightest neutralino is mostly νc1, with a mass of 47−48 GeV. In addition, T 1

λ = 300 GeV
and T 2

λ ∈ [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 µνSSM with one right-handed neutrino superfield. However, in case
of more than one generation of singlets the off-diagonal Tκ 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 νc1
and a heavy singlino νc2 in a model with nonzero trilinear couplings T 112

κ , the contributions
to the mass of the scalar or pseudoscalar ν̃c1 coming together with the large value of vc2 are
proportional to T 112

κ . Neglecting those contributions the mass of ν̃c1 would only depend on
the small vc1. Hence it would be light like the corresponding singlino of the same generation.
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However, with nonzero T 112
κ the mass of both ν̃ci are dominated by the larger values of vci.

Figure 8.9 demonstrates this feature. The lightest neutralino in both figures is the singlino νc1
with a mass of ∼ 50 GeV. Both figures show the masses of the singlet scalar states Re(ν̃c1)
and Re(ν̃c2) and the corresponding pseudoscalar states Im(ν̃c1) and Im(ν̃c2) as a function of the
VEV vc2 for different values of T 112

κ = T 122
κ . For comparison also the masses of the light Higgs

boson and the lightest left-handed sneutrino Im(ν̃1) are shown. As expected the mass of the
lightest singlet scalar does not depend on vc2 in case of T 112

κ = T 122
κ = 0, whereas for a nonzero

T 112
κ = T 122

κ = −1 GeV Re(ν̃c1) becomes heavier for larger values of vc2. In the pseudoscalar
sector this effect is comparable, but even more pronounced.

8.2.1. χ̃0
1 decay length and type of fit

In Section 6.3 we presented two different possibilities to fit neutrino data, namely ~Λ can generate
the atmospheric mass scale and ~α 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 αi parameters. Therefore, its decay length
follows L ∝ 1/|~α|2 and obeys the approximate relation

L(fit1)

L(fit2)
≃ matm

msol
≃ 6 . (8.1)

10 20 30 40 50 60 70

10-1

100

101

102

103

104

L
[m

]

m(χ̃0

1
) [GeV]

10 20 30 40 50 60 70
3

4

5

6

7

8

L
(f

it
1)

/
L

(f
it

2)

m(χ̃0

1
) [GeV]

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(χ̃0

1) for the
case fit1 (red) and the case fit2 (blue); b) (right) the ratio L(fit1)/L(fit2) as a function of m(χ̃0

1).
The MSSM parameters have been taken such that the standard SPS 1a′ point is reproduced. The
light singlet parameter κ is varied in the range κ ∈ [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(χ̃0

1). 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 µνSSM can be even richer.
Again the decays of the light Higgs boson h0 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 νc1 and νc2 as the two lightest neutralinos χ̃0

1,2 and a mass

eigenstate χ̃0
3 being mostly a bino. The scalar sector contains two very light mostly singlet states

S0
1 and S0

2 , which are consistent with the LEP bounds. Finally the state S0
3 can be identified

as the light doublet Higgs boson h0. Similarly the pseudoscalar sector can contain light singlet
states.

It turns out that the decays of the bino-like neutralino χ̃0
3 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 χ̃0
3 → χ̃0

1,2S
0
1(P

0
1 ) 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 ratiosBr(χ̃0
3 = B̃0 → χ̃0

1) (red) andBr(χ̃
0
3 = B̃0 → χ̃0

2) (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 vc1, vc2 ∈ [400, 600] GeV, λ1, λ2 ∈ [0.0, 0.4],
T 111
κ = T 222

κ ∈ [−7.5,−0.5] GeV, T 112
κ = T 122

κ ∈ [−0.75,−0.0025] GeV and T 1
λ , T

2
λ ∈ [0, 600] GeV.

κ1 = κ2 = 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 10−3−10−4 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 χ̃0
3 → χ̃0

1S
0
1(P

0
1 )

and χ̃0
3 → χ̃0

2S
0
1(P

0
1 ) 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 χ̃0

2, which has
to be produced through three-body decays, resulting in a suppression of Br(χ̃0

3 → χ̃0
2). Keep in

mind that also the decay mode χ̃0
3 → χ̃0

1,2S
0
2(P

0
2 ) 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 χ̃0

1,2l
+l− or χ̃0

1,2qq̄ final states, in particular when
the decays to singlet scalars/pseudoscalars are kinematically forbidden.
As argued in the µνSSM with one right-handed neutrino superfield the decays of the light Higgs
boson h0 are also strongly influenced by the presence of light singlet states, since final states
can involve χ̃0

1 or χ̃0
2. In this case typically the standard Higgs boson decays are reduced to less

than 40%, completely spoiling the usual search strategies.

35 40 45 50

0.1

0.2

0.3

0.4

B
r
(S

0 3
=

h
0
→

bb̄
)

m(χ̃0

1
) [GeV]

35 40 45 50
10-4

10-3

10-2

10-1

100
B

r
(S

0 3
=

h
0
→

χ̃
0 i
χ̃

0 j
)

m(χ̃0

1
) [GeV]

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 h0 → bb̄; b) (right) the exotic
decays to pairs of singlinos h0 → χ̃0

1χ̃
0
1 (red), h0 → χ̃0

1χ̃
0
2 (blue) and h0 → χ̃0

2χ̃
0
2 (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 χ̃0

1χ̃
0
1 the lighter the neutralino

mass χ̃0
1 gets. However, also the branching ratio to χ̃0

1χ̃
0
2 can be sizable. Note that χ̃0

2 decays
dominantly to χ̃0

1 plus two SM fermions. Thus, we can distinguish between the 1 ν̂c-model and
models with more than one generation of singlets. The decay to χ̃0

2χ̃
0
2 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 χ̃0

1 might dominantly decay to bbν, which reduces
statistics in the more interesting l±i l

∓
j ν and qiqjl 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 µνSSM 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→ m1L 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.

105
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SPS 1a′ SPS 3 SPS 4 SPS 9 SPS 2′ SU4

χ̃0

1 : m 96.20 157.43 117.18 164.28 389.57 59.66

m1L 95.88 157.19 117.00 164.30 389.20 59.23

C B̃ B̃ B̃ W̃ H̃ B̃

χ̃0

2 : m 176.24 290.12 213.51 527.79 416.08 108.30

m1L 176.32 290.47 213.92 527.64 416.04 108.27

C W̃ W̃ W̃ B̃ H̃ W̃

χ̃0

3 : m 396.34 518.53 384.35 1024.68 600.00 313.23

m1L 397.62 518.74 384.93 1023.90 599.87 315.36

C H̃ H̃ H̃ H̃ B̃ H̃

χ̃0

4 : m 411.66 534.28 400.96 1028.75 626.51 328.49

m1L 410.21 532.92 399.86 1029.53 626.18 326.30

C H̃ H̃ H̃ H̃ W̃ H̃

χ̃±

1
: m 175.86 289.89 213.31 164.28 396.53 107.64

m1L 176.04 290.38 213.83 164.46 397.06 107.63

C W̃± W̃± W̃± W̃± H̃± W̃±

χ̃±

2
: m 412.49 534.45 402.42 1028.71 621.36 330.17

m1L 411.80 533.59 401.65 1028.35 620.57 329.53

C H̃± H̃± H̃± H̃± W̃± H̃±

Table 9.1.: Neutralino and chargino masses m at tree-level and m1L 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

χ̃0

1 : m 210.79 210.97 89.08 208.78 196.82 472.48 472.53 203.30

m1L 210.61 210.77 91.45 208.55 199.51 472.38 472.39 203.30

C B̃ B̃ S̃ W̃ H̃ B̃ B̃ S̃

χ̃0

2 : m 387.18 387.47 215.38 391.11 205.60 620.06 855.54 496.87

m1L 387.10 387.37 215.58 390.82 205.24 620.06 855.53 496.81

C W̃ W̃ H̃ B̃ H̃ S̃ W̃ B̃

χ̃0

3 : m 971.11 942.27 217.09 941.92 327.26 854.13 2352.36 899.60

m1L 971.75 941.05 217.51 940.00 326.83 854.43 2352.49 899.98

C H̃ H̃ H̃ H̃ S̃ W̃ H̃ W̃

χ̃0

4 : m 976.52 943.16 330.51 942.49 330.44 1405.44 2355.92 1377.67

m1L 975.14 942.79 331.01 943.05 330.95 1405.15 2354.84 1377.45

C H̃ H̃ B̃ H̃ B̃ H̃ H̃ H̃

χ̃0

5 : m 2101.57 1421.70 608.43 1421.70 608.43 1412.41 4062.82 1383.97

m1L 2101.57 1421.67 607.64 1421.66 607.65 1411.46 4062.84 1383.04

C S̃ S̃ W̃ S̃ W̃ H̃ S̃ H̃

χ̃±

1
: m 387.16 387.48 201.36 208.83 201.36 854.11 855.53 899.59

m1L 387.23 387.53 201.73 208.77 201.75 854.57 855.69 900.14

C W̃± W̃± H̃± W̃± H̃± W̃± W̃± W̃±

χ̃±

2
: m 977.07 947.45 608.40 946.04 608.40 1412.29 2355.33 1384.24

m1L 976.69 947.07 607.80 945.71 607.81 1411.62 2355.06 1383.51

C H̃± H̃± W̃± H̃± W̃± H̃± H̃± H̃±

Table 9.2.: Neutralino and chargino masses m at tree-level and m1L 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 m1L(νi) of the three left-handed neutrinos as a function of |~ǫ|2/|~Λ| are
shown in Figure 9.1. We set ǫ1 = ǫ2 = ǫ3 and Λ1 = Λ2 = Λ3 and choose a fixed value of
|~Λ| = 0.235 GeV2. In case of BRpV the scenario is based on SPS 3, in case of the µνSSM with
one right-handed neutrino superfield on mSUGRA 1. In contrast we fix Λ1 = −Λ2 = Λ3 in
Figure 9.2, so that the sign-condition ǫ2

ǫ3

Λ2

Λ3
< 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 m1L(νi) in eV as a function of |~ǫ|2/|~Λ| for a scenario
in a) (left) the µνSSM based on mSUGRA 1; b) (right) BRpV based on SPS 3.
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Figure 9.2.: Three on-shell neutrino masses m1L(νi) in eV as a function of |~ǫ|2/|~Λ| using the sign-
condition defined in Equation (9.1) for a scenario in a) (left) µνSSM 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 ǫi: The absolute value of |~ǫ|
determines the neutrino masses m1L(ν1) and m1L(ν2), which are generated at one-loop level,
whereas |~Λ| sets the tree-level neutrino mass m1L(ν3) constant for small |~ǫ|. mν3 is affected by
the one-loop corrections only for large values of |~ǫ|. For the explanation of the neutrino mixing
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angles the individual ǫi and Λi have to be chosen differently. Dependent on the parameter point
in the µνSSM 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 m1L(ν1) and m

1L(ν3).
At tree-level the Yukawa couplings Ye 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 me to the experimental values, we define the relative one-loop correction

δe =

∣∣∣∣
m1L

e −me

me

∣∣∣∣ . (9.2)

Figure 9.3 shows the relative correction δe 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 δe < 10−10, 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 δe defined in Equation (9.2) for the three lepton masses (τ (black, solid),

µ (red, dashed), e (blue, dot-dashed)) as a function of |~ǫ|2/|~Λ| for the µνSSM 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 m1L(ν1), the mass differences
∆m2

atm and ∆m2
sol defined in Equation (6.189) in both schemes are comparable, since they are

determined by the absolute values ofm1L(ν2) andm
1L(ν3). Comparing the on-shell with the DR

masses the largest mass m1L(ν3) is sometimes only for larger values |~ǫ| 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 δe 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 δe < 10−10 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 µνSSM 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 ∆m2
atm (black, solid) and ∆m2

sol (red, dashed) as a function of |~ǫ|2/|~Λ|
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 ~Λ, ~ǫ 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 ~ǫ and ~Λ. 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 ~Λ in accordance to [97], ~ǫ respectively ~̃ǫ is used at the one-loop level to explain the
solar mass difference and the solar mixing angle. The correlation to ~̃ǫ is more distinct than the
one to ~ǫ, since a prerotation with the matrix Nν according to ~̃ǫ = Nv~ǫ was performed, where Nν

diagonalizes the tree-level neutrino mass matrix meff.
νν given in Equation (5.130).
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Figure 9.5.: Correlation between the alignment parameters and the neutrino mass differences for
the µνSSM 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) ∆m2
atm in eV2 as a function of |~Λ| in GeV;

b) (right) ∆m2
sol in eV2 as a function of |~ǫ| in GeV.
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Figure 9.6.: Correlation between the alignment parameters and the neutrino mixing angles for the
µνSSM 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) tan2 θatm as a function of Λ2/Λ3; b) (right) tan

2 θsol
as a function of ǫ̃1/ǫ̃2.

Thus, the vector ~̃ǫ is perpendicular to ~Λ. In the models under consideration the mixing matrix
Nν is exactly given by [117]

Nν =




√
Λ2

2
+Λ2

3

|~Λ| − Λ1Λ2√
Λ2

2
+Λ2

3
|~Λ|

− Λ1Λ3√
Λ2

2
+Λ2

3
|~Λ|

0 Λ3√
Λ2

2
+Λ2

3

− Λ2√
Λ2

2
+Λ2

3

Λ1

|~Λ|
Λ2

|~Λ|
Λ3

|~Λ|


 . (9.3)

First we comment on the atmospheric and solar mass differences ∆m2
atm and ∆m2

sol. By con-

struction the atmospheric mass difference is correlated with |~Λ|, whereas the solar mass difference
is determined by |~ǫ| as it can be seen in Figure 9.5 for various scenarios in the µνSSM with one
right-handed neutrino superfield. Using Equation (5.136) we estimate the absolute value of ~Λ.
Figure 9.6 presents the the correlation between the alignment parameters Λi and ǫ̃i and the
neutrino mixing angles using the definitions of Equation (6.190) for the same scenarios as in
Figure 9.5. The ratio Λ2/Λ3 fits the atmospheric angle, whereas ǫ̃1/ǫ̃2 determines the solar angle.
The reactor angle is given by Λ1/

√
Λ2
2 + Λ2

3 [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 χ̃0
j → χ̃−

i W
+ and χ̃+

i → χ̃0
jW

+

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 χ̃0

1 → l+W−. Their relation to neutrino
mixing angles is worked out in the following chapter.

9.2.1. Two-body decays χ̃0
j → χ̃−

i W
+ and χ̃+

i → χ̃0
jW

+ in the (N)MSSM

Sc. Decay Γ0 (in GeV) Γ1 (in GeV) δ1(q̃,q) δ2 δ1+2

1

χ̃0
3 → χ̃−

1 W
+ 2.153 2.234 1.8% 2.0% 3.8%

χ̃0
4 → χ̃−

1 W
+ 2.181 2.256 1.8% 1.6% 3.4%

χ̃0
5 → χ̃−

1 W
+ 3.206 · 10−3 2.897 · 10−3 −2.6% −7.0% −9.6%

χ̃0
5 → χ̃−

2 W
+ 1.542 · 10−1 1.521 · 10−1 −1.9% 0.5% −1.4%

χ̃−
1 → χ̃0

1W
− 2.575 · 10−3 2.561 · 10−3 0.8% −1.3% −0.5%

χ̃−
2 → χ̃0

1W
− 5.860 · 10−1 5.766 · 10−1 0.2% −1.8% −1.6%

χ̃−
2 → χ̃0

2W
− 2.201 2.222 −0.3% 1.2% 0.9%

3

χ̃0
3 → χ̃−

1 W
+ 2.085 2.153 1.8% 1.5% 3.3%

χ̃0
4 → χ̃−

1 W
+ 2.121 2.181 1.8% 1.0% 2.8%

χ̃0
5 → χ̃−

1 W
+ 2.937 · 10−2 2.755 · 10−2 −1.7% −4.5% −6.2%

χ̃0
5 → χ̃−

2 W
+ 1.302 1.352 −0.6% 4.5% 3.9%

χ̃−
1 → χ̃0

1W
− 2.951 · 10−3 2.910 · 10−1 0.7% −2.1% −1.4%

χ̃−
2 → χ̃0

1W
− 5.684 · 10−1 5.552 · 10−1 0.2% −2.5% −2.3%

χ̃−
2 → χ̃0

2W
− 2.115 2.141 0.6% 0.6% 1.2%

4

χ̃0
4 → χ̃−

1 W
+ 4.719 · 10−2 5.080 · 10−2 −0.3% 7.9% 7.6%

χ̃0
5 → χ̃−

1 W
+ 7.442 · 10−1 7.288 · 10−1 0.2% −2.3% −2.1%

χ̃−
1 → χ̃0

1W
− 1.623 · 10−1 1.650 · 10−1 −0.9% 2.5% 1.6%

χ̃−
2 → χ̃0

1W
− 2.357 · 10−1 2.291 · 10−1 0.2% −3.0% −2.8%

χ̃−
2 → χ̃0

2W
− 5.758 · 10−1 5.586 · 10−1 0.2% −3.2% −3.0%

χ̃−
2 → χ̃0

3W
− 6.024 · 10−1 5.875 · 10−1 0.2% −2.7% −2.5%

χ̃−
2 → χ̃0

4W
− 7.007 · 10−2 6.963 · 10−2 −0.3% −0.3% −0.6%

Table 9.3.: NLO corrections for the mSUGRA benchmark scenarios; δ is defined in Equation (9.4).

We discuss the NLO corrections to the decay widths χ̃0
j → χ̃−

i W
+ and χ̃+

i → χ̃0
jW

+ 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

δ =
Γ1 − Γ0

Γ0
, (9.4)

is shown, which is split in the parts δ1 = δ1(q̃,q) due to squark and quark corrections and δ2
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 δZW all light fermions are always taken into account, since otherwise the
renormalization in the Thomson limit can not be guaranteed.

Sc. Decay Γ0 (in GeV) Γ1 (in GeV) δ1(q̃,q) δ2 δ1+2

1

χ̃0
4 → χ̃−

1 W
+ 2.891 3.068 −0.2% 6.3% 6.1%

χ̃0
5 → χ̃−

1 W
+ 2.943 3.114 −0.1% 5.9% 5.8%

χ̃−
1 → χ̃0

1W
− 1.027 · 10−2 1.028 · 10−1 0.0% 0.1% 0.1%

χ̃−
1 → χ̃0

2W
− 8.907 · 10−5 8.942 · 10−5 −0.1% 0.5% 0.4%

χ̃−
2 → χ̃0

1W
− 8.941 · 10−1 8.795 · 10−1 0.2% −1.8% −1.6%

χ̃−
2 → χ̃0

2W
− 3.787 · 10−3 3.697 · 10−3 −0.5% −1.9% −2.4%

χ̃−
2 → χ̃0

3W
− 2.962 3.126 −0.1% 5.6% 5.5%

2

χ̃0
3 → χ̃−

1 W
+ 7.431 7.241 0.2% −2.8% −2.6%

χ̃0
4 → χ̃−

1 W
+ 7.442 7.254 0.4% −2.9% −2.5%

χ̃0
5 → χ̃−

1 W
+ 1.164 · 10−2 9.868 · 10−3 −3.4% −11.8% −15.2%

χ̃0
5 → χ̃−

2 W
+ 1.890 1.851 −2.0% −0.1% −2.1%

χ̃−
1 → χ̃0

1W
− 6.150 · 10−3 6.135 · 10−3 0.0% −0.2% −0.2%

χ̃−
2 → χ̃0

1W
− 1.807 1.708 −0.7% −4.8% −5.5%

χ̃−
2 → χ̃0

2W
− 7.491 7.235 0.3% −3.7% −3.4%

5

χ̃0
4 → χ̃−

1 W
+ 2.283 2.439 −0.3% 7.1% 6.8%

χ̃0
5 → χ̃−

1 W
+ 2.333 2.485 −0.1% 6.6% 6.5%

χ̃−
1 → χ̃0

1W
− 1.462 · 10−5 1.453 · 10−5 −0.3% −0.3% −0.6%

χ̃−
1 → χ̃0

2W
− 8.424 · 10−3 8.407 · 10−3 −0.1% −0.1% −0.2%

χ̃−
2 → χ̃0

1W
− 1.279 · 10−3 1.242 · 10−3 −0.6% −2.2% −2.9%

χ̃−
2 → χ̃0

2W
− 7.898 · 10−1 7.775 · 10−1 −0.1% −1.5% −1.6%

χ̃−
2 → χ̃0

3W
− 2.339 2.486 −0.1% 6.4% 6.3%

Table 9.4.: NLO corrections for the GMSB benchmark scenarios; δ is defined in Equation (9.4).
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Figure 9.7.: a) (left): On-shell neutralino masses as a function of M1 and the other parameters
according to mSUGRA 1 apart from κ = 0.14. The red solid line marks B̃ whereas the other states
are shown with black dashed lines; b) (right): Particle character for the bino state B̃ as a function
of M1: red (solid): Bino character |Nj1|2, blue (dot-dashed): Higgsino character |Nj3|2 + |Nj4|2,
black (dotted): Wino character |Nj2|2, green (dashed): Singlino character |Nj5|2.

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
either to a wino(W̃ 0

3 )-wino(W̃
±) 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
Γ(χ̃0

5 → χ̃+
2 W

−) is larger than Γ(χ̃0
5 → W−χ̃+

1 ) despite the smaller phase space. Also the
difference in δ2 in the decay χ̃−

2 → χ̃0
1W

− 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(χ̃±0

i ) 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 m1L(χ̃±0

i ), 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 B̃, which is the neutralino mass eigen-
state with |Nj1|2 > 0.5. Taking benchmark point mSUGRA 1 we vary the gaugino mass M1 for
our subsequent numerical investigations. In addition we shift κ 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 M1. The particle character of the bino-like state B̃ 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 B̃ → χ̃−
1 W

+ as a
function ofM1 for the spectrum of Figure 9.7; b) (right): Correction factor δ in % defined in Equa-
tion (9.4) for B̃ → χ̃−

1 W
+ as a function of M1: 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 B̃ → χ̃−
2 W

+ as a
function ofM1 for the spectrum of Figure 9.7; b) (right): Correction factor δ in % defined in Equa-
tion (9.4) for B̃ → χ̃−

2 W
+ as a function of M1: 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 B̃ → χ̃−
1 W

+ as a function of M1. At
M1 ≃ 1 TeV the bino crosses the Higgsino state resulting in a rise of the width with M1 and the
subsequent decrease. With further increasing M1 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(B̃) = m(χ̃±

1 ) +mW , 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 B̃ → χ̃−
2 W

+ with χ̃−
2 being a Higgsino are shown in

Figure 9.9 a) as a function of M1. 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 M1 is compensated
by a phase space factor (m(B̃)/mW )2 according to Equations (5.146) and (5.149). Therefore, a
slight increase of the width with increasing M1 can be observed. Again the corrections can be
sizable amounting up to about 15%.

Singlino decays

We define a neutralino to be singlino-like S̃ in case of |Nj5|2 > 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 κ and the other parameters
according to mSUGRA 4 apart from λ = 0.01. The green solid line marks S̃ whereas the other
states are shown with black dashed lines; b) (right): Particle character for the singlino state
S̃ as a function of κ: red (solid): Bino character |Nj1|2, blue (dot-dashed): Higgsino character
|Nj3|2 + |Nj4|2, black (dotted): Wino character |Nj2|2, green (dashed): Singlino character |Nj5|2.

The benchmark scenario mSUGRA 4 with a reduced λ of 0.01 is convenient for our numerical
investigation, since it allows to have a relatively pure light singlino mass eigenstate. We vary κ
between 2 · 10−3 and 6 · 10−2 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(χ̃±

1 ) = 201 GeV
and the wino-like chargino has a mass of m(χ̃±

2 ) = 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 S̃ → χ̃−
1 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(S̃)/mW )2 with increasing κ. 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 S̃ → χ̃−
1 W

+ as
a function of κ for the spectrum of Figure 9.10; b) (right): Correction factor δ in % defined in
Equation (9.4) for S̃ → χ̃−

1 W
+ as a function of κ: 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 S̃ → χ̃−
2 W

+ as
a function of κ for the spectrum of Figure 9.10; b) (right): Correction factor δ in % defined in
Equation (9.4) for S̃ → χ̃−

2 W
+ as a function of κ: 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(S̃) ≈ 1 TeV and by squarks at m(S̃) ≈ 1.6 TeV.

Chargino decays

Next we want to address the corrections to the chargino decays taking the example of a wino-
like chargino W̃+ decaying into a bino- or singlino-like neutralino χ̃0

1,2, being the two lightest
neutralinos in the benchmark scenario GMSB 5. We depart from the original parameters by
setting M1 = 300 GeV and µ = 600 GeV to lower the particle masses further. Then we vary the
gaugino mass M2 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(χ̃0

1) = 89 GeV for the singlino-like neutralino
and m(χ̃0

2) = 298 GeV for the bino-like neutralino.
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The two Figures 9.14 and 9.15 present the decays W̃+ → χ̃0
1,2W

+. Note that the peaks close to
M2 ≈ 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 toM2 = 1.15 TeV for the decay W̃+ → χ̃0

2W
+ in Figure 9.15 where the tree-level couplings

to χ̃0
2 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 ofM2. The other parameters are as GMSB 5 apart fromM1 = 300 GeV and µ = 600 GeV.
The red lines in b) correspond to the wino-like states and the two blue ones in a) to the singlino
state χ̃0

1 and bino state χ̃0
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Figure 9.14.: a) (left): LO (black, dashed) and NLO (red, solid) decay widths for W̃+ → χ̃0
1W

+

as a function of M2 for the spectrum of Figure 9.13; b) (right): Correction factor δ in % defined
in Equation (9.4) for W̃+ → χ̃0

1W
+ as a function of M2: 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 W̃+ → χ̃0
2W

+

as a function of M2 for the spectrum of Figure 9.13; b) (right): Correction factor δ in % defined
in Equation (9.4) for W̃+ → χ̃0

2W
+ as a function of M2: blue (dashed): Squark and quark

contributions, black (dot-dashed): Other sectors, red (solid): Full correction.

9.2.2. Two-body decays χ̃0
1 → l+W− in R-parity violating models

In this section we want to discuss the absolute corrections to the R-parity violating decay
χ̃0
1 → l+W− taking the example of the µνSSM with one-right handed neutrino superfield. We

use the NMSSM inspired scenario mSUGRA 4, where we vary κ ∈ [0.1, 0.5] in order to have a
singlino- and a Higgsino-like lightest neutralino χ̃0

1 in comparison. Note that for κ . 0.1 the
decay is near the kinematical threshold and for κ≫ 0.5 a Landau pole appears. Figure 9.16 a)
contains the particle spectrum of the neutralinos as a function of κ, whereas b) shows the particle
character of the lightest neutralino. In Figure 9.16 c) one can find the NLO decay width for the
decay χ̃0

1 → l+W− 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 vLi
and Y i

ν or Λi and ǫi. For our example we fixed ~Λ = (0.31, 5.21, 2.02) · 10−2 GeV2 and ~ǫ =
(7.49, 9.61,−6.57) · 10−3 GeV in Figure 9.16. Since the solar mass difference and mixing angle
are induced at one-loop level, the corrections to the decay χ̃0

1 → 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 χ̃0

1 → µ+W− or τ+W− are generally smaller, but remain of order
10%. Note that the neutrino bounds from Table 2.1 are only fulfilled for small values of κ in
Figure 9.16.



9. One-loop calculations - Masses and total decay widths 119

0.1 0.2 0.3 0.4 0.5

100

150

200

250

300

350

400

κ

m
1
L
(χ̃

0 i
)
in

G
eV

0.1 0.2 0.3 0.4 0.5
10-3

10-2

10-1

100

κ

|N
1
L

4
i
|2

0.1 0.2 0.3 0.4 0.5
10-7

10-6

10-5

10-4

10-3

10-2

κ

Γ
1
( χ̃

0 1
→

e+
,µ

+
,τ

+
+
W

−
)
in

m
eV

0.1 0.2 0.3 0.4 0.5
-40

-20

0

20

40

60

80

κ

δ
( χ̃

0 1
→

e+
,µ

+
,τ

+
+
W

−
)
in

%

Figure 9.16.: On-shell neutralino masses, particle content of the lightest neutralino and decay
widths Γ1(χ̃0

1 → l+W−) as a function of κ within the µνSSM based on the mSUGRA 4 scenario

and ~Λ = (0.31, 5.21, 2.02) · 10−2 GeV2 and ~ǫ = (7.49, 9.61,−6.57) · 10−3 GeV: a) (upper left)
Neutralino masses m1L(χ̃0

i ) (m
1L(χ̃0

1) (red, solid), m
1L(χ̃0

2,3,4) (black, dashed)); b) (upper right)

Particle character |N 1L
4i |2 (ν̃c (red, solid), H̃u + H̃d (blue, dashed), B̃ (black, dot-dashed), W̃

(orange, dot-dashed)); c) (lower left) NLO decay width Γ1 (e (blue, dot-dashed), µ (red, dashed),
τ (black)); d) (lower right) Relative correction δ defined in Equation (9.4) (e (blue, dot-dashed),
µ (red, dashed), τ (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 µνSSM confirming the behavior in explicit BRpV.

In the first section we focus on our work done in [122] presenting the correlations for the µνSSM
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 χ̃0

1 → l±W∓ not only for the 1 ν̂c-model of the µνSSM, but in addition for BRpV. In the
last section of this chapter we focus on the µνSSM 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 µνSSM with 1 ν̂c

We will start our discussion with the consideration of a gaugino-like neutralino focusing on the
two-body decay χ̃0

1 → l+W−. 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 µνSSM, namely λ, κ. 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 Γ(χ̃+

1 → Zµ+)/Γ(χ̃+
1 → Zτ+) as

a function of the atmospheric angle similar to the l+W− 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 Γ(χ̃0
1 → µ+W−)/Γ(χ̃0

1 → τ+W−) as a function of tan2 θatm for different
SPS scenarios (SPS 1a′ (black), SPS 3 (red), SPS 4 (blue)) and for different values of λ ∈ [0.02, 0.5]
and κ ∈ [0.05, 0.3] with a dependence of allowed κ(λ) similar to [111] and to Figure 8.5 and
Tλ = λ · 1.5 TeV and Tκ = −κ · 100 GeV; b) (right) Ratio Γ(χ̃+

1 → Zµ+)/Γ(χ̃+
1 → Zτ+) as

a function of tan2 θatm for the AMSB scenario SPS 9 and for different values of λ ∈ [0.02, 0.5],
κ ∈ [0.1, 0.6], Tλ = λ · 1.5 TeV and Tκ = −κ · 100 GeV.
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Figure 10.2.: Ratio Γ(χ̃0
1 → eτν)/Γ(χ̃0

1 → µτν) as a function of tan2 θsol with same set of parame-
ters as Figure 10.1. Bino purity |N41|2 > 0.97. a) (left) Three-body contributions only; b) (right)
Two-body plus three-body contributions. For a discussion see text.

DR mixing matrix N 1L. As it can be seen from Figure 10.2 the three-body decay χ̃0
1 → liljν

exemplifies a correlation to the solar mixing angle, where ν denotes all three generations of
left-handed neutrinos. However, there are two main contributions to this final state, namely
χ̃0
1 → l±W∓ → liljν and χ̃0

1 → τ̃∗l → liljν. The former is dominated by the alignment parame-
ter Λi, the latter is sensitive to ǫi, 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 χ̃0

1 → qiqjµ and χ̃0
1 → liljν, 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 liljν.
The relation to the solar mixing angle for a singlino purity of |N45|2 ∈ [0.75, 0.83] and a singlino
mass m(χ̃0

1) ∈ [22, 53] GeV is illustrated in Figure 10.4 without adding the contributions from
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Figure 10.3.: a) (left) Ratio Γ(χ̃0
1 → qiqjµ)/Γ(χ̃

0
1 → qiqjτ) as a function of tan2 θatm for the SU4

scenario of the ATLAS collaboration [163]; b) (right) Ratio Γ(χ̃0
1 → eτν)/Γ(χ̃0

1 → µτν) as a
function of tan2 θsol with same set of parameters as a). Bino purity |N41|2 > 0.94.

the two-body decay in l±W∓. 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 S0

2 = h0 decays to χ̃0
1χ̃

0
1 with a branching ratio of

Br(S0
2 = h0 → χ̃0

1χ̃
0
1) = (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 Γ(χ̃0
1 → eτν)/Γ(χ̃0

1 → µτν) as a function of tan2 θsol for the SPS 1a′ scenario
and λ ∈ [0.2, 0.5], µ ∈ [110, 170] GeV, κ = 0.035, Tλ = λ · 1.5 TeV and Tκ = −0.7 GeV.

10.2. One-loop correlations in the µνSSM with 1 ν̂c and BRpV

After focusing on tree-body decay modes we will now discuss the correlations for the two-body
decays χ̃0

1 → l+W− in more detail using the full one-loop decay width as theoretically explained
in Section 6.4 for the µνSSM 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 ~Λ and ~ǫ, which are connected to the neutrino mixing angles as shown in
Section 9.1.3. Therefore, one can expect the following tree-level relation:

Γ0(χ̃0
1 → µ+W−)

Γ0(χ̃0
1 → τ+W−)

∝
(
OL21

OL31

)2

≈
(
Λ2

Λ3

)2

≈ tan2 θatm (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 1L 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:

Γ1(χ̃0
1 → µ+W−)

Γ1(χ̃0
1 → τ+W−)

∝
(
Λ2

Λ3

)2

≈ tan2 θatm . (10.2)
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Figure 10.5.: Ratios Γ(χ̃0
1 → µ+W−)/Γ(χ̃0

1 → τ+W−) with Γ = Γ0 in black, Γ = Γ1 in red, dashed,
Γ = Γ0 with N 1L in blue, dot-dashed, Γ = Γ0 with N 1L, U1L and V 1L in brown, dotted as a
function of Λ2/Λ3 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 N 1L or in addition
the charginos U1L and V 1L within the tree-level decay width Γ0(χ̃0

1 → l+W−) presented in
Equation (5.146). Instead of showing the relation to the atmospheric mixing angle tan2 θatm, we
show the ratios as a function of Λ2/Λ3, 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 2σ 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 µνSSM 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 2σ bounds.

10-1 100 101
10-2

10-1

100

101

102

Λ2/Λ3

Γ
(χ̃

0 1
→

µ
+
W

−
)/
Γ
(χ̃

0 1
→

τ
+
W

−
)

10-1 100 101
10-2

10-1

100

101

102

Λ2/Λ3

Γ
(χ̃

0 1
→

µ
+
W

−
)/
Γ
(χ̃

0 1
→

τ
+
W

−
)

10-1 100 101
10-3

10-2

10-1

100

101

102

Λ2/Λ3

Γ
(χ̃

0 1
→

µ
+
W

−
)/
Γ
(χ̃

0 1
→

τ
+
W

−
)

10-1 100 101
10-2

10-1

100

101

102

Λ2/Λ3

Γ
(χ̃

0 1
→

µ
+
W

−
)/
Γ
(χ̃

0 1
→

τ
+
W

−
)

Figure 10.6.: Ratios Γ(χ̃0
1 → µ+W−)/Γ(χ̃0

1 → τ+W−) with Γ = Γ0 in black, Γ = Γ1 in red, dashed,
Γ = Γ0 with N 1L in blue, dot-dashed, Γ = Γ0 with N 1L, U1L and V 1L in brown, dotted as a
function of Λ2/Λ3 for the µνSSM scenarios in Chapter 7: a) (upper left) mSUGRA 1; b) (upper
right) mSUGRA 3′; c) (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 Γ0 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 Γ1 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 c) 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 OLl1 shown in Equation (5.143) cancel at tree-level. If the tree-level mixing
matrix N is replaced by the one-loop mixing matrix N 1L 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 µνSSM with 2 ν̂c

In this last section we want to consider the connection between LSP decays and neutrino mixing
angles for the µνSSM 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 fit1 Λi was used to fit the atmospheric scale and αi for the solar scale,
whereas fit2 was working vice versa.
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Figure 10.7.: a) (left) Ratio Γ(χ̃0
1 → µ+W−)/Γ(χ̃0

1 → τ+W−) as a function of tan2 θatm; b)
(right) Ratio Γ(χ̃0

1 → e+W−)/
√
Γ(χ̃0

1 → µ+W−)2 + Γ(χ̃0
1 → τ+W−)2 as a function of sin2 θR for

a bino-like LSP. Bino purity |N41|2 > 0.9. Neutrino data is fitted using option fit1.
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Figure 10.8.: a) (left) Ratio Γ(χ̃0
1 → e+W−)/

√
Γ(χ̃0

1 → µ+W−)2 + Γ(χ̃0
1 → τ+W−)2 as a function

of tan2 θsol for a bino-like LSP. Bino purity |N41|2 > 0.9. Neutrino data is fitted using option fit2;
b) (right) Ratio Γ(χ̃0

1 → e+W−)/
√
Γ(χ̃0

1 → µ+W−)2 + Γ(χ̃0
1 → τ+W−)2 as a function of tan2 θsol

for a singlino-like LSP. Singlino purity |N45|2 > 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 Λi, whereas for a singlino-like neutralino the coupling is proportional to the alignment
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parameter αi. Using fit1 we show the ratios Γ(χ̃0
1 → µ+W−)/Γ(χ̃0

1 → τ+W−) as a function of
tan2 θatm and Γ(χ̃0

1 → e+W−)/
√

Γ(χ̃0
1 → µ+W−)2 + Γ(χ̃0

1 → τ+W−)2 as a function of sin2 θR
for a bino-like neutralino in Figure 10.7. The correlation using a pure tree-level calculation is
more pronounced than in the 1 ν̂c-model, implying that the ratio |~ǫ|2/|~Λ| is much smaller. In
case of fit2 a correlation of Γ(χ̃0

1 → e+W−)/
√

Γ(χ̃0
1 → µ+W−)2 + Γ(χ̃0

1 → τ+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 Γ(χ̃0
1 → µ+W−)/Γ(χ̃0

1 → τ+W−) as a function of tan2 θatm; b)
(right) Ratio Γ(χ̃0

1 → e+W−)/
√
Γ(χ̃0

1 → µ+W−)2 + Γ(χ̃0
1 → τ+W−)2 as a function of sin2 θR for

a singlino-like LSP. Singlino purity |N45|2 > 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 αi instead of Λi, so that a scenario with a singlino-like LSP and fit1
(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 ν̂c-model cannot be reproduced
completely in the 2 ν̂c-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 χ̃0

1 → qiq̄jl, 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 νc3, the correlations between the decays of νc3 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 µνSSM 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 χ̃0

j → χ̃±
l W

∓ 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 µνSSM 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 χ̃0
j → χ̃±

l W
∓ 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 χ̃0
1 → l±W∓ of the lightest neutralino in bilinear R-parity

violation and the µνSSM 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 µνSSM 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 µνSSM, 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 χ̃0

1 → S0
i (P

0
i )ν 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 liljν or qiqj l/ν. Another interesting difference compared to the MSSM phenomenology are
non-standard Higgs decays like S0

i → χ̃0
1χ̃

0
1 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 µνSSM 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 µνSSM.
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 µνSSM 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 µνSSM with one right-handed neutrino superfield we focused
on the correlations of the two-body decays χ̃0

1 → l±W∓ in BRpV and the µνSSM 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 µνSSM 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 µνSSM

In this section we summarize the tadpole equations and mass matrices for the µνSSM with n
right-handed neutrino superfields. The superpotential of the µνSSM 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 µνSSM, which can be deduced from Equation (5.1), results in
following minimization conditions:
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These equations imply a summation over i, j = 1, . . . , 3 and k, l,m = 1, . . . , n, only i is fixed in
case of t0i and k in case of t0ck.

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
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(A.5)

with the following particle content:
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M2
S± is the (8×8)-mass matrix of the charged scalars, which is presented in Landau gauge ξV = 0,

resulting in a massless Goldstone boson. For the general case of Rξ-gauges the contributions in
Section 5.2 have to be added. It can be split in the following form:
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The (2× 2)-matrix M2
HH is given by:
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Again a summation over i, j, i′, j′ = 1, 2, 3 and k, l,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× 2)-matrix, that mixes the charged Higgs bosons with the charged
sleptons, is given by
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Finally, the (6× 6)-mass matrix of the charged sleptons can be decomposed as follows
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A.2.2. Neutral Scalars

In the basis
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the scalar potential includes the following term
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with the ((5 + n) × (5 + n))-matrix M2
S0 of the neutral scalars, which we decompose in the
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The matrix elements are given as follows:
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A.2.3. Pseudoscalars
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the scalar potential includes the following term
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with the ((5+n)×(5+n))-matrixM2
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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 µνSSM for the
squark mass matrices, which should be done in this short section. Using the gauge eigenstates
(ũ′i)

T = (ũLi, ũRi) = (ũi, ũ
c∗
i ) and a similar one for d̃′i we can write the quadratic part of the

scalar potential containing the squarks in the form

Vũ,d̃ = ũ′†M2
ũ ũ

′ + d̃′†M2
d̃
d̃′ , (A.32)

where the hermitian (6× 6)-matrix M2
q̃ with q̃ = ũ or d̃ is given by

M2
q̃ =

(
M2

q̃LL M2
q̃LR

M2
q̃RL M2

q̃RR

)
. (A.33)

Using the (3× 3)-identity matrix I3 the individual blocks for ũ and d̃ are

M2
ũLL = 1

2v
2
u

(
Y ∗
u Y

T
u

)
+m2

Q̃
+
(
1
8g

2 − 1
24g

′2)u2I3
M2

ũLR = −1
2vckvdλk (Y

∗
u ) +

1
2vckviY

ik
ν (Yu) +

1√
2
vu (T

∗
u )

M2
ũRL =

(
M2

ũLR

)†

M2
ũRR = 1

2v
2
u

(
Y T
u Y

∗
u

)
+
(
m2

ũc

)T
+ 1

6g
′2u2I3 (A.34)

and

M2
d̃LL

= 1
2v

2
d

(
Y ∗
d Y

T
d

)
+m2

Q̃
−
(
1
8g

2 + 1
24g

′2)u2I3
M2

d̃LR
= −1

2vckvdλk (Y
∗
d ) +

1√
2
vd (T

∗
d )

M2
d̃RL

=
(
M2

d̃LR

)†

M2
d̃RR

= 1
2v

2
d

(
Y T
d Y

∗
d

)
+
(
m2

d̃c

)T
− 1

12g
′2u2I3 (A.35)

The mass eigenstates of the squarks are obtained by

q̃ = Rq̃ q̃′ and q̃i = Rq̃
ij q̃

′
j , (A.36)

where the unitary rotation matrices diagonalize the hermitian mass matrices according to

M2
q̃,diag. = Rq̃M2

q̃

(
Rq̃
)†

. (A.37)





Appendix B

Expansion matrices in BRpV and the µνSSM

In this section we present the expansion matrices ξ, ξL and ξR as they appear in the approximated
diagonalization matrices of the neutralinos and charginos of Section 5.3

N =

(
N NξT

−V T ξ V T

)
, U =

(
Uc Ucξ

T
L

−ξL I3

)
, V =

(
Vc Vcξ

T
R

−ξR I3

)
. (B.1)

Using the abbreviations in Equations (4.10), (5.132) and (5.133) and the determinant shown in
Equation (5.134), the elements of ξ in case of BRpV are given by:

ξi1 =
g′M2µ

2Det0
Λi ξi2 = − gM1µ

2DetBRpV
0

Λi (B.2)

ξi3 = −ǫi
µ
+

mγvu

4DetBRpV
0

Λi ξi4 = − mγvd

4DetBRpV
0

Λi (B.3)

With the determinant in Equation (5.135) instead of Equation (5.134) we get for the µνSSM
with one right-handed neutrino superfield:

ξi1 =
g′M2

2Det1µνSSM0

(vdvuλ
2 +mRµ)Λi (B.4)

ξi2 = − gM1

2Det1µνSSM0

(vdvuλ
2 +mRµ)Λi (B.5)

ξi3 = −ǫi
µ
+

mγ

8µDet1µνSSM0

(λ2vd(v
2
d + v2u) + 2mRµvu)Λi (B.6)

ξi4 = − mγ

8µDet1µνSSM0

(λ2vu(v
2
d + v2u) + 2mRµvd)Λi (B.7)

ξi5 =
λmγ

4
√
2Det1µνSSM0

(v2u − v2d)Λi (B.8)

In case of the µνSSM with two right-handed neutrino superfields the expansion matrix ξ is of
the form

ξij = Kj
ΛΛi +Kj

ααi −
ǫi
µ
δj3 (B.9)

with ǫi, Λi and αi defined in Equations (4.10), (5.132) and (5.138). The KΛ and Kα using the
definitions of a, b, c in Equation (5.140) can be obtained from

K1
Λ =

2g′M2µ

mγ
a, K1

α =
2g′M2µ

mγ
b
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K2
Λ = −2gM1µ

mγ
a, K2

α = −2gM1µ

mγ
b

K3
Λ =

mγ

8µDet2µνSSM0

[
vdv

2(MR1λ
2
2 +MR2λ

2
1) + 2vuMR1MR2µ

]

K3
α =

b

mγ(v2u − v2d)
(mγv

2vu − 4M1M2µvd)

K4
Λ = − mγ

8µDet2µνSSM0

[
vuv

2(MR1λ
2
2 +MR2λ

2
1) + 2vdMR1MR2µ

]

K4
α =

b

mγ(v2u − v2d)
(mγv

2vd − 4M1M2µvu)

K5
Λ =

MR2λ1mγ

4
√
2Det2µνSSM0

(v2u − v2d), K5
α = −

√
2λ2c−

4DetBRpV
0 vR1

µmγ(v2u − v2d)
b

K6
Λ =

MR1λ2mγ

4
√
2Det2µνSSM0

(v2u − v2d), K6
α =

√
2λ1c−

4DetBRpV
0 vR2

µmγ(v2u − v2d)
b (B.10)

with the determinants from Equations (5.134) and (5.141). The expansion matrices ξL and ξR
in U and V are in all models given by

(ξL)i1 =
gΛi√
2Det+

(ξL)i2 = −ǫi
µ
− g2vuΛi

2µDet+

(ξR)i1 =
gvdY

ii
e

2Det+

[
vuǫi
µ

+

(
2µ2 + g2v2u

)
Λi

2µDet+

]

(ξR)i2 = −
√
2vdY

ii
e

2Det+

[
M2ǫi
µ

+
g2 (vdµ+M2vu) Λi

2µDet+

]
, (B.11)

where the determinant Det+ of the chargino mass matrix yields

Det+ =M2µ− 1

2
g2vdvu . (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
Ḃ001 and Ḃ111 - being relevant when using Rξ-gauge - should be presented in all detail.

C.1. Notation and basic integral

The notation of Passarino-Veltman integrals in their general form T
µ1...µp
n was presented in Sec-

tion 6.1.2. We emphasized the important role of the special integral In(f
2) for our calculations:

In(f
2) :=

(2πQ)4−d

iπ2

∫
ddk

1

(k2 − f2)n
=

(4πQ2)2−
d
2

iπd/2

∫
ddk

1

(k2 − f2)n

= (−1)n(4πQ2)2−
d
2
Γ(n− d

2 )

Γ(n)
fd−2n (C.1)

The last equality should be deduced in all details. Therefore some basic formulas are needed:

⊲ Γ(z) function with expansion for z → 0:

Γ(z) =

∫ ∞

0
dttz−1e−t with Γ(z + 1) = zΓ(z) and Γ(1) = Γ(2) = 1

Γ(z)
z→0−→ 1

z
− γE +O(z) with γE = −

∫ ∞

0
dt ln te−t (C.2)

⊲ d-dimensional unit sphere: ∫
ddΩ =

2πd/2

Γ
(
d
2

) (C.3)

⊲ special integral: ∫ ∞

0
dt

tg−1

(t+ 1)f
=

Γ(g)Γ(f − g)

Γ(f)
(C.4)

At first we perform a Wick rotation to get from Minkowski to Euclidean space to be able to use
d-dimensional polar coordinates:

∫ ∞

−∞
dk0 = −

∫ −i∞

+i∞
dk0 = i

∫ −i∞

+i∞
d(ik0) = i

∫ ∞

−∞
dk0E (C.5)

k2 = k02 −
∑

i

ki2 = −k02E −
∑

i

ki2 = −k2E (C.6)
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With this Wick rotation (kE again called k) we get:

In(f
2) =

(4πQ2)2−
d
2

πd/2

∫
ddk

1

(−k2 − f2)n
= (−1)n

(4πQ2)2−
d
2

πd/2

∫
ddk

1

(k2 + f2)n

= (−1)n
(4πQ2)2−

d
2

πd/2

∫
ddΩ

∫ ∞

0
dkkd−1 1

(k2 + f2)n

= (−1)n(4πQ2)2−
d
2

2

Γ
(
d
2

)
(
f2
)−n

∫ ∞

0
dkkd−1 1(

k2

f2 + 1
)n

= (−1)n(4πQ2)2−
d
2

2

Γ
(
d
2

)
(
f2
)−n

∫ ∞

0
dtf2

1

2

(
tf2
)1
2 (d−2) 1

(t+ 1)n

= (−1)n(4πQ2)2−
d
2

2

Γ
(
d
2

)
(
f2
)d
2−n

∫ ∞

0
dt

t
d
2−1

(t+ 1)n

= (−1)n(4πQ2)2−
d
2
Γ
(
n− d

2

)

Γ(n)
fd−2n (C.7)

To regularize the UV divergences we set d = 4−2ǫ with ǫ > 0 in the following sections. Regarding
the special cases n = 1, 2, 3, one gets:

I1(f
2) = −(4πQ2)ǫΓ(−1 + ǫ)f2−2ǫ ǫ→0−→ f2

(
∆+ 1 + ln

(
Q2

f2

))
+O(ǫ) (C.8)

I2(f
2) = (4πQ2)ǫΓ(ǫ)f−2ǫ ǫ→0−→ ∆+ ln

(
Q2

f2

)
+O(ǫ) (C.9)

I3(f
2) = −(4πQ2)ǫ

1

2
Γ(1 + ǫ)f−2−2ǫ ǫ→0−→ − 1

2f2
+O(ǫ) (C.10)

where we have defined

∆ =
1

ǫ
− γE + ln(4π) (C.11)

with the Euler-Mascheroni constant γE from Equation (6.10).

C.2. Scalar integrals

Next we want to calculate the scalar integrals A0, B0 and Ḃ0 before focusing on the tensor
reduction in the following section. The scalar 1-point function A0 is given by A0(m

2) = I1(m
2).

Therefore the result is:

A0(m
2) =

(2πQ)4−d

iπ2

∫
ddk

1

k2 −m2
= m2

[
∆+ 1 + ln

(
Q2

m2

)]
(C.12)

Some more work has to be done for the scalar 2-point function, which is defined by:

B0(p
2,m2

1,m
2
2) =

(2πQ)4−d

iπ2

∫
ddk

1

(k2 −m2
1)((k + p)2 −m2

2)
(C.13)
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To be able to use I2(f
2), we have to linearize the denominator by using the Feynman parametriza-

tion, which is generally defined by:

1

gα1

1 · · · gαn
n

=
Γ(α1 + . . . + αn)

Γ(α1) · · ·Γ(αn)

∫ 1

0
dx1 . . .

∫ 1

0
dxn

δ(x1 + . . .+ xn − 1)xα1−1
1 · · · xαn−1

n

(x1g1 + . . .+ xngn)
α1+...+αn

(C.14)

In this simple case we obtain:

B0(p
2,m2

1,m
2
2) =

(2πQ)4−d

iπ2

∫
ddk

∫ 1

0
dx

∫ 1

0
dy

δ(x+ y − 1)
(
x(k2 −m2

1) + y((k + p)2 −m2
2)
)2

=
(2πQ)4−d

iπ2

∫
ddk

∫ 1

0
dx

1
(
x(k2 −m2

1) + (1− x)((k + p)2 −m2
2)
)2

=
(2πQ)4−d

iπ2

∫ 1

0
dx

∫
ddk

1
(
(k + p− xp)2 − x2p2 + xp2 + x(m2

2 −m2
1)−m2

2

)2 (C.15)

Substituting k + xp→ k leads to I2(f
2) with f2 = x2p2 − xp2 + x(m2

1 −m2
2) +m2

2:

B0(p
2,m2

1,m
2
2) = (4πQ2)ǫΓ(ǫ)

∫ 1

0
dx
(
x2p2 − xp2 + x(m2

1 −m2
2) +m2

2

)−ǫ
(C.16)

Now we can use an expansion in the parameter ǫ:

x−ǫ =
∞∑

n=0

(−ǫ lnx)n
n!

(C.17)

Thus, for B0 a straightforward calculation shows:

B0(p
2,m2

1,m
2
2) = ∆−

∫ 1

0
dx ln

x2p2 − xp2 + x(m2
1 −m2

2) +m2
2

Q2
(C.18)

Please note that the integral over x is symmetric in m1 and m2 by substituting x → 1 − x,
which becomes obvious when writing f2 = −p2x(1−x)+xm2

1+(1−x)m2
2. This already implies

B0(p
2,m2

1,m
2
2) = B0(p

2,m2
2,m

2
1). At the very end this leads to

B0(p
2,m2

1,m
2
2) = ∆ + 2 + ln

(
Q2

m1m2

)
+
m2

1 −m2
2

p2
ln

(
m2

m1

)
− m1m2

p2

(
1

r
− r

)
ln r, (C.19)

where r and 1
r denote the negative roots of the polynomial

x2 +
m2

1 +m2
2 − p2

m1m2
x+ 1 = (x+ r)

(
x+

1

r

)
.

The derivative of B0 with respect to p2 yields:

Ḃ0(p
2,m2

1,m
2
2) :=

∂

∂p2
B0(p

2,m2
1,m

2
2)

= −m
2
1 −m2

2

p4
ln

(
m2

m1

)
+
m1m2

p4

(
1

r
− r

)
ln r − 1

p2

(
1 +

r2 + 1

r2 − 1
ln r

)
(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

Bµ(p2, 0,m2) =
(2πQ)4−d

iπ2

∫
ddk

kµ

k2((k + p)2 −m2)
(C.21)

we use Lorentz covariance to write:

Bµ(p2, 0,m2) = pµB1(p
2, 0,m2) (C.22)

The calculation of B1 can now easily be done by contraction with pµ, yielding:

pµB
µ = p2B1 =

(2πQ)4−d

iπ2

∫
ddk

pk

k2((k + p)2 −m2)
(C.23)

Re-expressing pk = 1
2

[
((k + p)2 −m2)− k2 − (p2 −m2)

]
we get:

p2B1 =
1

2

[
(2πQ)4−d

iπ2

∫
ddk

1

k2
− (2πQ)4−d

iπ2

∫
ddk

1

(k + p)2 −m2
(C.24)

−(p2 −m2)
(2πQ)4−d

iπ2

∫
ddk

1

k2((k + p)2 −m2)

]

Therefore B1 can be written in the form:

B1(p
2, 0,m2) =

1

2p2
[
A0(0) −A0(m

2)− (p2 −m2)B0(p
2, 0,m2)

]
(C.25)

In this way we get for the A and B tensor integrals in terms of scalar integrals:

A00(m
2) =

1

4
m2A0(m

2) +
1

8
m4 (C.26)

B1(p
2,m2

1,m
2
2) =

1

2p2
[
(m2

2 −m2
1)(B0(p

2,m2
1,m

2
2)−B0(0,m

2
1,m

2
2))
]

− 1

2
B0(p

2,m2
1,m

2
2) (C.27)

B00(p
2,m2

1,m
2
2) =

1

6

[
A0(m

2
2) + (p2 −m2

2 +m2
1)B1(p

2,m2
1,m

2
2)

+2m2
1B0(p

2,m2
1,m

2
2) +m2

0 +m2
1 −

1

3
p2
]

(C.28)

B11(p
2,m2

1,m
2
2) =

1

3p2

[
A0(m

2
2)−m2

1B0(p
2,m2

1,m
2
2)

−2(p2 −m2
2 +m2

1)B1(p
2,m2

1,m
2
2) +

1

6
(p2 − 3m2

1 − 3m2
2)

]
(C.29)

B001(p
2,m2

1,m
2
2) =

1

8

[
2m2

1B1(p
2,m2

1,m
2
2)−A0(m

2
2)

+(p2 −m2
2 +m2

1)B11(p
2,m2

1,m
2
2)−

1

6
(2m2

1 + 4m2
2 − p2)

]
(C.30)
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B111(p
2,m2

1,m
2
2) = − 1

4p2

[
A0(m

2
2) + 3(p2 −m2

2 +m2
1)B11(p

2,m2
1,m

2
2)

+2m2
1B1(p

2,m2
1,m

2
2)−

1

6
(2m2

1 + 4m2
2 − p2)

]
(C.31)

C.4. Special cases for B functions

PV integral UV behavior PV integral UV behavior

A0 m2∆ A00
1
4m

4∆

B0 ∆ B1 −1
2∆

B00
1
12 (3m

2
1 + 3m2

2 − p2)∆ B11
1
3∆

B001
1
24 (−2m2

1 − 4m2
2 + p2)∆ B111 −1

4∆

C00
1
4∆ C001 − 1

12∆

C002 − 1
12∆

Ḃ00 − 1
12∆ Ḃ001

1
24∆

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.

B0(0, 0,m
2) = B0(0,m

2, 0) = 1 + ln

(
Q2

m2

)
(C.32)

B0(0,m
2
1,m

2
2) = 1 +

1

m2
1 −m2

2

[
m2

1 ln

(
Q2

m2
1

)
−m2

2 ln

(
Q2

m2
2

)]
(C.33)

B0(0,m
2,m2) = ln

(
Q2

m2

)
(C.34)

B0(p
2, 0, 0) = 2 + ln

(
Q2

p2

)
+ iπ (C.35)

B0(p
2, 0,m2) = B0(p

2,m2, 0) = 2 + ln

(
Q2

m2

)
+
m2 − p2

p2
ln

(
1− p2

m2

)
(C.36)

B0(p
2,m2,m2) = 2 + ln

(
Q2

m2

)
− m2

p2

(
1

r
− r

)
ln r (C.37)

B0(m
2,m2,m2) = 2 + ln

(
Q2

m2

)
− π (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.
Ḃ0(p

2,m2
1,m

2
2) is given in Equation (C.20).

Ḃ1(p
2,m2

1,m
2
2) =

1

2p4
[
(m2

1 −m2
2)B0(p

2,m2
1,m

2
2) + (m2

2 −m2
1)B0(0,m

2
1,m

2
2)

−p2(m2
1 −m2

2 + p2)Ḃ0(p
2,m2

1,m
2
2)
]

(C.39)

Ḃ00(p
2,m2

1,m
2
2) =

1

36p4
[
−3(m2

1 −m2
2)

2B0(0,m
2
1,m

2
2)

+ 3(m4
1 − 2m2

1m
2
2 +m4

2 − p4)B0(p
2,m2

1,m
2
2)

−p2(3κ(p2,m2
1,m

2
2)Ḃ0(p

2,m2
1,m

2
2) + 2p2)

]
(C.40)

Ḃ11(p
2,m2

1,m
2
2) =

1

6p6
[
2(m1 −m2)(m1 +m2)(2m

2
1 − 2m2

2 + p2)B0(0,m
2
1,m

2
2)

− 2(p2(m2
1 − 2m2

2) + 2(m2
1 −m2

2)
2)B0(p

2,m2
1,m

2
2)

+ 2p2(p2(m2
1 − 2m2

2) + (m2
1 −m2

2)
2 + p4)Ḃ0(p

2,m2
1,m

2
2)

−2p2A0(m
2
2) + p2(m2

1 +m2
2)
]

(C.41)

Ḃ001(p
2,m2

1,m
2
2) =

1

144p6
[
6(m2

1 −m2
2)(2(m

2
1 −m2

2)
2 − p2(m2

1 + 2m2
2))B0(0,m

2
1,m

2
2)

+ 6(p2(m2
1 −m2

2)(m
2
1 + 3m2

2)− 2(m2
1 −m2

2)
3 + p6)B0(p

2,m2
1,m

2
2)

+ 6p2(m2
1 −m2

2 + p2)

(−2p2(m2
1 +m2

2) + (m2
1 −m2

2)
2 + p4)Ḃ0(p

2,m2
1,m

2
2)

+6p2(m2
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(C.43)

In subsequent formulas for p2 = 0 we use the abbreviations

K1 = log

(
Q2

m2
1

)
,K2 = log

(
Q2

m2
2

)
,K3 = log

(
m2

2

m2
1

)
. (C.44)

Thus we get for m1 6= m2 6= 0

Ḃ0(0,m
2
1,m

2
2) =

1

2(m2
1 −m2

2)
2

[
m2

1 +m2
2 +

2m2
1m

2
2K3

m2
1 −m2

2

]
(C.45)
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Ḃ1(0,m
2
1,m

2
2) =

1

6(m2
1 −m2

2)
4

[
−3m4

1m
2
2 (2K3 + 1)− 2m6

1 + 6m2
1m

4
2 −m6

2

]
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4
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2

]
(C.47)
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1

24(m2
1 −m2

2)
5

[
4m6

1m
2
2 (6K3 + 5)

+6m8
1 − 36m4

1m
4
2 + 12m2

1m
6
2 − 2m8

2

]
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and for the remaining cases:
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Ḃ00(0, 0,m
2) = − 1

72

[
6 log

(
Q2

m2

)
+ 5

]
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Appendix D

Vertex corrections for the decays Fi → FoW
±

In this chapter we show the generic formulas for the NLO vertex contributions to the decays
Fi → FoW

± in the ’t Hooft-Feynman gauge ξV = 1. The program CNNDecays [157] also contains
the formulas for the general Rξ-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 p2. 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 MV . All contributions
have the same generic structure:

MV =
i

16π2
u(p1)γ

µ (PLM1 + PRM2) u(k)ǫ
∗
µ(p2) (D.1)

+
i

16π2
u(p1) (PLM

µ
3 + PRM

µ
4 )u(k)ǫ

∗
µ(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 χ̃0 → χ̃−W+ neglecting
generation indices. The following notation is used: S0 stands for one of the scalar states, P 0

for one of the pseudoscalars including the Goldstone boson and S± 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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form: Fi and Fo denote the decaying and outgoing fermion, W the external W -boson, whereas
F , F1,2, S, S1,2, V or V1,2 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 = OFFV,L(F2, F1,W ), O2 = OFFV,R(F2, F1,W ) (D.2)

O3 = OFFS,L(F1, Fi, S), O4 = OFFS,R(F1, Fi, S) (D.3)

O5 = OFFS,L(Fo, F2, S), O6 = OFFS,R(Fo, F2, S) (D.4)

The arguments of the Passarino-Veltman integrals in the following formulas are as follows:
B0(m

2
W ,m

2
F2
,m2

F1
) and Ci, Cij(m

2
W ,m

2
i ,m

2
o,m

2
F2
,m2

F1
,m2

S). Possible particle insertions in the

notation SF1F2 are given by S0χ̃0χ̃±, P 0χ̃0χ̃±, S±χ̃±χ̃0, ũud, d̃du. The individual contributions
are:

M1,a =−O1 [O3mF1
(O6mF2

C0 −O5moC1) +O4O6mF2
mi(C0 +C1)]

+O1O5moC2(O3mF1
+O4mi) +O2

[
O3(O6(m

2
SC0 +m2

iC1 +B0 − 2C00

−m2
o(C0 + C1 + C2))−O5mF2

mo(C0 + C1 + C2)) +O4O6mF1
miC1

]
(D.5)

M2,a =O1

{
O3O5mF1

miC1 +O4

[
O5(m

2
SC0 +m2

iC1 −m2
o(C0 + C1 + C2)

+B0 − 2C00)−O6mF2
mo(C0 + C1 + C2)]}

+O2 {O3mi(O6moC2 −O5mF2
(C0 + C1))

+O4mF1
(O6mo(C1 + C2)−O5mF2

C0)} (D.6)

Mµ
3,a =pµ12 {O1O4 [O5mo(C12 + C2 + C22)−O6mF2

(C0 + C1 + C2)]

+O2O6(O4mF1
C1 −O3miC12)}

+ pµ22 {O2O6 [O3mi(C1 + C12) +O4mF1
C1]−O1O4O5mo(C1 + 2C12)} (D.7)

Mµ
4,a =pµ12 {O1O5(O3mF1

C1 −O4miC12)

+O2O3 [O6mo(C12 + C2 + C22)−O5mF2
(C0 + C1 + C2)]}

+ pµ22 {O1O5(O3mF1
C1 +O4mi(C1 + C12))−O2O3O6mo(C1 + 2C12)} (D.8)

For the vertex in Figure 6.5 b) we define:

O1 = OSSV (S1, S2, V ) (D.9)

O2 = OFFS,L(F,Fi, S1), O3 = OFFS,R(F,Fi, S1) (D.10)

O4 = OFFS,L(Fo, F, S2), O5 = OFFS,R(Fo, F, S2) (D.11)

For completeness we note that in case of O1 the following internal momentum combination
appears (pS1

− pS2
) over which of course has been integrated. The Passarino-Veltman integrals

below have the arguments Ci, Cij(m
2
o,m

2
W ,m

2
i ,m

2
F ,m

2
S2
,m2

S1
). Possible particle insertions in

the notation FS1S2 are given by χ̃0S0S±, χ̃±S±S0, χ̃0P 0S±, χ̃±S±P 0, uũd̃, dd̃ũ. The different
parts are:

M1,b =2O1O2O5C00 (D.12)

M2,b =2O1O3O4C00 (D.13)
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Mµ
3,b =p

µ
2O1 {O3(O5mF (C0 + 2C2)−O4mo(C1 + 2C12))

−O2O5mi(C2 + 2C22)} − 2pµ1O1 {O2O5mi(C12 + C2 +C22)

+O3 [O4mo(C1 +C11 + C12)−O5mF (C0 +C1 + C2)]} (D.14)

Mµ
4,b =2pµ1O1 {O2 [O4mF (C0 + C1 + C2)−O5mo(C1 + C11 + C12)]

−O3O4mi(C12 + C2 + C22)}+ pµ2O1 {O2 [O4mF (C0 + 2C2)

−O5mo(C1 + 2C12)]−O3O4mi(C2 + 2C22)} (D.15)

For the vertex in Figure 6.5 c) we define:

O1 = OFFV,L(F1, Fi, V ), O2 = OFFV,R(F1, Fi, V ) (D.16)

O3 = OFFV,L(F2, F1,W ), O4 = OFFV,R(F2, F1,W ) (D.17)

O5 = OFFV,L(Fo, F2, V ), O6 = OFFV,R(Fo, F2, V ) (D.18)

The arguments of the Passarino-Veltman integrals are Ci, Cij(m
2
W ,m

2
i ,m

2
o,m

2
F2
,m2

F1
,m2

V ) and
B0(m

2
W ,m

2
F2
,m2

F1
). Possible particle insertions in the notation V F1F2 are given by Zχ̃0χ̃±,

Wχ̃±χ̃0. The final result is:

M1,c =2O1O5

{
O3

[
m2

VC0 +m2
i (C1 − C2)−m2

o(C0 + C1 + 2C2)

+m2
WC2 +B0 − 2C00

]
−O4mF1

mF2
C0

}
− 2O2O4O6mimoC2 (D.19)

M2,c =2O2O6

{
O4

[
m2

VC0 +m2
i (C1 − C2)−m2

o(C0 + C1 + 2C2)

+m2
WC2 +B0 − 2C00

]
−O3mF1

mF2
C0

}
− 2O1O3O5mimoC2 (D.20)

Mµ
3,c =4pµ1 {O2 [O3O5mF1

C2 +O4(O5mF2
C2 +O6mo(C2 + C22))]

−O1O3O5mi(C2 + C12)} − 4pµ2 {O2 [O3O5mF1
C1 +O4(O5mF2

(C0 + C1)

+O6mo(C1 + C11 + C12 + C2))]−O1O3O5mi(C1 + C11)} (D.21)

Mµ
4,c =4pµ1 {O1 [O3(O5mo(C12 +C22) +O6mF2

C2) +O4O6mF1
C2]

−O2O4O6mi(C2 + C12)} − 4pµ2 {O1 [O3(O5mo(C1 + C11 + C12 + C2)

+O6mF2
(C0 + C1)) +O4O6mF1

C1]−O2O4O6mi(C1 + C11)} (D.22)

For the vertex in Figure 6.5 d) we define:

O1 = OFFV,L(Fo, F, V ), O2 = OFFV,R(Fo, F, V ) (D.23)

O3 = OFFS,L(F,Fi, S), O4 = OFFS,R(F,Fi, S) (D.24)

O5 = OSV V (S,W, V ) (D.25)

The arguments of the Passarino-Veltman integrals are Ci, Cij(m
2
o,m

2
W ,m

2
i ,m

2
F ,m

2
V ,m

2
S) in the

following formulas. Possible particle insertions in the notation FSV are given by χ̃±S±γ,
χ̃±S±Z, χ̃0S0W , χ̃0P 0W . It yields:

M1,d =O5(O1O3mFC0 −O1O4miC2 +O2O3moC1) (D.26)

M2,d =O5(O1O4moC1 −O2O3miC2 +O2O4mFC0) (D.27)

Mµ
3,d =2pµ1O1O4O5C1 (D.28)

Mµ
4,d =2pµ1O2O3O5C1 (D.29)



152 D. Vertex corrections for the decays Fi → FoW
±

We define for the vertex in Figure 6.5 e):

O1 = OFFV,L(F,Fi, V ), O2 = OFFV,R(F,Fi, V ) (D.30)

O3 = OFFS,L(Fo, F, S), O4 = OFFS,R(Fo, F, S) (D.31)

O5 = OSV V (S,W, V ) (D.32)

The Passarino-Veltman integrals, which appear in the following formulas, have as arguments
Ci, Cij(m

2
i ,m

2
W ,m

2
o,m

2
F ,m

2
V ,m

2
S). Possible particle insertions in the notation FV S are given

by χ̃0ZS±, χ̃±WS0, χ̃±WP 0. The individual contributions are given by:

M1,e =O5(−O1O3moC2 +O1O4mFC0 +O2O4miC1) (D.33)

M2,e =O5(O1O3miC1 +O2O3mFC0 −O2O4moC2) (D.34)

Mµ
3,e =2(pµ1 + pµ2 )O2O4O5C1 (D.35)

Mµ
4,e =2(pµ1 + pµ2 )O1O3O5C1 (D.36)

Finally for the vertex in Figure 6.5 f) we define:

O1 = OFFV,L(F,Fi, V1), O2 = OFFV,R(F,Fi, V1) (D.37)

O3 = OFFV,L(Fo, F, V2), O4 = OFFV,R(Fo, F, V2) (D.38)

O5 = OV V V (W,V1, V2) (D.39)

For completeness we note that O5 has the following internal momentum contribution over which
has been integrated: ((pµV1

− pµW )gνσ + . . .). The arguments of the Passarino-Veltman integrals

are Ci, Cij(m
2
o,m

2
W ,m

2
i ,m

2
F ,m

2
V2
,m2

V1
) and B0(m

2
W ,m

2
V2
,m2

V1
). Possible particle insertions in

the notation FV1V2 are given by χ̃±Wγ, χ̃0ZW , χ̃±WZ. In this case the vertex contributions
have the form:

M1,f =O5

{
O1

[
O3(2m

2
FC0 +m2

i (2C1 + 3C2)

+m2
o(3C1 + 2C2)− 2m2

W (C1 + C2) + 2B0 + 4C00) + 3O4mFmoC0

]

+3O2mi [O3mFC0 +O4mo(C1 + C2)]} (D.40)

M2,f =O5 {3O1mi(O3mo(C1 + C2) +O4mFC0) +O2 [3O3mFmoC0

+O4(2m
2
FC0 +m2

i (2C1 + 3C2)

+m2
o(3C1 + 2C2)− 2m2

W (C1 + C2) + 2B0 + 4C00)
]}

(D.41)

Mµ
3,f =− 2O5 {pµ1 [O1O3mi(2(C12 + C22)− C1) +O2(3O3mF (C1 + C2)

+O4mo(2(C11 + C12)− C2))] + pµ2 [O1O3mi(C2 + 2C22)

−O2(O4mo(C1 − 2C12 + C2)− 3O3mFC2)]} (D.42)

Mµ
4,f =− 2O5 {pµ1 [O1(O3mo(2(C11 + C12)− C2) + 3O4mF (C1 + C2))

+O2O4mi(2(C12 + C22)−C1)] + pµ2 [O2O4mi(C2 + 2C22)

−O1(O3mo(C1 − 2C12 + C2)− 3O4mFC2)]} (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
χ̃0
3 → χ̃−

1 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 ∆
as defined in Equation (6.10) and as a function of the photon mass mγ . 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.

10-4 10-2 100 102 104 106 108 1010 1012

200

400

600

800

1000

1200

1400

∆

M
as
se
s
of

χ̃
0 i
an

d
χ̃
± j
in

G
eV

10-20 10-18 10-16 10-14 10-12 10-10 10-8 10-6 10-4 10-2 100

200

400

600

800

1000

1200

1400

mγ in GeV

M
as
se
s
of

χ̃
0 i
an

d
χ̃
± j
in

G
eV

Figure E.1.: One-loop on-shell masses of neutralinos m1L(χ̃0
i ) (dashed) and charginos m1L(χ̃0

j )
(solid) as a function of: a) (left) the UV parameter ∆ as defined in Equation (6.10); b) (right)
the photon mass mγ . In both cases the masses are constant and independent of the ∆ and mγ .

Since we have used a DR renormalization of tan β as defined in Equation (6.115) the masses
of neutralinos and charginos are dependent on the renormalization scale Q as it can be seen
from Figure E.2 a). Since the renormalization of tan β only enters nondiagonal elements in the
neutralino mass matrix, the sum of the neutralino masses is independent of Q. 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 Q dependence is small, typically
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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 Q 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
m1L(χ̃0

i ) (dashed) and charginos m1L(χ̃0
j) (solid) as a function of the renormalization scale Q in

GeV; b) (right) One-loop on-shell masses of neutralinos m1L(χ̃0
i ) (dashed) and charginosm1L(χ̃0

j )
(solid) as a function of the gauge parameters ξ = ξW = ξZ = ξA.

E.2. Decay widths
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Figure E.3.: a) (left) Individual contributions to Γ1 in GeV as a function of mγ in GeV, in detail:
Γ0 (black, solid), Γ0 + Γ1

V + Γ1
CT (blue, dashed), ΓR (orange, dashed), Γ1 (red, solid); b) (right)

Individual contributions to Γ1 in GeV as a function of Q in GeV, in detail: Γ1
CT (δg) (orange,

dashed); Γ1
CT (δU, δV ) (purple, dashed); Γ1

CT (δN ) (green, dashed); Γ1
CT (δZW ) (brown, dashed);

Γ1
CT (δZ

0) (magenta, dashed); Γ1
CT (δZ

±) (gray, dashed); Γ1
V (blue, dashed); Γ0 (black, solid); Γ1

(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 χ̃0

3 → χ̃−
1 W

+. In Figure E.3 a) we show the
cancellation of the photon mass dependence between the vertex and counterterm contributions
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Γ1
V and Γ1

CT and the real emission of a photon ΓR, implying that the final one-loop decay width
Γ1 = Γ0 + Γ1

V + Γ1
CT + ΓR is an IR finite quantity.

Next we focus on the dependence on the renormalization scale Q, which vanishes for the decay
width Γ1, since the DR renormalization of tan β 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 Q, 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 Γ1 in GeV as a function of the UV parameter ∆, in detail:
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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 ∆, which we defined in Equation (6.10). However, the sum results
in a UV finite decay width Γ1. 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 ξ = ξW = ξZ ,
whereas we fixed ξA = 1. In contrast Figure E.5 b) shows the variation of all gauge parameters.
Please note that δg is gauge independent, since the individual contributions from the renormal-
ization of the electric charge and the Weinberg angle cancel. Moreover the contributions from
δN and δU, δV are gauge independent by construction. All the other contributions can show a
gauge dependence, which cancels after summing up to the full decay width Γ1.
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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 µνSSM 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 µνSSM 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:

SetDirectory@NotebookDirectory@DD

� home � stefan � uni �MaCoR

<< "lagrangianNMSSM.m"

Model file for the generation of the Lagragian of the NMSSM , S . Liebler 2010

Definitions

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

Definition of ThreePointCouplings

Definition of MassMatrixFunction

Ready for takeoff !

Use the following particle content " Particle @ i ,ðD" with i being

the generation index � number of particles in species and ð being :

1: S_i^- , 2: S_i^+ , 3: slep_i^- , 4: slep_i^+

5: S_i^0 , 6: P_i^0 , 7: ReHsnu_iL , 8: ImHsnu_iL,

9: su_i , 10: su_i^dag , 11: sd_i , 12: sd_i^dag

13: A@0D , 14: A@1D

By default the gauge bosons have lower indices , namely Κ , Λ , Σ , Ζ for A, Z , W+, W-. For vertices

with more than one equal gauge bosons , a new index Ω is introduced automatically .

Use the following particle content " ParticleWeyl @ i ,ðD" with i being

the generation index � number of particles in species and ð being for fermionic

particles , if you want to calculate mass matrices :

1: F_i^0H1L , 2: F_i^0H2L , 3: F_i^0H1L^dag , 4: F_i^0H2L^dag

5: nu_iH1L , 6: nu_iH2L , 7: nu_iH1L^dag , 8: nu_iH2L^dag

9: F_i^+H1L , 10: F_i^+H2L , 1: F_i^+H1L^dag , 12: F_i^+H2L^dag

13: F_i^-H1L , 14: F_i^-H2L , 15: F_i^-H1L^dag , 16: F_i^-H2L^dag

17: lep_i^+H1L , 18: lep_i^+H2L , 19: lep_i^+H1L^dag , 20: lep_i^+H2L^dag

21: lep_i^-H1L , 22: lep_i^-H2L , 23: lep_i^-H1L^dag , 24: lep_i^-H2L^dag

25: u_iH1L , 26: u_iH2L , 27: u_iH1L^dag , 28: u_iH2L^dag,

29: u_i^cH1L , 30: u_i^cH2L , 31: u_i^cH1L^dag , 32: u_i^cH2L^dag

33: d_iH1L , 34: d_iH2L , 35: d_iH1L^dag , 36: d_iH2L^dag

37: d_i^cH1L , 38: d_i^cH2L , 39: d_i^cH1L^dag , 40: d_i^cH2L^dag

Moreover the following

Dirac particles can be used for the calculation of couplings " DiracParticle @ i ,ðD" :

1: chi_i^0^bar , 2: chi_i^0

3: chi_i^-^bar H= chi_i^+^TL, 4: chi_i^- H= chi_i^+^barTL

5: nu_i^bar , 6: nu_i

7: lep_i^-^bar H= lep_i^+^TL, 8: lep_i^- H= lep_i^+^barTL

9: u_i^bar H= u_i^cTL , 10: u_i H= u_i^cbarTL

11: d_i^bar H= d_i^cTL , 12: d_i H= d_i^cbarTL

Some comments:

- This program cannot handle ghosts

and VVVV, SSSS interactions Hpossible, but not checkedL!!

- In this version no color indices are included!!

- To get towards a FeynArts model file the couplings have to be multiplied:

CorrFFS = i, CorrFFV = i, CorrSSS = i, CorrSSV = 1, CorrSVV = -i

CorrSSVV = -i, CorrVVV = 1

H*!!Mass matrices!!*L

H*Neutralino Mass Matrix*L

MassMatrixFunction@ParticleWeyl@t1, 1D, ParticleWeyl@t2, 1DD

M1 0 -
gst vevd

2

gst vevu

2
0

0 M2
g vevd

2
-

g vevu

2
0

-
gst vevd

2

g vevd

2
0 -

vevS Λ

2

-
vevu Λ

2

gst vevu

2
-

g vevu

2
-

vevS Λ

2

0 -
vevd Λ

2

0 0 -
vevu Λ

2

-
vevd Λ

2

2 vevS Κ

H*Scalar Mass Matrix*L

MassMatrixFunction@Particle@t1, 5D, Particle@t2, 5DD@@1, 1DD

1

2
vevS2 Λ Conjg H Λ L +

1

2
vevu 2 Λ Conjg H Λ L +

3 g 2 vevd 2

8
-

g 2 vevu 2

8
+

3 gst 2 vevd 2

8
-

gst 2 vevu 2

8
+ MHd2

2   MaCoRNMSSM.nb

157



158 F. Programs

MassMatrixFunction@Particle@t1, 5D, Particle@t2, 5DD@@1, 2DD

-
vevS Conjg H TΛ L

2 2

+ vevd vevu Λ Conjg H Λ L -
1

4
vevS2 Λ Conjg H Κ L -

1

4
vevS2 Κ Conjg H Λ L -

1

4
g 2 vevd vevu -

1

4
gst 2 vevd vevu -

TΛ vevS

2 2

MassMatrixFunction@Particle@t1, 5D, Particle@t2, 5DD@@1, 3DD

-
vevu Conjg H TΛ L

2 2

+ vevd vevS Λ Conjg H Λ L -
1

2
vevS vevu Λ Conjg H Κ L -

1

2
vevS vevu Κ Conjg H Λ L -

TΛ vevu

2 2

H*!!Tadpole equations!!*L

D@Vscalar, vevSD �. vec@a_D@b_D ® 0

vevS2 Conjg H TΚ L

2 2

-
vevd vevu Conjg H TΛ L

2 2

+
1

2
vevd 2 vevS Λ Conjg H Λ L -

1

2
vevd vevS vevu Λ Conjg H Κ L -

1

2
vevd vevS vevu Κ Conjg H Λ L + vevS3 Κ Conjg H Κ L +

1

2
vevS vevu 2 Λ Conjg H Λ L + MS2 vevS +

TΚ vevS2

2 2

-
TΛ vevd vevu

2 2

H*!!Three point couplings!!Scalars and gauge bosons!!*L

H*P0,Spm,W*LH*Here Ga@3D specifies the W boson!!*L

H*Note the momentum structure!!*L

Simplify@ThreePointCouplings@Particle@t1, 6D, Particle@t2, 1D, Particle@t3, 13D, Ga@3DDD

1

2
g H Rpl H t2 , 1L Rpsc H t1 , 1L + Rpl H t2 , 2L Rpsc H t1 , 2L L H H P H P0H t1L L H Σ L L H1L - H P H Spm H t2L L H Σ L L H1L L

H*!!Four point couplings!!*L

H*S0,S0,W,W*L

FourPointCouplings@Particle@t1, 5D, Particle@t2, 5D,

Particle@t3, 13D, Particle@t3, 13D, Ga@3D, Ga@4DD

1

2
I g 2 Rsc H t1 , 1L Rsc H t2 , 1L H -g H Ζ , Σ L L - g 2 Rsc H t1 , 2L Rsc H t2 , 2L g H Ζ , Σ L M

H*!!Three point couplings with fermions!!*L

H*structure has to be DiracParticle,DiracParticle,Particle*L

MaCoRNMSSM.nb   3

H*Chi0bar,Chimi,W ^-*L

DiracThreePointCouplings@DiracParticle@t1, 3D,

DiracParticle@t2, 2D, Particle@t3, 13D, Ga@4DD

Pl : -
1

2
g J 2 Conjg H Nm H t2 , 2L L Um H t1 , 1L + 2 Conjg H Nm H t2 , 3L L Um H t1 , 2L N Σb H Ζ L H1L

Pr :
1

2
g J 2 Conjg H Vm H t1 , 2L L Nm H t2 , 4L - 2 Conjg H Vm H t1 , 1L L Nm H t2 , 2L N Σ H Ζ L H1L

4   MaCoRNMSSM.nb

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−

i

are given by Particle[t,1], the neutral scalars S0
j 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 ThreePointCouplings[.,.,.]
or FourPointCouplings[.,.,.,.], where in case of a gauge boson Particle[t1,13] the ad-
ditional argument Ga[i] with i = 1 for the photon γ, i = 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 DiracThreePointCouplings[.,.,.], 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 χ̃±

j → χ̃0
lW

± and χ̃0
i → χ̃∓

kW
± including the R-parity violating decays

χ̃0
i → l̃∓k W

± we provide the program CNNDecays, which was published in [135] and can be ob-
tained from [157]. Recently also the neutralino decays χ̃0

j → χ̃0
iZ 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 inRξ-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 µνSSM 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 NeutralinoMassLoopOS
and CharginoMassLoopOS, 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 µνSSM 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. 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.

2. 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 ξV can be set to an arbitrary value
and it can be chosen, whether Rξ-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 Q 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 µνSSM with one right-handed neutrino
superfield. In all models the (effective) parameter µ 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 µνSSM this value is used together with entry 61 to calculate the singlet or
right-handed sneutrino vacuum expectation value vS respectively vc. A couple of parameters is
fixed by the tadpole equations, namely m2

Hd
,m2

Hu
in case of the MSSM and in addition Bi in

case of BRpV, whereas in the NMSSM we fix m2
S and in the µνSSM the diagonal elements of

m2
νc and T i

ν in addition. For BRpV with complex µ and ǫ also the imaginary parts of Bi and
Bµ are deduced from tadpole equations. Below we give an example input file LesHouches.in

based on the benchmark scenario mSUGRA 1 for the µνSSM:

Block MODSEL # Se l e c t model
3 6 # munuSSM
4 1 # RPviolat ion

Block SMINPUTS # Standard Model inputs
1 1.27920000E+02 # ALPHA EMˆ−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 # MTOP (POLE MASS)
7 1.77700000E+00 # MTAU

Block MINPAR # Input parameters
3 10 # tanb
4 1 # s ign (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 # M muL
33 3.65780798E+02 # M tauL
34 2.57517852E+02 # M eR
35 2.57517852E+02 # MmuR
36 2.21138594E+02 # M tauR
41 1.02413355E+03 # M q1L
42 1.02413355E+03 # M q2L
43 8.46048325E+02 # M q3L
44 9.86146013E+02 # M uR
45 9.86146013E+02 # M cR
46 5.65558510E+02 # M tR
47 9.81632542E+02 # M dR
48 9.81632542E+02 # M sR
49 9.66133394E+02 # M bR
61 1.00000000E−01 # LAMBDA
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62 1.08485437E−01 # KAPPA/2
63 −9.59966990E+02 # TLAMBDA/LAMBDA = ALAMBDA
64 −1.58051889E+00 # T KAPPA/KAPPA = AKAPPA
65 9.68523016E+02 # EFFMU
73 5.71920838E−06 # hnu 1
74 6.20206893E−06 # hnu 2
75 −6.20206893E−06 # hnu 3

BLOCK RVSNVEVIN
1 −1.35445088E−03 # v L 1
2 −1.27271724E−03 # v L 2
3 1.71364110E−03 # v L 3

BLOCK NLOPAR
1 0 # UV divergence : 1 = only UV div . par t s
2 0.00000000E+00 # UV divergence : Delta
3 1.00000000E−05 # IR divergence : Photon r egu l a to r mass
4 9.11870000E+01 # Renormal izat ion s c a l e : Q f o r NLO ca l c .
5 1.00000000E+05 # Gauge dependence : Xi
6 1 # Xi = 1 f o r photon , otherw i s e s e t to 0
7 1 # Xi = 1 f o r Z , otherw i s e s e t to 0
8 1 # Xi = 1 f o r Wˆ\pm, otherw i s e s e t to 0
9 0 # NLO masses f o r p r o c e s s : 0 LO masses , 1 uses NLO masses

In BRpV ǫi and vi can be chosen as input parameters

Block MODSEL # Se l e c t model
1 0 # b i l i n e a r model
4 1 # RPviolat ion
. . . .
BLOCK RVKAPPAIN

1 1.45660382E−02 # kappa 1 = eps 1
2 9.01765562E−03 # kappa 2 = eps 2
3 −3.16131217E−03 # kappa 3 = eps 3

BLOCK RVSNVEVIN
1 −8.68089903E−04 # v L 1
2 −4.50162251E−04 # v L 2
3 4.19592513E−04 # v L 3

. . . .

whereas in the µνSSM Y i
ν and vi are input variables:

Block MODSEL # Se l e c t model
3 6 # munuSSM
4 1 # RPviolat ion
. . . .
BLOCK EXTPAR

73 5.71920838E−06 # hnu 1
74 6.20206893E−06 # hnu 2
75 −6.20206893E−06 # hnu 3

BLOCK RVSNVEVIN
1 −1.35445088E−03 # v L 1
2 −1.27271724E−03 # v L 2
3 1.71364110E−03 # v L 3

. . . .

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 Γ0 in GeV are shown. The
corresponding NLO decay width Γ1 in GeV are given in the SLHA block DECAY. For the lightest
neutralino χ̃0

1 we also give the R-parity violating decays in case of BRpV and the µνSSM. 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:
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# SUSY Les Houches Accord 2 − Neutra l i no + Chargino NLO Decays i n to W boson
# S . L i eb l e r , pub l i shed in arXiv : 1011 . 6163
# in case o f problems send emai l to s l i eb l e r@phys i k . uni−wuerzburg . de
# Created : 23 . 08 . 2011 , 18:17
Block SPINFO # Program in format i on

1 CNNDecays # spectrum ca l c u l a t o r
. . . . .
Block MODSEL # Model s e l e c t i o n
3 6 # munuSSM
4 1 # add R−pa r i ty
. . . . .
Block EXTPAR #
. . . . .
. . . . .
Block MASS # Mass spectrum
# PDG code mass p a r t i c l e
. . . . .

12 −3.32997778E−14 # nu 1
14 8.80228020E−12 # nu 2
16 −4.82129947E−11 # nu 3

1000022 2.10611052E+02 # chi01
1000023 3.87101530E+02 # chi02
1000025 −9.71754987E+02 # chi03
1000035 9.75135419E+02 # chi04
1000045 2.10157308E+03 # nu R

11 5.10999060E−04 # e+
13 1.05658000E−01 # mu +
15 1.77700000E+00 # tau+

1000024 3.87225368E+02 # chi1+
1000037 9.76694005E+02 # chi2+

. . . . .
DECAYTREE 1000022 5.71681505E−13 # chi01
# BR NDA ID1 ID2

1.66867238E−01 2 −15 24 # BR( chi01 −> tau− W+)
1.66867238E−01 2 15 −24 # BR( chi01 −> tau+ W−)
1 .64601716E−01 2 −13 24 # BR( chi01 −> mu− W+)
1.64601716E−01 2 13 −24 # BR( chi01 −> mu + W−)
1 .61639201E−03 2 −11 24 # BR( chi01 −> e− W+)
1.61639201E−03 2 11 −24 # BR( chi01 −> e+ W−)
3 .33829308E−01 2 16 23 # BR( chi01 −> nu 3 Z)
1.23762944E−60 2 14 23 # BR( chi01 −> nu 2 Z)
1.14818350E−60 2 12 23 # BR( chi01 −> nu 1 Z)

DECAY 1000022 6.10147635E−13 # chi01 on NLO
# BR NDA ID1 ID2

1.66206979E−01 2 −15 24 # BR( chi01 −> tau− W+)
1.66206979E−01 2 15 −24 # BR( chi01 −> tau+ W−)
1 .65219418E−01 2 −13 24 # BR( chi01 −> mu− W+)
1.65219418E−01 2 13 −24 # BR( chi01 −> mu + W−)
1 .73036516E−03 2 −11 24 # BR( chi01 −> e− W+)
1.73036516E−03 2 11 −24 # BR( chi01 −> e+ W−)
3 .33686476E−01 2 16 23 # BR( chi01 −> nu 3 Z)
2.68286001E−33 2 14 23 # BR( chi01 −> nu 2 Z)
1.00157839E−33 2 12 23 # BR( chi01 −> nu 1 Z)

. . . . .
Block SPhenoRP # add i t i ona l RP parameters

1 5.53918495E−02 # Re( eps 1 )
2 6.00684651E−02 # Re( eps 2 )
3 −6.00684651E−02 # Re( eps 3 )
4 2.10857140E−02 # Re(Lambda 1 ) = Re( v d ep s i l o n 1 + mu v L1 ) [GeVˆ2 ]
5 2.12780743E−01 # Re(Lambda 2 ) = Re( v d ep s i l o n 2 + mu v L2 ) [GeVˆ2 ]
6 2.14264164E−01 # Re(Lambda 3 ) = Re( v d ep s i l o n 3 + mu v L3 ) [GeVˆ2 ]
7 2.24701272E−03 # mˆ2 atm [ eVˆ2 ]
8 7.74790278E−05 # mˆ2 s o l [ eVˆ2 ]
9 9.27404289E−01 # tan ˆ2 theta atm

10 4.08145879E−01 # tan ˆ2 t h e t a s o l
. . . . .
Block NLOPAR # Renormal izat ion parameters

1 0 # UV divergence : 1 = only UV div . par t s
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2 0.00000000E+00 # UV divergence : Delta
3 1.00000000E−05 # IR divergence : Photon r egu l a to r mass
4 9.11870000E+01 # Renormal izat ion s c a l e : Q f o r NLO ca l c .
5 1.00000000E+05 # Gauge dependence : Xi
6 1 # Spec i a l cho i ce o f gauge f o r photon
7 1 # Spec i a l cho i ce o f gauge f o r Z boson
8 1 # Spec i a l cho i ce o f gauge f o r W boson
9 0 # NLO masses used f o r p r o c e s s : 0 LO, 1 NLO masses

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:

⊲ 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.

⊲ 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.

⊲ SARAH [180]: The couplings and mass matrices of MaCoR were cross-checked with the results
of SARAH in case of the µνSSM with one right-handed neutrino superfield and BRpV.

⊲ 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 µνSSM were generated with a modified version of SPheno.

⊲ This thesis is written in LATEX2ǫ with the help of Kile 2.0 and BibTeX.

⊲ feynmf/mp: All Feynman diagrams were generated with this LATEX 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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