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ZUSAMMENFASSUNG

Das Standardmodell der Teilchenphysik ist seit drei Jahrzehnten eine {iberaus erfolgreiche
Beschreibung der Eigenschaften und Wechselwirkungen der bekannten Elementarteilchen. Derzeit
wird es durch die ersten Kollisionen des Large Hadron Colliders (LHC) erneut auf die Probe
gestellt. Es wird weitldufig erwartet, dass am LHC neue Physik entdeckt wird und somit das
Standardmodell erweitert werden muss. Die am meisten untersuchte Erweiterung des
Standardmodells ist Supersymmetrie (SUSY). In SUSY koénnen nicht nur intrinsische Prob-
leme des Standardmodells wie das Hierarchieproblem gelost werden, sondern es werden auch
Teilchen postuliert, welche die gemessene Dunkle Materie im Universum erkléren kénnen. Der
Grofteil der bisherigen Studien iiber Dunkle Materie in SUSY hat sich hierbei auf die minimale
supersymmetrische Erweiterung des Standardmodells, das MSSM, beschrinkt. Das Ziel dieser
Arbeit ist es, Szenarien zu betrachten, die dariiber hinaus gehen. Hierbei handelt es sich um
zwei Modelle, mit denen auch Neutrinomassen erkldrt werden kénnen: Das Gravitino als Dunkle
Materie im Rahmen von Gauge Mediated SUSY Breaking (GMSB) mit R-Paritdtsverletzung
sowie Seesaw-Modelle mit einem Neutralino als leichtestem SUSY Teilchen. Weiterhin betrachten
wir das ,Next-to-Minimal Supersymmetric Standard Model* (NMSSM), welches das p-Problem
des MSSM 16st, und diskutieren dort das leichteste Neutralino als Dunkle Materie Kandidaten.
Im Rahmen von leichten Gravitinos als Dunkle Materie wird das kosmologische Gravitino
Problem betrachtet. Es wird gezeigt, dass die in der Literatur vorgeschlagene Losung gegen
die Uberbevslkerung des Universums durch solche Gravitinos, nimlich die Entropieproduktion
durch Zerfélle der GMSB-Messenger, nur in ausgewéhlten Modellen und kleinen Regionen des
Parameterraums funktioniert. Die Ursache hierfiir sind zwei Faktoren, die bislang aufler Acht
gelassen wurden: Mogliche Zerfille der neutralen Messenger in massive Vektorbosonen sowie
der Einfluss geladener Messenger. Beide Aspekte bewirken zusammen ein Wechselspiel von ver-
schiedenen, kosmologischen Randbedingungen, welches zu starken Bedingungen an die zu Grunde
liegenden Parameter fiihrt.

Als néchstes werden Modelle im Rahmen minimaler Supergravitation (mSugra) untersucht,
welche bei sehr hohen Energien iiber zusétzliche chirale Superfelder verfiigen. Diese zusétzlichen
Teilchen sind in kompletten SU(5) Multiplets angeordnet, um Eichvereinheitlichung nicht zu
gefdhrden. Die neuen Teilchen erzeugen durch den so genannten Seesaw-Mechanismus einen
Dimension 5 Operator, welcher Neutrinodaten erkldren kann. Dariiber hinaus erzeugen sie aber
durch das gednderte Laufen der Renormierungsgruppengleichungen Unterschiede im Massen-
spektrum der SUSY Teilchen, was natiirlich auch die Eigenschaften des Neutralinos als Dunkle
Materie Kandidaten verdndert. Wir diskutieren den Parameterraum aller drei mdéglichen Seesaw-
Szenarien im Hinblick auf Dunkle Materie sowie die Auswirkungen auf Leptonflavor verletzende
Prozesse. Wir werden sehen, dass insbesondere in Typ III aber auch in Typ II sowohl grofie
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Unterschiede im Massenspektrum als auch in den Parameterbereichen, welche konsistent mit
Dunkler Materie sind, im Vergleich zu einem gewthnlichen mSugra-Szenario bestehen. Dariiber
hinaus fiithren vor allem die oberen, experimentellen Schranken der Verzweigungsverhaltnisse von
l; = lj7y zu starken Bedingungen an die zu Grunde liegenden Seesaw-Parameter.

Abschliefend wird das Neutralino im Rahmen des NMSSM untersucht. In dieser Erweiterung
des MSSM ist zwar das Neutralino immer noch der beste Kandidat fiir Dunkle Materie, kann sich
jedoch auf Grund der Anteile eines Eichsinglets sehr unterschiedlich im Vergleich zum MSSM
verhalten. Wir zeigen nicht nur die Unterschiede zum MSSM auf, sondern berechnen auch
die Dichte Dunkler Materie im NMSSM mit der gleichen Prézision wie im MSSM. Fiir diesen
Zweck ist es notwendig, eine komplette Einschleifenrenormierung des elektroschwachen Sektors
des NMSSM durchzufiihren. Es wird sich zeigen, dass insbesondere die Strahlungskorrekturen
zu den Massen der Staus grofe Auswirkung auf die Neutralinodichte in der Koannihilationsre-
gion haben. Weiterhin ist der so genannte Higgs-Funnel, also Bereiche im Parameterraum, in
denen die Masse eines Higgs Bosons in etwa der zweifachen Masse des leichtesten Neutralinos
entspricht, sehr sensitiv auf die Ein- und Zweischleifenkorrekturen im pseudoskalaren Sektor.
Im Rahmen dieser Projekte wurde ein Mathematica Package namens SARAH entwickelt, um super-
symmetrische Modelle schnell, effektiv und mit sehr hoher Prézision untersuchen zu kénnen.
SARAH berechnet fiir ein gegebenes Modell alle analytischen Ausdriicke fiir die Massen, Wechsel-
wirkungen, Selbstenergien auf Einschleifenniveau sowie Renormierungsgruppengleichungen auf
Ein- und Zweischleifenniveau. Eine grofte Bandbreite von SUSY Modellen kann analysiert und
auch von dem Benutzer intuitiv verdndert werden. Die berechneten Ausdriicke kénnen dazu be-
nutzt werden, um neue Modelle in Programme zum diagrammatischen Berechnen von Prozessen
(FeynArts/FormCalc bzw. CalcHep/CompHep) zu implementieren oder das gesamte Spektrum
und alle Parameter des neuen SUSY Modells mit Hilfe von SPheno berechnen zu lassen. Die sich
durch SARAH bietenden Moglichkeiten gehen hierbei iiber reine Studien zur Dunkle Materie weit
hinaus.
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ABSTRACT

The standard model (SM) of particle physics is for the last three decades a very successful
description of the properties and interactions of all known elementary particles. Currently, it is
again probed with the first collisions at the Large Hadron Collider (LHC). It is widely expected
that new physics will be detected at the LHC and the SM has to be extended. The most
exhaustive analyzed extension of the SM is supersymmetry (SUSY). SUSY can not only solve
intrinsic problems of the SM like the hierarchy problem, but it also postulates new particles
which might explain the nature of dark matter in the universe. The majority of all studies about
dark matter in the framework of SUSY has focused on the minimal supersymmetric standard
model (MSSM). The aim of this work is to consider scenarios beyond that scope. We consider two
models which explain not only dark matter but also neutrino masses: the gravitino as dark matter
in gauge mediated SUSY breaking (GMSB) with bilinear broken R-parity as well as different
seesaw scenarios with the neutralino as dark matter candidate. Furthermore, we also study the
next-to-minimal supersymmetric standard model (NMSSM) which solves the p-problem of the
MSSM and discuss the properties of the neutralino as dark matter candidate.

In case of R-parity violation, light gravitinos are often the only remaining candidate for dark
matter in SUSY because of their very long life time. We reconsider the cosmological gravitino
problem arising for this kind of models. It will be shown that the proposed solution for the
overclosure of the universe by light gravitinos, namely the entropy production by decays of GMSB
messenger, just works in a small subset of models and in fine-tuned regions of the parameter
space. This is a consequence of two effects so far overlooked: the enhanced decay channels
in massive vector bosons and the impact of charged messenger particles. Both aspects cause
an interplay between different cosmological restrictions which lead to strong constraints on the
parameters of GMSB models.

Afterwards, a minimal supergravity (mSugra) scenario with additional chiral superfields at high
energy scales is considered. These fields are arranged in complete SU(5) multiplets in order to
maintain gauge unification. The new fields generate a dimension 5 operator to explain neutrino
data. Furthermore, they cause large differences in mass spectrum of MSSM fields because of the
different evaluation of the renormalization group equations what changes also the properties of the
lightest neutralino as dark matter candidate. We discuss the parameter space of all three possible
seesaw scenarios with respect to dark matter and the impact on rare lepton flavor violating
processes. As we will see, especially in seesaw type LII but also in type II the mass spectrum and
regions of parameter space consistent with dark matter differ significantly in comparison to a
common mSugra scenario. Moreover, the experimental bounds, in particular of branching ratios
like I; — [;7y, cause large constraints on the seesaw parameters.

Finally, we study dark matter in the NMSSM. In this extension of the MSSM the neutralino is
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still a valid dark matter candidate. However, the properties of the lightest neutralino can be
quite different to the MSSM due to the contributions of a gauge singlet. We point not only
out these differences to the MSSM, but also calculate the relic density in the NMSSM with the
same precision known for the MSSM. For this purpose, it is necessary to perform a complete
one-loop calculation of the electroweak sector of the NMSSM. As we will see in particular, the
one-loop corrections to staus have significant influence on the correct amount of dark matter in
the coannihilation region. Furthermore, the so called Higgs funnel, i.e. the region in parameter
space with a Higgs mass close to twice the mass of the lightest neutralino, is very sensitive to
the one- and two-loop corrections in the Higgs sector.

During this work, a Mathematica package called SARAH was developed for the fast, effective and
precise analysis of SUSY models. SARAH calculates for a given model all analytical expressions
for the masses, vertices, one-loop self-energies and one- and two-loop RGEs. A large variety of
models can be handled and changed by the user in an intuitive way. The expressions can be used
to produce model files for diagram calculators (FeynArts/FormCalc or CalcHep/CompHep) or to
calculate the spectrum and parameters of a new SUSY model with SPheno. The possibilities in
this context offered by SARAH go far beyond the scope of pure dark matter studies.
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CHAPTER ONE
INTRODUCTION

With the first collisions at the Large Hadron Collider (LHC), a new era of high energy physics
has started. The LHC is designed to get new and deeper insights into the fundamental principles
of our world. Tt is not only supposed to find the last missing particle of the Standard Model (SM)
of particle physics, the Higgs boson but also discover physics beyond the SM. Although the SM
is a very successful and precise description of all experiments in particle physics for last 30 years,
it lacks on some theoretical shortcomings. The SM suffers from the hierarchy problem and it
can’t provide an explanation for some observations. One open question is: what is the invisible,
‘"dark’ matter in the universe whose amount is five times the amount of all visible stars, clouds
and planets? We consider in this work the most studied extension of the SM: Supersymmetry
(SUSY). Supersymmetric models provide not only candidates for dark matter, but also solve
many intrinsic problems of the SM. We will discuss these appealing properties of SUSY in the
first section of this introduction. Afterwards, we concentrate on the astrophysical properties,
evidences and constraints on dark matter, before we briefly present the two main candidates for
supersymmetric dark matter. Finally, we discuss the necessity to extend the studies of SUSY
dark matter to scenarios beyond the MSSM.

1.1. Supersymmetry

1.1.1. Motivation

As already mentioned, the SM must be extended in order to explain some experimental obser-
vations and to get rid of theoretically drawbacks. These extensions take most likely place at the
TeV scale and can hopefully be probed at the LHC in the near future. SUSY is still the most
prominent and promising extension and was studied very well during the last decades. It over-
comes not only many shortcomings of the SM but has also additional and very attracting features.

SUSY algebra The name ’Supersymmetry’ is based on its unique role as the largest possible
symmetry group. SUSY describes the unification of internal and space-time symmetries. For a
long time, it was assumed that such an unification isn’t possible according to the no-go-theorem of
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Figure 1.1.: Solution of the hierarchy problem in SUSY: the quadratic divergence due to contribution
of fermions is canceled by bosonic contributions. Only a logarithmic divergence remains. If SUSY is
unbroken also this divergence is canceled by another scalar loop.

Coleman and Mandula [I]. However, it was found that the generators of both types of symmetry
fulfill the commutator and anti-commutator relations [2H4]

{Qu, QY =200, P" . {QuQs}={QLQ[} =0,  [Qu,P]=[QL P]=0, (11)

with «, &, 8,3 = 1,2. Here, P* is the four dimensional operator of space-time translation and
the Weyl spinor @), is the generator of a supersymmetric transformation. Such a transformation
describes the conversion of bosons in fermions and vice versa:

Q«|Boson) = |Fermion) , Qo |Fermion) = |Boson) . (1.2)

There are models with several generators Q°, but we focus in this work on so called N = 1
supersymmnietric models with only one generator @),. Using egs. and , it can be shown
that every bosonic state has a fermionic (super-)partner and the other way round. Both are
connected by the operator Q). The consequence is that for every SM particle a supersymmetric
partner must exist. Both have the same properties apart from their spin which differs by %
However, this is not sufficient and such a model would suffer from chiral anomalies: the hy-
percharge of the fermionic partner of the Higgs would not be canceled by another contribution.
This is the reason, why the Higgs sector of the smallest possible supersymmetric extension of
the SM, the Minimal Supersymmetric Standard Model (MSSM), has to be extended. It consists
of two scalar Higgs doublets with opposite hypercharge and of their fermionic superpartners,
the Higgsinos. We will discuss the MSSM and its particle content in more detail in sec. [I.1.3.1]
Since no fundamental scalar field was detected so far, SUSY has to be broken. SUSY breaking
is discussed in sec. [LT.5.1]

Hierarchy problem One of the main advantages of SUSY and its extended particle content
is the elegant solution of the hierarchy problem. The hierarchy problem results from the fact
that the mass of the Higgs boson is not protected by any symmetry in the SM. Therefore, it
receives large loop corrections proportional to some cut-off scale A%2. A is normally assumed
to be a very high scale of O(10'%) GeV, so the Higgs mass will be pushed up to this scale.
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Figure 1.2.: Unification of the gauge couplings in the MSSM. The dotted lines are for a SUSY scale of
1 TeV and the dashed lines belong to a SUSY scale of 10 TeV. The straight lines are for the SM.

However, the Higgs mass is demanded to be of the order of the electroweak scale. The only
loophole in the SM is the cancellation of different loop contributions, but this demands an
extreme fine-tuning of parameters [5), [6]. This problem is absent in supersymmetric theories
because every loop correction caused by SM particles is in a natural way completely canceled
by supersymmetric contributions if SUSY is unbroken. This exact cancellation is based on the
observation that fermions obey the Fermi statistics while bosons belong to the Bose statistics.
Hence, the contributions connected by SUSY differ exactly by one sign. Such a cancellation is
depicted in Fig. SUSY can be broken in a way that there are no quadratical divergences
introduced again. This case is referred to as ’softly broken’ SUSY and leads only to logarithmic
divergences depending on the cut-off scale.

Gauge unification The extension of the particle content by supersymmetric partners influences
the scale dependence of all gauge couplings. This dependence is described by the renormalization
group equations (RGE) [7]. We will discuss the behavior of the RGEs depending on the particle
content of a model in more detail in chapter 4] Here, we just state: while the RGE running of the
gauge couplings in the standard model doesn’t lead to an unification at any scale, the couplings
seem to meet in SUSY a few orders below the Planck scale (see Fig. [1.2). This is a further
motivation for the assumption that SUSY is the next step towards a grand unified description
of particle physics [8HIT].

Electroweak symmetry breaking Another unanswered question in the SM is, how the elec-
troweak symmetry gets broken in a natural way. In SUSY, the negative mass squared of a Higgs
doublet and consequently electroweak symmetry breaking (EWSB) are related to the large top
mass: the evaluation of the scalar masses from the GUT scale down to the electroweak scale
is strongly affected by the Yukawa couplings. While the gauge contributions increase the mass
while running down, the Yukawa couplings decrease it. The top Yukawa coupling is big enough
to cause a negative mass squared for the up-type Higgs [12] [13].
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Dark matter For completeness, we mention briefly that many supersymmetric models provide
a particle which might explain the measurement of 23 % non-baryonic matter in the universe
[14], 15]. This aspect is discussed in great detail in sec.

We continue this introductory section about SUSY with a short summary of the superspace
formalism and the motivation of the Wess-Zumino gauge. We will go on with a description of
the MSSM, its particle content and its Lagrangian, before we come to possible origins of SUSY
breaking. Afterwards, there will be a short section on supersymmetric grand unified theories. At
the end of this section, we discuss different phenomenological aspects and constraints on SUSY
models.

1.1.2. Superspace formalism

The superspace formalism is a very compact and elegant language to describe supersymmetric
theories and their properties [I6H19]. The basic idea is to extended the four space-time coor-
dinates x, by four Grassmann coordinates ©, and O, which anti-commute. That’s why, these
coordinates are called the 'fermionic coordinates’ while the coordinates of Minkowski space are
the 'bosonic coordinates’. Useful features of Grassmann numbers are: the squared of a number is
always zero and integration and differentiation with respect to Grassmann numbers are identical
operations. Using this formalism, the description of SUSY operators in superspace is similar to
Poincare operators in Minkowski space. Keeping this in mind, many results can be motivated in
analogy to the known results of gauge theories. We can write the SUSY generator as

0

Qa = a@a

— ok, 0%, , QL =— +1i0%"% .0, . (1.3)

00
When we consider () as generator of an infinitesimal translation in superspace and call the
parameter of this translation €, a supersymmetric transformation acting on a superfield ® reads

exp (eQ + e*QT> O(2,0,0) = P(a —icc"O + iBcte*, 0 +¢,0 + €*) . (1.4)

Because of the property of Grassmann numbers, each Taylor series truncates after a finite number
of terms of fermionic coordinates. We can decompose these terms in two irreducible representa-
tions: one describes a chiral superfield, the other a vector superfield. To discuss the properties
of these representations, we define the covariant derivative D, as

Dy = 0 + ic",06%0, . (1.5)
The covariant derivative and the SUSY generator commute, thus
Dq® =0 (1.6)

is invariant under a supersymmetric transformation. The fields @ fulfilling this relation are called
left-chiral superfields and we can express them using of y* = z* + i©c"© by

® = ¢(y) + V20U (y) + O F(y) . (1.7)
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The component F' is an auxiliary field and doesn’t propagate, ¢ is a scalar and ¥ a fermion.
Vector superfields, which form the other irreducible representation of the algebra, satisfy

V=V, (1.8)

This relation is also invariant under a supersymmetric translation. If we consider a left-chiral
superfield £(©) with mass dimensions 0, we can expand V as

_ __ _ 1 .-
V =i£(0) —if'(0) — O0tOA, +i0*ON — i0%O\ + 5@2@213 . (1.9)

D is again an auxiliary field, X is the fermionic component of the vector superfield and A, is a
gauge boson. Since V is massless, it can be shifted by a gauge transformation. The gauge in
which the fields ¢ disappear is called Wess-Zumino gauge.

To sum up, we have found two different kind of superfields which are invariant under a SUSY
transformation in superspace: the complex chiral superfield ® and the real vector superfield V.
Both can in the Wess-Zumino gauge be expressed in component fields as

® = ¢(y) + V20U (y) + O°F(y) (1.10)
V = 00"0A, +i0%0O) — iB?O\ + %@2(:)21) : (1.11)

The matter interactions of a supersymmetric models can written in a short form using the super-
field formalism. The result is the so called superpotential. Generally spoken, the superpotential
is a holomorphic function of chiral superfields ®;. The most general form of the superpotential
for a renormalizable model is

A 1 .. 1. ..
W= L'®; + S 2% + gw%i@j@k : (1.12)

1.1.3. The Minimal Supersymmetric Standard Model
1.1.3.1. Particle content of the MSSM

As already stated, the MSSM is the smallest possible supersymmetric extensions of the SM with-
out gauge anomalies [20H22]. The superpartners of the quarks and leptons are the spin 0 squarks
and sleptons, e.g. the stop, the sup or the selectron. The superpartners of the gauge bosons are
the fermionic gauginos. These are called bino, wino and gluino. The Higgs sector of the MSSM
has to be more extended: there are two scalar Higgs-doublets and two fermionic doublets called
Higgsinos.

The left-chiral fields are arranged in doublets and they transform under the fundamental rep-
resentation. The right-chiral fields are singlets and transform in the conjugated representation.
The vector bosons and gauginos transform under the adjoint representation. The names of
the different particles as well as their quantum numbers with respect to the SM gauge groups

SU3)c x SU(2)r, x U(1)y are shown in Table [I.I]and Table [1.2]

1.1.3.2. Lagrangian of the MSSM
The superpotential of the MSSM is

W = ifeab ZZ éb I:I(Zi €ij + Ydab qua dab fffl €ij + Yl?bq(ila aab f[i €ij + 12 I:I; ﬁgéij . (1.13)
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Name SF | spin 0 spin 1 | SU(3)e x SU(2), x U(1)y
squarks, quarks | ¢ (ar, dp) (ur, dr) (3,2, é)
(3 generations) | @ wh uly (3,1,-2)
d | dy dp (3.1,3)
sleptons, leptons | [ (rer) (ver) (1,2,-1)
(3 generations) é €x e}r% (1,1,1)
Higgs, Higgsinos | H, | (H} HY) | (H} HY) (1,2,3)
Hy | (HYHy) | (HYHy) (1,2,-3)

Table 1.1.: Left-chiral superfields of the MSSM and the quantum numbers with respect to SM gauge
group. The names of the scalar superpartners of the SM fermions and the Higgsinos are written with a
tilde. Superfields are assigned by a hat and the hermitian conjugated is assigned by a dagger.

Name SF | spin & | spin 1 | SU(3)¢, SU(2)r,U(1)y
gluino, gluon Jor Ja Jou (8,1,0)
winos, W bosons | W; Wi W; (1,3,0)
bino, B boson B B B (1,1,0)

Table 1.2.: Vector superfields of the MSSM and the quantum numbers with respect to the SM gauge
group. The fermionic superpartners of the SM gauge bosons are written with a tilde, superfields are
assigned by a hat.

Here, i, j are SU(2), indices, o is a SU(3)¢ color index and ¢;; is the antisymmetric Levi-Civita
tensor in two dimensions. a,b are flavor indices. The three Yukawa couplings Y, Yy and Y, are
complex 3 x 3 matrices while y is a dimensionful mass parameter.

Generally spoken, the Lagrangian is a sum of gauge interactions, kinetic terms, matter interac-
tions and terms stemming from the auxiliary fields when they are replaced by the equations of
motion

L :Lgauge+Lkin+LW+£D+LF . (1.14)

Furthermore, it is necessary to specify the gauge by adding gauge fixing terms LgF to the La-
grangian. A method to calculate the complete Lagrangian from the superpotential and the gauge
structure for any renormalizable supersymmetric model is described in app. [A] The complete La-
grangian for the MSSM is published for example in [23]. Here, we show only the scalar potential
of the MSSM. This potential is formed by the F-Terms, the D-Terms and the soft breaking terms
of the MSSM. The F- and D-terms are

Vi=—Lr = | Yaa @ djo + Year I &)eij + pHie)* + > Yo H & €5
a,b a,b
Y Vs B e )i — Y €+ |Yoan Hy ] €]
a,b a,b
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+ > Yaab H) €ji dio, + Yuap H €550 [> + > [Yaap Hy ij %1

ab a,b
+ Yo H) G €35 (1.15)
a,b
1 1 1 1 2 1 1 ?
_ _ 2 2 2 712 ~% |2 ~% |2 Tx 12 ~ 12
Vo=—Lp = 19 (—2|Hd\ g+ 3 (gl L S+ P+ gl ))

2
o (e-ya-s)
92(\Hdl4 HHG + O 13?2 + O al?)? — 2| Hyl|H.|?
—aumFESMN—ﬂMﬁP}j@ﬁ—auﬁPEZMF—ﬂunFEZMﬁ
+4Z\HT1 |2+4Z\ dqa|2—|—4Z\H;£cja|2>. (1.16)

The breaking of SUSY can be parametrized by adding so called soft breaking terms to the
Lagrangian. They consist of mass terms for the scalars and for the gauginos as well as of scalar
couplings related to the superpotential couplings [24]:

Lsp = —miy,|Hgl* —mip, |H> = G mgq—d mid—almia—1'm?l—étmZe
—% (M1 BB + My W, W + M; §og® + h.c.)
— (TP & Heij + Ta@do Hyeij = Tu @ i Hiyeis + hec.)
— (B, H) H] €5 +hec.) . (1.17)

T; as well as m2 m2, m%,

parameters. Bu is complex.

2 2 . .
mz and mZ are complex 3 x 3-matrices while mpy, and mpy, are real

1.1.3.3. Electroweak symmetry breaking in the MSSM

For successful EWSB in the MSSM, the Higgs sector has to fulfill several conditions [25-27].
This can easily be seen when we simplify the scalar potential of the Higgs fields: the charged
component H," can be rotated away by a SU(2), gauge transformation. In this case, we find that
the minimum of the potential satlsfylng av = 0 fulfills also H; = 0. Thus, we can 1estrict the

following discussion to neutral components of the Higgs fields. The terms of eqs. - (1.17)
which involve only neutral Higgs fields are

Vo= (|l +mi ) H)? + (Jul* +m3,) |HY1? — (ByH H] +h.c.) +
1 ,
g(g2 + g2 (|HP? — [HY*)? . (1.18)

With m%z = m%{de“ + p2. We see that EWSB takes places if

mim3 — B2 < 0. (1.19)
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The one-loop corrections AV; to the potential are in an effective potential approach calculable
by [28]

1 o M? 3

Here, STr(x) is the spin weighted supertrace. We get the subsequent conditions for EWSB at
one-loop:

=9 =292
m$ — m5tan® 3 2B
Mz =2—"1 2 in20 = ———+— 1.21
z tan?23 -1 ' sin2f m? + m3 (1.21)

with m3 5, = m?, + gﬁ;ﬁ_ These relations point to the so called p-problem in the MSSM: the
’ ’ d,u

SUSY parameters p, B,, mpy, and mpy, have to be of O(Mz) to prevent the necessity of fine-
tuning to fulfill eq. . In contrast, the natural choice of the p-term would be of order of
the GUT scale if it is not forbidden by a symmetry or exactly zero otherwise. A solution to
this problem is to generate the u-term dynamically after SUSY breaking in order to relate it to
the SUSY breaking scale. This is the underlying idea of the Next-to-minimal Supersymmetric
Standard Model (NMSSM) considered in chapter

1.1.3.4. Mass eigenstates

The gauge eigenstates in Table and Table with the same quantum numbers mix to the
magss eigenstates of the MSSM after EWSB. These eigenstates are formed by the massive vector
bosons like in the SM and by the neutralinos, charginos and the mixtures of sleptons, squarks and
Higgs fields. Of course, there is also a mixing of the SM fermions when we consider off-diagonal
elements of the Yukawa couplings. A complete overview of all mixings is given in app. We
summarize here the main results. A collection of the gauge and corresponding mass eigenstates

is shown in Table [[.3]

Charginos and neutralinos The first and second wino Wl,g mix after EWSB to charged fermions
W=. This is analog to the mixing of the charged vector bosons in the SM. Furthermore, the
charged components of the Higgsinos, H, ,H,, and the charged winos W= mix to new mass
eigenstates, called charginos ¥, while the neutral components of the Higgsinos, the bino and

the third wino mix to four Majorana fermions called neutralinos )Z?.

Sleptons, sneutrinos and squarks The three generations of the fields é;, and ér combine to
six charged eigenstates €; ... €g while the three sneutrinos 7y, just rotate to the mass eigenstates
v if flavor symmetry is broken. The up-type squarks %y and 4 mix to @;, and the down-type
squarks d;, and dg mix to d;. If flavor symmetry is conserved, only the fields of one generation
mix among each other.

Leptons and quarks If the Yukawa couplings are not assumed to be diagonal, the SM leptons
and quarks rotate, too. The charged lepton mass matrix is diagonalized by two matrices Z%7
and ZFf while in the quark sector the matrices ZUL, ZUR  ZD:L and ZPR are used. The
symmetric mass matrix of neutrinos is diagonalized by the unitary matrix Z¥. It is common
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Names Electroweak eigenstates | Mass eigenstates
Higgs HY HY,H Hy hi, A, H*
i, iR, dr,dr @iy, @ig, d, da
squarks §L7§R75L76R §1,§2,51,52
tr,tr br,br t1,12,b1, by
€L, €R, Ve €1, €2, Ve
sleptons AL, AR, Uy i1, 12, Uy
TL; TR, Ur T1, T2, Ur
neutralinos B, W, ﬁg, ﬁg )2(1), )Zg, )Zg, )22
charginos W+ H}, ﬁd )Zli, )@t
gauge bosons Wl w2 w3 B W+, Z,~
gluon & gluino g, 7 same

Table 1.3.: Gauge and Mass Eigenstates of the MSSM. For the squarks and sleptons is no flavor violation
assumed. If flavor is violated all six down- and up-time squarks and all six charged sleptons mix separately
to six mass eigenstates. Also the SM fermions would mix in that case.

to redefine the parameters in a way that ZU:% ZP:E and ZF ! disappear from the Lagrangian.
Only the products

(ZzU5)izZzPt = Vekw, (1.22)
(ZzPYTZV = Veuns (1.23)

remain. Veogy is the well known Cabibbo-Kobayashi-Maskawa matrix [29] and Vpyng is the
Pontecorvo-Maki-Nakagawa-Sakata matrix [30].

Higgs After EWSB, the Higgs fields are expressed by their scalar and pseudo scalar component
as well as by their vacuum expectation value (VEV)

1 ‘ 1 ,
Hg%ﬁ(vd_i"lad"_qsd) P Hgﬁﬁ(vu-i-zau-l-(ﬁu) .
Here v, and vg are the VEVs of the Higgs fields and they are connected to the mass of the W
boson and Z boson by

e e
My = —5 2102 My = \/272
w 2sin Oy va Tt vy 4 2 sin Oy cos Oy Vit

sin Oy is the well known Weinberg angle resulting from EWSB. The ratio of the VEVs is
parametrized by tang = ;’—Z. The scalar components ¢4 and ¢, mix to the CP even mass
eigenstates h; (i=1,2), the pseudo scalars o4 and o, mix to G and A" and the charged compo-
nents ¢;" and ¢, build the eigenstates G* and H*. G° and G* are the Goldstone bosons of
EWSB. Thus, they are absorbed by the massive vector bosons. Hence, the physical spectrum

of Higgs fields consists of two CP even (h;), one CP odd (AY) and two charged scalar bosons

(1.24)

(1.25)
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(H-/H*) with H* = (H™)*.

1.1.3.5. Parameter space of the MSSM

A careful counting of the parameters in the MSSM leads to 107 free parameters. Such an
huge amount of parameters is not only impossible to handle in numerical studies but also very
disappointing from the theoretical point of view: it just parametrizes our ignorance about the
mechanism of SUSY breaking. That’s why it is natural to search for underlying principles which
relate these parameters among each other and reduce the number of free parameters. The basic
idea is to embed the MSSM in a more fundamental theory which lives at a higher scale, normally
assumed to be the Planck scale or a little bit below. In the fundamental theory, all SUSY
parameters can be expressed by a limited number of variables (see sec.[1.1.5.1). However, these
relations are just valid at the high scale. The values at the electroweak scale are related to those
at the GUT scale by the RGEs.

For instance, the boundary conditions are at the GUT scale with regard to minimal supergravity
(mSugra) that the squark and slepton masses are proportional to the unit matrix. A stronger
demand is that all scalar squared masses are identical, i.e.

SN0
N
Il

ma1, my, =mi, =mg . (1.26)

KN

mzg=mMg =M7=1M

SN

=m

QN

In addition, all gaugino masses are assumed to be the same
M3 = MQ = M1 = M1/2. (127)

and all phases of the SUSY couplings are 0 or w. Finally, the cubic, soft breaking couplings are
proportional to the corresponding Yukawa couplings

T, = AyY, , Ty = AgYy, T, = ApY, . (1.28)

In extensions of the MSSM, mSugra-like boundary conditions are often used, too. We will see
this in chapters [l and 5] Another set of boundary conditions is presented in sec. [3.1] for the case
of gauge mediated SUSY breaking.

1.1.4. R-parity, R-parity violation and neutrino data

Adding SUSY partners to all SM particles without further restrictions to their interactions would
open decay channels for the proton. The reason is that interactions like

1 R 1., _~x 1. o~ PPN
WR = 5/\ijkuidjdk + iAiijidjlk + QAijklilkek + EiliHu (1.29)

are allowed by gauge invariance. These interactions enable the decay of a proton, for instance,
into et and 7°. The life time of the proton would be the fraction of a second if the couplings were
of O(1). Consequently, these couplings must either extremely small or completely forbidden. One
possibility to forbid all interactions of eq. at once is to demand that R-parity is conserved.
R-parity is a multiplicative quantum number defined as [31H35]

R = (_1)3B+L+23 ) (130)

10
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S is the spin of the particle. B and L are the baryon and lepton number, respectively. Obviously,
all SUSY particle have R-parity -1. Thus, there can’t be any interaction with an odd number of
SUSY particles and all terms of eq. are forbidden. As another consequence, the lightest
supersymmetric particles (LSP) must be stable if R-parity is conserved. This is the origin of
many supersymmetric dark matter candidates.
On the other side, it would be sufficient to forbid only some interactions of eq. to get
proton decay under control. One possibility is to allow just lepton or just baryon number
violating operators. A often studied assumption is that only the baryon number violating terms
of eq. are forbidden while the lepton number violating terms are allowed. This can be
motivated by a symmetry called baryon triality [36]. Another ansatz is to assume that R-
parity is conserved at the high scale and the bilinear term is created dynamically at the low
scale. Bilinear R-parity violation has interesting, phenomenological aspects: it leads to a mixing
between neutrinos and neutralinos. In this way, neutrino masses are generated [37H39]. While
neutrinos are massless in the MSSM, oscillation experiments have shown that the neutrinos have
tiny, but non-zero masses [40H42]. In addition, the mass eigenstates of neutrinos are not equal to
the gauge eigenstates [43]. This leads to several observables which can be related to the R-parity
violating parameters. For example,

Ay

tan ©93 = .
3

€1

€2

, tan ©19 ~

(1.31)

©;; is the observed mixing angle between the neutrino generations 7 and j. We used in eq.
the definitions €; = Zl’/jej and A; = vg + pv;. v; are the VEVs of the sneutrinos and Z¥ is the
sneutrino mixing matrix. Similar relations for the neutrinos masses can be found in [44]. The
measured values for the neutrino observables are

tan® @15 = 0.47 + 0.05 , tan’ ©93 = 0.83 +0.35 , sin? ©13 < 0.019 ,
Am2, = 7.67+0.22 x 1075 eV2 | Am2, = 2.58 £ 0.15 x 1073 V2 .

Amgj is the measured mass difference between the generation ¢ and j. The bilinear term doesn’t
lead to fast proton decay, but the neutralino wouldn’t be stable any longer. It could decay via
W, Z or Higgs exchange for instance into vvv, I*1Fv or [Tqq'. This poses the question if there
can be SUSY dark matter when R-parity is broken. We will check this in case of the gravitino
as LSP in chapter [3]

1.1.5. Supersymmetry breaking

The easiest way to break a symmetry is to add breaking terms to the Lagrangian. This happens
in the MSSM when writing down the soft breaking terms in eq. . However, as already
mentioned, this parametrizes only the ignorance about the fundamental origin of SUSY breaking.
Therefore, it is necessary to search for a mechanism to break SUSY spontaneously. We discuss
first SUSY breaking at tree level and show the need for hidden sector SUSY breaking. This is
discussed in the second part.

1.1.5.1. Breaking of supersymmetry at tree level

So far, we have introduced in eq. (1.17) an explicit breaking of SUSY by the soft breaking
terms. Now we want to generate such a breaking dynamically in order to explain the relations

11
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in eqs. (1.27)) - (1.28)). If SUSY is spontaneously broken, the VEV of the SUSY generator is

(0110) = 5 (IR0} + Q1 O)I” + [QH0)1” + [[Q2I0)] ) > 0. (132)

Furthermore, it holds (|H|) = (|V|), i.e. SUSY gets broken if the F- and /or D-Terms don’t vanish
in the ground state. Consequently, it is sufficient to search for theories in which the equations

F=0, D*=0. (1.33)

can’t be fulfilled simultaneously for all ¢ and a. Unfortunately, the easiest ansitze for a sponta-
neous breaking of SUSY are not sufficient.

a) Fayet-Illopoulus D-Term breaking [45] 46]:
The D-terms receive in that case a VEV due to a term linear in the auxiliary fields

Lrayet = —KD (1.34)

with a constant x. Such a term is not gauge invariant for a non-abelian group. Therefore
only U(1)y D-terms are possible. However, it has been shown that eq. ([1.34) causes VEVs
of sfermions and would break electromagnetism or color but not SUSY.

b) O‘Raifeartaight F-Term breaking [47, 48]:
In this case, a set of chiral superfields ®; and a superpotential W are chosen in a way that
the equations

5 *
w* _ 1.
= 0 (1.35)

can’t be solved simultaneously. The simplest example for such a superpotential is

F =

W = —k®; + mPa®s + %@@3 . (1.36)

SUSY breaking gets fixed by the parameter k. One problem in this context is to explain
k< Mg what is necessary for correct phenomenology.

Even more complicated models of D- and F-term SUSY breaking have another problem in com-
mon, namely, to fulfill the supertrace mass sum rule [49]

1/2
STrm? = > (=1)*/(2J + 1)Tr(m3) = 0. (1.37)
J=0

This means that the spin weighted trace of the squared mass matrix taken over all chiral super-
fields has to vanish. This constraint arises naturally for tree level SUSY breaking and leads to
the prediction of scalars lighter than down- or up-quark [50]. A possibility to circumvent this
problem is to break SUSY at a very high scale in a hidden sector by superfields which are singlets
under the SM gauge groups and couple this sector weakly to the sector containing the SUSY
fields.

12



1.1. SUPERSYMMETRY

Hidden sector: Mediation visible sector:
SUSY breaking — MSSM

Figure 1.3.: SUSY is broken in a hidden sector and the breaking is transmitted via gauge or gravitational
interactions to the visible sector

1.1.5.2. Hidden sector supersymmetry breaking

The discussion in the last section has shown that it is necessary to extend the framework in order
to get phenomenological correct SUSY breaking. The idea is to break SUSY in a ’secluded’ or
’hidden’ sector spontaneously. This sector consists of superfields which are uncharged under the
SM gauge group. Interactions between the secluded and visible sector transmit SUSY breaking
afterwards to our ’'visible’ sector. This happens either by non-renormalizable terms in the Kéhler
potential or by loop corrections. The scenario is sketched in Fig.[I.3] The two main approaches
for the mediation of SUSY breaking work with gravitational or gauge interactions.

)

b)

Gravitational mediation of SUSY breaking [51], 52]:
We assume that SUSY is broken in the hidden sector by a VEV (F') of some new spurion
field. The soft breaking terms can be approximated to
F

Msoft = 5\411 ) (138)
if SUSY breaking is mediated by gravity. Mp is the Planck scale of 2.4 x 10'® GeV. This
approximation can be motivated by the observation that mg.g has to vanish in the limits
(F) — 0 and Mp — oo but is also the result of a rigorous calculation: in case of minimal
supergravity (mSugra) the results are [53]
F F)]? F
(F) 2 [(F)] A = o) (1.39)

M1/2=fM7P7 my =

with parameters f,k and a depending on the underlying model. Obviously, this explains

the relations eqs. (1.26) - ([1.28).

Gauge mediated SUSY breaking [54, [55]:
A possibility for a flavor independent mediation of SUSY breaking are interactions involving
the SM gauge couplings. In these scenarios, the soft breaking terms are generated at the
loop level due to radiative contributions by messenger fields. These messengers are chiral
superfields charged under SU(3)c x SU(2), x U(1)y. This leads to soft breaking masses
of the order

g (F)

1672 M (1.40)

Megoft =

Therefore, if the messenger masses M and the breaking parameter /(F') are of the same
order, the SUSY breaking is of the order \/(F). We will discuss GMSB especially with
regard to the messenger sector in chapter
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1.1.6. Supersymmetric grand unified theories
1.1.6.1. Introduction

In sec. we have already seen that SUSY leads to an unification of gauge couplings and
might therefore be a further step towards a grand unified theory (GUT). Another reason to
search for a GUT theory is the particle content of the SM. The quantum numbers of the known
particles with respect to the SM gauge groups look quite random at first glance :

) q:(372)

¢ =(1,1), , d=(31)

c(q _
CouB ), 1=(1,2) .

[N}

For a long time it was a time an open question how these numbers, especially the U(1)y hyper-
charges, can be explained from a more fundamental principle. Glashow and Georgi proposed the
solution that the SM gauge groups are embedded in a SU(5) group that gets broken at a high
scale [50]

SU(5) — SU(3)e x SU(2) x U(1)y . (1.41)

Using this assumption, all SM particles of one generation can be described by a 5- and 10-plet
under SU(5) and all quantum numbers are fixed up to a normalization of the U(1)y. This can
be proofed with the technique of Young Tableaux which we briefly summarize in app. [C.2

The embedding in one gauge group leads inevitably to the demand that all gauge couplings have
to unify at a high scale. While this is not the case for the particle content of the SM, this aim
can be reached in the context of supersymmetric models as already shown. Even if there might
be no strict unification by just extrapolating the measured gauge couplings, the other particles
of the complete SU(5) theory with masses just below the GUT scale, like the additional gauge
bosons and the colored Higgs triplets, lead to threshold corrections. Taking all these factors into
account, the possibility of a gauge unification in minimal supersymmetric SU(5) has already be
shown at three-loop level [57]. The main uncertainty is still the experimental error of the strong
interaction.

On the other hand, exactly the same particles which might lead to an unification in the framework
of a GUT theory cause some severe constraints on the symmetry breaking scale: the SU(5) gauge
bosons which get high masses after breaking to the SM gauge group are charged under SU(2)r,
and SU(3)¢. Therefore, they enable interactions which can lead to proton decay. According to
the decoupling theorem of Appelquist and Carazzone [58| those processes are suppressed by the
high mass of the particles. This suppression might not be sufficient to circumvent experimental
bounds on the life-time of the proton. Therefore, SU(5) GUT theories are under big pressure
[59]. However, there are new models arising which circumvent the problem with proton decay,
e.g. dual SU(5) [60].

Of course, larger groups have also been explored in the scope of grand unification. The SO(10)
is the smallest group in which all particles of one generation of SM fermions can be described
by just one multiplet, the 16 [61]. Another group motivated by string theory is the exceptional
group Eg [62].

1.1.6.2. Supersymmetric SU(5)

A pedagogical introduction to the topic of supersymmetric GUT theories can be found in [63].
In this section, we write down the simplest SU (5)-invariant superpotential which reproduces the
superpotential of the MSSM as low energy limit. Moreover, we decompose this superpotential
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1.1. SUPERSYMMETRY

in case of the symmetry breaking of eq. (1.41)). We start with the superpotential
_ . 1 . o
WG = /25, Y109, By j — €ijkim 109, Y0108, 57 + M5 5% 557 - (1.42)

For clearness, we have written here once explicitly the SU(5) indices i, j,k,l,m = 1,...5. We
will skip them in the following expressions. The used numbers as name for the superfields assign
the transformation properties with respect to SU(5) and a lower index M refers to matter fields
while H refers to Higgs fields. Y''° is a symmetric matrix and Y® is a generic one. The origin of
the numerical coefficients of the different terms is the normalization of the multiplets

1 ie  —qL d
10y = — GaAchc qa/gA 7 Bas = Aa (143)
\/i qag —eaﬁe (d)a
with a,b,c € {1,2,3} and «, 8 € {1,2}. The factor % guarantees a correct normalization of the

kinetic terms.
Further Higgs fields have to be introduced to break SU(5)

_ 1 1
WEVEME = 0550 241 5 + 5 Moa (240)° + 5 Aoa (24n)” (1.44)

To write these interactions in a SU(3)c x SU(2)r x U(1)y invariant form, we can use the
identifications of eq. ((1.43]) and

5y = <H§Hu) By = (ﬁf,ﬁ[d>, Uy = (ﬁg,ﬁw,ﬁB,gX7ﬁx> .(1.45)

These identifications are based on the quantum numbers with regard to the broken gauge group
and can again be proofed with the technique of Young Tableaux shown in app. . I:[uc and lﬁIdC
are Higgs fields which carry a color charge. Thus, they can also trigger proton decay and have
to be much heavier than the other components Hy and H,,. Satisfying this multiplet-splitting is
one of the great difficulties in SU(5) model building. We take this in the following as given.
The fields fI(;, Hyy, Hp have the same quantum numbers as the vector superfields g, W and B.
Hy and ﬁ)g have the quantum numbers of the additional SU(5) gauge bosons, which lead to
proton decay: they are triplet/anti-triplet under SU(3)¢ and doublets under SU(2)y.

We will concentrate in the following on the matter sector of SU(5) and don’t discuss the inter-
actions stemming from eq. . The different terms of eq. ([1.43]) can be decomposed as

V2B Yo 10,5y = —dYPqHy—é (YO 1H,—1Y?¢HS —dYSaHY
1 1 . X
—110MY1010M5H = aYlo(jHu+§(jY10q“Huc+ﬂY10éHf,

M55H5H = M5ﬁgﬁg+M5ﬁuﬁd.

After integrating out the colored Higgs fields, the superpotential of the MSSM remains. We will
extend this minimal model of SU(5) in chapter [4] by additional chiral superfields.

1.1.7. Constraints from precision data

As we will show in sec.[1.2.3] a potential candidate for dark matter has to fulfill several constraints
in order to be a valid aspirant for building up 23 % of the matter in the universe. Besides, there
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Figure 1.4.: One loop contribution to the branching ratio b — s7v. In the case of SUSY, the heavy
fields in the loop can be a squark together with a neutralino, a charginos or a gluino, or a charged Higgs
together with a quark.

are also constraints on the parameter space of a SUSY model by precision measurements: the
particles postulated by a supersymmetric extension can contribute to rare processes like b — s7,
or open new channels which are not possible in the SM without neutrino masses like 7 — 3e.
We give a short overview of the observables which provide the most stringent bounds for new
physics beyond the SM.

7 and p decays In SUSY models, large contributions to lepton flavor violation can be a result
of off-diagonal elements in the soft breaking masses as well as of R-parity violation. This could
lead to enhanced branching ratios of processes like l; — 3l; or I; = ~yl;. A detailed derivation of
the analytical formulas as well as numerical studies can be found in [64]. So far, none of these
processes have been measured, but there are severe upper limits from experiment [65-69]

Br(r — 3u) <1.9-1077, Br(r —3e) <2.0-1077, Br (i — 3e) < 1.0-10712 .
Br (1 — py) < 6.8-107% Br(t —ey) <1.1-1077, Br(u —ey) <1.2-10711,

Flavor changing neutral and charged currents in the B-sector Today, some of the most strict
constraints on flavor physics come from the measurements of rare processes in the B-sector.
Details of the calculations of the subsequent processes can e.g. be found in [70] and [71].
Maybe, the best known of those constraints is the branching ratio of B — X,y. The main
contribution to this decay stems from the partonic process b — sv. The effective Lagrangian for
this process which violates bottom number by 1 can be written as

— G /
LAB=1 —7; (C7 (5ro"br) Fpu + C7 (50" bR) Fm,> . (1.46)

The Wilson coefficients C7 and C; are zero at tree level, but can at one-loop level be generated
by diagrams like the one shown in Fig. [I.4] The branching ratio is already unequal to zero in
the SM because of the off-diagonal elements in the CKM matrix. Today, the dominant standard
model contributions to these coefficient are known up to three loop level [72].

The combined value of the measurements by BaBar, Belle and CLEO of the Heavy Flavor
Averaging Group (HFAG) leads to [73H76]

Br (B — Xsy) = (355+£0.24)- 107" . (1.47)
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1.1. SUPERSYMMETRY

With the discovery of the mixings in the neutral B-meson sector, new strong constraints on
flavor physics have been set. Similar constraints were already known for years coming from the
neutral Kaon sector. These mixings violate the corresponding flavor number by 2 and can again
be expressed by an effective Lagrangian. In the case of B-mesons the Lagrangian reads

_ 8Gp (1 - y Lvig 7
AB=2 _ _T2F (29K( %fyubR@) (dév”bRﬁ> + 59‘{( %’YMbL,a) (d’iwa,g) +

1 o - 1 - _
591%1{ (dLbR,a) (dgbR,B> + §9€L ( RbL,a) (dfsz,,3>

. ; 1o - _
591%1% (dFbr,s) (dgbR,a) + 597?1: (d%bL,s) (dzﬁ%bL,oc>

1 § I _
§9sz (d2br.a) (dgbLﬁﬁ) + §Q%L (d2br,s) (d’fsz,a> ) (1.48)

with effective couplings g;. For Kaons, the bottom quark has to be replaced by a strange quark.
Again, these couplings are zero at tree level and can be generated by box diagrams or by double
penguin diagrams at the loop level. We can express two observables AMp_, using the effective
Lagrangians

(B ,|1£25=2|BY )
AMBs,d = 2’M12(BS,d)| ) MlQ(Bs,d) = - : g — . (1.49)
s,d

The measured values are [77]

AMp, = (117.0£0.8) - 107" MeV , AMp, = (3.3374+0.033) - 107 1°MeV . (1.50)

Electric dipole moments The values for a SM calculation of the electric dipole moment of the
neutron d, and electron d. are

dp, ~ 10732 e cm, de ~107% e cm . (1.51)
These values are much smaller than the current experimental limits of
dp <2.9-107%% ¢ cm, de <1.6-107*"e cm . (1.52)

In SUSY many couplings can carry a CP phase and, consequently, contribute to the electric dipole
moment. Either these phases have to be very small or the sfermions of the first two generations
must be heavy. Otherwise, some cancellation between different contributions at one-loop level
has to take place.

SUSY contributions to Ap If there is a large mass splitting of SUSY particles sitting in the
same SU(2)p-doublet, there can be large contributions to the self-energies 3 of the electroweak
gauge bosons. Therefore the p parameter defined as

1 _3%0) (0

= with Ap= - (1.53)
1—-Ap M% MI%V

P

17



Introduction

can be significantly changed. The allowed range from experiment is [78]

1.00989 ~ p ~ 1.01026 . (1.54)

1.2. Dark Matter

We can only touch here the main astrophysical aspects of dark matter. A good review about
evidences, constraints and candidates of dark matter is given in [79]. Before we present the
different topics concerning dark matter, we give a general introduction to the thermodynamics
in the expanding universe: we start with a short introduction to the standard model of cosmology
and discuss afterwards the freeze-out of species and late time decays of particles.

1.2.1. Thermodynamics in the expanding universe
1.2.1.1. Standard Big Bang cosmology

The standard model of cosmology is not a fixed term like the standard model of particle physics
[80, B1]. Nevertheless, it contains some basic ingredients: everything started about 10'* years
ago with the Big Bang. Since then, the universe expanded and cooled down. This expansion was
in the first 1073 - 10733 seconds exponential and this period is called the inflation. Inflation is
the reason, why the universe looks today to a very high level homogeneous and isotropic. While
the early universe was very hot and consisted of a soup of matter and energy, more and more
particles left the thermal equilibrium with decreasing temperature in the universe. During that
time, an asymmetry between matter and anti-matter must have appeared, which prevented a
complete annihilation of all matter. This so called baryogenesis is not yet completely understood.
When the universe was cooled down to 10'® K after 10712 s, the electroweak interaction splits
into electromagnetism and weak interaction. After about 10 s the protons and neutrons started
to fuse to the light elements deuterium, helium and lithium. This process is called Big Bang
nucleosynthesis (BBN). The universe cooled further down and free nuclei and electrons combined
to atoms. This process is known as recombination and it is the first time that photons could
travel over large distances. This happened when the universe was about 400.000 years old.

The quantitative description of this scenario is based on Einstein’s field equation [82]

R, — %gle = —@le +Agw - (1.55)
Here, R, and R are the Ricci tensor and scalar which incorporate the geometry of the space
time. g, is the metric tensor and T}, the energy-momentum tensor. Gy is Newton’s constant
and A is the cosmological constant which can be used to describe the accelerated expansion of
the universe. Eq. is a set of second order differential equations which can analytically
only be solved if some symmetries are assumed. Because of the isotropy and homogeneity of the
space time, the line element can be approximated by the Friedman-Robertson-Walker metric as
[83HR5]

2

1 — kr?

ds® = —c2dt* + a(t)? < + r2d(22) : (1.56)
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a(t) is the so called scale factor and k describes the curvature of the space time. Solving eq. (1.55))
using this metric leads to the Friedman equation [83]

N\ 2
a k 87G N
<CL> + ﬁ = 3 Ptot - (157)

Prot 18 the total averaged energy density of the universe. Obviously, this equation leads to a flat
universe (k = 0) if the total density is equal to the critical density defined as

3H?

—_—. 1.
TGN (1.58)

Perit =

Here we have introduced the Hubble parameter H(t) = % The measured value of the Hubble

parameter is Hy = (70.4 + 1.4) slli/limpc [86]. It is common to normalize the values for the matter
and energy in the universe with respect to the critical density. This defines the quantity €2; for

different species ¢ of matter and energy as

Pi
Q; = . 1.59
Perit ( )

1.2.1.2. The freeze out of species

Weakly interacting massive particles (WIMPs) x with mass m, were kept in thermal equilibrium
in the hot, early universe [87]. As long as they stayed in equilibrium, their number density neq
is exponentially suppressed with decreasing temperature. When the interaction rate became
smaller than the expansion of the universe, i.e.

r<H, (1.60)

the particle left thermal equilibrium. After freeze out, the density of the WIMPs stayed approx-
imatively constant in a comoving volume while the photons were diluted and redshifted. We can

calculate the current WIMP density normalized to today’s temperature Ty = 2.7 K and photon

density pg =~ 422% of the CMB by calculating the decoupling temperature Ty between

WIMPs and the plasma defined by eq. (1.60)).
The starting point for the calculation of the relic density is the Boltzmann equation

Lifl = Clf] - (1.61)

Here, L is the Liouville operator describing the evolution of the universe and C is the collision
operator describing the interactions of particles. The way to rewrite this equation to the better
known Lee-Weinberg formula [8§]

i+ 3Hn = —(ofv]) (n® —n2) (1.62)

eq

is shown in [89]. n is the density of the WIMP, (o|v|) is the thermal averaged cross section and

H is the Hubble parameter. By introducing the yield Y = 2 and freeze out parameter z = %‘
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Figure 1.5.: Dependence of the yield after freeze out Y., on the cross section (ov). As long as the
particles are in thermal equilibrium, their yield Y, is exponentially decreasing with temperature 7', but
stays constant after freeze out.

we derive finally the Riccati equation

dYy B s

dr —m<av> (Y2 - Yezq) : (1.63)

This equation can often be solved by a non relativistic expansion in z: (ov) ~ a+ % Hence, the

yield Y long after the freeze out is given by [90]

_ TG _ b
vl = 15 Mpmya ! (a—|—3x> : (1.64)

Since the present density of  is given by p, = m,s0Y, the relic density can be easily calculated
by eq. (1.64). A good first order estimation for the relic density of a WIMP is often

0.1pb
(ov)

O h? ~ . (1.65)

Here, we have inserted the today’s entropy so = 2970 cm ™3, the critical density p, = 1.054107° g%\é ,

the freeze out parameter z; ~ 20, the number of degrees of freedom /g« ~ 10 and the Hubble

parameter h = IH—O‘()) slli/[impc The general dependence between the cross section and the yield is

depicted in Fig.
If we use the approximation eq. (1.65) for the relic density together with the bounds from CMB,
we get an upper mass bound for a WIMP of

my < 120 TeV . (1.66)

As we will see below, this calculation doesn’t hold necessarily for all realistic scenarios: especially
the gravitino is so weakly interacting that it probably has never been in thermal equilibrium as
discussed in sec. [1.3.2] Furthermore, the effects of coannihilation and resonances have been
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neglected so far. Both will be discussed for the case of a neutralino as dark matter in chapter
and chapter [5] The decays of other particles after the freeze out can change the relic density of
a WIMP, too, as we will see now.

1.2.1.3. Late time decays

A particle ¥ with mass m and life time 7 decays at time ¢t ~ H~! ~ 7 and at temperature
Tp. Here, we have neglected the freeze out time 7rp, hence, the following discussion is valid for
Tro < 7. We assume that the energy content of the universe is dominated by ¥, i.e. the energy
density of the universe is given by p ~ py = sY;m. The decay temperature Tp and life time 7
of U are related by [89]

HX(Tp) ~ ViT}— ~ 772 (1.67)
MP

If the particles decay into relativistic particles, they rapidly thermalize and yield a post-decay
radiation density pgr of

By energy conservation this radiation must be equal to the energy density of ¥ just before its
demise: H%M#%. Hence, the ratio of the entropy density before and after the decay is given by

Safter _ g*QBT]%H ~ 1/4M (1 69)
Shefore g*a3T]% v Mp

This increment of the entropy dilutes the relic density of already frozen out particles by a factor

4 MY
A=1+-—. 1.70
37, (1.70)

Finally, the connection between the decay temperature T of a particle and its decay width I is

given by
72\ 4
Tp = g«i— I'Mp . 1.71
o= (0e55) VNP (1.71)
This dilution is very important for us when we try to solve the cosmological gravitino problem
in chapter [3]
1.2.2. Evidences for dark matter

Evidences for dark matter can be found at all astrophysical scales: from the rotation curves of
galaxies, over the luminosity of galaxy clusters up to the cosmological scale of the microwave
background, there are many different hints for the existence of additional matter in our universe.

Rotation curves The first hint for the existence of ’invisible matter’ came from the observation
of the rotation curves of galaxies [91], 92]. While the velocity v of stars should drop according to
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Figure 1.6.: Schematic picture of the rotation curve of a galaxy. The dotted line is the contribution of

gas, the dashed line of the disk and the dash-dotted line of a dark matter halo. The sum of all three
contributions reproduces the observed, flat curve (solid line).

Newton’s law like

v(r) = (1.72)

as a function of the distance r to the center of the galaxy, it was observed that v is constant over
a large range of r. This behavior is not an effect of general relativity and not explainable by the
visible amount of matter in the galaxy without changing the physical laws. There are models
trying to explain this observation with modified Newtonian dynamics (MOND) [93]. However,
such models have often severe problems explaining other observations. Another explanation for
the flatness of the rotation curves are new sources of gravitational attraction in form of dark
matter halo as depicted in Fig. [1.6]

Cosmic microwave background The most precise measurement of the amount of dark matter
comes from the observation of the cosmic microwave background (CMB). The CMB is an echo of
the decoupling of the photons from matter in the early universe. This effect was first predicted by
Gamow in 1948 [95] and accidentally discovered by Penzias and Wilson 1965. While the CMB
looks at first glance very isotropic with a temperature of T' = 2.726 K, satellite experiments
have detected a distortion of these isotropy at the 107> level. The anisotropies are usually
parametrized by an expansion in spherical harmonics Y (0, ®):

+oo  +I

oYY anin(©,9). (1.73)

=2 m=-1

All measurements show that the anisotropies are Gaussian-like distributed and the power spec-
trum can be expressed as a function of %l(l + 1)C;. C is the variance of ay,

+1
1
Cr = (Jamm[*) = A1 Z |aim|? - (1.74)
m=—1

22



1.2. DARK MATTER

Figure 1.7.: Picture of the bullet cluster [04]. The pink areas show X-ray emission observed by the
Chandra X-Ray telescope. At this region the luminosity matter is located. The blue areas are the region
where most of the mass is located according to gravitational lensing. The explanation for this large
separation of visible and dark matter is that dark matter can pass the collision area much faster because
of its weak interaction.

Fig. shows the result of the power spectrum based on the 7-year data of the Wilkinson Mi-
crowave Anisotropy Probe (WAMP). The different peaks are an effect of the different constituents
of the universe building the potential of the photons at the time of decoupling. Therefore, this
power spectrum can be translated into the matter and energy content of the universe. The result
is normally expressed in units of Qh2. The best fit value for the amount of baryonic and dark
matter from the 7-year data of WMAP together with results of Baryon Acoustic Oscillations
(BAO) and Hubble constant measurements is [86]

Qh* = 0.02260 + 0.00053 , Qparh? = 0.1123 4 0.0035 . (1.75)
Remarkably, the largest contribution to the energy density in the universe with
Qp =0.728 £ 0.015 (1.76)

comes from the so called 'Dark Energy’, which is still poorly understood.

Bullet Cluster Finally, we show a picture of the galaxy cluster 1E 0657-56, called 'the bullet
cluster’ in Fig. [I.7] This picture is often referred to as the first direct detection of dark matter
[97]: it shows the merging of two galaxies. The combination of the X-ray image taken by the
Chandra X-Ray telescope together with optical and weak lensing observation shows that the
mass center of the collision doesn’t coincide with the visible mass distribution. Thus, most of
the matter has passed the collision area much faster. This can only happen if a high amount of
matter in these galaxies is only weakly interacting.

This was just a small extract of the clues and evidences for dark matter. We have here skipped, for
instance, the results of weak lensing (see [98] and references therein) or simulations of structure
formation of the universe like the well-known millennium project [99].
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Figure 1.8.: 7-year result of WMAP mission for the power spectrum of the universe [96]. The tem-
perature anisotropies of the CMB are expressed as function of the multipole moment [. Assuming a
cosmological scenario, the best fit parameters to this curve are related to the amount of matter and
energy in the universe at the time of decoupling.

1.2.3. Constraints on dark matter

There are different constraints for dark matter. All of them must be fulfilled by a particle in
order to be a valid candidate. The authors of [100] give a ten-point:

1 Does it match the appropriate relic density?

2 Is it cold?

3 Is it neutral?

4 Ts it consistent with BBN?

5 Does it leave stellar evolution unchanged?

6 Is it compatible with constraints on self-interactions?

7 It is consistent with direct dark matter searches?

8 It is compatible with gamma-ray constraints?

9 Is it compatible with other astrophysical bounds?

10 Can it be probed experimentally?

The last point is perhaps a little bit philosophical and the splitting between 8 and 9 seems
arbitrary. On the other hand, the list gives an impression of the large number and big variety of
constraints one has to consider when dealing with dark matter candidates. The first point was

already addressed in sec.[1.2.1.2] We discuss now the astrophysical bounds as well as the bounds
from direct detection.
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1.2.3.1. Astrophysical bounds

1.2.3.1.1. Hot, cold or warm Today, it is a widely accepted fact that dark matter is directly
involved in the creation of the large scale structures in the universe: when the universe became
matter dominated, the density perturbations of dark matter started to grow. This caused an
oscillation of the fluid of photons and baryons around the dark matter potential wells. When
photons and baryons decoupled, the baryons remained trapped in the dark matter potential.
Their density perturbations grew and formed the large scale structures observed today [89, [101].
If the dark matter particles were still relativistic when they decoupled from the thermal equi-
librium, they would have washed out small scale structures in the universe. Particles with this
property are called 'hot’ [102]. Simulations of structure formation are not consistent with high
amount of hot dark matter. The best known particle with this property is the SM neutrino and
it was therefore ruled out as a dark matter candidate some time ago. Moreover, this result can
be used to derive a bound on the summed mass of neutrinos of > m, < 0.17eV [103] [104].
Particles which have been non-relativistic long time before their decoupling are called ’cold’” and
they are favored as dark matter. Simulations of an accelerating universe with cold dark matter
(ACDM) are in agreement with a wide range of observations like the galaxy-galaxy correlation
functions [L05) [106]. However, there are some observations contradicting the cold dark mat-
ter observations, the best known is the so called ’satellite problem’: the number of observed
dwarf galaxies of the Milky Way is much smaller than predicted by cold dark matter simulations
[107, 108]. Aside from that the density profile of cold dark matter would be a cusp while obser-
vations point to a flat distribution [I09-112].

Those contradictions to observation in the context of cold dark matter have increased the effort to
study the properties of so called 'warm dark matter’, i.e. a particle with free streaming lengths in
between hot and cold dark matter [I13, 114]. The mass of warm dark matter particles is limited
from below by the observations of the Lyman-« forest [I15]. Current results rule out pure warm
dark matter scenarios with particle masses below 8 keV for non resonantly produced dark matter
[116]. The main candidates for warm dark matter are sterile neutrinos and light gravitinos. We
will study the case of a light gravitino and the corresponding bounds from Lyman-« forest in

chapter

1.2.3.1.2. Big Bang nucleosynthesis Big Bang nucleosynthesis (BBN) is one of the major
successes of standard cosmology. It predicts to a very large accuracy the abundances of light ele-
ments in the universe. This prediction is based on simulations of chemical and nuclear processes
3 minutes after Big Bang. This complicated network of coupled Boltzmann equations can easily
be perturbed, mainly through three effects.

First, additional energy density as consequence of the presence of new relativistic particles
changes the rate of Hubble expansion in the early universe

xT? g,
H="1—,/2%. 1.77
Mp\ 90 (1.77)

This leads to an earlier freeze out of certain nuclear reactions and changes the ratio of protons
to neutrons. Thus, the observed abundance of *He and 2H restricts the number of neutrino-like
particles in the early universe to [117]

22< N, <44. (1.78)
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Second, another problem could occur if there are unstable particles which decay after BBN in
SM particles. This release of electromagnetic or hadronic energy could destroy the products of
BBN [II84120]. Especially in case of gravitino dark matter, this restricts often the life time of
the next-to-lightest supersymmetric particle (NLSP): the neutralino as LSP decays dominantly
in G~ and produces mostly electromagnetic energy. We can estimate this energy as

2 2

3 mi, — m=%
X G 1.79
Cem 2m.zo0 ( )

-0
and the branching ratio is nearly one B, ~ 1. Above kinematic thresholds there are decays into

gravitino and Higgs or Z boson possible which contribute to hadronic fluxes [I2I]. The dominant
process for a lighter stau NLSP is 7| — G7 and releases also mostly electromagnetic energy.
However, also hadronic showers in case of a stau NLSP are coming from three-body decays like
7 — GTZ.

Third, there is another limit from the measured amount of %Li on the life time of the NLSP
because catalyzed BBN via

(‘HeX ™)+ D — SLi+ X~ (1.80)

could result in an overproduction of light elements. For a detailed discussion how BBN could
constrain the parameter space in case of gravitino dark matter with masses in the GeV range see
[122].

1.2.3.1.3. Other astrophysical constraints We just mention other astrophysical constraints
and refer for details to literature. Constraints from stellar evolution come from the possible
production of light and weakly interacting particles in the hot plasma of stars. These particles
can escape without further interactions and cause a large energy loss of the stars [123, [124]. This
leads especially for axionic dark matter to strong constraints on the Peccei-Quinn scale.

If dark matter particles annihilate, this might lead to characteristic signals in v-ray spectra [125].
Those signals haven’t been observed so far even though there are some claims. For Instance,
HESS and MAGIC have discovered a very high energy source spatially coincident with Sgr A*.
However, the shape of the energy spectrum is close to a perfect power-law over two decades in
energy and points towards ordinary astrophysical sources [126] [127].

The most severe bounds on self-interaction of dark matter are resulting from the bullet cluster
observations described in sec. [[.2.2] It is obvious that parts of the halo are ahead the interaction
area. That won’t be possible if the self-interaction of dark matter is too large [128], 129].

1.2.3.2. Direct search for dark matter

The underlying idea of the direct search for dark matter is quite simple: the expected flux of
dark matter on the earth is

® =~ 10° <100Gev> ! (1.81)

9. )
my cms

if we assume a mean velocity of v = 220 kTm and a local density of p ~ 0.3 gr‘;l\i Even if the
dark matter particle is weakly interacting, there should be interactions with electrons and nuclei

of atoms. There are many experiments searching for the recoil energy of a WIMP scattered
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Figure 1.9.: Combined plot for several bounds on spin-independent WIMP-nucleon cross section:
XENON10 [130] [131], first results of XENON100 [132], CRESST [133] [134], CoGeNT [135] and CDMS
[136]. Also the preferred regions of DAMA /Libra [137, [138], CoGeNT [135], CDMS [139, [140] and
CRESST [134] are shown. Plot taken from [141] [142].

at the nuclei using different material and different detector types. The main difficulty of these
experiments is to suppress the background. The approximated rate R for an interaction between
nucleus and WIMP is given by

R~ Z Niny (0iy ) - (1.82)

1 is running over the nuclei species in the detector and V; is the number of target nuclei of these
species in the detector. n, is the ratio of the WIMP energy density to its mass and o;, is the
cross section of the WIMP with the nucleus of a certain species.

The types of scatterings are divided into elastic and inelastic or spin-dependent and spin-
independent. Elastic scattering takes place between the WIMP and the nucleus resulting in
a recoil energy while inelastic scattering is between the WIMP and an electron of the atom.
This leads not to a recoil energy, but to an excitation or ionization of the atom. Spin-dependent
scatterings are proportional to J(J + 1) where J is the spin of the nucleus and depend barely on
the mass of the target. In contrast, spin-independent cross sections increase dramatically with
increasing mass of the target.

Current experiments are usually dominated by the spin-independent cross section. All of them
but DAMA /Libra and CoGeNT have not yet reported a signal. DAMA claims that it has seen
an annular modulation with 8.90 confident level [I43]. CoGeNT has recently measured some
events not immediately identifiable with background [135]. In addition, CDMS has seen two
events, but with very low statistical significance [140]. Also CRESST showed preliminary results
with some event-candidates [134]. These experiments have in common that they point to quite
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I. II. III. Iv. V. VI. VII. VIII. IX. X. Result

DM candidate Qh? Cold Neutral BBN Stars Self Direct ~y-rays Astro Probed

SM Neutrinos X X v v v v v - - ' X
Sterile Neutrinos ~ ~ v ' v v v v V! v ~
Neutralino v v v v v v V! V! V! ' '
Gravitino v v v ~ v ' v ' v 4 ~
Gravitino (broken R-parity) v v v v v v v v v v v
Sneutrino oy, ~ v v v v v X V! V! v X
Sneutrino v v v v v v v V! V! V! v v
Axino v v v v v v v v v v v
SUSY Q-balls v v v v ~ - V! ' v v ~
B! UED v v v v v v V! V! V! v v
First level graviton UED v v v v v v v X X v x ¢
Axion v v v v v v V! v v v v
Heavy photon (Little Higgs) v v v v v v v V! V! v v
Inert Higgs model v v v v v v v V! - v v
Champs v v X v X - - - - v X
Wimpzillas v v v v v v v ' ~ ~

Table 1.4.: Check for different dark matter candidates if they fulfill all possible constraints. The v'is
used if the bounds are so far satisfied. A !is added if upcoming data can probe significant areas of the
parameter space. The bounds marked with ~ are only satisfied in non-standard or unnatural scenarios
while the bounds with x contradict the nature of the candidate. Taken from [100].

low WIMP masses of O(10) GeV. These results are heavily discussed: they contradict for many
beyond SM models the null results of the other experiments, especially the new bounds from
XENONI100 [144]. We give in Fig. an overview of the upper limits derived for the mass and
interaction of dark matter from the different experiments and show the preferred regions accord-
ing to the signals. If the measured signals are really dark matter, they are hardly explainable in
the standard MSSM [145].

1.2.4. Dark matter candidates

In the last years many candidates for dark matter have been proposed with a large variation of
their properties. Some of them already ruled out, others are still in good shape. Besides SUSY,
especially models with extra dimensions or additional gauge symmetries provide particles that
have the correct properties and are well studied (see [146] [147] and references therein). In [100]
several candidates have been probed with respect to their ten-point test. The result is given in
Table [[.4] We will focus in this work on the candidates arising in SUSY models.

1.3. Supersymmetric dark matter

SUSY provides a large variety of dark matter candidates. The most known and best examined
one is the neutralino in case of the MSSM. It can be the LSP for mSugra scenarios and has all
properties of a WIMP: its mass is of O(100) GeV and it is a weakly interacting particle (see
sec.[L.3.1). Another possible LSP in mSugra scenarios is the gravitino. In addition, the gravitino
is always the LSP in GMSB models. The properties of the gravitino can vary a lot. The mass
ranges from some eV to several hundred GeV. The interaction is purely gravitational, but can be
enhanced depending on its mass by several orders (see sec. . Other SUSY candidates for
dark matter are sterile sneutrinos while the left-chiral sneutrinos in the correct mass range are
already ruled out by direct detection. Heavier, weakly charged sneutrino escaping direct detection
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Figure 1.10.: Schematic picture of the allowed regions in the (mg, M 5)-plane for neutralino dark
matter (blue area). In the bulk region the sleptons are light, in the coannihilation region the mass of the
NLSP is close to the mass of the LSP, in the focus point region the Higgsino component of the lightest
neutralino is enhanced and in the Higgs funnel the mass of a Higgs is close to twice the mass of the LSP.

would annihilate too efficient to contribute significantly to dark matter [148], 149]. Furthermore,
if the Peccei-Quinn solution to the strong CP-problem is assumed, two more candidates are
present: the pseudo scalar Axion and its superpartner, the Axino [I50]. The properties of those
particles can vary a lot depending on the underlying model. In the subsequent, we will discuss
the two main candidates, the neutralino and the gravitino in the MSSM, and discuss afterwards
the necessity to study these candidates in beyond-MSSM models.

1.3.1. Neutralino dark matter

The main candidate for dark matter in SUSY models is still the neutralino. As shown in
sec. [[.1.34] the neutralino is a mixture of the neutral Higgsinos as well as the neutral gaug-
inos after EWSB. The neutralino is, for example, the LSP in mSugra models and its mass is
normally of O(100) GeV. This classifies the neutralino as a standard WIMP [I51HI53]. Never-
theless, in the minimal scenario of supergravity, the relic density of neutralinos is often larger
than the upper bounds of WAMP. If we fix the parameters Ag, tan 8 and signy of mSugra, there
are just tiny regions in the (mq, M /2)-plane left which are consistent with the measured amount
of dark matter. These regions are shown in Fig. and can be categorized by the different
effects which lead to sufficient annihilation [154].

Bulk region This region is characterized by light sleptons. Two neutralino can therefore anni-
hilate sufficiently via a t-channel exchange of a sfermion into two leptons:

O =1 (1.83)

Focus point region In this region the Higgsino part of the neutralino is in the percent range.
This can lead to an efficient annihilation into vector bosons if kinematically allowed

XXy = WHwe, XX = 27 . (1.84)
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For lighter neutralinos, the s-channel annihilation via a Z boson into two fermions dominates
~0.~0 +7-
Xix1 —~ Z =170, (1.85)
while for neutralinos heavier than the top quark ¢, the dominant process is

VXY — tt . (1.86)

Coannihilation region In this region, the mass of the NLSP, normally a stau or chargino, is
very close to the mass of the lightest neutralino [I55]. This allows an efficient coannihilation of
a neutralino and chargino into two SM fermions

Xy = 1v. (1.87)

In the case of a stau NLSP, the final states are normally a SM fermion together with a vector
boson or Higgs

NF = 1v/Z, X7 = U h (1.88)

Higgs funnel This region is characterized by a pseudo scalar Higgs mass very close to twice
the neutralino mass. Because of this resonance, the cross section of two neutralinos into two
b quarks is very large

%) — AY — bb . (1.89)

1.3.2. Gravitino dark matter

As already mentioned, the mass mg/; of the gravitino G can lie in the range of a fraction
of an eV up to several TeV. In GMSB scenarios, the mass is normally below 1 GeV while in
scenarios involving gravity it is in the GeV up to TeV range. The cosmological constraints for
the gravitino depend on its mass, its life time and the reheating temperature Txr. Since the
gravitino is a singlet under the gauge groups of the SM and interacts purely gravitationally, all
interactions are suppressed by the Planck scale Mp. For light gravitinos those interactions are
enhanced by the Super-Higgs-mechanism.

A light gravitino gives severe restrictions to the mechanism of SUSY breaking. The reason is the
existence of a critical energy scale E., at which unitarity gets broken [156] 157]

E.. = 12V27 (( g )2 . 6>_; Mp . (1.90)

m3/2 5}

This implies for scenarios with SUSY breaking transmitted by gravitational interactions an upper
bound of ~ 21 because E.. > Mp must hold.

mg
m3/2

Very light gravitino First, the interactions of the longitudinal s, = :l:% components of the
M,
mg/o”

gravitino is enhanced by a factor My is of the order of the sparticles in the visible sector.

In this case, the interactions of the spin—% components are negligible. The very light gravitino

decouples at a temperature T3/, > mg/9, s0 it was still relativistic. If the mass of the gravitino is
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very small, i.e. less then 1 eV, the contribution to the matter density of the universe is negligible.
However, they were still relativistic at the time of nucleosynthesis. Hence, the Hubble parameter

H = “M—Tj & was increased at this time by the additional degrees of freedom. This leads to
severe constraints from BBN observations as described in sec. [1.2.3.1.2] It has been shown that

relativistic gravitinos are safe as long as they decouple before muons did [158].

Light gravitino Second, we calculate the relic density for a light gravitino, which is favored
in GMSB scenarios [I59]: the gravitinos were in thermal equilibrium in the early universe and
decoupled at a temperature T3/5 > mg/p. Thus, they were still relativistic and their number
density obeys

3¢(3
ngj2 = 4752)9*(T3/2)T3 : (1.91)

while the number density for photons is

n, = i(j)g*(T)TS . (1.92)

Particles with masses m < T3/ contribute until their decoupling to the effective degrees of
freedom of the photon, but not to those of the gravitino. Hence, the today’s ratio of gravitinos
to photons is

nsp 3 gu(Ty)

= . 1.
ny  4g.(T3)2) (1.93)
With Qh? = ﬁhQ we obtain
2 — msan3/2(To) _ 3mzonyg«(To) (1.94)

Pe 49+(T3/2) pe

Using eq. 1} To = 2.3-10712GeV and % = 8.1-10~*" GeV*, we have finally a compact
expression for the relic density of light gravitinos

m3/o 100
Q3/9h* ~ : 1.95
3/2 0.85 keV gx(T5/2) (1.95)
Neglecting the electroweak gauge interactions we obtain
2
m3/2MP vV 9
T30 =0.62———— 1.
32 = 002 eGP (1.96)

as freeze out temperature for the gravitinos which have once been in thermal equilibrium. Grav-
itinos might have never been in thermal equilibrium after inflation if the reheating temperature
was too low. In Big Bang scenarios with inflation any initial population of gravitinos was diluted
by the exponential expansion of the universe. After inflation, there was a thermal production of
gravitinos depending on the reheating temperature T which can be approximated by [160]

10GeV [ My \? Tr
TPp2 __
/20 _0‘32< ms /o > <1Te\/) <108Ge\/> ' (1.97)
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Moreover, there was a non-thermal production by the decays of the NLSP of

€eC h2
03570 = my YNTsp s(To) — - (1.98)

C

Heavy gravitino Finally, in case of a heavy gravitino, the longitudinal component is not en-
hanced by the Super-Higgs mechanism and the interactions of the % components are dominant.
The most important processes for calculating the gravitino production cross section are 2 —
2 reactions involving gauge supermultiplets. Since the decays of sparticles into gravitinos are
negligible, we receive for the relic density

m3 /o Tr

Qs oh? = i 1.
3/2 100 GeV 1011 GeV (1.99)

The case of gravitino dark matter with ms/, of O(100) GeV is elaborately studied in literature,
e.g. [120 161l 162]. We will concentrate in chapter |3| on light gravitinos arising in GMSB with

the relic density given by eq. ((1.95).

1.3.3. SUSY dark matter beyond the MSSM

The features of dark matter build up by a gravitino or neutralino are very well explored today,
but most studies were done in the framework of the MSSM. On the other hand, even if SUSY
will be discovered at the LHC, it will most likely not be a pure MSSM. Although the MSSM
suffers from intrinsic less problems than the SM does, there are still open questions: how do the
neutrinos get their masses and what’s about the p-problem? If we also want to answer these
questions, we have to go beyond the MSSM. Either we have to break R-parity or to introduce
new particles to generate effective neutrino mass terms. The u-term in the superpotential might
be generated in a dynamic way like in the NMSSM. All of these extensions of the MSSM have
significant influence on the properties of the dark matter particle:

In the NMSSM, the neutralino is still the main candidate for dark matter but its properties can
be quite different due to the contributions of a gauge singlet. In seesaw scenarios heavy particles
are added to the spectrum. These fields can not only generate a dimension 5 operator to explain
neutrino data but they lead also to changed properties of the neutralino as dark matter candidate
because of the different evolution of the RGEs. In the case of R-parity violation, light gravitinos
are often the only remaining candidate for dark matter in SUSY because of their long life time.
However, their small mass leads normally to a thermal production of gravitinos which overcloses
the universe.

The focus of this work is to determine the viability of SUSY dark matter beyond the pure
MSSM case. For this purpose we have developed SARAH, a tool for the efficient analysis of new
supersymmetric models, which will be presented in the next chapter. Afterwards in chapter [3]
we present the results for gravitino dark matter in GMSB scenarios with and without broken
R-parity. In chapter we discuss neutralino dark matter and the impact of different high
scale extensions of the MSSM which provide neutrino masses by miscellaneous seesaw scenarios.
Finally, we study neutralino dark matter in the NMSSM in chapter[p] In chapter[6] we summarize
our results.
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CHAPTER TWO

SARAH: A TOOL FOR THE ANALYSIS OF SUSY MODELS

The way from the idea about a supersymmetric model to the first phenomenological results
is usually elaborative and time consuming. One reason is that even in the smallest possible
extension of the SM, the MSSM, the particle content is more than doubled and it provides a lot
of new interactions which are related due to SUSY. Thus, the calculations of all necessary masses,
vertices or renormalization group equations are very laborious. A more technical reason is that
the implementation of new models in existing software tools demands some good knowledge
about these programs. Of course, even with this knowledge writing and testing the new parts
needs time. This was just a small excerpt of all necessary steps needed for a comprehensive
analysis of a new SUSY model. A complete list might at least incorporate the following tasks:

)

b)

f)

The idea The starting point of each new supersymmetric model is usually the particle
content, the gauge structure and the superpotential. All further steps are needed to extract
all important properties from this underlying information.

Group properties If chiral superfields are present which are not in the fundamental
representation, it is necessary to calculate the corresponding generators. Moreover, the
quadratic Casimir and the Dynkin index are needed for loop calculations.

Gauge anomalies Before more work is put into the analysis of a model, it should be
checked that it is well defined at quantum level, i.e. free from gauge anomalies [163].

Calculating the Lagrangian If the model passes the first check, the Lagrangian is needed.
Although there are simple rules for calculating the complete Lagrangian of a supersym-
metric model either using the superspace approach of sec. [[.1.2] or the method explained
in app. [A] the expressions are getting quickly very long.

Breaking of symmetries and rotations of particles Normally, all phenomenological
relevant models involve at least one breaking of the fundamental gauge symmetries. This
leads to a rotation of matter and gauge fields and the Lagrangian has to be rewritten with
respect to the new basis.

Masses, vertices and tadpole equations The first information which can be extracted
directly from the Lagrangian are the tree level relations for the masses and the minimum
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g)

h)

J)

k)

)

conditions of the vacuum. Furthermore, the interactions between the different fields can
be derived.

Renormalization group equations The RGEs are needed to connect the values of pa-
rameters of the model at different energy scales. For instance, the embedding of the SUSY
model in a more fundamental theory is often considered. This theory is defined at a high
scale and RGEs have to be evaluated down to the SUSY scale. The RGEs at a certain loop
level can be derived in a diagrammatic approach or with help of some generic formulas.

Loop corrections For producing reliable results, the tree level masses are often not suf-
ficient. For this reason the self-energies are needed to get the radiative correction to the
masses.

Calculating the mass spectrum When all analytical formulas are calculated, they have
to be used for numerical calculations of all masses and couplings of the model. At the
moment, there exist some spectrum calculators for the MSSM and its extensions with the
same particle content at the SUSY scale (SPheno [164], Suspect [165], IsaJet [166] and
SoftSusy [167]). For the NMSSM only one spectrum calculator (NMSSM-Tools [168]) exists.
All of these tools have in common that the supported models are hard coded. Hence, adding
a new model to these programs demands a very good knowledge about the source code and
a lot of work.

Model files for diagram calculators In order to use the known programs for calculating
Feynman diagrams like FeynArts/FormCalc [169, [I70] or CalcHep/CompHep [I71] with a
new model, the corresponding model files have to be created. The peculiarities of the
different programs make this step often tricky.

Relic density calculation: Dark matter puts very severe bounds on the allowed param-
eter space of supersymmetric models. There are some standard programs at the market to
calculate the relic density, e.g. micrOMEGAs [172] or DarkSusy [I73]. Especially micrOMEGAs
is not restricted to neutralino dark matter and also new models can be implemented without
changing the source code by using CalcHep model files.

Low energy constraints There are often severe bounds on the parameter space of a
new model stemming from precision data. Repeating all the calculations to check these
constraints for a new model is a tedious challenge.

Monte-Carlo simulation The last step of the analysis of a new model is usually to study
the collider phenomenology. For that purpose, different Monte-Carlo (MC) generators like
WHIZARD [I74] or Phytia [I75] exist. Of course, for a new model they must be fed with all
necessary information.

One of the main topics of this work was to provide a tool which can automatize the above
mentioned steps as much as possible. The result is the Mathematica package SARAH [L76HITE].

2.1.

Introduction to SARAH

SARAH is a package for Mathematica and was mainly written with version 5.2, but also tested
with versions 6.0 and 7.0. In principle, SARAH can handle every N = 1 SUSY theory with a
direct product of SU(N) and/or U(1) gauge groups. The chiral superfields can be any arbitrary,
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irreducible representation with regard to these gauge groups, and all possible, renormalizable
superpotential terms are supported. There is no restriction on either the number of gauge
groups, the number for chiral superfields or the number of superpotential terms. Furthermore,
one can have any number of symmetry breakings or field rotations. A schematic picture of the
different steps performed by SARAH is given in Fig. 2.1}

We give in this section an overview how SARAH addresses the different tasks. In app. D] short
examples for the work with SARAH are given. A comprehensive manual of SARAH can be found in
Ref. [176] and the package can be downloaded from

http://theorie.physik.uni-wuerzburg.de/ “fnstaub/sarah.html

2.1.1. Gauge groups and group factors

SARAH supports all SU(N) gauge groups. The gauge sector in SARAH is defined by adding a vector
superfield for each gauge group to the list Gauge in the model file, e.g.

Gauge[[3]1={G, SU[3], color, g3, False};

The different parts define the name of the superfield, of the gauge group and of the gauge
coupling. In addition, the dimension of the gauge group is given. The last entry states, if the
gauge indices should be implicit or explicit.

In SARAH, chiral superfields are defined by using the list Field, e.g.

Fields[[1]] = {{uL, dL}, 3, q, 1/6, 2, 3};

Fields[[5]] = {conj[dR]l, 3, d, 1/3, 1, -3};

The first entry defines the names used for the component fields, then the number of generation
and the name for the superfield follows. Afterwards, the representation with respect to the
gauge groups defined by Gauge are assigned. The transformation of an irreducible representation
r under a given gauge group is in most cases fixed by its dimension D. Therefore, it is sufficient
to assign only D if it is unique. Otherwise,the Dynkin labels of r have to be given as additional
input.

For all gauge groups the generators for all appearing representations are needed in order to
write the kinetic part of the Lagrangian and the D-terms. All generators for non-fundamental
representations are written as tensor product in SARAH. Furthermore, the eigenvalues Cy(r) of
the quadratic Casimir

TT(r) = Ca(r)o(r) 21)
as well as the Dynkin index I(7)
Tr(TT?)é(r) = Iz(r)dapd(r) (22)

for any field ¢ transforming as irreducible representation r have to be derived. Those are needed
for the calculation of the RGEs and one-loop self-energies. T'® are the fundamental generators of
the gauge group. An introduction to such calculations for arbitrary Lie groups is given in [179].
The calculations are performed in SARAH by using the technique of Young Tableaux [180] which
is shortly presented in app. [Cl The different steps are: the Young Tableaux corresponding to
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Gauge Structure, Particle Content,

Superpotential
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Figure 2.1.: Schematic picture of the different steps performed by SARAH. The user has access to the
calculated information shown in boxes. The ellipses show the output which can be created by SARAH.
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the dimension D and, if necessary, to the Dynkin labels is created. This is done by using the
hook formula eq. (C.17). The number of rows and columns of the Young Tableaux defines the
number of co- and contra-variant indices. This provides already all information for writing the
generators. Afterwards, the vector for the highest weight A in Dynkin basis is extracted from
the tableaux. The value of Cy(r) is calculated from the highest weight using the Weyl formula

Colr) = (A, A+ p) . (2.3)

Here, p is the Weyl vector and the highest weight is expressed in the basis of the fundamental
weights of the gauge group. The Dynkin index I5(r) is calculated from Cy(r) by

Ir(r) = 02(7“)5((2) ; (2.4)

where D(G) is the dimension of the adjoint representation. For the last step, the value of I5(f)
of the fundamental representation f was normalized to %

The user can calculate Ca(r), I2(r) and the Dynkin labels independently of the current model for
any irreducible representation of SU(N) with the function CalcIrrepSUN[r,N] (see app.
for examples).

2.1.2. Gauge anomalies

Before SARAH starts the calculation of the Lagrangian, it checks the model for the different triangle
anomalies. These anomalies can involve diagrams with three external gauge bosons belonging
to the same U(1) or SU(N) gauge group. To be anomaly free, all possible sums over internal
fermions have to vanish

U); ZYZB: (2.5)

SU(N)? ZT1 (TETITHY =0 . (2.6)

TLTLTL

We label the different gauge groups with the indices i, j, k. Y,! is the charge of particle n under
the abelian gauge group 7 while T} is the generator with respect to a non-abelian gauge group.
Combinations of two different gauge groups are possible, if one group is an U(1). Hence, another
condition for the absence of anomalies is

U(1); x SUN); : > Vi Te(TiT)) =0. (2.7)

If more than one U(1) gauge group are present, anomalies can be generated by two or three
different U(1) gauge bosons as external fields, too. Therefore, it has to be checked that

U xUL? - S vivit=o, (2.8)

Ui x U x UL = ) Va¥lYvf=0 (2.9)

holds. In addition, it is checked that there is an even number of SU(2) doublets. This is
necessary for a model in order to be free of the Witten anomaly [I8I]. If one condition is not
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fulfilled a warning is given by SARAH but the model can be evaluated anyway.

2.1.3. Superpotential and Lagrangian

The superpotential is defined in a compact form using the variable SuperPotential:

SuperPotential = {{{Coefficient,Parameter, (Contraction)},
{Particle 1, Particle 2, Particle 3} }, ...}

Each term of the superpotential is defined by two lists. The second list assigns all involved fields.
The first list is two- or three-dimensional. It defines a numerical coefficient and the name of
the coupling. The gauge and generation indices of the involved superfields are automatically
contracted by SARAH. The used contraction can be displayed via

ShowSuperpotentialContractions;

Sometimes, there are more possibilities to contract all indices. Therefore, it is possible to fix the
contraction of each term using the third entry of the first list.

SARAH calculates the complete Lagrangian in component fields by performing the steps shown in
app. Al Since all terms of the Lagrangian are automatically generated, it is sufficient to check the
given superpotential for charge conservation. The matter interactions and F-terms are derived
from the superpotential while the kinetic terms, D-terms and gauge interactions are generated
using the information about the gauge groups derived in the first step.

If the gauge fixing terms are defined in R¢-gauge, the ghost interactions are deduced. In ad-
dition, the soft breaking masses for scalars and gauginos as well as the soft breaking couplings
corresponding to the superpotential couplings are affiliated to the Lagrangian.

Furthermore, it is possible to integrate fields out. During this process the effective operators up
to dimension 6 are calculated. Otherwise, it is possible just to ’delete’ fields. This performs the
same steps as integrating them out but doesn’t calculate the effective operators and, thus, saves
time. This might be demanded, if a non-supersymmetric limit of a theory should be considered.
Finally, it is possible to add non-canonical terms to the Lagrangian which originate not from the
superpotential or the gauge interactions. This can be done for any eigenstate. These interactions
are treated in the same way as all other terms, i.e. they are also rotated by a change of basis.
The definition of the MSSM is given as example in app. [D.1]

2.1.4. Symmetry breaking and rotations

Rotations for all matter and gauge fields as well as the decomposition of complex scalar fields into
their scalar components, pseudo scalar components and VEVs can be performed. All appearing
coefficients as well as the names of the rotation matrices to parametrize this change of the basis
can be chosen individually. Besides, it is possible to decompose a field carrying a generation index
into its different flavors in order to treat them separately. Afterwards, the complete Lagrangian
for the new set of eigenstates is calculated.

In principle, these steps can be repeated as often as needed. Therefore, it is no problem to go
first to the SCKM basis and afterwards to the mass eigenbasis. GUT theories involving several
symmetry breakings can be treated in the same way. The information of all intermediate steps
is saved. Hence, it is possible to calculate the vertices or masses of all eigenstates without the
necessity of a new model file or a new evaluation of the model.
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2.1.5. Masses and tadpole equations

When the complete Lagrangian is calculated, tree level relations can easily be extracted. The
masses and tadpole equations are derived automatically for each set of eigenstates during the
evaluation of a model. In this regard, the masses or the entries of a mass matrix are calculated
as second derivative of the Lagrangian

9L

_W (2.10)

mi; =
with respect to the considered fields ¢;. The tadpoles T; are the first derivative of the scalar
potential with respect to the different VEVs

ov _
81}2- o

T, . (2.11)

The user has access to both information by using the command
MassMatrix[Particle]

for the mass matrix of Particle and
TadpoleEquation[VEV]

for the tadpole equation corresponding to VEV. Examples for using this functions are given in

app. |D.2.2,

2.1.6. Vertices

The vertices are calculated as partial derivatives of the Lagrangian with respect to the involved
fields and applying afterwards the vacuum conditions. The vertices can be calculated in two
ways. Either it is possible to calculate the vertices for a specific choice of external particles or
to calculate all vertices of the complete model at once. The former task is evolved by

Vertex[{Particles},Options];

The argument of this function is a list with the external particles. The options define the set of
eigenstates and usage of relations among the parameters. In the results, the different parts of
a vertex are ordered by their Lorentz structures. If possible, the expressions are simplified by
using the unitarity of rotation matrices, the properties of generators and, if defined, simplifying
assumptions about parameters.

All vertices for a set of eigenstates are calculated at once by

MakeVertexList [Eigenstates, Options];

This searches for all possible interactions present in the Lagrangian and creates lists for the
generic subclasses of interactions, e.g. VertexList[FFS] or VertexList[SSVV] for all two-
fermion-one-scalar interactions and all two-scalar-two-vector-boson interactions, respectively. If
effective theories are considered, six-particle interaction can be switched off during this calcula-
tion. Those interactions slow down the computation and they are often not needed.
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2.1.7. Renormalization group equations

SARAH calculates the RGEs at one- and two-loop level for the high scale theory without broken
gauge symmetries. This is done by using the generic formulas of [182]. The calculation of the
RGEs can be started after the initialization of a model via

CalcRGEs[Options];

The result of this calculation are the one- and two-loop anomalous dimensions for all chiral
superfields and the one- and two-loop S-functions for all gauge couplings, all parameters of
the superpotential, all soft breaking parameters and all VEVs. During this calculation, it is
possible to treat the number of generations of specific chiral superfields as variable to make the
dependence of the different parameters on these fields explicit. This might be helpful for models
which include chiral superfields much heavier than the SUSY scale like GUT theories. Details
about the output and the different options are given in app. [D.2.4]

2.1.8. One-loop tadpoles, self-energies and masses

SARAH calculates the analytical expressions for the one-loop corrections to the tadpoles and the
one-loop self-energies for all particles. The executed steps are a generalization of the procedure
applied in [I83]: the calculations are performed in DR-scheme using 't Hooft gauge and they are
started for the different eigenstates through

CalcLoopCorrections[Eigenstates];

The results for the loop corrections are saved in two different ways. First as list containing
the different loop contributions for each particle. Every entry of this list includes for each
contribution the internal particles, generic type of the diagram, numerical factors coming from
symmetry considerations and possible charges in the loop. The second output is a sum of all
contributions. This sum is generated using the generic results of appendix The second form
can, for example, be written as pdf-file using the KIEX output of SARAH.

The self-energies can be used to calculate the radiative corrections to masses. We show this in
sec. p.2] when we perform a complete one-loop corrections of the masses in the NMSSM.

2.2. Output of SARAH

2.2.1. Output for diagram calculators and ETEX

CalcHep/CompHep CalcHep and CompHep are well known and widely used programs for cal-
culating cross sections and decay widths via a diagrammatic approach at tree level. The model
files produced by SARAH for those programs support both Feynman gauge and unitarity gauge.
Furthermore, SARAH can split interactions between four colored particles in a way that they can
be handled by CalcHep/CompHep and also models with CP violation are possible. The model
files for CalcHep/CompHep are created by

MakeCHep[Options];

The options define, whether the Feynman gauge should be included. Also the splitting of specific
four-scalar interactions can be suppressed as long as they are not colored. In addition, the running
of the strong coupling constant can be included as it is usually done in the standard CalcHep
files.
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FeynArts/FormCalc FeynArts is a Mathematica package for creating Feynman diagrams and
the corresponding amplitudes. This information is afterwards used by FormCalc to simplify the
amplitudes and square them by using FORM. In contrast to CalcHep/CompHep, FeynArts/FormCalc
can deal also with loop diagrams. Beside the standard model file for FeynArts, SARAH writes a
second file including supplementary information about the model: all defined dependences, the
numerical values for the parameters and masses, if they are available, and special abbreviations
to speed up the calculations with FormCalc. The model files are generated via

MakeFeynArts;

IBTEX The generated IMTEX files include all information about the model in a pleasant form:
particle content, mixing matrices, tadpole equations, RGEs, one-loop self-energies and one-loop
corrections to the tadpoles as well as all interactions. The XTEX output using the standard
functions of Mathematica is not really readable when dealing with long expressions. With this
in mind, special functions were developed for a better typesetting. For each vertex, the corre-
sponding Feynman diagram is automatically drawn using FeynMF [184]. In addition, a batch file
for Linux and for Windows is written by SARAH to simplify the compilation of the different IXTEX
files including all Feynman diagrams. The command for producing the KTEX output is

MakeTeX [Options];

One option is to disable the output of the Feynman diagrams.

2.2.2. Spectrum calculation: Combining SARAH and SPheno

SARAH is based on Mathematica and therefore it is not sensible to do exhaustive numerical cal-
culations in SARAH’s native environment. As opposed to that, there is SPheno, a well tested
spectrum calculator written in Fortran. SPheno provides fast numerically routines for the eval-
uation of the RGEs, calculating the phase space of 2- and 3-body decays as well as Passarino
Veltman integrals and much more. Since these routines are model independent, they can be used
in principle for all SUSY models implemented in SARAH.

Our idea for combining all advantages of SPheno and SARAH in order to create a very efficient
and easy way from the model building to numerical results is depicted in Fig. The model
is defined in SARAH in the usual way. SARAH calculates all analytical expressions needed for a
complete analysis of the model. This information is exported to Fortran code in a way that it
can be included in SPheno. This generates a fully functional version of SPheno for the new model
without any need to change the source code by hand.

Moreover, the user has control over the properties of the SPheno version which is generated by
SARAH using a special input file: first, it is possible to define the free parameters of the model.
Those build later on the Block MINPAR in the LesHouches input file. Second, the boundary condi-
tions at the GUT-, SUSY- and electroweak scale as well as at possible threshold scales can be set.
Third, it can be defined what parameters are fixed by the solutions of the tadpoles equations.
An approximated solution to the tadpoles can also be given, if there isn’t an analytic one.
SARAH produces replacements for all model dependent files of SPheno. These files have to be
copied in the src-directory of SPheno. A Makefile for compiling the new model afterwards as
well as a template for a LesHouches input file is written by SARAH.

The routines for generating the source code for SPheno will be included in the next main upgrade
to version 3.0 of SARAH. The command to calculate automatically all necessary information and
to write the source code files is
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’ Define Model in SARAH
i
Derive necessary information: couplings, masses, loop
contributions, RGEs, decay channels, ...

7

’ Generate model dependent source code for SPheno ‘

7

’ Compile and run SPheno ‘
J
Give masses/parameters to relic density calculator, event
generator, ...

Figure 2.2.: The model is defined in SARAH. Afterwards, SARAH generates all necessary files to implement
this model in SPheno, micrOMEGAs and an event generators. This provides an completely automatized
way from model building to phenomenology.

MakeSPheno [Options];

As option, the name of the SPheno specific input file of SARAH can be given. This offers the
possibility to create easily SPheno versions for the same model with changed boundary conditions
or another set of free parameters.

2.2.3. Low energy constraints and Monte-Carlo generators

It is possible to check the low energy constraints for new models, since the corresponding routines
are added to the generated SPheno version. However, the used formulas are not yet derived in
a fully generic way. They are based on the formulas already implemented in SPheno and don’t
support particles in a non-trivial representation not present in the MSSM.

Moreover, functions for the output of specific model files for a MC generator don’t exist yet. At
least, the first version of WHIZARD [I74] can be used with model files for CompHep. Both aspects
should be improved in future.

2.3. Input and evaluation time

2.3.1. Input files

All information about a model is saved in three different files: Model.m, parameters.m and
particles.m. Only the first one is absolutely necessary and contains the information about
the gauge sector, particle content, superpotential and mixings. In parameters.m the user can
assign properties to all parameters of the model, give numerically values and define the KTEX
names for each parameter. In particles.m supplementary information about the particles can
be given, which might be needed for an appropriate output: R-parity, mass, width, PDG code,
KTEX name and output name.

All three files are written in an intuitive way and can easily and quickly be changed. The model
file for the MSSM is explained in app. An example for changing the model file of the MSSM
to a model file for the NMSSM is given in [177].
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Command MSSM  MSSM-CKM NMSSM  uvSSM
Start 12.75 18.03 19.02 27.06
ModelOutput [EWSB] 74.83 78.70 94.64 115.08
MakeFeynArts 0.74 3.58 1.12 0.98
MakeCalcHep[] 6.03 22.74 15.57 47.08
MakeTeX[] 0.81 5.79 1.25 1.38
CalcRGEs[] 50.72 50.8 91.07 265.29
CalcLoopCorrections [EWSB] 7.07 28.44 8.14 7.98

Table 2.1.: Needed time in seconds to evaluate several commands of SARAH in Mathematica 5.2.

2.3.2. Existing models

Besides different implementation of the standard MSSM (with /without flavor violation, in CKM
basis and with CP violation), there exist models file for the MSSM with bi- and trilinear R-
parity violation and for the purSSM [185]. Model files with and without CP violation are also
available for the NMSSM [186]. In addition, several other singlet extensions of the MSSM are
already implemented [187]: the singlet extended MSSM (SMSSM), the U(1)-extended MSSM
(UMSSM), the secluded U(1)-extended MSSM (sMSSM) and the near-to-MSSM (nMSSM). Also
for the SU(5)-motivated models analyzed in chapter [4 model files have been created. Moreover,
the next public version will contain model files for models with an additional U(1)g_;, gauge
group [188] as well as a SUSY left-right model [189].

2.3.3. Evaluation time

To give an impression for the needed evaluation time for different routines and models, we have
collected some values in Table These times were measured with Mathematica 5.2 running
on an Intel Quad CPU Q8200 with 2.33 GHz and 4GB RAM.

2.4. Verification of the output

Masses and interactions We have checked the model files generated with SARAH for the MSSM
against the existing files of FeynArts and CalcHep. The checks happened at vertex level and
for complete processes, too. We have compared the numerical value of each vertex for different
sets of parameters and all possible combinations of generations (more than 5000). In addition,
we have calculated several 1 — 2 and 2 — 2 processes with the old and new model files. During
our tests, we have also calculated the relic density with micrOMEGAs. An example for the good
agreement is given in Table

SARAH was also used in [I90] and the results were cross checked in several ways. Furthermore,
there was a detailed check of the expressions calculated by SARAH for the purSSM, the NMSSM
[191] and a SU(2), x SU(2)r - model [192].

Renormalization group equations and loop corrections We have compared the analytical
results for the one- and two-loop RGEs calculated by SARAH for the MSSM with [182] and for
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CalcHep SARAH

Qh? 0.191 0.191
Channels | 38.72 %: x1x1 — eséz 38.73 %: x1x1 — e3€3

30.40 %: x1x1 — e2e2  30.39 %: x1x1 — €262
29.23 %: xyix1 — e1e1 29.23 %: x1x1 — e1€1
0.31 %: xix1 — vsiis 0.31 %: x1x1 — v
0.30 %: x1x1 — i 0.30 %: x1x1 — vain
0.30 %: x1ix1 — i 0.30 %: x1x1 — niin
0.24 %: x1x1 — uois  0.24 %: x1x1 — u2lio
0.23 %: x1x1 — wiar  0.23 %: x1x1 — w1t
0.10 %: x1x1 — d3ds  0.10 %: x1x1 — d3ds
0.07 %: xix1 — Z2Z 0.07 %: xyax1 — 27
0.04 %: x1x1 — dads  0.04 %: x1x1 — dads
0.04 %: x1ix1 — didy  0.04 %: x1x1 — didy

Table 2.2.: Comparison of a relic density calculation with micrOMEGAs 2.2.0. For the left column, the
model file for the MSSM included in micrOMEGAs was used. On the right side, the model file generated
by SARAH was implemented in micrOMEGAs.

the NMSSM with [I86]. The only difference has been in the NMSSM the two-loop RGE of
Ax. A second calculation by authors of [I86] has confirmed the result of SARAH. Besides, we
have checked a model containing non-fundamental representations, namely, the SU(5) inspired
seesaw 1l model of [I93] and [I94]. It is known that the there are discrepancies of the RGEs
given in these two papers. Our result fully agrees with [193].

The analytical expressions of the self-energies calculated by SARAH for the MSSM were checked
against the results of [I83]. In addition, the self-energies and the resulting loop corrected masses
for the NMSSM are discussed in chapter 5] Furthermore, numerically checks have been done by
comparing the RGEs and self-energies for the MSSM separately with the functions implemented
in SPheno [I64]. Both sets of RGEs and self-energies are in full agreement.

Complete spectrum Calculating the complete spectrum for the MSSM by using only formulas
derived by SARAH is a combined check for all vertices, RGEs and loop corrections. As mentioned,
there are spectrum calculators for the MSSM and NMSSM to check the obtained results. For the
discussion of the NMSSM, see sec. [5.4l Here, we show two examples for the comparison with the
official SPheno version. The chosen parameter point for a check of a standard mSugra scenario
was

mo =80GeV , M, =250GeV, Ay=-300GeV, tanB =10, signu=1. (2.12)

Fig. 2.3 and Fig. 2.4]show a comparison between the official SPheno version 3.0v48 and a SPheno
version completely generated by SARAH. We will call this version in the subsequent SARAH-SPheno.
In Fig. the mass of the lightest Higgs for a variation of mg between 80 GeV and 2 TeV is
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Figure 2.3.: Comparison between an automatically generated version of SPheno by SARAH (blue line)
and the official version SPheno3v48 with (red) and without (dashed red) two-loop corrections in the Higgs
sector by a variation of mg. Left: mass of the lightest Higgs hy. Right: relative difference between the
one-loop masses of both programs.

depicted. Since SPheno calculates the Higgs masses and tadpoles at two-loop level, there is of
course a difference to the result of SARAH-SPheno which calculated the masses at one-loop. After
switching off these corrections in SPheno, the agreement between both codes is nearly of order
10~*, what was the used numerical precision for calculating the spectrum. This can be seen at
the right plot of Fig. where the relative differences

MgPheno — TSARAH—SPheno
Am = (2.13)

TMsPheno

is depicted. The origin of small numerical differences comes from the treatment of the loop
corrections to the tadpole equations: SPheno calculates them in an iterative way with tree level
masses modified by the tadpoles equations while SARAH-SPheno calculates them only once to
maintain gauge invariance. This leads to slightly different Higgs masses which cause a small
shift in the GUT scale. Fig. shows the mass of the lightest neutralino for both versions of
SPheno for a variation of M, in the range 250 GeV - 2250 GeV.

In Table 2.3] the result for a comparison between SPheno 3v50 and the the SPheno version
generated by SARAH for the seesaw III model is summarized. For this comparison, the two-loop
self-energies for the Higgs and the two-loop tadpoles were again disabled in SPheno. The mSugra
input parameters are chosen to be

mo =90GeV , M =400GeV, Ag=1500GeV, tanf =10, signu=1. (2.14)
In addition, the specific parameters for seesaw 111 were set to
YB,ll =1-10"8 , YB’QQ =2-1078 , YB733 =3-10"8 R
My =4-10"GeV, My =6-10"GeV, Mys3 =238 -1014GeV . (2.15)

The exact meaning of those parameters is explained in chapter @l This input leads to three
different threshold scales. At each scale one generation of heavy fields is integrated out and the
finite shifts for gauge couplings and gauginos are calculated. All necessary routines for these
steps are written by SARAH. This leads to an agreement similar to the case of the MSSM.
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Figure 2.4.: Comparison between an automatically generation version of SARAH (blue line) and the
official version SPheno 3v48 (red) by a variation of M, ;. Left: mass of the lightest neutralino x9. The

lines are nearly identical. Right: relative difference.

SPheno 3v50 | SARAH-SPheno

GUT Scale [GeV] 2.533 - 1016 2.504 - 1016
mw,[GeV] at Q = 8- 1014 GeV | 8.879 - 10 8.885 - 104
my,[GeV] at Q@ =6-10 GeV | 6.707 - 1014 6.711 - 10
mw, [GeV] at Q =410 GeV | 4.516- 10" 4.519 - 10

Mo GeV] 93.0 92.8

myg[GeV] 175.3 175.0

mg[GeV] 454.5 454.6

mso[GeV] 465.7 465.8

i [GeV] 175.2 175.0

My [GeV] 466.2 466.3

mp, [GeV] 98.7 98.7

M, [GeV] 467.8 467.9

m 40[GeV] 467.9 468.9

my+[GeV] 474.2 474.8

Table 2.3.: Comparison between SPheno 3v50 and SPheno-SARAH in case of seesaw III and three thresh-
old scales. In the official version SPheno 3v50, the two-loop corrections to the Higgs masses and tadpoles
were disabled. myy, are the masses of the different generations of the SU(2)r-triplet at their threshold

scale.
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CHAPTER THREE

GRAVITINO DARK MATTER IN GAUGE MEDIATED SUSY
BREAKING

As already discussed in the introduction, it is assumed that the SUSY breaking is transmitted
from a hidden or secluded sector to the visible sector. Models in which the effects of SUSY break-
ing are communicated via the usual gauge interactions [54} [55], [195H201] to the visible sector have
recently achieved considerable attention (see e.g. [202H205] and references therein), in particular
in view of model building and understanding the mechanism of SUSY breaking. An attractive
feature of such models is the natural explanation for the smallness of SUSY contributions to
flavor changing neutral current phenomena due to the strongly constrained SUSY spectrum. In
gauge mediated SUSY breaking (GMSB) models, there are two new sectors [55], [199-H201] 206]:

a) the secluded sector: this is a strongly interacting sector in which SUSY is broken dynami-
cally. We refer here to 'secluded’ sector to differ it from the ’hidden’ sector of models where
SUSY breaking is transmitted via gravity.

b) the messenger sector: it contains fields charged under SU(3)c x SU(2)r x U(1)y gauge
interactions which communicate SUSY breaking to the ordinary sparticles. Usually, it is
assumed that they come in complete SU(5) representations or representations of larger
groups containing SU(5) as subgroup, so that the success of gauge coupling unification
does not get spoiled.

In these scenarios, the gravitino is usually very light, in the range between a few eV up to
O(1) MeV. The masses of the messenger particles and some of the fields in the secluded sector
can be as low as 100 TeV implying that they can act as cold dark matter if their masses are below
the reheating temperature and if they are stable. The gravitino is the lightest SUSY particle in
GMSB models and all MSSM particles decay into it in a cosmologically short time. Therefore,
the gravitino forms the dark matter in these models. This aspect has been extensively discussed
in the literature [207-212].

However, in GMSB models there are serious problems with cosmology: first, if only the gravitino
was responsible for dark matter assuming the standard history of the universe, it would be warm
dark matter with a mass of about 100 eV. But, bounds from observations of the Lyman-« forest
rule warm dark matter with masses below 1.5 keV out. Gravitinos with a mass consistent with
these observations would overclose the universe. Second, if messenger particles are produced
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after inflation and if messenger number is conserved, one will in general obtain an exceedingly
large contribution to Qh? which overcloses the universe, too. Both problems can, in principle, be
solved by breaking messenger number. The idea is that decays of the lightest messenger particles
give rise to sufficient additional entropy production once the gravitino has decoupled from the
thermal bath. However, we will show below that this statement is incorrect as only part of the
possible messenger decay modes have been taken into account in the literature.

So far, we have implicitly assumed that R-parity is conserved implying a stable LSP. There
is one experimental observation which can be explained by the breaking of R-parity, namely,
neutrino masses and mixings. In the simplest model, one adds bilinear R-parity breaking terms
to the MSSM superpotential and in this way neutrino data can be explained. Moreover, this
class of models is also consistent with constraints from baryogenesis [213]. Neutrino physics gives
a lower bound on the R-parity breaking parameters such that the lightest MSSM particle will
decay within a small fraction of a second. However, this does not apply to a light gravitino,
which eventually decays, but neutrino physics now implies that its life time is much larger than
the age of universe [214-216].

After an introduction to GMSB, we discuss first the case of messenger decays with conserved
R-parity in minimal GMSB. Afterwards, we show the effect of R-parity violation and extend the
discussion to other messenger sectors.

3.1. Gauge mediated SUSY breaking

3.1.1. Messenger sector and SUSY masses

The mediation of the SUSY breaking from the secluded to the visible sector happens in GMSB by
messenger particles charged under SM gauge groups. These messengers are described by chiral
superfields of Ny flavors and come always in pairs which transform under the representation r+r
of the gauge group. In the minimal case, the messengers are 5 + 5 under SU(5) and only one
flavor exists. An important quantity for the phenomenology of GMSB models is the so called
messenger index N defined as

Ny
N = an . (3'1)
=1

Here, n; is twice the Dynkin index of the representation. In the case of SU(5), the values are
n = 1 for messengers transforming as a 5 and n = 3 for a 10. We will denote the messenger 5-plets
with ®,7, ®,7. The interaction of the messengers with a secluded spurion-field S is described by
the superpotential term

W = AS®y Py . (3.2)

S is a gauge singlet under SM gauge groups and acquires a VEV along its scalar and auxiliary
component due to hidden sector interactions, which we leave here unspecified

(S) =M +©°F . (3.3)
The coupling A of eq. (3.2) is often absorbed into a redefinition of M and F

M = AM | F = \F . (3.4)
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Dy
@M //~\

Figure 3.1.: Generation of soft breaking masses at different loop levels for the scalars and gauginos due
to messenger interactions.

The parameters M and F are the fundamental scales in this theory. F < M? is required because
of the positivity of the squared masses of all scalar messenger particles. This can be seen as
follows: by inserting eq. in eq. (3.2) and applying eq. (3.4)), the fermionic component ¢ is
getting a mass M while the masses of the scalar components ¢; are given by the diagonalization
of the mass matrix

M? F 55)
F M2 '

written with respect to the basis (qg M, J’M) The eigenvalues and eigenstates of this matrix are

by = ;5 (butdn) . mo_=VIPEF. (5.6)
In phenomenological studies, the limit F' < M? is often considered because the ratio A = %
defines the scale of the soft breaking parameters: when the spurion S has received its VEVs
according to eq. and induces the mass splitting of the components of the messenger super-
fields, the soft breaking masses of the MSSM fields are generated via loop diagrams involving the
messenger particles. The gauginos receive masses M5 at one-loop level while the scalar masses

m? are generated at two-loop level due to diagrams like these depicted in Fig. The leading

approximations for the soft breaking masses are

o 3 ~ (67 2
igf) Ao, mi()=23Cu(Pk 192 (A +hrAZ) - (37

M, (1) = &

a(t); are the running coupling constants. The values of k; for the different gauge groups are
k1 = g, ko = ks = 1. Furthermore, we defined

e (1)

with the one-loop S-coefficients by = 11, by = 1 and b3 = —3. The SUSY soft breaking scales Ag
and Ag depend only on the ratio % for a fixed messenger index

F2
A% = N+ (3.9)

F

A =N—
G M’
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We have neglected terms of O <%) On the other hand, it is possible to get soft breaking

masses of the correct order in the case F' ~ M?, too. While eq. (3.7) keeps its form, the results
for the SUSY breaking scales change to

Ag = Ng (AZ) AL =Nf (52) (3.10)

with

z2 ozt S 22 11z* 31928

~l4 4 4 40 ~l4+—=—— -

A detailed discussion of the SUSY spectrum in GMSB models is beyond the scope of this work,
so we refer to [206] and references therein regarding this topic. In the subsequent, we will focus

on the cosmological aspects of the messengers and of the LSP in GMSB, the gravitino.

+ 0% . (3.11)

3.1.2. The gravitino in GMSB

Mass of the gravitino The gravitino is the LSP in GMSB and receives its mass via the Super-
Higgs mechanism by ’eating up’ the Goldstino after SUSY breaking. The mass of the gravitino
can therefore be related to F' which is responsible for SUSY breaking and to the Planck mass
Mp by 217, 18]

mays = \}5 (kAj\JZ) . (3.12)

Here, we introduced the parameter k defined as

F

k= ,
Ftot

(3.13)

where Fiot = F' + ), Fz, is the sum of all F-terms in the secluded sector. k parametrizes how
SUSY breaking is communicated to the messengers. In our case, it is normally of O(1) because
of the superpotential term eq. . Whereas, it can be much smaller in case of radiative
SUSY breaking in the messenger sector. Normally, M of O(10%) GeV is needed to produce
phenomenologically valid SUSY masses and not to introduce large flavor violation due to a high
SUSY breaking scale and large RGE effects. In that case and for moderate values of k, the
gravitino mass is in the keV range.

Interactions of the gravitino The dominant interaction of the gravitino G is an effect from the
coupling to the supercurrent. The corresponding terms in the Lagrangian are [219]

1 .= . 1 . ~
L=~ - _ DV *zG Vb Dy it AV (]
G NI "G Y X R NI ' X" G
i = 12 a a
a7 enly AN ES) (3.14)

As long as the gravitinos are lighter than the considered energy scale here, the interactions of
the spin % are dominant, since they are given by the Goldstino component. In this limit, an
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Figure 3.2.: Vertices of the gravitino in case of small gravitino masses. The interactions are dominated
by the Goldstino component and the contribution of the spin %—component was neglected here.

effective Lagrangian can be written as

1 = . . = . .
Leg = — | (GX% ) 0,0"¢" — | GO,L0" Y, | +h.c.
o = (i (@) aarsr — (Gami) o] +uc)
1 =
Gy A PO N L), 3.15
WeMpmy), Y, 771770, h¥ (3.15)

The Feynman rules for the coupling to matter fields stemming from the first two terms of
eq. (3.15) are depicted in Fig. [3.2]

Life time with broken R-parity If R-parity is broken, the LSP is no longer stable. To explain
neutrino data with bilinear R-parity violation, the mixing parameters between neutrino and
neutralinos are of a size to rule out the neutralino as dark matter completely because it will
decay in cosmological short times. Just the gravitino might be still a dark matter candidate
because its interaction is naturally suppressed by the Planck scale. The decay width for a
gravitino into neutrino and photon was calculated to [216]

3
~ 1 mg o

Here, |U,,|* = Z?Zl | cos Oy Nyp +sin Oy Nja|? is fixed by neutrino data. It can be approximated
by

my

U, l>?=35-10014—Y .
Uyl 0.056V

(3.17)
If we assume a light gravitino with mass mg/, ~ 1 keV, this leads to a life time of about
1028 Hubble times, i.e. it is on cosmological scales still stable and contributes to the measured
amount of dark matter in the universe.
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3.2. The cosmological gravitino problem

3.2.1. The problem

We have already discussed the cosmological aspects of the gravitino in sec. [1.3.2] with this in
mind, we just repeat the main statement. Using assumptions consistent with the standard
thermal evolution of the early universe, the abundance of thermal produced gravitinos is given
by

mg/o 100

O oh? = ) 1
3/2 keV g (3.18)

Here g, is the effective number of degrees of freedom at the time of gravitino decoupling. This
implies that the gravitino forms warm dark matter in the mass range of O(100) €V.

However, as already mentioned, there are stringent constraints on the contribution of warm dark
matter particles with free-streaming lengths of the order of galaxy scales or larger to the total
dark matter content. More precisely, if dark matter is assumed to consist of only one particle
species, its mass is limited from below by the amplitude of the small scale power spectrum which,
in turn, currently receives its tightest constraints from observations of the Lyman-« forest [115].
This bound has recently been increased by an order of magnitude ruling out pure warm dark
matter scenarios with particle masses below 8 keV for non resonantly produced dark matter
[116]. Gravitinos with masses up to O(MeV) have once been in thermal equilibrium as long
as the reheating temperature is above 10° GeV. For those thermal relics the bound is 1.5 keV
while mixed dark matter scenarios dominated by a cold component allow a contribution of up
to 60% by a warm dark matter particle of any mass above 1.1 keV. There remains a number
of systematic uncertainties in the interpretation of Lyman-«a observations, mostly related to the
poorly understood thermal evolution of the intergalactic medium. Nevertheless, the overall result
is fairly robust (for a detailed discussion, see [116]), so that pure gravitino dark matter allowed
by Lyman-a bounds would have a relic density at least 15 times higher than the measured dark
matter relic density.

An additional difficulty stems from the fact that in typical GMSB models, the lightest messenger
particle is stable as a result of the conservation of messenger quantum number. Its relic density
is calculable similarly to the case of a neutralino LSP and is found to scale as [208]

m?

Quh? = 10° ——— 3.19
M (103 TeV)2 (3.19)
where m_ is the mass of the lightest messenger particle. This overcloses the universe in most of
the parameter space as discussed below. The situation becomes even worse because, as we will
show below, there are usually several different types of stable messenger particles, one for each
type of the corresponding SM gauge group representation.

3.2.2. Proposed solution: messenger number violation

Messenger decays A possible solution to both problems might be additional entropy generated
by decays of the lightest messengers into SM fermions [208-212]. Those decays are motivated
by the observation that, in general, gravitational interactions break global symmetries and thus
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one expects terms like

1174 _ _
< 2> Prrssm®Pu = fms®ussu®u (3.20)

W = f

in the superpotential [212]. ®ps95ns is a 5-plet containing the right down quark superfield and
the left lepton superfields of the MSSM. In the framework of supergravity, a possible origin for
such a superpotential term can be highlighted by adding to the minimal K&hler potential

Ko=) oo, (3.21)

a non minimal part 0 K given by
0K = (I)]usgju‘i)]y[ + h.c.. (322)

This term is allowed by gauge symmetries and possibly by an R-symmetry as well, for conve-
niently chosen R charges. Then, making use of the usual invariance of the supergravity La-
grangian under Kéhler transformation K — K + F(®) + F*(®*) followed by superpotential
W — e F'W scalings, the above term in the superpotential is obtained for F(®) = —§K to the
lowest order in Mip [212].

Owing to such interactions, the lightest messenger field decays into standard model fermions. It
has been claimed in literature that it is sufficiently long lived to substantially produce entropy,
diluting the gravitino abundance. This in turn would imply that heavier gravitinos with masses
above 8 keV would be viable dark matter candidates.

Calculation in literature We summarize briefly the calculation so far presented in literature
[209, 210, 212]. It is assumed that F' < M? and the lightest messenger decays due to the mixing
term of eq. (3.20) predominantly into a neutralino and a SM fermion with a decay width of

2 2
g Jfms/o
:1627r< M/ > M. (3.23)

Applying this result, one can calculate the decay temperature to

f 10 1/4 ms3 1/2 A 1/2
Tp ~ 68MeV x —= —_— . 3.24
D N \g(Th) (10 ke\/) 105 GeV (324)
Furthermore, inserting eq. (3.19)) leads to a yield of Y, = % ~ 3.65-10710 (%) Taking
the results together, the authors end up with a diluted relic density of the gravitinos of
1
Q300> = Q —
3/2 3/2 initial % YANY:
1/4 5/2 1/2
— 0.14xf (10 ) ( 230 ) ( AS/k ) <2kev) . (3.25)

In the last step the definition of the dilution factor of eq. (1.70) was used. This would imply
that the lightest messenger scalars decay after the freeze out of the gravitinos and before BBN.
Furthermore, the dilution for a natural choice of parameters f = O(1) could lead to a relic
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density of the gravitinos of Qh? ~ 0.1. This conclusion would be correct in the absence of an
event which has not been taken into account so far: electroweak symmetry breaking which opens
new decay channels, namely, into vector bosons. Also the effect of the other messenger particles
was ignored so far.

3.3. Messenger decays

3.3.1. The considered model without R-parity violation

Superpotential and soft breaking terms We do a complete re-analysis of the scenario presented
in literature. We start with the analysis in case of conserved R-parity. The effects of bilinear
R-parity violation are discussed in sec. First, we consider the minimal messenger sector by
adding a 5 and 5 messenger pair under SU(5) to the particle content. The mass term of the
messengers in the superpotential is given by eq. and we use the mixing between messengers
and SUSY fields resulting from eq. . We decompose the messenger 5-plets according to SM
representations by defining the superfields as

Dy _ D3
o= T, Oy = ). (3.26)
L L

Furthermore, the fermionic components are called Dg and Dpg while the scalar components are
written as Dr and Dg. The lepton-like messengers are named in the same way. Using these
conventions, the superpotential for the considered scenario is

W =Wyrssm + M[)Rf)R + Mﬁ[i + fimg/g <[)CZ—|— ﬁi) . (327)

Wrssar is the superpotential of the MSSM of eq. (1.13)). We have suppressed here the color and
SU(2)r indices. The arising soft breaking terms are

Lsp = Lspmssm — Bu (DRD}E + Ei*) — Bymg s (DRCZ*R + ii*)
—m%RﬁRD}} - m%RDRD}‘% — m%fjf‘ + m%l_}l_}* . (3.28)

Lgp are the soft breaking terms of the MSSM already given in eq. . We will neglect in
the following the soft breaking parameter Bjs. The reason for this is that such a mixing term
is not induced at one- or two-loop level. This can be understood as follows: the amplitudes
at one- or two-loop level contributing to this term are proportional to cos(2«), where « is the
mixing angle of the two scalar messenger particles. The corresponding mixing matrix is given by
the diagonalization of eq. , ie « muzst b62 equz;l to an;i the amplitudes vanish. The soft

breaking mass terms of the messengers mz, mg, mz and my - are given by the corresponding
R

loop diagrams involving the messenger fields. We will calculate them in sec. [3.3.2

Effective Lagrangian In the case of F' ~ M?, there is a large mass splitting in the scalar mes-
senger sector. This has the effect that at energy scales below M only the light scalar components
of eq. are degrees of freedom, since all interactions of the heavy fields are suppressed by
inverse powers of its mass [58]. In such cases we can consider an effective theory in which the
heavy scalar messengers and the fermionic messengers are integrated out. The effective operators
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Electroweak eigenstates | Mass eigenstates

DLa v_ Vi
€L,is€R,is B €;
dri,dr;, D d;

Table 3.1.: Mass eigenstates after EWSB involving light scalar messengers. The other mass eigenstates
are the same as in the MSSM shown in Table We use for the heaviest mass eigenstates of charged
sleptons, sneutrinos and down-type squarks a lower index M to assign their messenger nature: €, = ér,
dyr = dr, Uy = Uy

contributing to masses of the messengers are O (m% /2>, i.e. they are negligible. Furthermore,
there are no large contributions to the decays of the messengers coming from higher dimensional
operators, so there is no need to calculate them. Hence, the step from the complete to the effec-
tive theory can easily be done by just dropping the fermionic messengers. In the scalar sector,
the rotation eq. has to be performed and the heavy messenger can be removed from the
spectrum afterwards. To this end, we define

- \}5 (i--L.). L= \}5 (B2 +i3) . (3.29)
D= ;5 (b--D.). D= ¢1§ (D= +D2) . (3.30)

L_ and D_ are the light messengers remaining in the spectrum.

Mass eigenstates After EWSB, the messenger doublet L_ splits in sneutrino and selectron-like
components called 7_ and E_, respectively. These particle mix with the MSSM sneutrinos and
charged sleptons. In addition, the strongly interacting messenger D_ mixes with the d-squarks
of the MSSM. We have summarized the mass eigenstates involving light scalar messenger after
EWSB in Table Since the heaviest mass eigenstates of 7, € and d are almost completely
messenger-like, we use for them in the following the names vy, €37 and CZM.

Masses and vertices We have used SARAH to calculate all vertices and mass matrices of the
model. The mass matrices as well as the vertices responsible for the dominant decays are given
apps. and [F.3] All other vertices like the lengthy but negligibly small, scalar interactions can
easily be reproduced with the model file GMSB_eff for the effective model, which is not a part
of the official distribution but listed in app. The minimum conditions of the vacuum are
calculated by

= 5o =

T 0, i=d,u. (3.31)

The results are the same as in the MSSM and read

ov

G = —vaRe{ B} va(miy, -+ 1+ 5 (o +03) (— e+ k) (3.32)
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Figure 3.3.: One-loop corrections to mass of the lightest, scalar messenger. We neglect possible contri-
butions from spurion interactions as well as tiny corrections proportional to ms ;.

SZ = —viRe{ By} +vu (miy, +[uf” - é(g% +93)(—vi+d))- (3.33)

We will solve these equations later on with respect to B,, and p like usually done in the MSSM.

Analytical approximation Before we do a complete numerical analysis of this model, we want
to get an estimation for the size of the mixing of the messengers with other fields. The mixing
between the messenger fields and ordinary MSSM fields is induced by eq. . For simplicity,
we can assume that the couplings of the messenger superfield is generation independent, i.e. fi =
fo = fs = f. Relaxing this assumption does not change any of our conclusions. The mixing
between the lightest messenger and the SUSY fields in the basis (7r,,7_) is given by

1
M T (D +f 2m§/2) % vl s M , (3.34)
%fm;;/zM M2—F+D’+%f2m§/2

where D and D’ denote D-terms occurring after EWSB with D = O(M2) and D' ~ 0. The
latter holds because D’ is proportional to cos2aq, i.e. such contributions vanish. The induced
mixing between the sneutrinos and the neutral messenger scalar is then of the order

fm3/2M N fm3/2M

5~ V2(M2—F)  am? (3.35)

3.3.2. Corrections to messenger masses

One-loop mass The dilution factor is sensitive to the the decay temperature. Therefore, it is of
vital importance to know how small m_ can be as this gives an upper bound on the life-time. At
tree level one might argue that v/ M? — F can be adjusted to arbitrary small values but it turns
out that this doesn’t hold at one-loop level. We have calculated the one-loop corrections to the
mass parameter M2 and the mixing parameter F' coming from the diagrams in Fig. in DR-
scheme. We neglected possible contributions from spurion interactions as well as tiny corrections
proportional to mg/;. The amplitudes are given by the generic expressions eqs. ,
and (E.41). We can assume that all involved fields but the messengers are massless, so we can
simplify the Passarino-Veltman integrals by
A() (m2)

2
Ag(m?) = m? (1 + A +log m2> : By(0,0,m?) = — (3.36)
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@ is the renormalization scale. The dominant loop corrections are

1 7 1 7
SM? ~ ﬁczngQ , OF ~ m(ngfF , (3.37)

where C% are the Casimir operators of different gauge groups. The loop corrected mass matrix
is calculated by eq. (3.5)) using the shifts M? — M2 + §M? and F — F + §F. Diagonalization
leads to a smaller eigenvalue of

m? =M?—F+ (0M? —6F) = M?> - F + ﬁ(};gf (2M* - F). (3.38)

Hence, we are getting the smallest possible scalar mass in this model by taking the limit F' — M?

1 .
Mmin = m égizMz . (339)

The final conclusion is that the lightest messengers has at least a mass of approximately
Mmin ~ 0.02 - M? . (3.40)

This large corrections can be easily understood by noting that at the scale M, the messenger
fermions decouple from the spectrum and, thus, supersymmetry is broken as the number of
bosonic degrees of freedom does not match the number of fermionic degrees of freedom leading
to large radiative corrections.

Effect of RGE running Additionally, the masses are increased by the RGE running from the
SUSY breaking scale to the low energy scale. If we neglect contributions to the running coming
from interactions with the spurion S, it is possible to get an analytical expression for the RGEs
for the scalar messengers from the SUSY breaking scale to the renormalization scale (). The
starting point are the S-functions [220]

& = b, (3.41)
m? = —2a;,Cim? . (3.42)

(M) ; with ¢t = In ]‘Q/[—; We can insert this in the solution of

Solving eq. (3.41) gives ;(Q) = TTba (A0

eq. (3.42)

2 m(M)?
_ , 3.43
Q) = (3.43)
and obtain the final expression
d m(M)?
—m?(Q) = - ( - ) = (3.44)

Note, that the radiative corrections as well as the RGE running induces an additional mass
splitting between the members of the 5-plet caused by the different Casimirs.

57



Gravitino Dark Matter

— o S WtE

~ +
—_— Uy X

. 0.
U = 2255 Xi €5

log (Broyy)

B Y 27'1]- lj,hl

_ - I;AJ*)ZIZZ

0 2x10° 4x10° 6x10° 8% 10°
M [GeV]

Figure 3.4.: Branching ratios for the decay of the lightest, sneutrino-like messenger. In this plot A is
fixed by the assumption that the messenger has the lightest possible mass and f = 1. For the messenger
mass the one-loop corrections are take into account.

3.3.3. Decays of messengers

We have now all necessary information for a complete numerical analysis of the messenger decays.
We will focus here on the decays of the light sneutrino-like and squark-like messengers because
they are the only ones which might be cosmologically relevant: in the model with conserved
messenger number and conserved R-parity one has my > M > m_ > mgysy > ms/;. Both,
Jmg/ and R-parity violating parameters €;, as we will see later, are small compared to msygy
implying that the induced mixing will only give small corrections to the various masses. This
spectrum gives rise to decays of the following type: q5+ — B¢ and ¢ — BqS where ¢ is the
messenger fermion. These decays are so fast that ¢+ and ¢ will decay 1mmed1ately after their
decoupling from the thermal bath. The lightest selectron messenger E_ can decay into the
sneutrino like messenger 7_ and W if the induced mass splitting coming from D-terms is large
enough. If this decay is kinematically forbidden, the decay E_ — v_ff due to an off-shell W+
takes place. Both happens instantaneously on cosmological scales and long before the freeze out
of the gravitino.

We turn now to the cosmologically relevant decays. The different branching ratios after EWSB
for the neutral messenger s are shown in Fig. and for the strongly interacting messenger
das, they are shown in Fig.

Obviously, there is a big hierarchy in the decay widths of the lightest messengers. It has been
shown [221] 222] that decays into W and Z bosons can dominate the decays of supersymmetric
scalar particles if there is sufficient phase space. It turns out that in our scenario, the decay into
Z bosons are suppressed via an extended GIM mechanism. However, this is not the case for
decays into W bosons and one gets for the corresponding widths

m_ . (3.45)
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Figure 3.5.: Branching ratios for the decay of the lighter, strongly interacting messenger. The same
assumptions and input parameters as in Fig. are used.

2

The additional factor E—g,
w
dominates once the lightest messenger scalar has a mass of a few TeV, hence, its life time gets

reduced by the inverse factor.

a consequence of the polarization sum, implies that this decay mode

3.3.4. Entropy production by messenger decays

Relic density of the gravitinos We have used eq. for calculating the relic density of
the gravitinos which have been once in thermal equilibrium. Since this formula is sensitive to
the effective degrees of freedom, we have calculated those at the freeze out temperature of the
gravitino [173]. This leads to sharp edges in the isocurves when the freeze out temperature crosses
the mass threshold of particles. For analyzing the dependence on the reheating temperature, we
have used the formula [160]

7 Trey M3

3.46
1TeV MP m3/2 ( )

Qg/th - 10

for gravitinos which have never been in thermal equilibrium.

Yield of the messengers It was already pointed out by the authors of [212] that the approxi-
mation for the relic density of the messengers given in eq. is not always valid. Therefore,
we will calculate for our studies the yield of the different messengers using micrOMEGAs [172]. We
show in Fig. a comparison between our numerical results and the approximation of eq. .
We see that the approximation is excellent in some parameter regions, but fails in others totally.
This is the case for large values of k because the Goldstino annihilation dominates, which have
not been taken into account in [208]. Also for large values of r, a larger discrepancy is obvious.
This is based on the fact that the analytical calculation was done for the limit M? > F.
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Figure 3.6.: Relic density of the 9 -like messengers against the approximation of [208]. The dashed lines

are the approximation of [208] while the contour plot shows the result of a calculation with micrOMEGAs.

Left: large values of r = % and k = 1. Right: small values of » and k = 10~%. The large discrepancies

are mostly an effect of Goldstino annihilation.

Decay temperature We assume that the decay temperature T of the messengers depends only
on the decay width I', i.e. we ignore the time which the messengers need for freezing out. That

this is a very reasonable approximation can be seen as follows. The decay temperature is given
by

Tp = (gur?) 7 \/TMp . (3.47)

Here, we have defined T as

T=(rf+m)", (3.48)

where 77 is the freeze out time and 7p = I'"!is the inverse decay width. The freeze out time is
connected to the freeze out temperature by

Mp 7I'2

= —1/gs— . 3.49

Our numerical calculations with micrOMEGAs show that X = % is of O(10). This leads for

a width I' >~ 1%—27r52m_ to an estimated ratio of decay to freeze out time of MKQM > 1 if the

decays don’t involve massive vector bosons in the final states. Hence, T’ ~ 7'51 =TI". This is later

important for the decays of fields like dps or €p which also have to be considered as we will see.
The decay of 7y is determined by the W-channel which just opens after EWSB. Therefore, that
case is again independent of the freeze out time.
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Figure 3.7.: Comparison of the decay temperature of the messenger to the freeze out temperature of the
gravitino (red line). The black, solid line shows the temperature including the decay in W, the dashed
line the temperature without this channel. Left plot for M2 > F and right plot for M? = F, both for

k=1,f=1.

Entropy production in time The freeze out temperature T35 of the gravitino is

m§/2MP\/9>*

T3/9 = 0.62
8/2 aSMg

(3.50)

— Arm

The gluino mass is according to eq. (3.7) given by mz ~ 2A. As we only need a rough estimate
of this temperature, we use eq. (3.12)) and set all parameters of O(1) to 1. As result, we obtain

T3/ as function of the messenger mass M: T35 =~ 1013 kQAéQQV' Comparing this to the decay
temperature of the scalar messengers in Fig. one sees that the neutral messenger always
decays before the freeze-out of the gravitinos has taken place. Obviously, the simplest scenario
proposed in literature doesn’t work. We will now consider the possibilities of adjusting f or the
reheating temperature and examine the effect of the other kinds of messenger fields.

3.4. Results for minimal messenger sector

3.4.1. Weakly interacting messengers

We start with the lightest messenger, the only one that has so far been considered for entropy
production in literature for the minimal messenger sector of GMSB. We have already seen in
sec. m (Fig. that the proposed scenario fails for f = 1 because the messengers decay
always before the gravitino has frozen out. On the other hand, f can still be considered as
free parameter. Therefore, it is interesting to see if a change of f leads to a satisfying solution.
The dilution is given by A = 1+ %mﬂ%fijﬂ”f (see eq. (1.70)), i.e. for fixed yield Yj,, and mass
mg,, we get the maximal dilution for the smallest possible decay temperatures Tp. The bounds
from BBN on the life time of heavy particles are given in [223H225]: the minimal temperature
allowed for the messenger decays is roughly 1 MeV. Therefore, we will test if it is in principle
possible to reach a sufficient dilution due to the decay of sneutrino-like messengers by choosing
Tp = 1 MeV. The plots in Fig. compare the calculated values of my,,Ys,, with the values
needed for sufficient entropy production. The depicted exclusion lines are ms/, < 1.6 keV (orange
dashed line) and mg3/, < 8.0 keV (red dashed line) coming from Lyman-« forest observations,
Tp < 1 MeV (red dotted line) in order not to spoil BBN and A < 10° GeV (red dot dashed

61



Gravitino Dark Matter
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Figure 3.8.: Calculated (black lines) against needed (contour plot) values of log(Ys,,ms,,) in case of
sneutrino-like messengers. The decay temperature is fixed to Tp = 1 MeV and a diluted relic density of
gravitinos is demanded to be €3/, = 0.23. The right plot is for values of r of O(1), the left for smaller
values. The exclusion lines are: mg/; < 1.6 keV (orange dashed line), ms3/, < 8.0 keV (red dashed line),
A < 10° GeV (red dot dashed line).

line) to have SUSY masses fulfilling the LEP bounds. It seems that a tuning of f to smaller
values can really lead to a successful dilution of the gravitinos. The preferred parameter range
is roughly 10° GeV > M > 10% GeV and 0.8 > r > 0.4. However, we have not yet considered the
effect of the other kinds of messenger fields.

3.4.2. Influence of the strongly interacting messenger

So far, we have not taken the SU (3)c-messengers into account. They can just decay in the lightest
messenger due to interactions of the additional SU(5) gauge bosons X and X. However, those
decays are suppressed by the mass of these particles which are highly constraint by bounds on
proton decay. Hence, the strongly interacting messenger decay dominantly into SUSY particles
because of the mixing induced by the superpotential term eq. . As it can be seen from
Fig. B.5] the decay into gluino and SM fermion dominates and the width can be approximated
by

92 fm3/2 ’
Ipo 2 | —M? ) my (3.51)

4 mg

Decays in W™ are just possible due to a tiny left-right mixing. Hence, there is no enhancement

like in case of the decays in massive vector bosons and the width of djs is always smaller then the
2

74"%1‘/4 . So, the tuning of f to a value that the decay of the weakly

interacting messengers happens to an appropriate time for dilution leads to another cosmological

problem: in this region of parameter space the life-time of the SU(3)c messenger gets so large
that it destroys the successful BBN predictions. They are decaying at temperature in the low

decay width of ¥, by a factor
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Figure 3.9.: Tuning of f in case of the SU(3)c-messengers. In these plots Tp = 1 MeéV is fixed. The
contour plot shows the needed values of log(Y; mg; ) to dilute the relic density to {3/, = 0.23 while
the blick lines give the calculated values of log(Y; mg, ). Obviously, there is no solution. The exclusion
lines are the same as in Fig. [3.8] The kinks are an effect of the different degrees of freedom depending
on the freeze out temperature of the gravitinos, see discussion in sec. W

keV range or below. At this time they are dominating the energy density of the universe, so the
energy injection due to their decays would dissociate BBN products to an very high extent. In
addition, the reheating temperature Ty of this decay is according to eq. (1.69) related to the

decay temperature Tp and the dilution factor Adu by

T — v Y A

(3.52)
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This reheating is too low to restart BBN again, especially since the number density of the
SU (3)c-messengers gets diluted in the same way by the decay of the SU(2)r-messengers. To
get an rough impression of the reheating temperature, we can approximate Y(ZIW ~ Y, and
mg,, ~ My, This leads to

Y. 17 % 1

~ ~ ~ m s T M p ~ 3

Tii = Thii | 3ot 0B |~ (“’J\ZM ) , (3.53)
oy Moy TDM g3 Mwy

i.e. the reheating temperature remains in the keV range.

The last possibility for a sufficient dilution in GMSB models with a gauge sector coming in 5 and
5 under SU(5), which doesn’t spoil BBN without assuming very low reheating temperatures, is
to tune the decay width of the strong interacting messenger: maybe, it is possible to produce
enough entropy just by the decays of dy for very low decay temperatures. We can do the same
analysis as in case for the sneutrino-like messengers. Since the main annihilation channel is into

2
gluons, the relic density of the strongly interacting messenger is decreased by a factor <D%>

in comparison to the weakly interacting messenger. So, the relic density of SU(3)c messenger
is for a large region in the parameter space about two orders smaller then the relic density of
the SU(2)r messengers. We do not expect a solution for those areas. On the other side, there
are also regions, in which these messengers have a larger relic density: for the limit, in which
only Goldstino interactions are dominant, the relic density of dy is exactly three times the relic
density of 7ps. This is a direct consequence of the three colors. Therefore, we have done again a
check for the complete (M, r)-plane by setting the decay temperature to 1 MeV through a tuning
f. We plotted the needed value of Y, M., for a sufficient dilution in comparison with the
calculated value by micrOMEGAs. The result is that there exists no region, in which this scenario
can work in principle. We show as example the results for k = 0 and k = 10~ in Fig.

Also adjusting the reheating temperature Try to small values, so that the gravitinos were never
in thermal equilibrium does not work for a reasonable choice of parameters. We show this at
the example of Fig. , where we set f = 1 and k& = 10~*. The left plot shows the result
for Tryy = 10'2 GeV, the right one for Try = 10% GeV. The change in the slope at which the
gravitinos never reached thermal equilibrium is obvious, but that change is much too small.
However, there might already be solutions without the need for a dilution if the gravitino is
heavy and the reheating temperature is low enough. The relic density is given by eq. . We
can use M3 = A and mz/, = % to get

1TeV M’

Q3/0h* = 107 (3.54)
i.e. the relic density depends for a fixed reheating temperature just on the ratio r. Therefore,
it is possible to find solutions for given reheating temperatures by using fine-tuned values of r.
However, this would be often in conflict with Baryogenesis and is completely independent of the
messenger sector.

Moreover, it is not possible to adjust the parameters in a way that a combined dilution resulting
from the decays of 7y and dys leads to a correct gravitino abundance and circumvents BBN
bounds. The reason is that the ratios of the yields and of the decay widths are fixed by the
gauge couplings, the messenger mass and W~ mass. It has been checked that this result holds
for all possible messenger-matter-interacting terms presented in [212].
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To summarize, the minimal model of GMSB suffers from a big cosmological gravitino problem
which can not be solved by late time decays of the messengers. The reason is that the decay
of the weakly interacting messengers is largely enhanced by the decay channel in massive vector
bosons. Therefore, they decay for a natural choice of parameters too early to produce significant
or sufficient entropy. A fine-tuning of their decay width could produce the needed entropy in
a small area of parameter space, but this is ruled out by the strongly interacting messengers
that, independently of the concrete realization of the mixing, decay at temperatures some order
below. Therefore, the question is now if extensions of the messenger sector can cure that problem.
Before that, we discuss also the effect of R-parity violation.

1.0 1.0

Hlog(k) = —4 1 Hlog(k) = —4

— 8 ] — 8
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Figure 3.10.: The black lines are the needed value of log(Y; m; ) to cause 23/, = 0.23 while the
contour plot shows the calculated values of log(Y; mg, ). Left: Try = 10'2 GeV. Right: Try = 10% GeV.
The exclusion lines are the same as in Fig. We used here f =1 and k= 104

3.5. Effect of bilinear R-parity violation on entropy production

We have seen that there is no solution to the cosmological gravitino problem in minimal GMSB
by the decays of the messengers. In this section, we show that this doesn’t change even if we
take the effects of bilinear R-parity violation into account.

3.5.1. The Model including R-parity and messenger number violation

We consider the mixing terms between messenger and MSSM fields of eq. (3.20) and add the
bilinear R-parity violating terms of eq. ([1.29)). The complete superpotential reads

W =Wyssm + MDRf)R + Mﬁi + fim3/2 (Dci+ _fllA) + GZZZI;TU . (355)
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Electroweak Eigenstates | Mass Eigenstates

¢d7¢u7¢il/7¢— hz
O-d7UU7O'7;L7O-— A?
ériséri Hy  (HF)  E_ H;
dri,dR,, D- d;

vi, HY, HO, B, W° X = (
e, W, Hy [ e, WHHF | X7 = (A5 A)

Table 3.2.: Mass eigenstates after EWSB. The additional mixings in comparison to the MSSM are an
effect off bilinear R-parity violation and messenger number violation. We name the heaviest eigenstates
hM = hG, A%/[ = Ag,éz\/[ = ég and dM = d7.

We have suppressed again the color and SU(2)y, indices. ¢; are the bilinear R-parity violating
parameters and we choose f; = f as free parameter. The corresponding soft breaking terms are

LSB = LSB,MSSM — quiiz’Hu — B]V[ ([DRDE + ii*) — Bfim3/2 (DRdN}% + EZN*)

—mm (ZHd* + lN*Hd> - mQDRDRD}'SL — m%RDRD}} + m%ﬂi* — m%ii* . (3.56)

The R-parity violating parameters € and m gy are fixed by neutrino data as discussed in sec. [1.1.4]
We neglect again the soft breaking terms By, since they aren’t generated in GMSB. In this
scenario, the sneutrino-like messenger and the sneutrinos receive a VEV after EWSDB like the

neutral Higgs according to eq. ((1.24]) do

- \}i (6F +iok +uvy) , b= \}i (6 +io +vnr) - (3.57)
As we will see, v, are of O(1072) GeV and vy, is much smaller. The scalar and pseudo scalar
components of these fields mix separately with the components of the neutral Higgs fields to
give six CP even and odd mass eigenstates. Other eigenstates are build by mixings of the three
neutrinos with the neutralinos. In addition, the 'charginos’ are a mixture of charged SM leptons
and MSSM charginos. In the squark sector, a mixing between the down squarks and the lightest,
strongly interacting messenger takes place. We have summarized the mixings in Table For
fermions, we have written the Weyl components for the electroweak eigenstates, but expressed
the mass eigenstates already in 4-component Dirac spinors. Since the heaviest eigenstates of hj;,
A?, &; and d; consists almost completely out of their messenger components, we name them hjy,
A?\/f’ é]y[ and JM

3.5.2. Analysis

We have again created an input file for SARAH to calculate all mass matrices and vertices for this
model. The model file is given in app. In addition, we give in apps. and the mass
matrices and vertices for the neutral messengers which are different to the case of conserved
R-parity. Using this model file, also the tadpole equations were computed. The six equations
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are
g:; — é (va(8mb, + (98 +93) (= w2 +v3)) + Svaluf® - SvuRe{ B, }
3 3 3
+ 8ZRe{m%ﬂ7]—}vL7j + (g% + g%)vdZvij - 8Re{quL,je]-}) , (3.58)
j=1 j=1 j=1
ov. 1 2 2, 2 ’ 2 é
o =5 (Svulial® — SvaRe{ B} — (g7 + g3 ) v ZEUL,J' — 4V20my ) Z;Re{fafj}
j= j=
3 3
+ g <8m%{u + 8; el - (g% + g%) ( 2 vg)) + 8; vrjRe{B,, }) . (3.59)
v o1 ) >
ovr, ~ 8 <8“dRe{mHz,i} +2mg )y <2m3/2Re{fi Z;ijL,j} " 2\/§UMRG{MLfi B Bfi})
i iz
3
Z <ml i+ mlﬂ)vL,J (91 + g2> <(v — vd>vLZ ZULJ VL, Z)
J=1
— SUdRe{,u,ei +8 Z VL, ;€€ + SUUBEi}> , (3.60)
j=1
v 1 s o ) >
Bons = Z (2( —2F + my + mi)UM + 4’0]\/[ML + 2\@MLm3/2Re{ z:l ijL,j}
=
+ 2va3/2 Z 1£iI? — 2\fm3/2Re{ ZBf vLjt— 2\fvum3/2Re{ ijej}>
Jj=1 j=1

(3.61)

The R-parity violating parameters ¢; and vy, were calculated with the routine RPTools of SPheno,
which does a fit of those parameters to neutrino data. The used relations and experimental values
were described in sec. Furthermore, we have used f; = fo = f3 = 1. The VEV of the
neutral messenger is fixed by the tadpole equations: if complex phases and terms of (‘)(m% /2) are

neglected, an approximated solution of eq. (3.61]) is given by

\/§m3/2 (MY vifi —vu ), fiei — 32 viBy,)  Mmg/2
2(F = M?) —m3 —m? CV2M

vp = (3.62)

Since we used equal values for f;, we also set By, = By, = By = By. In addition, we have
chosen B, = B.. Using these assumptions, the remaining set of tadpole equations was solved
with respect to By, p, B,,, Be and mp;.

3.5.3. Results

The inclusion of R-parity violating doesn’t change the decay properties of the messenger particles
significantly. The reason is that all R-parity violating interactions of the messenger fields are
suppressed doubly: first, by the tiny mixing with MSSM fields, secondly, by the small R-parity
violation. In Fig. [3.11] we plotted the different branching ratios of the neutral, scalar messen-
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Figure 3.11.: Branching ratios for the decay of the neutral, scalar messenger. In this plot, A is fixed by
the assumption that the messenger has the lightest possible mass and f = 1. For the messenger mass the
one-loop corrections are take into account. All other parameters were chosen as described in the text.

ger. Obviously, there is no visible different for the branching ratios in comparison with their
equivalents in case of conserved R-parity shown in Fig. Furthermore, also the new decays
channels with two vector bosons in the final state are much smaller than the decay in a scalar and
W™, The reason for that is the tiny VEV of the messengers according to eq. . Therefore,
cosmologically relevant difference to the scenario with conserved R-parity might just come from
late time decays of MSSM particles, especially of the lightest neutralino.

To give an impression about the size of the R-parity violating parameters, we have depicted in
Fig. common values for those parameters, which are consistent with neutrino data. Ob-
viously, we can neglect the decays of MSSM particles, in particular of the lightest neutralino,
induced by those parameters of two reasons: the decays generated by the R-parity violating
parameters are suppressed by factors proportional to €/M,. Here, M, is an common neutralino
mass of O(100) GeV. This ratio is several orders bigger than mg/,/M what defines the order of
the messenger decays. Hence, the decay temperature of MSSM particles is significantly larger.
As we have also seen when calculating the minimal possible mass of the messenger fields (see
eq. ), the mass of the lightest messenger is always some orders larger than the masses of
MSSM fields, i.e. they always dominate the energy budget of the universe and can therefore
produce a lot more of entropy. These two facts together with the dilution factor in eq.
show that the entropy production by R-parity violating decays won’t play any role in contrast
to the messenger decays induced by eq. . Because of the huge difference in the masses of
the messengers and SUSY particles this even holds if we drop the demand to explain neutrino
data and set the R-parity violating parameters to much smaller values in order to suppress the
decays.

3.6. Non-minimal messenger sectors

The picture changes a little bit when the messenger multiplets contain U(1)y charged particles
which are SU(3)c x SU(2), singlets, i.e. er-like messengers. The light scalar components have a
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Figure 3.12.: Values for the parameters associated with bilinear R-parity violation. Upper row: bilinear
superpotential couplings €; and the corresponding soft breaking couplings B.,. The second row shows
the VEVs of the sneutrinos (left) and the soft breaking parameter m?, (right).

relic density comparable to vp-like messengers but their decay width is not enhanced by decays
into vector-bosons. Therefore, these messengers can have the smallest decay width of all mes-
sengers. Another possibility would be to analyze the case of a 16-plet of SO(10), which includes
a gauge singlet. We discuss both cases in the following.

3.6.1. U(1)y-Messenger

The behavior of the messengers in the last sections can easily generalized to all messengers that
are charged under SU(3)¢ or SU(2)r. Therefore, there is no change in our results by adding dp-,
ur- or up-like messengers. However, there will be a difference, by adding a messenger particle
that is just charged under U(1)y. The relic density of this particle is expected to be similar to
the relic density of the SU(2) , messengers. We call this field é§, and checked that assumption
numerically: it can be seen in Fig. that for large values of r the relic density is even larger,
i.e. the effect of the two times bigger hypercharge is more than compensated by the missing
weak interactions. For smaller values of r, in regions where the Goldstino annihilations start to
dominate, the relic densities of both types of messengers are nearly the same with only small
differences due to the different one-loop corrected masses.

Even if the decay width is not enhanced by decays in W bosons, the choice f = 1 doesn’t lead
to a solution. Only when we adjust f to small values in order to get the minimal allowed decay
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Figure 3.13.: Comparison of the relic density of the sneutrino-like messengers (solid lines) with the
selectron-like Messengers (dashed lines). The labels show log 2;,, and log Qéﬁ , respectively.

temperature of Tp = 1 MeV, there is sufficient dilution of gravitinos as can be seen in Fig. 3.14]
However, this demands some fine-tuning. How big the fine-tuning must be in order to get a
sufficient dilution, can be seen in the Fig. [3.I5] Here, we have changed the decay temperature
to a slightly bigger value of Tp = 1.5 MeV to probe the sensitivity on the decay temperature.
No allowed areas are left in this case. An increment of Tp from 1 MeV to 1.5 MeV has the same
effect as reducing the relic density of the messengers by a factor % Therefore, the result is very
susceptible to the calculation of the yield of the messengers. Here, we have to keep in mind that
in micrOMEGAs the RGE running of the electromagnetic coupling is not included, but the value
at My is used. However, the messengers freeze out at temperatures some orders above. The
RGE running for the weak couplings is quite small in comparison to the running of the strong
coupling. Nevertheless, only 2 % running of the coupling leads to 16 % difference in our result
in areas of the phase space which are dominated by annihilation in electroweak gauge bosons.
In Fig. we have varied the demanded relic density after dilution according to the 3o range
of WMAP-7, i.e. 0.21 < 3/, < 0.25. For the smaller relic density demanding more dilution, the
allowed regions are seriously reduced. The need for of such a fine-tuning makes also this scenario
highly unattractive.

3.6.2. SO(10) messenger sector: gauge singlets as messengers

The last possibility is to consider a messenger sector containing singlets under all gauge groups
(vg-like) as it appears for example in the 16-plet of SO(10). There are different SUSY models
which involve gauge singlets at the low scale. The best known is the NMSSM, which we will
describe in more detail in chapter ] Another one is the pvSSM which combines the idea of the
solution of the u-problem from the NMSSM with bilinear R-parity violation [185]. Since in those
models gauge singlets are included, mixing terms like eq. including messenger singlets can
be present in the superpotential. Nevertheless, we will focus on a model independent analysis of
the singlet messengers and neglect possible contributions from additional trilinear superpotential
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Figure 3.14.: Comparison of the needed value of log(Yzr mer ) (contour plot) against the calculated
one (black lines) in case of U(1)y-messenger. The decay temperature is Tp = 1 MeV and the demanded,
diluted relic density is €3/ = 0.23. The exclusion lines are mg/; < 1.6 keV (orange dashed line),
mga < 8.0 keV (red dashed line), A < 10° GeV (red dot dashed line). The kinks are an effect of the
different degrees of freedom depending on the freeze out temperature of the gravitino, see sec. In
this setup, there are tiny areas providing a solution to the gravitino problem.

Figure 3.15.: The same as Fig. |3.14] but the decay temperature was fixed to Tp = 1.5 MeV. All areas
with correct gravitino relic density have disappeared.

interactions and other mixing terms. This is a good approximation as long as the superpotential
interactions of the singlets are smaller than the interactions with the Goldstino component of
the gravitino. We will see that this is indeed the case in the preferred regions of parameter space
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Figure 3.16.: The same as Fig. but the demanded relic density for the gravitino was varied between
the 30 range of WMAP-7: Q3,5 = 0.21,0.25.

which we will find.

The 16-plet was already analyzed in [226] where it has been shown that this scenario works in
principle. Their analysis was based on annihilation due to loop vertices, which are dominant if
the spurion mass is of the order of the messenger mass of M ~ 106 GeV. The approximated yield
was calculated to be

M 2
V2105 (—— ) . .
0 (106Ge\/) (363)

This is five orders bigger then the yield for sneutrino-like messengers. Thus, even if the messenger
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Figure 3.17.: Comparison of the relic density of the ¥1-like messengers (contour plot) and the ¥z-like
messengers (dashed lines). The labels give the value for log (2.
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Figure 3.18.: Calculated (plain lines) against needed (dashed lines) value of the relic density of the
singlet messengers for a diluted relic density of the gravitinos of {23/, = 0.23. The labels give log Q,;ﬁ
and the usual exclusion bounds were used.

masses are small, they can produce enough entropy and dilute the gravitinos to the needed

amount.

To complement the analysis of [226], we reconsider this scenario for the case that all particles of
the hidden sector are heavier than the messengers. As a consequence, the dominant interaction
of the messengers is always with the Goldstino component of the gravitino. Their relic density
and their decay width depend only on this interaction. Thus, the decay in MSSM particles is
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given by

! <m2—>2 5m_. (3.64)

16 mg/2Mmpi

The relic density is shown in Fig. The result of our numerical studies is that for the case
M? > F and f = 1, this scenario works for very small values of k of O(107°) and messenger
masses of O(107) GeV as can be seen in Fig. on the right side. For larger values of k or M,
the annihilation is too effective and the additional entropy production too small. This can be
partly compensated by reducing f as the dilution behaves like A ~ k~4f~! and we reach the
BBN bound very fast. However, if we assume A ~ M, one finds solutions for larger k as can be
seen on the left side of Fig. The reason is that the annihilation in Goldstinos, a t-channel
interaction, is suppressed by the large mass splitting. The messengers are in the PeV-range and
the gravitino mass is about 10 keV, i.e. it is still warm dark matter but not in conflict with
the Lyman-« observations. In contrast to charged messenger particles, a v messenger does not
receive large one-loop corrections to its mass due to gauge interactions.
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CHAPTER FOUR
SEESAW SCENARIOS AND NEUTRALINO DARK MATTER

Neutrino masses are zero in the MSSM. We have shown in the last chapter the possibility to create
neutrino masses due to bilinear R-parity violation. In this chapter, we consider the possibility to
produce neutrino masses via a dimension 5 operator by extending the particle content by heavy
states. If neutrinos are Majorana particles, all models of neutrino mass reduce at low energy
reduce to the unique Weinberg operator [227, 228]

KaB = %(Hul)([-[ul) . (4.1)

While neutrino experiments determine only the ratio %, they contain neither information about
the origin of this operator nor about the absolute size of A. If f is a coefficient of O(1), current
neutrino data indicates A < O(10'%) GeV. Producing tiny neutrino masses by introducing very
heavy fields is the basic ingredient of the so called ’seesaw mechanism’. In literature, three
different types of seesaw mechanisms are distinguished [229] which are presented in sec . All
seesaw scenarios have in common that new fields are introduced. In order not to spoil gauge
unification, complete multiplets of SU(5) or of larger groups containing SU(5) as subgroup have
to be added. This is explained in more detail in the sec. The new fields will not only generate
neutrino masses but also influence the RGE running of the parameters of the model. Therefore,
they change the properties of the LSP. Furthermore, the new interactions can be the source
of dangerous flavor changing neutral currents. Hence, it must be checked that the considered
scenarios are consistent with the bounds of precision data for rare events like y — ey. We will
discuss these topics in our numerical analysis at the end of this chapter.

4.1. Seesaw mechanism
As already mentioned, there is an unique dimension 5 operator for neutrino masses. This effec-

tive operator is generated by integrating out heavy fields from the spectrum according to the
decoupling theorem of Appelquist and Carazzone [58]

Lar(@) = [ dve(o0). (42)
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Figure 4.1.: Generic diagram for different seesaw mechanisms. (a) Seesaw I and III: the heavy fermion
in the propagator can be a gauge singlet or a SU(2)p-triplet. (b) Seesaw II: the heavy scalar in the
propagator must be a SU(2)-triplet.

® are heavy fields, while the ¢ fields have masses of the energy scale or below. Removing the
heavy field from the particle spectrum generates effective four-point interactions of light fields
with an effective coupling Cug of the order

Cot = %YQ . (4.3)
Here, Y is the coupling between two light and one heavy state, while M is the mass of the heavy
field. The power n depends on the nature of the particle in the propagator: it is n = 2 for a
scalar or vector boson and n = 1 for a fermion.

There are three different possibilities to generate the operator of eq. stemming from the two
generically different Feynman diagrams of Fig.[4.1] The mass of the heavy particle is again called
M. The coupling between two fermions and one scalar is Y, while the three-scalar interaction is
named A. We assume that X is a complex number, while Y is a matrix. Referring to the cases

(a) and (b) of Fig. one obtains:

e Seesaw I: If the particle in case (a) is a gauge singlet fermion, the neutrino mass matrix
is given by [230-H232]
1

my = fYTi

5 MYUZ : (4.4)

e Seesaw II: The case (b) is called seesaw II. The diagram is only possible if the scalar is
a SU(2)r triplet which also carries hypercharge [233] 234]. The neutrino mass matrix is
given by

1 1
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e Seesaw III: If the fermion in case (a) is a SU(2), triplet, this is called seesaw III [235].
The corresponding mass matrix reads

1

Myuﬁ (4.6)

1
my = §YT

Diagonalization of the mass matrix The neutrino mass term given in egs. (4.4)-(4.6) is a
complex, symmetric matrix which can be diagonalized by an unitary 3 x 3 matrix U [233]

i, = UTm, U | (47)
We can parametrizes U by using three angles and three phases. The standard form is

€12€13 512C13 s13e% el /2 0 0

U= | —si12c23 — c12523513€"°  c12c23 — S12523513€" 523C13 X 0 ei@2/2 (0 |(4.8)

0

; i
512823 — C12¢23513€"0  —C12523 — 512C23513€"  €23C13 0 0 1

with ¢;; = cos ©;; and s;; = sin ©;;. The angles ©12, ©13 and O3 are the solar neutrino angle,
the reactor (or CHOOZ) angle and the atmospheric neutrino mixing angle, respectively. ¢ is
the Dirac phase and «; are Majorana phases. In the following, we will set the latter to 0 and
consider for § the cases 0 and 7.

Running of the neutrino mass parameter The RGE for the effective operator of eq. (4.1))
can easily be calculated in SUSY. The reason is the so called non-renormalization theorem

which states that the RGEs for superpotential parameters can be expressed by the anomalous
dimensions of the external fields [236H238]. This leads to

dk

o ,YZTH + K+ 27 K (4.9)
Here, we used as usual t = In Q. ~; and Vg, are the anomalous dimensions of the left-lepton and
down-type Higgs superfields. In the MSSM, i.e. below the lowest seesaw scale, they are given at

one-loop level by

1 3 3

= Yo Sa - oat (4.10)
1 3 3

i = (o) i b o

4.2. Seesaw models

We have seen in the last section that it is necessary for the different seesaw scenarios to add
either a gauge singlet or a SU(2), triplet with or without hypercharge to the particle spectrum.
However, just adding a superfield which is a triplet under SU(2); would spoil gauge unification.
Therefore, it is necessary to embed all new fields in complete multiplets of a GUT group like
SU(5) or larger. We present in the subsequent sections the particle content and superpotential
for the three scenarios assuming an underlying SU(5)-theory. The complete superpotential for
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the different models is always defined as
W =Wyrssm + we. (4.12)

W' with i = I, II, 111 is the superpotential involving the additional fields. Wsssas is the SU(5)
invariant form of the superpotential of the MSSM given in eq. (1.42)). We use also the standard
nomenclature of the SU(5) multiplets shown in eq. and eq. (L.45). A detailed discussion
about these models can also be found in [193].

We will do a complete two-loop analysis and calculated therefore with SARAH the full set of
RGEs at two-loop level: in app. [G] the two-loop results for the anomalous dimensions and the
B-functions for the gauge couplings are given. The RGEs for all other parameters can easily be
calculated with SARAH, or they can be derived by using the presented results and the relations
given in app. . For the running of the Weinberg operator, we use eq. and the two-loop
results for the anomalous dimensions of [ and H,. Each generation of heavy fields is separately
integrated out at a certain threshold scale. Since we are dealing with two-loop RGEs, we need
one-loop boundary conditions at these threshold scales. It is known that the main corrections
take place in the gauge sector. The gauge couplings g; and gaugino masses M; receive at the
boundaries a shift due to a heavy field transforming as representation r under the corresponding
gauge group in DR-scheme of [11]

1 5 M?
gi — gi 1i167r29i12(7")10g m2)) (4.13)

M, — M; <1 ;! g2 I5(r) log <MQ>> : (4.14)
16727 2 M?
Here, I%(r) is the Dynkin index of a representation r under the gauge group corresponding to the
gauge coupling g;. M is the mass of that particle and M; is the threshold scale. Obviously, the
finite shifts vanish for those particle which are integrated out at their mass scale. The sign of the
correction in eqs. and for running up to the GUT scale is + and for running down
from the GUT to the low scale is - . The shifts for the other parameters like the soft breaking
masses of the MSSM particles are of the order 1617T2 (%)2 if only one heavy field is in each loop
like in our cases. m is a usual soft breaking parameter of order ©(10? — 10%) GeV and M is a
SU(5) mass parameter of the order 10?2 GeV and above. Hence, these corrections are tiny and
negligible. After this general introduction, we present now the different realization of the seesaw
types in more detail.

4.2.1. Seesaw |

In the case of seesaw I, the particle content is extended by three generations of a gauge singlet
N. The new part of the superpotential with unbroken SU(5) reads

~ 1 - ~
W =Y N, 50558 + 5NaM;lVbJ\fb : (4.15)

Here, a,b = 1,2,3 are flavor indices. Y, and My are complex 3 x 3 matrices. After SU(5)
breaking and integration over the colored Higgs fields, the first term can be written as

Y3 Ny 5ar b5 — YO NIy H,, . (4.16)

78



4.2. SEESAW MODELS

We have suppressed here the SU(2)y, indices. The generated neutrino mass term after EWSB is

2
My = _% YT MY, . (4.17)

This model is well known and was already studied in literature with respect to flavor changing
neutral currents and LHC phenomenology, see e.g. [239] and references therein. We include
these aspects for completeness in our analysis and will also discuss the dark matter properties of
type 1.

The analysis of the seesaw I is the easiest one of all three seesaw scenarios. As it can be seen
in apps. [G.1.1] and [G.1.2] the RGE do only change slightly. In addition, it is not necessary to
calculate finite shifts to the gauge couplings or gaugino masses since the new heavy fields are
gauge singlets. Therefore, we expect in this seesaw scenario the smallest impact of all seesaw
models on the masses of SUSY fields and, therefore, on properties of the lightest neutralino.
We use as additional input parameters to the standard mSugra parameters the demanded values
of the neutrino masses and the three masses of the gauge singlets. The Yukawa coupling Y, is
afterwards calculated in an iterative way to reproduce the input values of the neutrino masses

by inverting eq. (4.17)) [240]
Y, = V2 My R/, U, (4.18)
Uy

where My and 7, are diagonal matrices containing the corresponding eigenvalues. R is in
general a complex, orthogonal matrix.

The effects on flavor violation can roughly be approximated by an one-step integration of the
RGEs. The off-diagonal elements (i # j) in the slepton mass parameters and trilinear, scalar
couplings are estimated to [241]

1
2 L 2 2 t
Lij — 8xp2 (3mg + Ap) (Yu LYV)%’J‘ . (4.19)
3
Ay = —1o=5Ao (YeYjLYy)ij (4.20)

Here, it was assumed that Y. is diagonal and we defined L;; = log (MMGiﬁT) ;5. While the off-

diagonal elements in m% and A, depend strongly on the seesaw type as we will see, all models
have in common

m2.. ~0 (4.21)

gij =

for ¢ # j. These approximation can be used to give a rough idea about the size of rare leptonic
decays like [; — l; which scale like

) |m% 12
Br(l; = 1j7) < a®m; fﬁ’;] tan® 3 . (4.22)

Here, m is the average of the SUSY masses involved in the loops and § is the common mixing
angle in the MSSM Higgs sector.

79



Seesaw Scenarios and Neutralino Dark Matter

4.2.2. Seesaw Il

For the seesaw II, it is necessary to add a scalar SU(2), triplet which also carries hypercharge
Y;. Such a particle is part of the 15-plet of SU(5). Therefore, we add to the SU(5) invariant
superpotential the interactions of a pair of 15 and 15

1 — = 1. = _ 1
Wi = —Y#5,155, + —=M5u 155 + —
Again, a and b are flavor indices. Yj5 is a symmetric, complex 3 x 3 matrix and \; as well

as My are scalar, complex parameters. After SU(5) breaking, the 15 splits into irreducible
representations of SU(3)c x SU(2)r, x U(1)y

)\25HE5H+M1515E. (4.23)

15=S+T+7. (4.24)

The corresponding quantum numbers are

~ A ~

S:(6,1) 4 . T7:(1,3), . 7:(3,2); - (4.25)

Furthermore, also the coupling Y15 and mass term M5 split into different parameters below the
SU(5) breaking scale because they belong to different representations of SM groups according to
eq. (4.24). Again, after integrating out the colored Higgs fields, we end up with the superpotential
terms

1 | O L
V155155 — —(YTlTlJrYgde)JrYZle, (4.26)
V2 2
1 1o

APy 155y — ——\HTH,, 427

ﬂ 19H H 5 141q d ( )
1 _ 1.

 M\5y1B5n — —=NH,TH, 428

M51515 — MpTT + MzZZ + MgSS . (4.29)

When calculating the neutrino mass matrix using eq. (4.5, one has to keep in mind that the
three scalar coupling is stemming from the F-Terms and given by A = %)\QMT. This together
with the normalization of the Yukawa coupling results for this model in the neutrino mass term

1
my, = ivi/\gMEIYT . (4.30)
Y7 is diagonalized by the same matrix as m,
viie = uTypU . (4.31)

If all eigenvalues, angles and phases of m, were known, Y7 would be fixed up to an overall
constant which can be estimated to

M 0.056V
2T L1015 Gev < ¢ ) . (4.32)
A9 my

Also the seesaw II was already discussed in literature [242] 243]. However, these analyses were
done without using the complete set of two-loop RGEs. In addition, as already pointed out in
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[193], also some one-loop RGEs are wrong in literature. Therefore, we reconsidered this model
performing a complete two-loop analysis.

We use as threshold scale the mass of the SU(2). triplet Mz. This leads to the following
boundary conditions:

P (8 Mg 1 M
g = ¢ <I:|: 91 <10g5+logz>>, (4.33)

16m2 \5 ° My 6 ° My
2
My
— 1+ l 4.34
92 92( 16 29 MT)’ (4.34)
@ (5. Mg My
1+ —log — + log —— . 4.
mo— (178 (Gt 1os 1 (4.3

The shifts for the gauginos can easily derived from these results by comparing eq. and
eq. . For our numerically analysis, we use as input parameters Mz, A1, A2 and Y7 at
the threshold scale. We run with this parameters up to the GUT scale and set the following
boundary conditions in addition to the standard mSugra boundary conditions

ng:szEYvT7 MS:MzEMT. (436)
Moreover, the boundary conditions for the soft breaking parameters read

Ty, = AoA1 , Ty, = AgXa , Ts =Tz =Tr = AoYr, (4.37)

m%—mé—m?p—m%—m%—mézm% (4.38)
In principle, we have also to set Bg = Bz = By = BoMy. However, the S-function of those
parameters decouple from the rest and they have no influence on our results.
The additional fields have not only a large impact on the running gauge couplings because of
the finite shifts of eqs. (4.33)-(4.35) but also because of changed RGEs. The f-functions of the
gauge couplings and gaugino masses depend on the Dynkin index I5(R) summed over all chiral
superfields. Generally, the contributions of additional 15 and 15 are

ALi(R) = g(Nus + Ny (4.39)

Finally, we can do again an rough approximation of the effects on flavor violation according to
eqs. (4.19) and (4.20). The result are

M,

miy = g (8mE+643) (Vivr) loa(5T). (4.40)
18 Mcur

Acis o <YY YT> loa(SET) (4.41)

As we will discuss in sec. these approximations work only well for seesaw 1. However, they
give at least a rough idea for the behavior of type II and III. Hence, we expect a much larger
effect in this case as for the seesaw 1.

4.2.3. Seesaw llI

The type III seesaw is based on additional fields belonging to the adjoint representation of
SU(2)r. Hence, we add particles sitting in the 24-plet, the adjoint representation of SU(5), to
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the spectrum. It is not sufficient to add just one generation of 24-plets to explain all neutrino
data if we assume SU(5) invariant boundary conditions at the GUT scale: the induced mass
splitting between the different generations of neutrinos won’t be large enough. Therefore, we
will study the case with three generations of 24-plets.

The superpotential involving the 24 is

- 1
W = Y50 511 24010 5ar+ 5 M8t 24010 24010 - (4.42)
We have added an index M to the 24 in order to clearly distinguish it from the Higgs 24-plet

24y common in SU(5) models (see eq. (1.44)). The 24 has the same gauge quantum numbers
as the gauge bosons of SU(5) and can be decomposed in SM representations by

24MZGM—|—WM+BM—|—XM—|—)%M (4.43)
with
Gar: (8,1)g, War: (1,8)g, Bar: (1,1)g, Xor: (3,2) 56, Xar:(3,2)56 - (4.44)

For the decomposition of eq. (4.42)) after SU(5) breaking we use

(Gar),, (XM)GE By 6(5% 0 ) (4.45)

(e)?M> , (6WM) 5 5 0 —%5a5

Here, we have introduced the abbreviations

240 =

(GM) = VG, =18, (4.46)
(WM) L, = VaWLTEY, i=1,2,3. (4.47)
T are the generators of SU(5), a,b range from 1 to 3 and «, 8 from 4 to 5. Using this definition,

the superpotential eq. (4.42)) reads in the SU(3)c x SU(2), x U(1)y basis without the colored
Higgs

_ A Al A 3 AoA oA A A A
5p24Yosdy — YwH Wl — 4/ TOYBHUBMZ + YxH,Xpd, (4.48)
1 1 PN 1 A oA 1 A s A oa

The fermionic SU(2);, triplet Wy, and the gauge singlet By, contribute to the mass term of
the neutrino via seesaw type III and type I, respectively. The normalization of the triplet in
eq. 1} causes an additional factor of % in comparison to eq. QD The resulting mass term

18

21 3
my = _%u <2YV§MV—V1YW + mY§M§1Y3> : (4.50)

The analysis of type III is slightly more complicated than of type II. The reason is that we have
added several generations of heavy fields and the masses of the different generations of 24 can
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be very different. Thus, we have to deal with separated threshold scales for each generation.
Moreover, the matrices My, Mg, Mp and Mx can receive large off-diagonal elements due to
the RGE running. Therefore, we have to go to the new mass eigenbasis before integrating out
the heavy fields by

MiDia _ UzMZTMzU'L , MZ,Di(l — V'ZMZMZTV; , (4.51)

with ¢ = W, G, B, X. The masses of the fields which are no longer part of the spectrum are the
largest eigenvalues of M. Of course, all other parameters have also to be rotated to the new
basis

Y, - VY, i=W,B, X,

T, — ViT;, i=W,B, X,

M; — U MV, i=W,G,X,B,
m? — Vim?v, i=W,G,X,B, X,

We use as threshold scales the three eigenvalues of My at the GUT scale. Hence, no particle
is integrated out at its mass and we have to take also the shifts caused by the SU(2)., triplet
into account. This leads to the following boundary conditions for gauge couplings at the i-th
threshold scale

2 i
gi o mx
1+ =1 . 4.52
g — N ( 1672 2 0og MI(/)[’/Z> ) ( )
2 i i
95 (3 mx my
g — g1+ 5 <10g o7 +2log 0.)) , (4.53)
( 16m= \ 2~ My My
2 i i
g m m
g3 = g3 (1 + 16;2 <log Mg< + 3log Mg)) . (4.54)
w w

miG,W,X are the physical masses of the i. generation of Gpr, Wy and X ;. Mgl}i is the 1. eigenvalue
of the matrix My, at the GU'T scale. The shifts for the gauginos can again easily extracted from
these equations.

In presence of 24-plets, I5(R) changes by

ATL(R) = 5Ny , (4.55)

and the estimation of the induced lepton flavor violation is in this case

1 27 9
2 2 2
27 1
Ay = =S50 (VYSLYs) (4.57)

v

Here, we have used the same conventions as in egs. and . The expected effect is
again larger as for type I and seems to be smaller than for type I1. However, the two-loop RGEs
are very important in this case and the spectrum is in general lighter as for seesaw II.

Finally, some words about the boundary conditions. As in the other cases, we use mSugra GUT
scale conditions. In addition, we take for the seesaw III as input the values of My, and Yp at
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the GUT scale. The additional terms should be SU(5) invariant at the GUT scale, thus, the
boundary conditions have to be

MBZMG:MxEMw,

YW:YXEYB,
2 2 2 2

2 — — —
MGy = Mwy, = Mpy = Mxy, = Mxy,
TW:TX:TBEA()YB.

I
N

4.3. Results

We present in the following our numerical results [244]. We show first the effect of the additional
particles on the masses of the MSSM particles. Afterwards, we discuss the lepton flavor violating
processes. In the third subsection, we come to the features of dark matter in the different seesaw
scenarios.

4.3.1. Effect of the heavy particles on the MSSM spectrum
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Figure 4.2.: Mass parameters at Q = 1 TeV versus the seesaw scale for fixed high scale parameters
mg = My = 1 TeV. The full lines correspond to seesaw type I, the dashed ones to type IT and the dash-
dotted ones to type III. In all cases, a degenerate spectrum of the seesaw particles has been assumed.

The presence of charged particles at scales between the electroweak scale and the GUT scale leads
to changes in the S-functions of the gauge couplings. In the MSSM, the one-loop S-functions of
the gauge couplings are of the form

big; - (4.62)

(1) —
ﬁgi 1672 4

The coefficients b; are just the Dynkin index I5(R) and the values for the MSSM particle content
are by = %,bz = 1,b3 = —3. As already shown in eqgs. (]4.39[) and (]4.55[), these coefficients can
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Figure 4.3.: Example of different masses at Q = 1 TeV versus the seesaw scale for fixed high scale

parameters mo = My, = 1 TeV, tan 3 = 10 and p > 0. On left panel are My, mygo and My - shown,

while on the right panel we have Ma, mgo and My The line codes are as in Fig.

receive large contributions if 15- or 24-plets are present. In case of seesaw II, this results in a
total shift of Ab; = 7 and in case of type I1I assuming three generations of 24, the total difference
is Ab; = 15. Furthermore, the heavy fields change not only the evolution of the gauge couplings
but also the evolution of the gaugino and scalar mass parameters with strong implications on
the particle spectrum [245] [246]. Additional effects on the spectrum of the scalars can be present
if some of the Yukawa couplings get large [246H248]. In Fig. , we show the dependence of
several mass parameters at the scale Q = 1 TeV on the seesaw scale Mgeesaw. Here, we have
chosen for seesaw I and III a degenerated scale for all three generations of heavy fields. Fur-
thermore, we have fixed the GUT scale parameters to mg = M;;, = 1 TeV and we have set
all additional Yukawa couplings to zero. As expected, the effects in case of seesaw type II and
type III grow with decreasing seesaw scale. This implies that for 'low’ values of the seesaw scale
the spectrum depends strongly on the given seesaw scenario for a fixed set of GUT parameters.
For illustration, we give in Fig. some examples for the corresponding masses. Here, we have
fixed tan 5 = 10 and Ap = 0 GeV. The ratio of the gaugino mass parameters is nearly the same
in all three seesaw types as in usual mSugra scenarios. As opposed to that, the ratios of the
sfermion mass parameters change [245] 246].

To underline the importance of the two-loop RGEs, we note that the use of the two-loop RGEs for
seesaw Il leads to a shift of the GUT scale defined as gyy(1),, = gsu(2), : using a degenerate seesaw
scale of 1013 GeV, the one-loop value of about 1.0-10'6 GeV changes to roughly 4.2-10'¢ GeV at
two-loop level. This implies also that there is some difference for the strong coupling of 5-10%.
This can easily be accounted by threshold effects of the new GUT particles, e.g. the missing
members of the gauge fields and the Higgs fields responsible for the breaking of the GUT group.
A detailed discussion about these threshold effects in SU(5) up to three-loop is given in [57]. A
second effect of the heavy fields is that for one-loop and for two-loop RGEs the increase of the

B coefficients cause larger values of the gauge couplings at the GUT scale. This implies that one
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Figure 4.4.: Values of the gauge coupling at Mgyt = 2 - 106 GeV as a function of the seesaw scale.
The black lines are for seesaw Il and green lines for type III with three 24-plets with degenerate mass
spectrum, the full lines correspond to two-loop and the dashed ones to one-loop. For the calculation of
the electroweak threshold the spectrum corresponds to mo = M, = 1 TeV, Ag = 0 GeV, tan 3 = 10
and p > 0.

reaches a Landau pole for sufficiently low values of the seesaw scale. As an example we show
in Fig. the value of the gauge coupling at Mgy = 2 - 10'6 GeV as a function of the seesaw
scale for type II with a pair of 15-plets and for type III with three degenerate 24-plets. In both
cases, the two-loop RGEs lead to a larger gauge coupling for a fixed seesaw scale. One can see
that in case of seesaw II, in principle, one could reach a seesaw scale of about 10® GeV while
for type III a lower limit of 10'3 GeV exists. However, we believe that we can no longer trust
even the two-loop calculation for such large values of the g;, as the neglected higher order terms
become more and more important.

4.3.2. Lepton flavor violation

We have already seen in eq. that rates for the lepton flavor violating decays of p and
7 depend quadratically on the LFV entries in the slepton mass squared matrix. Furthermore,
they are inverse proportional to the overall SUSY mass to the power eight. Using this, one can
immediately conclude that the rates for rare leptonic decays are in general larger for type II
and III than for type I if the SUSY masses and seesaw scales are fixed. The only exception
would be the presence of special cancellations. On the one hand, the LFV entries are larger
in case of type Il compared to type III as can be seen in egs. and . On the other
hand, the spectrum is lighter for fixed mSugra parameter in case of type III compared to type II.
In sum, the largest rates for the rare lepton decays take place for seesaw III. As example, we
depict in Fig. the case of © — evy. Here, we show for all three seesaw models the branching
ratio Br(u — ey) versus the seesaw scale. For this purpose, we used again degenerate seesaw
spectra in case of type I and III. The additional Yukawa couplings were fixed to obtain correct
neutrino data. As we can see, it is only possible to show a relatively short interval for the
seesaw scale in case of type III. There are mainly two reasons for that: first, the gauge coupling
get large at Mgyt for small Myeesaw as already discussed and, thus, perturbation theory breaks
down. Second, the squared masses of some scalars, in particular of the lighter stau and/or lighter
shottom, are getting negative. The second point can be circumvented to some extend by using
larger soft breaking parameters at the GU'T scale.
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Figure 4.5.: u — ey for seesaw I (red), seesaw II (blue) and seesaw III (pink) versus seesaw scale. On
the left panel mo = m; /o, = 300 GeV, on the right panel mg = m;,, = 1000 GeV. In both cases we take
tan 5 = 10, Ap=0 GeV and p > 0.
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Figure 4.6.: ; — ey versus sin® ©13 for mg = M, = 1000 GeV, tan 8 = 10, Ag = 0 GeV, p > 0 and
Meesaw = 101 GeV. The color code is: seesaw type I (solid lines) and seesaw type III (dashed lines).
The curves shown are for 6 = 0 (red) and § = 7 (blue) for normal hierarchy.

Especially for the seesaw III, heavy SUSY masses are preferred: using generic Yukawa couplings
which can explain neutrino data, always a heavy spectrum is needed to be consistent with exper-
imental bounds on rare leptonic decays. Nevertheless, there might still an accidental cancellation
take place between different contributions to these rare decays. As an example, we depict in the
left plot of Fig. again Br(u — ev) for seesaw I and III. This time, we show the dependence on
the reactor angle sin? ©3 for different values 6. Obviously, there is an allowed range of sin? ©13
for § ~ . Even if this looks like a fine-tuning of parameters, we can interpret it also from
another point of view: if we assume that MEG collaboration has found a non-vanishing value
for Br(p — e7y) and the measured spectrum at LHC is consistent with seesaw III, it would be
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Figure 4.7.: 7 — ey versus sin® O3 (left) and 7 — p7y versus sin? ©13 (right) for my = M, /5 = 1000 GeV,
tan 8 = 10, Ag = 0 GeV and p > 0, for seesaw type I (solid lines) and seesaw type III (dashed lines), for
Mieosaw = 10'* GeV. The curves shown are for § = 0 (red) and § = 7 (blue) for normal hierarchy.

possible to obtain for a fixed R-matrix of eq. a relation between sin® O3 and Moy assuming
a degenerate seesaw spectrum. This relation can be used to receive bounds on Moy, or, if we are
lucky, even to determine it.

In the right plot of Fig. [4.7] we show the corresponding rare 7-decays. Also for 7 — ev, similar
cancellation as just discussed might exist. However, this range in parameter space are already
excluded by 4 — ey. In contrast, 7 — p<y is insensitive to the reactor angle and should be
measurable in the near future.
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Figure 4.8.: Branching ratios for {; — [;7 (solid lines) and l; — 3l; (dashed lines) versus the seesaw
scale for tan 8 = 10, 4 > 0, Ag = 0 GeV, My, = mo = 1 TeV. On the left panel, we varied My, with
My, = My, = 2-10'3 GeV, while on the right panel, we scan over My, with My, = My, = 2-10'3 GeV.
The color code is red for g — ey or yu — 3e, blue for 7 — py or 7 — 3 and green for 7 — ey or 7 — 3e.

So far, we have assumed that the heavy fields are nearly degenerated in case of type I and
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type IIL. In Fig. [4.§] we have softened this assumption for the seesaw III and fixed two masses
but varied the third one. We note that the indices of the heavy fields are generation indices and
do not relate to a particular mass ordering: My, corresponds to the ’solar neutrino scale’ and
Myy, to the ’atmospheric neutrino scale’. In the left plot of Fig. we varied the mass My,
of the first state. In that case, the branching ratios decrease with increasing My, . The reason
is that the SUSY spectrum also increases. In contrast, the implication on the neutrino physics
is only small and mainly caused by a light increase of the corresponding Yukawa couplings to
obtain the correct neutrino masses. In the right plot of Fig. we varied the mass of the third
heavy state. Here, a stronger correlation between the mass and the branching ratios is visible:
the Yukawa couplings must increase to obtain the correct neutrino mass difference squared for
the atmospheric sector. This causes the increasing branching ratios for the 7 decays, while the
ratios for e and p decrease and the 7 decays might be more important than p — evy.

4.3.3. Dark Matter

We turn now to the discussion of the dark matter properties in the different seesaw scenarios.
For this purpose, we show in Fig. a comparison between a standard mSugra scenario and the
three seesaw models. The standard high scale parameters of mSugra parameters were fixed to

tanB =10, Ag=0GeV, u>0. (4.63)

In addition, the seesaw scale was in all scenarios set to My, = My, = My = 10'* GeV and we
used a top mass of myep = 171.2 GeV if not stated different. We have calculated the relic density
using micrOMEGAs [I72]. The blue bands show the 30 range according to |77

0.0810 < Qh? < 0.129 . (4.64)

The standard mSugra case is shown in the upper, left plot of Fig. 1.9 Three distinct regions
with the correct relic density are visible: the stau-coannihilation with a lighter stau mass close
to the mass of the LSP for M/, > 300 GeV, the bulk-region for moderate values of M/ and
my resulting in small sfermion masses as well as the focus point region for M/, ~ 170 GeV and
larger values of mg. In the last region, the Higgsino component of the lightest neutralino is in the
percent range. However, all regions but the coannihilation region are ruled out by experimental
constraints: the mass of the lightest chargino is in the focus point region below the LEP limit.
This is a direct consequence of the small value for M; 5. Furthermore, the focus point region
and also the bulk region are ruled out by bounds from Higgs searches even if a moderate limit
of 110 GeV is applied. At first glance, this limit seems too low since LEP has already excluded
Higgs masses up to 114.4 GeV [77]. However, this limit is only valid for a Higgs which couples to
bb with the same strength as the SM Higgs does, while it is known that this coupling is reduced
in some areas of the MSSM parameter space. Moreover, there are theoretical uncertainties in
the calculated Higgs mass. Although, we have used two-loop RGEs and two-loop self-energies
for calculating the Higgs mass, the known uncertainty in DR-scheme are 3-5 GeV as discussed
in [249, 250]. This leads to the shown, conservative exclusion line of 110 GeV when all these
uncertainties are taken into account. As we will discuss for seesaw 1I and III, it is possible to
reduce the areas excluded by Higgs masses by choosing larger, negative values of Ag.

The upper right plot of Fig. shows the result for seesaw I. As expected, there is no obvious
difference in that case in comparison to the standard mSugra. This is an effect of the unchanged
mass spectrum what we have already seen in sec. [£.3.1] We can immediately go to the discussion
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Figure 4.9.: Dark matter allowed region (in blue) for mSugra (left upper plot), for seesaw I (right upper
plot), seesaw II (left lower plot) and seesaw III (right lower plot). The parameters are tan 8 = 10, Ay = 0,
p >0 and My = 10 GeV for my,, = 171.2 GeV. The yellow regions are excluded by LEP (small values
of My 5) or by a charged LSP (small values of mg). Also shown are the Higgs mass curves for My = 110
GeV (in red) and for My = 114.4 GeV (in magenta).

of type II, depicted in the lower, left plot of Fig.[£.9] Since the heavy particles have a significant
impact on the SUSY masses in this case, the areas with correct relic density are also shifted.
First, the coannihilation prefers regions with smaller values of mg: for a lower seesaw scale, the
LSP as well as the NLSP are lighter. However, this effect is larger for the LSP and, thus, the
magss ratio of NLSP to LSP increases. This has to be compensated, for sufficient coannihilation,
by smaller values of mg. For 10g(é\}%,) < 13.2, the coannihilation region disappears completely
as shown in Fig. the gap in masses between the lighter stau and the lightest neutralino
is even for mg = 0GeV too large to enable coannihilation. Second, the focus point region is
shifted to a slightly larger value of M/, of 200 GeV. The reason is that neutralinos are generally
lighter, as we have seen, in comparison to a pure mSugra scenario: for mg = 500 GeV and
M5 =180 GeV the mass of the LSP is for standard mSugra 68.3 GeV, while it is for seesaw I1
with 46.8 GeV notedly smaller. The Higgsino component is in both cases the same with 5.2 %.
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Figure 4.10.: The upper row shows the dependence of the mass difference between the lightest neutralino
% and the lighter stau 7 on the seesaw scale for different values of mg. The other parameters were fixed
to Ag = 0 GeV, u > 0 and M;;, = 800 GeV. The second row shows the corresponding relic density
Qh2. The left hand side is for seesaw II, the right hand side for seesaw III. The color code is as follows:
200 GeV (orange line), 150 GeV (dotted black line), 100 GeV (dotdashed green line), 100 GeV (dashed
red line) and 0 GeV (blue line). The gray band shows the preferred range according to eq. .

Although for M/, = 200 GeV, the neutralino is in the seesaw II case still lighter with a mass
of 53.0 GeV, but the Higgsino fraction is reduced to 4.3 % resulting in the correct relic density.
Even if the focus point region is shifted to larger values, it is still in conflict with LEP bounds
because the chargino mass is reduced in the same way the neutralino mass is (see sec. .
Moreover, also the exclusion regions stemming from Higgs searches cover larger regions of the
parameter space. However, these constraints can be reduced by changing the GUT value of Ay,
since the loop-corrections to the Iiggs masses are sensitive to the mixing in the stop sector. We
show the dependence of the lightest Higgs mass on Ao for two pairs of values of M/, and mg in
Fig. The upper, left plot of Fig. shows the corresponding change in the (mq, M /5)-
plane for choosing Ag = —300 GeV: the features of the regions with correct relic density are kept
untouched but a larger range of the coannihilation region is no longer ruled out by Higgs search.
Using larger, negative values of Ag would also enable parts for the bulk region.

Finally, we turn to the type III seesaw, the lower, right plot of Fig. [£.9 We have already seen
that the mass spectrum changes the most. Hence, also the dark matter regions are affected at
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Figure 4.11.: The upper row shows the dependence of the lightest Higgs mass mj, on the GUT value
of Ag. We have chosen tan 8 = 10 and p > 0. Left: seesaw II with mg = M; /5 = 300GeV (blue line)
and mo = 100 GeV, M,/ = 400 GeV (dotted red line). Right: seesaw III with mg = M,/ = 500 GeV
(blue line) and mgo = 100 GeV, M /3 = 750 GeV (dotted red line). In the second row is the effect on the
(mo, My j2)-plane shown: the parameters are the same as in in Fig. but Ag = —300GeV was used.
The left plane is for type II, the right one for type III.

most. The coannihilation region has complete disappeared. The reason is the same as for the
seesaw 11, namely, the neutralino mass tends faster to smaller values for lower seesaw scales as
the stau mass does. This effect is stronger for type I1I as for type II, therefore the coannihilation

vanishes already for log(%) < 14.5 as shown in the right plot of Fig. The behavior
of the focus point region of type III is completely different to the other scenarios: while this
distinct region of correct relic density is nearly a straight line for seesaw I and II as well as for
standard mSugra in the depicted range of my, it is bent for type III. In the former cases, the
Higgsino component and the mass of the LSP vary only slightly with increasing mg what can be
compensated by a mildly smaller value of M ;. In contrast, the LSP becomes Higgsino-like at
approximately mgo = 1000 GeV in the seesaw III scenario and the mass decreases rapidly. This
is depicted in Fig. £.12] The origin of this behavior is the large value of the gauge couplings
at the GUT scale up to 1.17 in comparison to usual mSugra values of about 0.72. That’s why
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Figure 4.12.: Mass of the lightest neutralino (first row), its Higgsino content (second row) and the
corresponding Qh? (third row) as a function of mg for a seesaw type II (left column) and type IIT (right
column) model with a degenerate seesaw scale My = My, = 1014 GeV. The other parameters were set to
Ap =0 GeV, tan f = 10 and g > 0. The lines correspond for seesaw II to M, /o = 195 GeV (full blue line),
M, j5 = 200 GeV (red dashed line), M; /5 = 205 GeV (green dashed dotted line), M; /5 = 210 GeV (black
dashed line) and M,/ = 215 GeV (orange full line). For type III, the color code is: M/, = 400 GeV
(full blue line), M, 5 = 405 GeV (red dashed line), M, , = 410 GeV (green dashed dotted line), M/, =
415 GeV (black dashed line ) and M,/ = 420 GeV (orange full line). The gray band shows the preferred

range according to eq. (4.64)).
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the gauge contributions to the running of the up-type Higgs compensate the large top Yukawa
coupling and prevent large negative values of m%{u and cause small values of u. However, in this
region of the parameter space, u grows faster with increasing M /o than M; does because it is
very sensitive to the GUT scale. Hence, to keep the Higgsino fraction at small values in order to
circumvent too efficient annihilation, M, 5 has to be increased what explains the slope. The large
constraints coming from Higgs bounds can also for the seesaw III softened by larger, negative
values of Ag as shown on the right column of in Fig. The upper plot gives the general
dependence of the lightest Higgs mass on Ag, while the lower plot shows the (mg, M; /2)—p1ane
for Ag = —300 GeV. Obviously, the bulk regions starts to be consistent with Higgs bounds at
this value for Ag. Furthermore, also the kink for large values of mg has disappeared in the focus
point region since the Higgs masses are generally heavier and, hence, they are no longer crossed
by the LSP mass. Finally, the focus point region with low values of mg is also in that case
forbidden by the small chargino mass.
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Figure 4.13.: Comparison of a Higgs funnel using one-loop (blue) or two-loop (red) RGEs. Left plot
shows type-II and the right one type-III. The parameters are: Ay = 0 GeV, u > 0 and Myeesaw = 1014 GeV
and myop, = 171.2 GeV. In addition, we used tan 8 = 52 for type II and tan 3 = 49 for type IIL

To show the importance of the two-loop RGEs, we have depicted in Fig. a comparison of
a Higgs funnel calculated using the one- and two-loop RGEs. The Higgs funnel is characterized
by a resonance effect, that means, the pseudo scalar mass is close to twice the neutralino mass.
The band with correct relic density is in this case much broader than the other regions because
of the large width of the Higgs boson. In the shown examples, we have fixed again Ag = 0 GeV
and g > 0. In addition, we used tan S = 52 for seesaw Il and tan 8 = 49 for seesaw III because
the resonances appear for different values of tan 3. The seesaw scale was set to 1014 GeV and we
used for type III degenerated, heavy states. Obviously, there is a huge difference between both
calculations: using two-loop RGEs pushes the Higgs funnel to much larger values of M; /5. The
reason is that the two-loop contributions decrease the neutralino mass, while they increase the
mags of the pseudo scalar Higgs. For example, in case of seesaw II and for fixed values of mg =
M; 5 = 1500 GeV, the masses using one-loop RGEs are mgo = 560.2 GeV, m 40 = 1089.8 GeV and
they are m_ 0= 497.6 GeV, mao = 1099.8 GeV using two- loop RGEs. The two-loop contributions
slightly i 1ncrease the dlfference between the Higgs soft breaking masses squared mg, /mpg, and
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Figure 4.14.: Dark Matter iso curves for a variation of the top mass my,, = 169.1 GeV (blue), my,, =
171.2 GeV (red) and m¢,p = 173.3 GeV (green). Left plot: seesaw II with Ag = 0, u > 0, My = 10'* GeV
and tan 3 = 52. Right plot: seesaw I1I with Ay = 0, > 0, My, = 10** GeV and tan 8 = 49.

lead therefore to a larger value of B, what causes the increased pseudo scalar mass. In contrast,
the bino soft breaking mass M; is reduced by the large gauge contributions at two-loop level.
Since this effect is for the type III larger because of the three generations of 24, the absolute
difference between the curves at one- and two-loop level is also bigger. The Higgs funnel is not
only sensitive to the used loop order of RGEs but also to the seesaw scale and the input value
of the top mass. The last point is demonstrated at one example for seesaw Il and one example
for seesaw III in Fig. m where the top mass was varied in the known 1o range [77]

169.1 GeV < mT < 173.3 GeV (4.65)

A larger top mass leads to larger pseudo scalar masses because of the increased running of
the up-type Higgs mass parameter but affects the neutralino mass much less. This has to be
compensated by smaller values of mg in order to stay near the resonance.
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CHAPTER FIVE

DARK MATTER IN THE NEXT-TO-MINIMAL SUPERSYMMETRIC
STANDARD MODEL

The superpotential of the MSSM contains a parameter with dimension mass, namely the so called
1 parameter which gives mass to the Higgs bosons and Higgsinos. From a purely theoretical point
of view, the value of this parameter is expected to be either of the order of the GUT /Planck scale
or exactly zero, if it is protected by a symmetry. For phenomenological aspects, however, it is
necessary that u is of the order of the scale of EWSB and it has to be non-zero to be consistent
with experimental data. This discrepancy is the so called p-problem of the MSSM [25] already
introduced in sec. [L1.3.3

The Next-to-Minimal Supersymmetric Standard Model (NMSSM) [251H263] provides an elegant
solution to this problem. The particle content of the MSSM is extended by an additional gauge
singlet, which receives a VEV when SUSY gets broken. The corresponding term in the superpo-
tential gives then rise to an effective p-term which is naturally of the order of the SUSY breaking
scale.

Also in the NMSSM, several regions in parameter space exist with the correct relic density to
explain the observed dark matter [264] 265]. Similar to the MSSM, it turns out that in constraint
NMSSM scenarios different regions are rather susceptible to mass differences of the various su-
persymmetric particles. In particular, the masses of the Higgs bosons, the neutralinos, the staus
and stops are important and require a precise calculation. Motivated by this observation, we
calculated all SUSY masses of the NMSSM at one-loop level [191].

5.1. The Next-to-minimal supersymmetric Standard Model

As already stated above, the solution to the p-problem of the MSSM is the replacement of the
bilinear u-term by a coupling between the Higgs superfields and an additional gauge singlet S
leading to the superpotential

Wrmssm = —HyqYyu + HgGYyd + HylYe e + NHy HygS + gHSSS , (5.1)
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where the last term is introduced to forbid a Peccei-Quinn symmetry which would lead to an axion
in contradiction to experimental results. Moreover, we have only taken into account dimensionless
couplings to avoid the p-problem of the MSSM. For a recent review of the NMSSM see [186] and
references therein.
The scalar component S of S receives after SUSY breaking a VEV, denoted v,, which leads to
_ A 5.2
Heff = \/i Us ( - )

where we have used the decomposition

1 )
S = ﬁ (¢ps +ios + vs) . (5.3)

Since peg is a consequence of SUSY breaking, the natural value for this parameter is of the order
of the SUSY breaking scale [261]. The soft breaking terms are

Ve = m%,u|Hu|2 + m%[d|Hd|2 +m3|S|? + qug-j + é'm2e + ZTmngN—I— cZTmfzci—l— atmia +
1 - L.
+5 (Ml BB + My W W + Mj §og® + h.c.) (5.4)
B} - 1
Veps = —H,qTual + HyGTyd' + HyT.é" + T\H,HyS + 31598 . (5.5)

5.2. Calculation of the one-loop mass spectrum

We discuss in this section the DR renormalization of the relevant masses, where we follow closely
ref. [I83]. We start with the tadpole equations at one-loop level.

5.2.1. One-loop tadpoles

Once electroweak symmetry gets broken, both Higgs doublets receive a VEV and we decompose
the scalars similar to eq. (5.3)

1 .
H,q= E (Gu.d + i0yd + Vud) - (5.6)
At tree level, the minimum conditions for the vacuum are calculated according to eq. (3.31). The
results read

ov 1 1
T, = Eoli qudvd + évd(vfl — vi) (g% —i—g%) + ivd(vi + ’U?)\)\]Z
—%vgvuRe{nA} — \}ivsvuRe{TA}, (5.7)
ov 1 1
T, = B = m%{uvd + gvu (vg — vi) (g% + g%) + 5%(1)(21 + U?)M\Q
u
—%U?Q}dRe{l‘i)\} — %UsvdRe{TA}, (5.8)
1
T, = gz)/ = m%vs + vf\/f|2 — vdvsvuRe{m\} + 5(1}3 + vZ)vs\)\\Q
S
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f vIRe{T,} — fvdvuRe{TA} (5.9)
Here, we have chosen a phase convention where all VEVs are real. For the later calculation
of the one-loop corrections to the Higgs boson masses, one needs the evaluation of the tadpole
equations at the one-loop level, leading to corrections 5t§1)
demand

. As renormalization condition we

T+t =0 for i=du,s. (5.10)

All calculations are performed in 't Hooft gauge using the diagrammatic approach. The explicit
formulas for 5t(1) are given in app. In our subsequent analysis we will solve egs. for
the soft SUSY breakmg masses squared mH , mH and m2s .

All parameters in eqs. are understood as running parameters at a given renormalization
scale Q. Note that the VEVS vg and v, are obtained from the running mass Mz(Q) of the Z
boson, which is related to the pole mass Mz through

2, 2
91t g
M3(Q) = == (vg +vi) = M7 + Re{Il75(M7)} . (5.11)
The transverse self-energy Hg 4 is given in app. Details on the calculation of the running

gauge couplings at Q = My can be found in ref. [I83]. The ratio of these VEVs is denoted as in
the MSSM by tan 8 = ”“

5.2.2. Masses of the Higgs bosons

The tree level mass matrices for the neutral scalar Higgs bosons and pseudo scalar Higgs bosons
can be calculated from the scalar potential according to

2l o*v 240 o*v

My : mp; :
I 00, R i 9o00; S

(5.12)

with 7,5 = 1,2,3 = u,d,s. The matrices are symmetric and the entries in case of the scalar
Higgs bosons are

m3hy = w02 )N+ 1(gl+g2)(3v§fvg), (5.13)
myh, = —EvsRe{T,\} —UQRe{m)\} (g1+g2 4N vgvy, (5.14)
myh, = —\}EvuRe{T,\}—i—vsvdMF—vsvuRe{fi}, (5.15)
myh, = mi, + %(vft + o)A+ é(g% +93) (302 — v3), (5.16)
My = —%vdRe{T,\}+vsvu\/\\2—vsvdRe{)\n}, (5.17)
mylhs = mi+ 302k + %(03 +2) A%+ V2u,Re{T,} — vgvuRe{rA} , (5.18)
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while those of the pseudo scalar ones are

1 1
iy = mi, (vl vmw + 5 (97 +93) (v = 03). (5.19)
sz?; = \[vsRe{T,\} + U Re{ﬁ)\} (5.20)
mily = JsvRe{Ty} —vRe{xA}, (5.21)
1 1
QTQS = my, +5 (vd+v )IAI? + ( 91 +93) (v —v3), (5.22)
m2y, = \}ivdRe{T,\} — vgvsRe{rA}, (5.23)
m%?; = m§+uin’ + %(Uﬁ +v2) [A? = V20,Re{T,} + vgvuRe{rA} , (5.24)

where m%{d, m%{u and m% satisfy the tadpole equations.

The diagonalization of the mass matrices m%h and m%A leads in total to five physical mass

eigenstates and one neutral Goldstone boson which becomes the longitudinal component of the
Z boson. The five physical degrees of freedom are: three CP-even Higgs bosons denoted hi 23
and two CP-odd bosons denoted A%Q. The corresponding rotation matrices Z und Z4 are
defined through

ZXm?r 5T =it x=hA°,  X=HA. (5.25)

Moreover, we note that we order all masses by m; < m; if i < j.
The one-loop scalar Higgs masses are then calculated by taking the real part of the poles of the
corresponding propagator matrices

Det [pZ 1- m%Lh(pz)} =0, (5.26)
where
mip (p?) = g — Mn(p?) - (5.27)

Here, m;, is the tree level mass matrix from eq. where to solution of eq. was used
to express the soft breaking squared mass parameters. Eq. has to be solved for each
eigenvalue p? = ml2 The same procedure is applied for the pseudo scalar Higgs bosons, too.

The complete one-loop expressions for the self energy of the CP-odd and even Higgs bosons are
given in apps. |H.4.2| and |H.4.3[ The charged Higgs sector consists of H; and H;. The mass

matrix in the basis (Hd_, HJ*> is diagonalized by an unitary matrix Z+

2,Ht 2,Ht
AL D ARIE S il (5.28)
The eigenstates yield as in the MSSM the longitudinal component of the W boson and a charged
Higgs boson H with mass

) (2vsRs A w — 2|\ 2v2vsReq T’
m%lﬁ _ (vd+v v e{/i }Jrvdzv ig | | )+ \fv e{ )\} . (5.29)
dVu
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The one-loop mass is
2,H+ 2,H+ 2,H+
my; =mgp" — Re{llgspg+(miy )}, (5.30)

where the self-energy Il g+ + can be found in app.

5.2.3. Chargino and neutralino masses

As for the Higgs bosons discussed in the previous section, one has to find the real parts of the
poles of the propagator matrix to obtain the masses of charginos and neutralinos. At the tree
level, the chargino mass matrix in the basis ¢~ = (W, H; )T, ¢ = (W', H) is given by

Lo == TME Gt +hee. (5.31)
with
1
ME = M pgeen | (5.32)

%92% %Us)\

This mass matrix is diagonalized by a biunitary transformation such that U *M%Z+ Vvt is diago-
nal. The matrices U and V are obtained by diagonalizing M%Jr (M%JF)T and (M%+)*(M7)5+)T,
respectively. At the one-loop level, the mass matrix is given by

ot ot ot o+
MY (p) = My —S57) — SHpHMYE — MY 7 (7). (5.33)

In case of the neutralinos, one has a complex symmetric 5 X 5 mass matrix which in the basis
Y0 = (B,W° HY, H?, S)T is at the tree level given by

M 0 —3G10a 39104
0 M, 39204 —392Vu 0
MIXZO = | —3q1va 39204 0 —%vs)\ —%vu)\ ) (5.34)
%glvu —%ggvu —%USA 0 —%Ud)\
0 0 —%vu/\ —%vd)\ V2usk

One can show that for real parameters the matrix M%‘:O can be diagonalized directly by a 5 x 5
mixing matrix N such that N *M;SO NT is diagonal. In the complex case, one has to diagonalize
M%ZO (M;:‘O)T. At the one-loop level, we obtain

<0 0 1 T T -0
MEGH = M 5 |2808) + S0 + (2168 + Shod) M
ME (59T (p2) + 29 (2 5.35
+Myp (¥R (pi) +EL(07) ) | - (5.35)

The complete self-energies for neutralinos and charginos are given in apps. [H.4.5 and [H.4.6]
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5.2.4. Masses of sleptons

In the basis (ér, fir, 7L, €R, fir, TR), the mass matrix of the charged sleptons at the tree level is

given by
ol _ miy — 3Vt A Y+ %”dTeT 5 36
stvu)\y +\[UdT MER
with the diagonal entries
v? 1
m, = mi ) ()T + 5 (98— 93) (v3 - v2)1s, (5.37)
m2 _ 2 Uj vT (v, 91 -
RR — mé-f— 2( 6) ( 6) + = 4 U Ud ]_3 (538)

13 is the 3 x 3 unit matrix. This matrix is diagonalized by an unitary mixing matrix Z:
B, 21 7B
ZEm2lz T mdlag (5.39)

The corresponding mass matrix at the one-loop level is again obtained by taking into account
the self-energy according to

] ]
my(p) = mp —g(p}) , (5.40)

and the one-loop masses are obtained by calculating the real parts of the poles of the propagator
matrix. The expression for II;;(p?) can be found in app.
Finally, the tree level sneutrino mass matrix is given in the basis (7, 7y, 7r) by

1
mZTV = mlg + A (g% + g%) (vd - >13 (5.41)
This matrix is diagonalized by an unitary mixing matrix Z%:
v 2 Vvt
Z'my’ 2" = mi, . (5.42)
Similarly as above, the one-loop mass matrix is given by
2,0 2,0
myy (p7) = mz” — o (p7) - (5.43)

The one-loop masses are obtained by calculating the real parts of the poles of the propagator
matrix. The expression for II;5(p?) can be found in app.

5.2.5. Masses of squarks

In the basis (JL, 50.br,dR, Sp. l;R) , the mass matrix for the down-type squarks is given by

2.d X
m%d _ mrr 2 (V20iTf — oo N'Y[) (5.44)
%(\/ﬁvde - vsvu)\Yd*) m?ﬂd%
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where the diagonal entries read

2 2., 2
3
mig = mg + EYd*YdT _ 2t (113 - 03)13 ,
2 24
2
v
myR = mi+ ?deTYd + 75 (U - Ud) 13. (5.45)

The corresponding expressions for the up-type squarks in the basis (&L, ér,tr, UR, CR, fR) are

m2 U miz %(ﬂvuTT - vdeA*YuT) (5 46)
T = . .
%(ﬂvu = UqUsAY, ) m%ﬁ
with
02 2 _ 2
302 —

miz = m?i + EUYU*Y;‘F + 79224 9 (vi—v2)1s,

mpg = mi+ “YTY* n (vﬁ —v )13 (5.47)
These matrix are diagonalized by unitary mixing matrices Z9:

Z9mziz9% =m3l | q=duQ=D,U. (5.48)

5.2.6. Masses of quarks, leptons and the gluino

The masses of the SM fermions are exactly the same as in the MSSM and the tree level relations
are given in app. [Bl Furthermore, the formulas for the one-loop self-energies of the SM fermions
are very similar to the MSSM results. The MSSM results can be found e.g. in [I83] and we list
our NMSSM results in apps. [H.4.11]-[H.4.13} only the upper limit of the sums over internal Higgs
fields and neutralinos has to be adjusted in comparison to the MSSM. Since all SM fermions are
Dirac spinors, the connection between the tree level and one-loop mass matrix is the same as for
the chargino given by eq. .

In the case of the gluino there is no difference in comparison to the MSSM. The gluino mass
is given by the absolute value of the gaugino parameter |Ms| and the one-loop self energies has
exactly the same form. For completeness, we added the one-loop self energy of the gluino to
app. [H.4.14] Since the gluino is a Majorana fermion like the neutralinos, the one-loop mass can
by calculated analog to eq. (5.35)).

5.3. The constrained NMSSM

5.3.1. The model and its free parameters

In the subsequent numerical analysis, we are mainly interested in precision calculation of the
SUSY masses and potential effects in the calculation of the relic density. To reduce the number
of free parameters, we focus on a scenario motivated by minimal supergravity (mSugra) [51].
More precisely, we study a variant of the constrained NMSSM [266] 267] where we allow for
non-universal Higgs mass parameters squared at the GUT scale. In our setup, these parameters
are determined with the help of the tadpole equations eq. at the electroweak scale.

We define the GUT scale as the scale where the Uy (1) and SU(2), couplings fulfill \/ggl = go.
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First, we apply the same boundary conditions for the gaugino masses M;, My, M3 and the soft
breaking masses of the squarks and sleptons m? at the GUT scale as in the standard MSSM

M1 = M2 = M3 = M1/27 (549)
m?z = m% = mg = mg = 7”TLZg = mg 13 . (550)

Second, the trilinear scalar couplings T; are given by
Tu = 140Yvu7 Td = A()Yd, Te = A()Yé, T)\ = z‘l)\/\7 and TH = A,{/ﬁl . (551)

Here, Ag is defined at the GUT scale, while A\, s, T) and T, can be defined either at the GUT
or at the SUSY scale in our numerical analysis. Together with the values for tan 8 = Z—Z and vg,
the spectrum is fixed. To summarize, we have nine input parameters,

My, mo, Ao, A, K, Ay, Ax, vs, and tanp. (5.52)

We allow for non-universalities in the trilinear parameters for an easier comparison with the
existing literature but in principal we could take all A-parameters equal at the GUT scale. We
choose in the following vs > 0 and A,k € [—1,1].

5.3.2. Procedure to evaluate the SUSY parameters at the electroweak scale

In order to connect the parameters at various scales, we use the RGEs, which are calculated
with SARAH in the most general form. We have compared the obtained expressions for the RGEs
with those given in ref. [I86] in the limit where only the third generation Yukawa couplings
contributes. There has been a slight difference in the two-loop S-function of Ay = T3/, but it
was confirmed by the authors of ref. [I86] that our result is correct. We list the RGEs different
to the MSSM in app. The complete set of RGEs can easily be calculated by the CalcRGEs
command of SARAH as explained in app.

In the calculation of the gauge and Yukawa couplings, we follow closely the procedure described
in ref. [164]: the values for the Yukawa couplings giving mass to the SM fermions and the gauge
couplings are determined at the scale My based on the measured values for the quark, lepton
and vector boson masses as well as for the gauge couplings. Here, we have included the one-
loop corrections to the masses of W and Z boson as well as the SUSY contributions to dy g for
calculating the gauge couplings. Similarly, we have included the complete one-loop corrections
to the self-energies of SM fermions extending the formulas of [I83] to include the additional
neutralino and Higgs bosons. Moreover, we have resummed the tan 5 enhanced terms for the
calculation of the Yukawa couplings of the b-quark and the 7-lepton as in [164].

The vacuum expectation values vy and v, are calculated with respect to the given value of tan
at Mz. Furthermore, we solve the tadpole equations to get initial values for m%{d, m%{u and
m% Afterwards the RGEs are used to obtain the values at the GUT scale and all boundary
conditions including A and x are set as described above. Then, an RGE running to the SUSY
scale is performed and the SUSY masses are calculated at the one-loop level. For the neutral
and pseudo scalar Higgs bosons we include beside the one-loop contributions presented here in
additionally the known two-loop contributions [268]. For that purpose, also the numerical the
values for the VEVs at Mgy gy are needed. These are derived using the two-loop RGEs

B = —ui (4 +47) (5.53)
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Particle | mp [GeV] | mug [GeV] | A [%] | mar [GeV] | A [%]
hy 86.7 113.3 23.5 119.6 5.2
R 863.1 934.2 7.6 937.3 0.3
hs 2073.9 2073.9 | <01 | 20739 | <0.1
AY 76.4 69.3 10.2 69.5 0.3
AY 865.2 937.2 7.7 940.4 0.3
b%l 211.6 207.6 1.9 : _
0% 388.2 398.4 2.6 - -
e 987.9 980.5 0.7 : _
Y 993.0 985.1 0.8 - -
% 2074.8 2074.9 <0.1 - -
T 388.2 398.6 2.6 : _
bl 993.3 985.9 0.7 - -
) 191.1 193.3 1.2 - _
To 388.1 393.1 1.1 - _
t 506.9 541.8 6.4 - }
to 914.4 949.3 3.7 - }
by 845.3 880.4 3.9 - _
by 961.9 1008.5 4.6 - -

g 1107.2 1154.2 4.1 - _

Table 5.1.: Comparison of the tree level my and loop masses at one-loop (mqr) and two-loop (mar,).

A is the relative difference [1 — Z*Z-| respectively |1 — L],
1L maor

with ¢ = u,d. Here, %(1) and %(2) are the anomalous dimensions for the two Higgs-doublets at
the one- and two-loop level, respectively. The corresponding expressions are given in app. [H.1]
Let us recall that the input value for vy is already given at Mgysy. These steps are iterated
until the masses converge with a relative precision of 107°. The complete procedure has been

implemented in SPheno as discussed in sec. [2.2.2] [164].

5.3.3. An example spectrum

In Table we give as an example the masses of the Higgs bosons, charginos, neutralinos and

third generation sfermions at tree level as well as at the one- and two- loop level for the parameter
set

mo = 180 GeV ,

tan 8 =10,

M1/2 = 500 GeV ;
xkCUT =0.11,

Ag = AGUT = —1500 GeV
ACUT = 0.1, vy =13689GeV .

ASUT — _36GeV
(5.54)
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which is close to the benchmark scenario 1 of ref. [266]. As can be seen in Table the
corrections are sizable ranging from 0.1 % to 23.6 % in case of the lightest Higgs boson. This
large correction is well known and the main reason for including the two-loop corrections. The
corresponding two-loop Higgs masses as well as the relative correction with respect to the one-
loop results are displayed in Table[5.1} Again, the largest correction with 5.2 % is in case of the
lightest Higgs boson mass.

As an estimate of the remaining theoretical uncertainty, we have varied the renormalization
scale in SPheno. We show in Fig. the scale dependence for masses of neutral scalar Higgs
bosons at the one- and two-loop masses normalized to their values at Q = 1 TeV and vary the
renormalization scale @ between 200 GeV and 2.2 TeV. As can be seen, the large variation of
8 % at one-loop for the lightest Higgs, which is mainly the lighter SU(2), doublet Higgs in this
case, is reduced at two-loop to less than 2 %. In case of the heavier Higgs bosons, the scale
dependence is significantly smaller and similarly showing a significant improvement when going
from the one-loop level to the two-loop level. However, we remark that the values of A and x are
small in this scenario and we expect a stronger dependence in case of larger couplings.

1.05 ¢ :
1.04 1.01 by E F
1.03 F N L 1.0002 |
g 102¢ & L00E >~ 1 = 10000 ¢
= 1.01 H E
Y: £ 099 E S 09998}
099 E ; 0.9996 |
0985 T 098y 09994/ ]
500 1000 1500 2000 500 1000 1500 2000 500 1000 1500 2000
Q [GeV] Q [GeV] Q [GeV]

Figure 5.1.: Dependence of CP even Higgs masses on the renormalization scale @ at one-loop (red) and
two-loop level (dashed blue) normalized to the value at @ = 1 TeV. From left to right: mp,, mp, and

Mpg.

The picture changes slightly in case of the pseudo scalar bosons as can be seen in Fig. (.2
While the heavier pseudo scalar behaves exactly as the second scalar field since both originate
t0 99.5 % from Hy, the scale dependence for the lighter pseudo scalar is smaller compared to the
lightest scalar field, but hardly improves at the two-loop level. The reason is that in the two-loop
part contain ’only’ the strong contributions of the third generation squarks whereas this state is
mainly a singlet state and, thus, the contributions due to the NMSSM specific couplings would
be needed for a further improvement.

In Fig. the scale dependence for different neutralinos is shown. As can be seen, in case of
the three lighter states the scale dependence is reduced from the tree level of about 1.5 % to
3-5 per-mill. In case of the singlet state x5, the scale dependence is already small due to the
small values of A and x. We note that the scale dependence of Y{ (X3 and {J) is nearly the
same as that of Y9 ()Zg) as these state have their main origin in the same electroweak multiplet.
Finally we show in Fig. the scale dependence of the staus. The scale dependence at tree level
amounts to about 2-2.5 % and is reduced at one-loop level to about 1 % and less where the 7;
shows still the larger dependence. The sleptons of the first two generations show a somewhat
smaller scale dependence because in their cases the Yukawa couplings do not play any role.
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Figure 5.2.: Dependence of CP odd Higgs masses on the renormalization scale @ at one-loop (red) and
two-loop level (dashed blue) normalized to the value at @@ =1 TeV. Left: m Ao Right: m 4.
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Figure 5.3.: Dependence of the masses of the light neutralinos on the renormalization scale ) at tree
(red) and one-loop level (dashed blue) normalized to the value at Q = 1 TeV. From left to right and from

above to below: Mg0, Mg9, Mo and myo.

5.4. Comparison with the literature

To date, the program package NMSSM-Tools [168], 269 270] has been the only complete spectrum
calculator for the NMSSM. NMSSM-Tools uses for the constrained NMSSM the parameters my,

107



Dark Matter in the NMSSM

1.005 |

1.010
1000 1.005
& i '
S 0995 S
: 1.000
0.990 |
i 0.995
0.985 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
500 1000 1500 2000 500 1000 1500 2000
Q [GeV] Q [GeV]

Figure 5.4.: Dependence of the stau masses of the sleptons on the renormalization scale @ at tree (red)
and one-loop level (dashed blue) normalized to the value at @ = 1 TeV.

M9, Ag and Ay at the GUT scale whereas tan 3 and A are given at the electroweak scale.
Moreover, in NMSSM-Tools the tadpole equations are solved with respect to |vg|, &, and m%
We have performed a detailed numerical comparison of our implementation in SPheno with the
version NMSSM-Tools 2.3.1 and present here a few typical examples.

5.4.1. Differences between the programs

Since both programs use different methods to calculate the spectrum, we have done a comparison
where we modified the codes such that both codes use equivalent methods except for small details.
First, the implementation of NMSSM-Tools involves two different scales, namely, the SUSY scale
defined as

1
Qdusy = Mysy = 1 <2m2 +m3 + mfl) ; (5.55)
and the scale at which the masses are calculated,

Qérsp = MasMi- (5.56)

In SPheno, all masses are evaluated at the SUSY scale, so that we had to set Qgrsp = @susy
in the relevant routines of NMSSM-Tools. Second, as already stated in sec. [5.3.2] the two-loop
function of Ay has been corrected in the public version of NMSSM-Tools. However, in general the
numerical effect on the spectrum is rather small.

In the Higgs sector, the loop contributions are taken into account differently in both codes.
While SPheno takes the complete one-loop correction including the dependence of the external
momenta, NMSSM-Tools uses the effective potential approach, i.e. setting the external momenta
to zero. Also the included contributions differ: in SPheno, the complete one-loop corrections to
both, scalar and pseudo scalar Higgs bosons, and the two-loop contributions as given in [268] are
included. In NMSSM-Tools beside the dominant contributions due to third generation sfermions
also electroweak corrections and some leading two-loop corrections for the scalars are calculated:
for the pseudo scalars only the dominant one-loop corrections due to tops, stops, bottoms, and
sbottoms are included. To account for these differences, we have switched off the two-loop parts
in both codes. Furthermore, we have set the external momenta of the loop-diagrams of scalars
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Figure 5.5.: Comparison of the masses in GeV of the lightest scalar (upper left), the lightest pseudo
scalar (upper right), heavier scalar masses (lower left) and heavier pseudo scalar mass (lower right) as
a function of mg (in GeV). All other parameters are fixed as in eq. (5.57). The lines are for unmodified
version of SPheno (full red), NMSSM-Tools (dotted blue), SPheno mod (dashed red) and NMSSM-Tools mod
(dot-dashed blue).

in SPheno to zero. Finally, we have kept only those corrections to the pseudo scalar masses in
SPheno which are also included in NMSSM-Tools. In the following, we refer to these modified
versions by SPheno mod and NMSSM-Tools mod, respectively.

Also in the chargino and neutralino sector the implementations are different: in SPheno, the
complete one-loop corrections are implemented whereas in NMSSM-Tools the corrections to the
parameters My, My and peg are taken into account. In the slepton sector, the differences are
larger: SPheno contains the complete one-loop corrections whereas in NMSSM-Tools the calcula-
tion is done at tree level. For completeness, we note that the data transfer has been done using
the SLHA2 conventions [271].

5.4.2. Results of the comparison

As a first reference scenario, we take the benchmark point 1 proposed in [266]. The corresponding
input parameters for NMSSM-Tools are

mo =180GeV , M/ =500GeV, Ag=-1500GeV, tanp =10,
MUY — 01, AGUT = 3345, g >0. (5.57)
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Figure 5.6.: Comparison of chargino and neutralino masses (in GeV) as a function of mg (in GeV). All
other parameters are fixed as in eq. (5.57). The lines correspond to the unmodified versions of SPheno
(full red) and NMSSM-Tools (dashed blue). Up left: light neutralinos 9. Up right: neutralino Y, and
chargino Y7 (SPheno: black dotdashed, NMSSM-Tools: black dotted). Down left: neutralinos Y3 (thin
lines), X4 (thick lines) and chargino Y3 (SPheno: black dotdashed, NMSSM-Tools: green dotted). Down
right: xs.

In the following, we will vary mg and keep the other parameters to the values shown here. In the
left graph of Fig. 5.5 we show the mass of the lightest scalar hy as a function of mg. The largest
discrepancies arise for the lighter scalar and pseudo scalar boson, where the relative differences
between the complete calculation of both programs amount up to 2.5 and 35 %, respectively.
In case of hY, this is a combination of the p? terms in the loop-functions and the additional
two-loop contributions. The differences in case of A} can easily be understood by noting that in
NMSSM-Tools only the contribution of third-generation sfermions are taken into account whereas
we include the complete one-loop corrections plus the known two-loop contributions. In case of
the modified program codes, these differences reduce to at most 2 % which is meanly due to two
differences: first, the way the top Yukawa coupling is calculated and, secondly, the way the tad-
pole equations are solved. There is no visible difference between NMSSM-Tools and NMSSM-Tools
mod for the pseudo scalar and the heavy scalars. The reason is that in case of the pseudo scalar
no two-loop corrections are calculated in NMSSM-Tools and in case of the heavy scalars they are
very small.

Finally, we have also cross-checked our results in the Higgs sector with ref. [268] and we have
found agreement better than one per-mill when using the set of soft SUSY parameters at the
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Figure 5.7.: Comparison of selectron and stau masses (in GeV) as a function of mg. All other parameters
are fixed as in eq. (5.57). The lines correspond to the unmodified versions of SPheno (full red) and
NMSSM-Tools (dashed blue).

scale Qgrsp. This small difference is an effect of the Yukawa and scalar-trilinear couplings of the
first two generations which we take also into account. If we restrict ourself to third generation
couplings, there is an exact agreement between both calculations.

Concerning the chargino and neutralino masses, the agreement between the two spectrum calcu-
lators is rather good as can be seen in Fig. The relative differences are at most 1 % and in
general slightly below 0.5 %. In case of the sleptons, the differences are more pronounced as can
be seen in Fig. [5.7| which is due to the differences between tree level and one-loop calculation and
amounts to 3 % and 0.6 % for the light and heavy stau, respectively. Although, one expects sim-
ilar experimental uncertainties for LHC physics. However, the precision which is necessary for a
future linear collider or dark matter calculation require the inclusion of the radiative corrections
to the slepton masses.

5.5. Effects of one-loop corrections on the relic density of dark
matter

It is well known that the prediction of the dark matter relic density Qh? is very susceptible to
the exact mass configuration of the scenario under consideration [272]. For a neutralino LSP,
this is for instance the case for the annihilation through Higgs-resonances, but also in case of
neutralino-sfermion coannihilation. For the latter, the mass difference between the two particles
plays a key role in the calculation of the resulting relic density. For that reason, it is necessary to
calculate the complete spectrum as precisely as possible to get viable results of allowed regions of
parameter space with respect to the constraints imposed by the presence of dark matter. Let us
recall that recent measurements by the WMAP satellite in combination with further cosmological
data lead to the favored interval

0.1018 < QA% < 0.1228 (5.58)

at 3o confidence level [273].
We compute the relic density of the lightest neutralino using the program micrOMEGAs2.4.0
[172]. To this end, we have implemented the NMSSM particle content and corresponding in-

111



Dark Matter in the NMSSM

B [ 160
250 ] 1400 =S ]
% 200 ] o 1200 e ]
o s Ix ]
3 7 & 100 ..
= 150 -, JX
Eo - 80 §§ 1
100 ] g ol Sy
RS
50 ] 40 N
e WY 20 e e NN
100 150 200 250 300 350 400 450 360 380 400 420 440 460
]\/[1/2 [GGV} Ml/g [G@V]
e 600
1200 ] 500 ]
= 1000 ] = 400 ]
o 800 ] o
O, O 300 ]
= 600 ] —
= 400 iR 200 ]
200 1 100 1
0 L L L L L L L 0 Lo e e e
500 550 600 650 700 750 800 750 760 770 780 790 800 810 820
M1/2 [GGV] M1/2 [GGV]

Figure 5.8.: The isolines corresponding to Qh? = 0.1018 and QA% = 0.1228 in the (mo, M /3)-plane
for dominant neutralino-stau (up) and neutralino-stop (down) coannihilations. All other parameters are
fixed as in eq. (stau-coannihilation) respectively as in eq. (stop-coannihilation). The red
solid lines have been obtained for the complete mass spectrum at the one-loop level, while for the black
dashed line the loop corrections to the slepton (up) or up-squark (down) masses have been disabled. The
right graphs correspond to zooms into the left ones.

teractions into a model file for CalcHEP [274], which is used by micrOMEGAs to evaluate the
(co)annihilation cross-section. The relevant interactions have again been calculated and written
into the model files by SARAH. Let us note, that we take into account important QCD effects,
such as the running strong coupling constant and the running quark masses [275H277].

Coannihilation As first example, we illustrate the effect of the one-loop correction to the slepton
magses on the dark matter relic density in a region of dominant neutralino-stau coannihilation.
In the two upper plots of Fig. 5.8] we show the isolines corresponding to the upper and lower

limit of eq. (5.58) in the (mq, M j3)-plane. All remaining parameters of eq. (5.52) are fixed to

tanf =15, kSUSY =_—-0.05, NSUSY =_0.1,
ASUT =30GeV, Ap=AFUT =1000GeV, vs=2-10*GeV . (5.59)

One clearly sees that the allowed parameter range gets shifted depending on the precision with
which the spectrum is calculated. Moreover, the two regions shown do not overlap as can be
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seen clearly in the figure to the right.

For a point with QA% = 0.112 at My ~ 451.2 GeV, the resulting one-loop corrected masses
of the lightest neutralino and the lighter stau are mgo = 186.0 GeV and mjz = 196.8 GeV,
respectively. As consequence, coannihilations account for about 60 % of the total annihilation
cross-section, where the most important final states are 7hy (27%) and 72° (15 %). In addition,
a sizable contribution of about 14 % (5 %) comes from stau-antistau (stau-stau) annihilation.
The remaining contributions are mainly from neutralino pair annihilation. For lower values of
M; /5 < 200 GeV, the coannihilations become less important within the WMAP-favored region,
the dominant mechanism is then neutralino pair annihilation into 777~ pairs through stau-
exchange.

Even if we have focused in our discussion so far on the one-loop correction in the electroweak
sector, we have also calculated the squark masses at one-loop level. Large values of Ag can cause
a big mass splitting in the stop sector. The lighter stop can in those cases be the NLSP. As
example, we consider the spectrum based on the input parameters

tanf =10, kGUT =05, XUT =04, ACGUT = _2510GeV,
Ag = —2200GeV, ASYT = —770GeV, wvs =2763GeV . (5.60)

In large areas of the (mo,Ml/z)—plane, the mass of the lighter stop is close to the mass of the LSP.
This leads to a sufficient coannihilation between both. We show in the second row of Fig.
the result for the range of eq. with and without the one-loop corrections to the up-squark
masses. It is well known that the loop corrections in the stop sector are more important than
for staus. Hence, the impact on the relic density of the neutralino is much larger in this case. In
addition, even in areas of the (mg, M /5) where the coannihilation is absent, the loop corrections
to the stops have a significant impact on the relic density. This is the case for smaller values
of Mjy: the annihilation into tt due to a squark in the t-channel is important. The crossing
between the two bands in the lower, left plot in Fig. happens because the loop correction to
the up-squarks by fermions become more important at small M; /5. This changes the sign of the
mass difference between tree and one-loop mass.

560 660 760 860 900
]\/[1/2 [GCV}

Figure 5.9.: The isolines corresponding to Qh? = 0.1018,0.1228 in the (mq, M /5)-plane for a dominant
annihilation due to a Higgs resonance using two-loop corrections. All other parameters are fixed as in
eq. (5.61).
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Figure 5.10.: Zooms into areas of Fig. with pseudo scalar masses very close to twice the mass of the
LSP. The color code is: complete calculation of the mass spectrum (black), pseudo scalar masses without
two-loop corrections (blue dashed), and pseudo scalar masses only at tree level (red).

Higgs funnel A second scenario in which the loop corrections of other particles have large
influence on the neutralino relic density is the Higgs funnel. As already stated, the mass of the
pseudo scalar is close to twice the mass of the lightest neutralino in that case. This resonance
causes a strong annihilation and prevents the overclosure of the universe by neutralinos in those
areas of the parameter space. The Higgs funnel in the MSSM and in high scale extension like the
seesaw scenarios in chapter {4 with unified Higgs masses at the GUT scale has a cuspy shape (see
e.g. Fig. . However, it consists in our considered NMSSM scenario of two separated lines.
This is shown in Fig. The line show again the 3o interval of WMAP-7 given in eq. .
We have used as input

tanB =38, kOUT =015, IOUT=_03, ASUT =310GeV,
Ap=1000GeV , A{UT =1550GeV, vs =5900GeV . (5.61)

The reason for this feature is the behavior of the Higgsino component of the LSP: in the MSSM,
1 is usually calculated by the tadpole equations. That’s why it is significantly affected by the
difference

m%{d cos 3 — m%[u sin 3, (5.62)
i.e. it depends strongly on mg and due to RGE running also on M; ;. In contrast, pes does not
vary much by changing mg or M/, in the NMSSM. The Higgsino mass is therefore relatively
constant in the (mq, M; /2)—plane what has large impact on the composition of the LSP. For small
values of M/, = 500GeV, |Ni3| = 0.10 and |N14| = 0.04 holds, hence, the pseudo scalar mass
must be close to the resonance in order enable a sufficient annihilation. With increasing M, /5 the
Higgsino fraction gets larger, e.g for M; /5 = 1000 GeV we have |Ni3| = 0.25 and [N14| = 0.21.
Thus, the difference to the resonance must be bigger. Otherwise, the relic density would be
much too small. This explains why the distance between the two bands with correct relic density
is getting larger with increasing M/, and they don’t meet. Furthermore, the pseudo scalar
mags in the NMSSM is not as strong correlated to mg as it is in standard mSugra scenarios.
This behavior is more similar to a constrained MSSM with free Higgs mass parameters [278].
Therefore, the slope with respect to mg is much bigger than for Mj/5: a change of a few GeV
in My /5 demands a change of some hundred GeV in mg. Hence, it can be expected that missing
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5.6. SINGLINO DARK MATTER

loop corrections of the pseudo scalars have to be compensated by a large shift in mo and M, /5 in
order to have the same relic density. Fig. shows zooms into the areas of Fig. where the
pseudo scalar mass is near the resonance. The result for the complete two-loop calculation of the
pseudo scalar masses (black) as well as for tree level (red) and one-loop (dashed blue) are shown.
The difference between one- and two-loop calculation is obvious, but the bands still overlap. In
contrast, the band with the tree level calculation is shifted by 20-30 GeV in comparison to the
calculations including loop corrections. That corresponds to more than 100 difference.

5.6. Singlino dark matter
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Figure 5.11.: Singlino dark matter. The left plot shows the (mg, M /)-plane for the parameters of
eq. (5.63). The lines correspond to QA% = 0.1018,0.1123,0.1228. The plot on the right gives the singlino
fraction |Ny5| (blue) and relic density Qh? (red) of the lightest neutralino for a variation of M, /2. Mo
was set to 2250 GeV.

As already discussed, only tiny regions with the correct amount of dark matter exist in the
mSugra MSSM. This is an effect of the nature of the lightest neutralino which is gaugino- or
Higgsino-like. As opposed to that, the lightest neutralino can also be singlet-like in the NMSSM.
The mass of a singlino LSP is quite insensitive to the GUT value of M /,. Hence, it is expected
that also the relic density is constant for a large range of M 5. In the left plot of Fig. the
relic density is shown in the (mq, M /;)-plane. The other parameters are chosen as

tanf =9, kOUT =022, XUT =054, ASUT =1979GeV ,
Ag=—1948GeV , AGUT =4435GeV, v, = 1491 GeV. (5.63)

We emphasize that the lines show really Qh? = 0.1018,0.1123,0.1228. It can be seen that for
large values for M/, the 30 range of WMAP-7 covers the complete range of mg from 0 GeV
to more than 10 TeV. If such a scenario is realized in nature, there is not any constraint on
the GUT parameters of mg and M/, coming from relic density observations. The plot in the
middle of Fig. shows the singlino component of the LSP for my = 2250 GeV for a variation
of Mjy. For values of M/, above 800 GeV, the singlino fraction of the lightest neutralino is
more than 70 %. This is the range at which the relic density starts to vary much less in the
(mo, M 5)-plane.

A singlino LSP annihilates mostly through a Higgs in the propagator. The most important final
states for M, /5 ~ 800 GeV are ¢t (53 %) and h1AY (32 %). The second one is more important as
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the 77 and bb channel because of the large value of A and the small Hz-component of the lightest
pseudo scalar. Therefore, the correct shape of the isocurves is sensitive to the loop corrections
in the scalar and pseudo scalar sector. We show in Fig. a zoom in the (mg, M j2)-plane of
Fig.[p.11] In this figure, the isocurves according to eq. (5.58) are shown for a calculation of the
pseudo scalar masses at tree, one-loop or two-loop level. Even if the Higgs masses are not near a
resonance at this example, there is a large difference between the curves at tree and one-loop level.
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Figure 5.12.: The isolines corresponding to Qh* = 0.1018 and Qh* = 0.1228 in the (mg-M; /) plane
for a dominant annihilation due to a Higgs Funnel. All other parameters are fixed as in eq. (5.63).
Black: complete calculation of the mass spectrum. Blue dashed: pseudo scalar masses without two-loop
corrections. Red: pseudo scalar masses only at tree level.

The relic density of a singlino-like neutralino has its largest dependence on x and vs. The reason
is that the product %Fws defines the mass of the singlino. Furthermore, x fixes together with A

the interactions of the singlino. The resulting isocurves in the (k, vs)-plane are shown in Fig. [5.13|
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Figure 5.13.: (k,v;)-plane for the parameters of eq. (5.63) and mg = 2200 GeV, M5 = 2000 GeV. The
isolines corresponding to Qh% = 0.1018 and QA2 = 0.1228.
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CHAPTER SIX
SUMMARY

We have seen that there are interesting dark matter scenarios in supersymmetric models beside
the standard case of a neutralino LSP in the MSSM. These scenarios are often appealing because
they can solve problems which still exist in the MSSM. We studied models which can explain
neutrino masses via the seesaw mechanism and bilinear R-parity violation, respectively. In ad-
dition, we looked at the NMSSM which solves the u-problem of the MSSM.

We have reconsidered the question of dark matter in gauge mediated SUSY breaking. Even if
R-parity is broken, the gravitino in a standard GMSB scenario has a sufficient life time to be still
a valid dark matter candidate. Assuming that the reheat temperature is large enough so that the
gravitino gets into thermal equilibrium, we find that in the simplest models it is not possible to
obtain the correct amount of dark matter once all constraints are taken into account: observation
of the Lyman-« forest implies that a gravitino with a mass above approximately 8 keV is needed
which yields too much dark matter if only the standard history of the universe is considered. The
mechanisms to produce additional entropy via messenger number violating terms, proposed so
far in literature, do not work in scenarios where the messengers come in complete SU(5) repre-
sentations. This is a consequence of two facts which have been overlooked so far: first, the decay
of the messenger particle has to occur after electroweak phase transition and thus decays into W
bosons have to be considered. Second, for each representation of the SM gauge group one has a
lightest messenger scalar which would be stable if messenger number was a conserved quantum
number. Roughly spoken, one finds two main possibilities: the SU(2); messengers decay too
fast and the SU(3)¢ messengers do not produce sufficient entropy to dilute the gravitinos, or the
SU(2)r, messengers decay sufficiently late and the SU(3)c messengers destroy the predictions
for BBN. However, by sufficiently lowering the reheat temperature, one can avoid this problem
once the gravitino mass is in the range of 1 MeV and above. This conclusion does also hold when
we add bilinear R-parity violation to explain neutrino data. Although, we have mainly focused
on terms of the form fm3/2<I>MSSM<f>M in detail, one can easily extend this discussion to other
scenarios. We have checked this for all cases proposed in ref. [212], which contains an exhaustive
list of possibilities, the same conclusions hold but for a tiny region in parameter space where a
ér like messenger is the lightest messenger particle. Moreover, we have seen that scenarios with
a SM gauge singlet lightest messenger, occurring for example in 16-plet of SO(10) models, are
still viable.
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Summary

The seesaw mechanism is an attractive possibility to generate neutrino masses in the MSSM by
an unique dimension 5 operator. We have discussed the three different seesaw types: seesaw I is
a result of a fermionic gauge singlet, seesaw Il stems from an additional scalar which transforms
as triplet under SU(2)y, and carries hypercharge and seesaw III is based on additional fermions in
the adjoint representation of SU(2)r. Since additional SU(2)y, triplets alone would spoil gauge
unification, we have embedded all additional fields in complete representations of SU(5). Fur-
thermore, we used GUT scale conditions for the arising couplings and mass parameters which are
invariant under SU(5) and performed an analysis of all three models using two-loop RGEs. We
have seen that especially the seesaw types Il and I1I have a large impact on the mass spectrum of
the SUSY fields. This effect increases with decreasing seesaw scale. In addition, large contribu-
tions to flavor violating processes are present in these scenarios in the parameter range consistent
with neutrino data: branching ratios like Br(u — e7) are in general largest for type 111 followed
by type II and type 1. This is a consequence of the fact that for a given set of mSugra parameters
the mass spectrum in seesaw type I1I is lighter than in the other scenarios. In general, the lepton
flavor violating decays can be reduced by decreasing the seesaw scale or increaging the SUSY
masses. However, the first possibility works hardly for type I1I because a Landau pole is reached
already for high values of the seesaw scale, therefore, always a heavy spectrum is preferred in
type III. The effects on the mass spectrum are also reflected by the regions consistent with the
measured relic density in the (mo, M ;)-plane. While there is no visible difference between the
seesaw | and a standard mSugra scenario with the same GUT scale parameters, the regions
are clearly shifted or have disappeared for seesaw II and III: the coannihilation region prefers
smaller values for mg with decreasing seesaw scale and therefore vanishes, when the seesaw scale
has crossed a distinct value. This particular scale is for seesaw III roughly O(10'4) GeV and one
order higher than for type II. In contrast, the focus point region gets shifted to larger values of
M; jo because of the reduced SUSY masses. We have also shown that the two-loop RGEs have
a significant influence on the areas with correct relic density. In particular, the Higgs funnel
regions for seesaw Il and III differ extremely between one- and two-loop calculations.

The NMSSM is an attractive extension of the MSSM, in particular, as it solves the u-problem
of the MSSM and as it leads to new phenomenology at present and future collider experiments.
It can also explain the observed amount of dark matter in the universe. However, improved
theoretical predictions are necessary for comparison of the WMAP data. We therefore have
performed the complete one-loop calculation of all masses: Higgs bosons, charginos, neutralinos,
squarks and sleptons. While in case of the Higgs bosons we have reproduced known results, the
corrections to the other particles have not yet been discussed in the literature. We have shown
that the corrections amount to the order of a few percent. While the corrections are most likely
below the precision of the coming LHC data, they are clearly important for comparison with
WMAP data and also with a future international linear collider, and thus crucial for precision
investigations of the NMSSM parameter space. Especially the so far unknown, radiative correc-
tions to the stau and stop masses are important for the coannihilation regions. Furthermore,
we have shown that the properties of a singlet-like dark matter state, which is possible in the
NMSSM, can have completely different properties as gaugino- or Higgsino-like dark matter in
the MSSM. In this case, it can happen that ranges over several TeV in both directions in the
(mo, My /5)-plane are consistent with WMAP-7 data.

Now, in the light of the first LHC results and astronomical observations coming from the satellite
experiments PLANCK and PAMELA | it will most likely be necessary to test many different su-
persymmetric models to explain this data. We are sure that we have done with the development
of the Mathematica package SARAH a big step to simplify and speed up the way from SUSY
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model building to numerical results. SARAH calculates for a given model all necessary analytical
expressions for the analysis at tree and one-loop level. This contains, for instance, all vertices,
all masses, the one-loop self energies and the one- and two-loop RGEs. The models can easily
be changed and new models can be added in an intuitive way. Nevertheless, a large variety of
models can be handled with SARAH: there is no restriction to the number of chiral superfields,
SU(N) gauge groups, number of field rotations or symmetry breakings. SARAH can use the
derived information about a new SUSY model to write model files for FeynArts/FormCalc or
CalcHep/CompHep. Furthermore, it is possible to generate source code for SPheno. Using this
source code, a fully functional version of SPheno is generated for a new SUSY model without
any need to change the source code by hand: it calculates the complete mass spectrum based on
a high scale model containing only some free parameters, calculates two- and three-body decays
of the SUSY particles and checks the low energy constraints. Since the model file written by
SARAH can also be used with micrOMEGAs, this provides a very fast way to precise, comprehensive
numerical results and phenomenology.
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APPENDIX ONE

CALCULATION OF THE LAGRANGIAN OF SUPERSYMMETRIC
MODELS

We describe in this section the calculation of the complete Lagrangian for a supersymmetric
model based on the superpotential and the gauge structure.

Interactions of chiral superfields If we call the superpotential for a given theory W and use
¢; for the scalar and 1; for the fermionic component of a chiral supermultiplet, the matter
interactions can by derived by

Ly = _%Wijwiwj +h.c., Lp=F"F +hc (A1)

with
ij _ 1774 and F* = _W*Z — . A2
0i00; 00i ()

The first term of eq. (A.1) describes the interaction of two fermions with one scalar, while the
second term forms the so called F-terms which describe four-scalar interactions.

Interactions of vector superfields We name the spin—% component of a vector supermultiplet

A and the spin-1 component A*. The most general Lagrangian only involving these fields is
1
L::—ZE;FWm—wAWWQ%A“ (A.3)
with the field strength
Ff, = 0,A% — 0,A% + gf* AL A (A4)

and the covariant derivative

Dy = 0\ + gf* " ADNC (A.5)
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Calculation of the Lagrangian of supersymmetric models

Here, fo% is the structure constant of the gauge group. Plugging eq. (A.4) in the first term of
eq. (A.3) leads to self-interactions of three and four gauge bosons

1 1
Ly = = (OuA = 0 ARG I P AP A — g (Jae AL AG) (0 A A7) (A.6)

The second term of eq. (A.3|) describes the interactions between vector bosons and gauginos.

Supersymmetric gauge interactions The parts of the Lagrangian with both chiral and vector
superfields are the kinetic terms for the fermions and scalars

Lyin = —D*¢* D, ¢ — iyp1'64 D, (A7)
as well as the interaction between a gaugino and a matter fermion and scalar
Lars = —V2g(¢*TU)A* + h.c. . (A.8)

Here, T are the fundamental generators of the gauge group. Furthermore, the covariant deriva-
tives are

Dupi = 0u¢i—igA;(T"¢)i, (A.9)
D#¢*i — a,u,(b*l + ZgAZ(¢*Ta)1 7 (AlO)
Dypi = Outhi —igAp(T")i (A.11)

In addition, the D-Terms are defined by
1
Lp= §DCLD“ . (A.12)

The solution of the equations of motion for the auxiliary fields leads to

D® = —g(¢"T"9) . (A.13)

Soft-breaking terms SUSY must be a broken. This can be parametrized by adding soft-
breaking terms to the Lagrangian. The possible terms are the mass terms for all scalar matter
fields and gauginos

1
Lsp = —m3,¢id; — M AiAi (A.14)

as well as soft-breaking interaction corresponding to the superpotential terms

Lsopt.w = Thidjor + Boigj + Sy . (A.15)

Gauge fixing terms and ghost interactions The Lagrangian of a theory without further re-
strictions is invariant under a general gauge transformation. This invariance leads to severe
problems in the quantization of the theory as can be seen in the divergence of functional inte-
grals. Therefore, it is in necessary to add gauge fixing terms to break this gauge invariance.
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The general form of the gauge fixing Lagrangian is
1 a|2
tor = =3 SN (4.16)

fa can be a function of partial derivatives of a gauge boson and a Goldstone boson. The corre-
sponding ghost terms of the ghost fields 77 and 7 are

Lihost = —Ta(0f%) . (A.17)

Here, ¢ assigns the operator for a BRST transformation. For an unbroken gauge symmetry, the
gauge fixing terms in the often chosen R¢-gauge are

1 a2

Here, V), are the gauge boson of the unbroken gauge group. It is often common to choose
a distinct value for R¢. The most popular gauges are the unitary gauge R — oo and the
Feynman-t Hooft-gauge R¢ = 1. For broken symmetries, the gauge fixings terms are chosen in
a way that the mixing terms between vector bosons and scalars disappear from the Lagrangian.
Therefore, the common choice for the gauge fixing Lagrangian for theories with the standard
model gauge sector after EWSDB is

1
LerR, = — 5 (0"9,)° -

1
% 0" Zy + E2MzGO)* 4 —— (MW, + s M GT)? . (AL19)
2

L
287 Ew+

Here, G and G7 are the Goldstone bosons, which build the longitudinal component of the
massive vector bosons.
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APPENDIX TWO

MASS EIGENSTATES OF THE MINIMAL SUPERSYMMETRIC
STANDARD MODEL

Gauge bosons

After EWSB, the photon and Z boson are mixtures of the the B and W3 boson
Z = —sinOw B + cos Oy W3, A =sinOwWs + cosOw B , (B.1)

while the superposition of Wi and Ws form the charged eigenstates W+ and W~ = (W)", with

1

W:I:
V2

W1 F iWQ . (B.Z)

Neutralinos and charginos

In analogy to the charged bosons, the first and second wino I/T/Lg mix after EWSB to charged
fermions

- 1
W+ =—

V2
Furthermore, the charged components of the Higgsinos, H{f ,H; , and the charged winos w*

form new mass eigenstates, called charginos x*. The mass matrix with respect to the basis
(W=, Hy)T/(WH, HY) is

Wl F iWQ . (B.3)

1
MY = 1M2 V2920 (B.4)
/292vd K
This matrix is diagonalized by two unitary matrices U and V
UMYV = MY (B.5)
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The neutral components of the Higgsinos, the bino and the third wino mix to four Majorana
fermions, the neutralinos xY. The mass matrix in the basis (B, W, H}, HY) reads

M 0 —3010d 3910y
- 0 M. Lgov —Lgov
MXO _ ) X 2 292Vd 2920y ' (BG)
—3910d 39204 0 —H
%glvu _%QZUU —H 0

This matrix is diagonalized by an unitary matrix N

N ad 0
N*MX Nt = My .

Sleptons
The three generations of charged sleptons € ; and €r; mix to six charged eigenstates €; ... ég
with

~ E %~ ~ Ex ~

€L; = Zji’*ej , €R; = Zjii?)ej . (B.8)

Z¥ diagonalizes the corresponding mass matrix

2,0 2,0
A A (B.9)

In the basis (€1, €R,i), the mass matrix of the charged sleptons at the tree level is given by
2 1 *v/ T 1 T
. m — s, 1Y + =047,
2l = L pulte e (8.10)

1 * 1 * 2
—gUupYe + pudle Mrr

with the diagonal entries

2

v 1
miy = m?+ L) (V)T + £ (oF - ) (v - 02) s, (B.11)
2 2, Vd Ty s G2 2
mhp = w2+ )T + I (v - 0d) 1, (B.12)

where 13 is the 3 x 3 unit matrix.

Squarks

The three generations of up-type squarks 4y, ; and g ; mix to u;

~ U ~ ~ Ux ~
ur; = Zji Uj , UR,; = ZjH_g’UJj 5 (Blg)

while the down-type squarks CZL,i and d R,i Totate to Ji

dp;=27"d;, dpi =255 5d; . (B.14)
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Mass eigenstates of the minimal supersymmetric standard model

The mass matrix for the down-type squarks in the basis (a?m, JR,i) is given by

m

2.d .
2,d _ ( mpy, %(\/ﬁvdTg — Uuph YdT) ) (B.15)
o * * ,d ! ’

3 (V204§ — v,uYyy) MR

where the diagonal entries read

2 2 2
v 395 +
mig = mg + dyryl — 292 TI1 (03 — UZ) 13,
2 24
2,d 2 “621 Ty * 9% 2 2
mP:R = mJ—l- ?Yd Yd +E<Uu_vd>13 . (B]_G)

The corresponding expressions for the up-type squarks in the basis (4r;, Ur;) are

27 *

20 _ mrr %(\@UuTg —vap*Y,)

m>t =1 . . 9w (B.17)
5 (\/ivuTu —vguY, ) Mpp
with
2 2 2
v 395 —

mi’z = m?j + ?“YH*YUT + 79224 91 (vfl — vi) 13,

2u 2 va yTy* Gi(a2 o 1 B.18
Mpr = mﬁ—i_?u u—"_Evd_Uu 3 ( )

m?® and m?¢ are diagonalized in the same way as the charged sleptons in eq. by the
matrices ZU and ZP, respectively.

Sneutrinos

The three sneutrinos mix to the mass eigenstates
i =250 (B.19)

and the mass matrix is

2002 _ )2
o _ e (vg —vy) 2
M3 = 8522 13+ m7 . (B.20)

This matrix is diagonalized by the unitary matrix Z%.

Charged leptons, neutrinos and quarks

If the Yukawa couplings are not diagonal, also the SM leptons and quarks rotate. The lepton

mass matrix is diagonalized by the two matrices Z%% and Z®®, while in the quark sector the
matrices ZUL, ZUR ZD.L and ZPR are used:
7o Xzt = M X=E,D,L. (B.21)
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The mass matrices are given by the product of Yukawa couplings and VEVs

U4 Vd (%
(MF);; = EYHJ : (MP)ij = ﬁYd,zj ; (MY)ij = ﬁYu,ij - (B.22)

The symmetric neutrino mass matrix is diagonalized by the unitary matrix ZV
my, = (ZV)'m, 2V )i . (B.23)
The CKM and PMNS matrix are defined as

(295 ZPF = Vogw (2551 2V = Vonxs - (B.24)

Higgs
The Higgs fields are parameterized after EWSB by

1 ) 1 .
Hi= Zs(atioatdn),  Hy= (v +iont+ o). (B.25)

Here v, and vg are the VEVs of the Higgs fields and they are connected to the mass of the W
boson and Z boson via

e e
My = ————1/ 2 2 My = /2 2 B.26
W 9%in Ow Vi TV 7~ 9gin O cos Oy Vi TV ( )

O is the Weinberg angle. The ratio of the VEVs defines the mixing angle £

tan g = o (B.27)

Uy,

¢4 and ¢,, are the scalar components, while o4 and o, are the pseudo scalar ones. The different
mass eigenstates are

e neutral, scalar Higgs h: The mass matrix in the basis (¢4, ¢, ) reads

o m%{d + [ul* + %(glz + 922) (3Ud2 - vu2> —Re{B,} — %(glz + 922)Udvu
m-T =
_Re{Bu} - %(912 + 922>Udvu m%{u + |:U’|2 - %(912 + 922) (Ud2 - 37}u2>
(B.28)
with ZHm2hZ0T = m3h
e charged, scalar Higgs H': The mass matrix in the basis (H; , (H,)*) is
2. H+ ml%ld + |ul? + %(912 + 9%) (Ud2 - Uu2) ig22vdvu + B,
m>" =
192%vqvy + By* myy, + |ul® — %<g12 + g%) (vd2 — vu2)>

(B.29)

+
with Z+tm2H" Zz+1 = mi’ii . The mass matrix has rank 1, i.e. one eigenvalue is 0. This
eigenvalue G7 is the Goldstone boson belonging to W*.
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Mass eigenstates of the minimal supersymmetric standard model

e CP-odd Higgs A": The mass matrix in the basis (o4, 0,) is

2.0 miy, + |l + %(912 + 922> (vd2 - %2) Re{B,}
Re{B,} m%{u + |l - %(912 + 922) (Ud2 - Uu2)
(B.30)

m

0
with ZHm2A° ZHT — mi’ifg. The first eigenvalue is massless and build the longitudinal
component of the Z boson.

Gluons and gluinos
The gluons and gluinos don’t mix. The mass of the gluino is
mg = |M3| s (B.31)

and the gluons remain massless.

128



APPENDIX THREE
BASICS OF GROUP THEORY

We give in this chapter a very brief introduction to the basics of group and representation theory.
For more information about this topic and its application in particle physics, see for example
[180] or [I79] and references therein.

C.1. Roots and weights

Cartan subalgebra : If 7% are the generators of a Lie group, the Cartan subalgebra is defined
as the largest subset of commuting, hermitian generators H;:

H; = H], [H;, Hj) = 0, (H;} C{T}}. (C.1)

E; are the generators 7; which do not belong to the Cartan subalgebra. Cartan generators can
be diagonalized simultaneously and they have the following properties:

a) The action on a state |u, ) of some representation r is
Hilp,m) = palp,r) - (C.2)
The eigenvalues u; are called 'weights’.
b) The action on the adjoint representation is
Hi|Hj) =0, H;|Eq) = ai|Ea) . (C.3)
The eigenvalues a; are called ’roots’.
We define

a) Positive roots and weights: Roots and weights are called 'positive’; if the sign of the
first, non-zero component is positive.

b) Dual basis: The basis formed by the positive roots is called 'Dual Basis’.
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Basics of group theory

¢) Simple roots: ’Simple roots’ are positive roots which can’t be written as sum of other
roots.

We can now introduce an ordering of two weights p and v:
w>v if W — vis positive (C.4)

Using this definition, it is possible to assign the highest weight of an irreducible representation.

Dynkin labels : The Dynkin coefficients I7 for the irreducible representation with highest weight
[ are
- 20 U

1= i (C.5)

where the simple roots o are used. The ’fundamental weights’ ;¥ are defined as

20 ik
(ad)2 = Ojk - (C.6)
Using these definitions, every weight can be written as
m . .
w= le;ﬂ . (C.7)
j=1

The vector [I/] defines the representation in the so called 'Dynkin basis’ in an unique way.

Weyl formula : We have now all needed definitions to present formulas for the calculation of
the dimension N(r) and the quadratic Casimir Cs(r) of any irreducible representation r with
highest weight p. The dimension of an irreducible representation with highest weight p is

{1+ 0, ) .

N(M) =1l <5,0é>

(C.8)

The product runs over all positive roots «, and § is the Weyl vector defined as half the sum of
all positive roots

1
b=1 ; o. (C.9)
The quadratic Casimir can be calculated by the Weyl formula
Co(p) = (s p+6) - (C.10)

Realization for SU(N) : For any SU(N), the positive roots and fundamental weights can be
written as

e positive roots

ot = vt — it i=1,...N (C.11)
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e fundamental weights

J

A A 1 m
J = k ith Ny = — Oik — Mmim . C.12
ph =Y V8 with [V TR <Z k= M0jmt1 (C.12)

k=1 k=1

The Dynkin labels for any irreducible representation of SU(N) can be extracted from the corre-
sponding Young Tableaux. This we will show now.

C.2. Young Tableaux
The transformation properties of a field under SU(N) ® --- ® SU(N) are given by

Yl = Ui YU U (C.13)

J1--Jm an = j1 Jm

U are the fundamental generators of SU(N) and U* are the conjugated generators. A handy
tool for representation theory in SU(N) groups are the so called Young Tableauxs. The basic
idea of Young Tableauxs is to draw for each index of an irreducible representation a D:

E V2 (C.14)

While two boxes below each other correspond to symmetrized indices,
H : Ui = 1 (uivj —l—ujvi) , (C.15)
V2

boxes besides each other define antisymmetrized indices

(1] \IJ; = \2 (uivj - ujvi) . (C.16)

The combination of several boxes is called tableaux. A tableaux is called 'regular’, if the number
of boxed per row doesn’t increase from top to down.

The dimension of a tableaux can be either counted by the number of possible boxer per topology,
or by using the hook formula

N +d;
h;

D =1I; . (C.17)
Here, h; is the so called hook of the i. box: it’s the number of all boxes below and right of the
considered box plus 1. N is the dimension of the gauge group and d is the distance to the upper
left corner: going right counts +1 and going down -1. Let us clarify this by two examples of

SU(3):

a) The fundamental representation consists just of one box, i.e. d =0 and h = 1. Hence, the
dimension is equal to the dimension of the gauge group, D = 3.

b) The adjoint representation for NV is given by a tableaux with N —1 rows in the first columns
and one row in the second column. We will check that by applying the hook formula:

Distances: 01 1‘ Hooks: zl)’ 1‘
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This leads to D = %%% = 8, exactly as expected.

Quantum numbers of subgroups The decomposition of a GUT scale multiplet transforming
under SU(N + M) into the representation corresponding to SU(N) x SU(M) can be done in
the following way:

a) Draw the Young Tableaux for the representation with respect to the unbroken gauge group
b) Decompose the tableaux into all possible combinations with respect to the product group.

Let us demonstrate this at the example of
SUN+ M) — SU(N) x SUM) xU(1) . (C.18)

SU(N) acts on the first NV indices and SU(M) acts on last M indices. SU(N) x SU(M)
commutes with U(1), which is M on the first N indices and —N on the last M indices. We can
therefore define an U(1) charge Y for all multiplets by

Y = NyM — Ny N (C.19)

Ny and Ny are the numbers of boxes corresponding to the different gauge groups. This leads
for the fundamental fundamental representation to

[ ] — (D .>M ® (o D) N (C.20)

The o assigns a singlet. This means, the fundamental representation of SU(N + M) decomposes
into two multiplets with the quantum numbers (N, 1), and (1, M)_n with respect to SU(N) x
SU(M) x U(1). If we use this result and set N + M =5 N = 3 and M = 2, we have the
decomposition of a 5 of SU(5) in SM gauge groups. The quantum numbers are

5—(3,1),®(1,2)_5, (C.21)

i.e. up to a normalization of the U(1)-charge exactly the quantum numbers of d° and [. We can
now do the same with the 10 of SU(5) and end up with:

H - (H '>4 @ ( H)_G e (J0), - ©2

We can identify the boxes at first position belonging to SU(3) as

377, 3:5,

and the boxes at second position belonging SU(2) as

2.1, 1;5.

This reproduces the quantum numbers for the other SM fermions u€, e and ¢

10— (3,1),® (1,1)_¢ @ (3,2), . (C.23)

132



APPENDIX FOUR

EXAMPLES FOR THE WORK WITH SARAH

D.1. Defining models in SARAH: The MSSM
D.1.1. The model file

We begin this section about details of the use of SARAH with a discussion of the different parts
of the model file for the MSSM.

a)

b)

The gauge sector is U(1)y x SU(2)r x SU(3)¢ and is just defined by adding the corre-
sponding vector superfields.

Gauge[[1]1={B, UI[1], hypercharge, gl, False};
Gauge [[2]]1={WB, SU[2], left, g2, Truel};
Gauge[[3]1={G, SU[3], color, g3, False};

The doublet superfields are ¢, Z, Hy and H, are added by

Fields[[1]] = {{uL, dL}, 3, q, 1/6, 2, 3};
Fields[[2]] = {{vL, eL}, 3,1, -1/2, 2, 1};
Fields[[3]] = {{HdO, Hdm}, 1, Hd, -1/2, 2, 1};
Fields[[4]] = {{Hup, HuO}, 1, Hu, 1/2, 2, 1};

The different parts are: the name of the up- and down-component, the number of gen-
erations, the name of the superfield and the transformation properties under the gauge
groups.

The singlet superfields a?, 4 and é are added by

Fields[[5]] = {conj[dR], 3, d, 1/3, 1, -3};
Fields[[6]] = {conj[uR], 3, u, -2/3, 1, -3};
Fields[[7]] = {conj[eR], 3, e, 1, 1, 13},

The definition is analog to the definition of the doublets.
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d) The superpotential of the MSSM is
W = ¢YyaH, — §YydH, — 1Y.eHy + pH, Hy (D.1)
and given in SARAH by

SuperPotential = { {{1, Yu},{u,q,Hu}}, {{-1,Yd},{d,q,Hd}},
{{_1’Ye}’{e)1)Hd}}’ {{11\[Mu]},{Hu)Hd}} };

e) There are two different sets of eigenstates: the gauge eigenstates before EWSB and the
mass eigenstates after EWSB. The internal names are

NameOfStates={GaugeES, EWSB};
f) The gauge fixing terms for the unbroken gauge groups are
DEFINITION [GaugeES] [GaugeFixing]=
{ {Der[VwB], -1/(2 RXi[W])},
{Der[VG], -1/(2 RXi[GI) }};

This has the same meaning as

2 (D.2)

1 ) 1 :
Lap = — 9, WH 2 _ 9,g""
4 2£W‘ ! 259‘ wd

g) The vector bosons and gauginos rotate after EWSB as follows

DEFINITION[EWSB] [GaugeSector]=

{ {vwB, {1,{VWm, 1/8qrt[2]}, {conj[VWm], 1/8qrt[2]1}},
{2,{VWm, -\ [ImaginaryI]/Sqrt[2]1}, {conj[VWm],\[ImaginaryI]/Sqrt[2]1}},
{3,{vpP, Sin[ThetaWl]}, {VZ, Cos[ThetaW]}}},
{vB, {1,{vpP, Cos[ThetaW]l}, {VZ, -Sin[ThetaW]l}}},
{fwB, {1,{fWm, 1/8qrt[2]}, {fWp, 1/8qrt[2]1}},
{2,{fWm, -\[ImaginaryI]/Sqrt[2]1}, {fWp, \[ImaginaryI]/Sqrt[2]3}},

{3,{fwo, 133}

+;

This is the common mixing of vector bosons and gauginos after EWSB, see app. [Bl

h) The neutral components of the scalar Higgs receive VEVs vg/v,, and split in scalar and
pseudo scalar components according to egs. (B.25)) and (B.25)). This is added to SARAH by

DEFINITION[EWSB] [VEVs]=
{{SHdO, {vd, 1/Sqrt[2]}, {sigmad, \[ImaginaryI]/Sqrt[2]},{phid, 1/Sqrt[2]1}},
{SHuO, {vu, 1/Sqrt[2]1}, {sigmau, \[ImaginaryI]l/Sqrt[2]1},{phiu, 1/Sqrt[2]1}}};

i) The particles mix after EWSB to new mass eigenstates
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DEFINITION[EWSB] [MatterSector]=

{{{sdL, SdRr }, {sd, zD}},
{{SuL, SuR }, {Su, ZU}},
{{SeL, SeR }, {Se, ZE}},
{{svL }, {Sv, Zv}},
{{phid, phiu }, {hh, ZH}},
{{sigmad, sigmau }, {Ah, ZA}},

{{SHdm, conj[SHup] 3}, {Hpm,ZP}},
{{fB, fWO, FHdO, FHuO}, {LO, ZN}},
{{{fWm, FHdAm}, {fWp, FHup}}, {{lm,Um}, {Lp,Up}}},

{{{Fel}, {conj[FeR]}}, {{FEL,ZEL},{FER,ZER}}},
{{{FdL}, {conj[FdR]}}, {{FDL,ZDL},{FDR,ZDR}}},
{{{Ful}, {conj[FuRl}}, {{FUL,ZUL},{FUR,ZUR}}} };

This defines the mixings to the mass eigenstates described in app.

j) The new gauge fixing terms according to eq. (A.19) are

DEFINITION[EWSB] [GaugeFixing]=

{{Der[VP], - 1/(2 RXi[P1)},
{Der [VWm] +\ [ImaginaryI] Mass[VWm] RXi[W] Hpm[{1}], - 1/(RXi[Wl)},
{Der[VZ] + Mass[VZ] RXi[Z] An[{1}], - 1/(2 RXi[Z])7,
{Der[VG], - 1/(2 RXi[G1)}};

Because of this definition, A and Hi" are recognized in all calculations as Goldstone bosons.

k) No particles should be integrated out or deleted

IntegrateOut={};
DeleteParticles={};

1) The Dirac spinors for the mass eigenstates are the following

dirac[[1]] = {Fd, FdL, FdR};
dirac[[2]] = {Fe, FelL, FeR};
dirac[[3]] = {Fu, FulL, FuR};
dirac[[4]] = {Fv, FvL, 0};
dirac[[5]] = {Chi, LO, conj[L0]l};
dirac[[6]] = {Cha, Lm, conj[Lpl};
dirac[[7]] = {Glu, £G, conj[fG]l};

D.1.2. Parameter and particle files

Parameter file Additional properties and information about the parameters and particles of
a model are saved in the files parameters.m and particles.m. An entry in the parameter file
looks like
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{Yu, { LaTeX -> "Y~u",
Real -> True,
Form -> Diagonal,
Dependence -> None,
Value -> None,
LesHouches -> Yu

3}

and contains information about the numerical value (Value — number), the position in a
LesHouches accord file (LesHouches — position) or the dependence on other parameters
(Dependence — equation). Also simplifying assumptions can be made: it can be defined that
parameters contain only real entries (Real — True) or that the parameter is diagonal (Form —
Diagonal). Also a IXTEX name can be given (LaTeX — name). Furthermore, the GUT normal-
ization can be assigned (GUTnormalization — value) for the gauge couplings of an U(1) gauge
groups.

Particle file The particles file contains entries like

{Su , { RParity -> -1,
PDG -> {1000002,2000002,1000004,2000004,1000006,2000006},
Width -> Automatic,
Mass -> Automatic,
FeynArtsNr -> 13,
LaTeX -> "\\tilde{u}",
OQutputName -> "um" }},

and defines properties of all particles such as the R-parity (RParity — number) or the mass
(Mass — value or Automatic). Automatic means that for the output for FeynArts or CalcHep
not a fixed numerical value is used, but that the masses are calculated using tree level relations.
In addition, the PDG code is given (PDG — number), the number for the particle class used in
the FeynArts model file can be fixed (FeynArts — number) and the name in TEX form is given
(LaTeX — name). If a CalcHep or CompHep model file should be written, it is also helpful to
define an appropriate name in this context (OutputName — name).

Global definitions Tt is also possible to define global properties for parameters or particles which
are present in more than one model file. These properties are afterwards used for all models.
The global definitions are saved in the files particles.m and parametes.m directly in the main
model directory. For each parameter or particle, an entry like

{{ Descriptions -> "Down Squark",
RParity -> -1,
PDG -> {1000002,2000002,1000004,2000004,1000006,2000006%},
Width -> Automatic,
Magss -> Automatic,
FeynArtsNr -> 13,
LaTeX -> "\\tilde{ul}",
OutputName -> "um" }7},
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can be added. In particular, the entry Description is important. This should be an unique
identifier for each particle or parameter. This identifier can later on be used in the different files
of the different models, e.g.

{Su , { Descriptions -> "Down Squark"}},

Of course, it is also possible to overwrite some of the global definitions by defining them locally,
too. For instance, to use u instead of um as output name in a specific model, the entry should be
changed to

{Su , { Descriptions -> "Down Squark",
OutputName -> "u" }},

in the corresponding particle file of the model.

D.2. Working with SARAH

D.2.1. Starting SARAH

SARAH is loaded and a model initialized and evaluated by the Mathematica commands

<<SARAH.m
Start["Modelname"] ;

Our examples in the following are based on the MSSM, therefore we chose MSSM as Modelname.

D.2.2. Mass matrices and tadpole equations

a) Higgs mass matrix The (1,2)-entry of the mass matrix of the scalar Higgs in the MSSM
is saved in MassMatrix[hh] [[1,2]]. This returns

-(gl~2*vd*vu) /4 - (g2~2xvd*vu)/4 - B[\[Mull/2 -conj[B[\[Mulll/2

b) Squark mass matrix In the same way, the (1,1)-entry of the 6 x 6 down squark mass
matrix is obtained by MassMatrix[Sd] [[1,1]]. The output is

(-3%g2~2x(vd~2 + vu~2) + gl 2x(vu~2 - vd~2) + 24smg2[1,1] +
12xvd~2xsum[j1, 1, 3,conjl[Yd[jl, 111*Yd[j1, 111)/24

¢) Squark mass matrix with generation indices as variable To get the result for the
2 x 2 down squark matrix without the explicit insertion of generation indices,

MassMatrixUnexpanded[Sd] [[1,1]]
is used. The output is

(Deltalcml,cnl]*(-((gl~2+3*g2~2)*(vd~2-vu~2)*Deltalgml,gnl])
+ vd~2*sum[j1,1,3,conj[Yd[jl,gn1]1I*Yd[j1,gml1]] + 12*%(2*mq2[gml,gni] )))/24

d) Tadpole equation The tadpole equation corresponding to gT: = ( is obtained by
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TadpoleEquation[vd]
and reads

(8*mHd2*vd+gl~2*%vd~3+g2~2*vd"~3-gl ~2xvd*vu~2-g2~2xvd*rvu~2-4*vuxB[\ [Mul] +
(8+vd*\ [Mu] *conj [\ [Mu]]-4*vu*conj [B[\[Mu]]l]l)/8 == 0

D.2.3. Calculating vertices

One main function of SARAH is to calculate the vertices for a model. In contrast to the most
other calculations, vertices normally are not calculated automatically: it can last several minutes
to calculate all vertices of a model and sometimes these are not needed. Calculating vertices is
done via

Vertex[ParticleList,Options]

ParticleList is a list containing the involved fields. This list can include up to 6 particles. The
following Options are supported by the Vertex command:

e Eigenstates, value: Name of Eigenstates, default: Last entry of NameOfStates.
Fixes the considered eigenstates

e UseDependences, value: True or False, default: False.
Optional relations between the parameters will be used, if UseDependences is set to True.

The Output of Vertex is an array:

{{Particlelist},{{Coefficient 1, Lorentz 1},{Coefficient 2, Lorentz 2},...}

First, the list of the involved particles is given and the indices are inserted. The second part
consists of the value of the vertex and can be also a list, if different Lorentz structures are present.
Examples Some examples to clarify the usage and output of Vertex:

a) One possible Lorentz structure: Vertex[{hh,Ah,Z}] leads to the vertex of scalar and
a pseudo scalar Higgs with a Z boson

{{hh[{gt1}], Ah[{gt2}], VZ[{1t3}]1},
{((ZA[gt2,11%ZH gt1,1]-ZA[gt2, 2] *ZH[gt1,2]) * (g2%Cos [ThetaW] +
gl*Sin[ThetaW]))/2, Mom[Ah[{gt2}], 1t3] - Mom[hh[{gt1}],1t3]}}

The output is divided in two parts. First, the involved particles are given, second, the
value of the vertex is given. This second part is again split in two parts: one is the Lorentz
independent part and the second part defines the transformation under the Lorentz group.

b) Several possible Lorentz structures: Vertex[{bar[Fd],Fd,hh}] is the interaction
between two d-quarks and a Higgs:

{{bar[Fd[{gtl, ct1}]], Fd[{gt2, ct2}], hh[{gt3}]},
{((-I)*Deltalctl,ct2]*Deltalgtl,gt2] *ZH[gt3,2] *Yd [gt2,gt1]) /Sqrt [2] ,PL},
{((-I)*Deltalctl,ct2]#Deltalgtl,gt2]*ZH[gt3,2]*Yd[gtl,gt2])/Sqrt[2] ,PR}}
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d)

£)

Obviously, there are three parts: one for the involved particles and two for the different
Lorentz structures. PL and PR are the polarization projectors Py, = %(1—75), Pr = %(1—1—75).

Changing the considered eigenstates and using Weyl fermions: It is also possible
to calculate the vertices for Weyl fermions and/or to consider the gauge eigenstates. For
instance,

Vertex[{fB, FdL, conj[SdL]}, Eigenstates -> GaugeES]
gives

{{fB, FdL[{gt2, ct2}], conj[SdL[{gt3, ct3}11},
{((-1/3)*gl*Deltalct2, ct3]*Deltalgt2, gt3])/Sqrt([2],1}}

Using dependences: With Vertex[{conj[Se]l, Se, VP}, UseDependences -> True]
g1 and g2 are replaced by the electric charge e. This and similar relations can be defined

in the parameters file (see sec. [D.1.2)).

{{conj[Sel{gt1}]], Sel{gt2}], VP[{1t3}]},
{(-I)*ex*Deltalgtl,gt2],-Mom[conj[Se[{gt1}]1],1t3]+Mom[Se [{gt2}],1t3]1}}

Fixing the generations: It is possible to give the indices of the particles already as input
Vertex[{hh[{1}], hh[{1}], Ah[{2}], Ah[{2}]1}]

leads to

{{bh[{1}]1, hh[{1}], An[{2}], Ah[{2}]13},
{(-I/4)*(g1~2 + g2~2)*Cos[2+\[Alpha]]*Cos[2x\[Betal]l, 1}}

Obviously, the given definition of the mixing matrices for the Higgs fields were automatically
inserted.

Effective operators: In effective theories, also interactions between two fermions and two
scalars are possible. For example, an effective vertex for a model in which the gluino was
integrated out:

Vertex[{Fd, Fd, conj[Sd], conj[Sd]}]
Returns

{{Fd[{gt1,ct1}],Fd[{gt2,ct2}],conj[Sd[{gt3,ct3}]1],conj[Sd[{gt4,ct4}]1]1},
{-(g32*(sum[j1, 1, 8, (Lam[j1, ct3, ct2]*Lam[jl, ct4, ctl])/Mass[£G][j1]]*
ZD[gt3, gt2]*ZD[gt4, gti]l +
sum[j1, 1, 8, (Lam[jl, ct3, ctll*Lam[j1, ct4, ct2])/Mass[£fG][j1]1]1*
ZD[gt3, gt1l#ZD[gt4, gt21)),
LorentzProduct [PL, PL]}, {0, LorentzProduct[PR, PL]},
{g3~2+(sum[j1, 1, 8, (Lam[j1, ct2, ct3]*Lam[jl, ct4, ctl])/Mass[£G][j1]1]*
ZD[gt3, 3 + gt2]*ZD[gt4, gtl] +
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sum[j1, 1, 8, (Lam[jl, ct2, ct4l*Lam[jl, ct3, ctl])/Mass[£fG][j1]]1*
ZD[gt3, gt1]l*ZD[gt4, 3 + gt2]),
LorentzProduct [PL, PR]}, {0, LorentzProduct[PR, PR]},
{0, LorentzProduct[gamma,PL, PL]}, {0, LorentzProduct[gamma, PR, PL]1},
{0, LorentzProduct[gamma, PL, PR]}, {0, LorentzProduct[gamma,PR, PR]}}

Obviously, SARAH checks the eight possible operators (4 different combination of polarization
operators with and without a 4 matrix) and returns the result for each operator.

In addition, all vertices can be calculated at once using
MakeVertexList [Eigenstates]

This searches for all possible interactions present in the Lagrangian and creates lists for the
generic subclasses of interactions, e.g. VertexList[FFS] or VertexList[SSVV] for all two-
fermion-one-scalar interactions and all two-scalar-two-vector-boson interactions, respectively.

D.2.4. Renormalization group equations

The calculation of the RGEs can be started after the initialization of a model via

CalcRGEs[Options];

Options The options offer a possibility to disable the calculation of the two-loop RGEs (TwoLoop
— False). Another option is to handle the number of generations of specific chiral superfields as
variable (VariableGenerations — list of fields). This might be used for models which include
chiral superfields much heavier than the SUSY scale to make the dependence on these fields
obvious. Normally, the S-function are written in a compact form using matrix multiplication,
as explained below. This can be switched off by the option NoMatrixMultiplication — True.
The last option offers the possibility to read the results of former calculations (ReadLists —
True)

GUT normalization The gauge couplings of abelian gauge groups are often normalized at
the GUT scale. Therefore, it is possible to define for each U(1) gauge coupling the GUT-
normalization by the corresponding entry in the parameters file. See app. for more infor-
mation.

Results The RGEs are saved in different arrays in Mathematica whose names are given in brack-
ets: anomalous dimensions of all superfields (Gij), trilinear (BetaYijk), bilinear (BetaMuij) and
linear (Betali) superpotential parameters, trilinear (BetaTijk), bilinear (BetaBij) and linear
(BetaLSi) soft breaking parameters, scalar soft breaking masses (Betam2ij), gaugino soft break-
ing masses (BetaMi), gauge couplings (BetaGauge) and VEVs (BetaVEVs).

All entries of these arrays are three dimensional: the first entry gives the name of the pa-
rameter, the second one the one-loop S-function and the third one the two-loop S-function.
Furthermore, the results for the RGEs of the scalar masses are simplified by using abbreviations
for often appearing traces (see also [I82]). The definition of the traces are saved in the array
TraceAbbr. In TraceAbbr[[1]] all abbreviations needed for the one-loop RGEs are given, and
in TraceAbbr[[2]] those are for the two-loop part.

The results are also saved as text files in the directory
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PackageDirectory/Output/Modelname/RGEs/

Matrix Multiplication Generally, the results contain sums over the generation indices of the
particles in the loop. SARAH always tries to write them as matrix multiplications, in order to
shorten the expressions. Therefore, new symbols are introduced:

e MatMul[A,B,C,...]1[i,j]: (ABC...);;. Matrix multiplication, also used for vector-
matrix and vector-vector multiplication.

e trace[A,B,C,...]: Tr(ABC...). Trace of a matrix or product of matrices.
e Adj[MI: MT. Adjoint of a matrix
e Tp[M]: M”. Transposed of a matrix

As already mentioned, the usage of matrix multiplication can be switched off with the corre-
sponding option. In addition, it is automatically switched off, if the model contains a parameter
with three generation indices.

Examples

a) (O-function of Yukawa coupling: The Yukawa couplings of the MSSM are saved in
BetaYijk. The first entry consists of

BetaYijk[[1,1]1]: Yel[i1,i2] ,

i.e. this entry contains the S-functions for the electron Yukawa coupling. The corresponding
one-loop B-function is

BetaYijk[[1,2]]:
(-9%gl~2xYe[il,i2])/5-3*g2~2*Ye[il,i2]+3*trace[Yd,Adj[Yd]]*Ye[il,i2]+
trace[Ye,Adj[Yell*Ye[il, i2]+3*MatMull[Ye,Adj[Yel,Yel[il, iZ2]

The two-loop S-function is saved in BetaYijk[[1,3]] but we skip it here because of its
length.

b) [S-function of soft breaking masses and abbreviations for traces: The first entry
of Betam2ij corresponds to the soft breaking mass of the selectron

Betam2ij[[1,1]1]: me2[il,i2]
and the one-loop S-function is saved in Betam2ij[[1,2]]:
(-24*xg1~2*MassB*conj [MassB]+10*g1~2+Tr1[1])*Kronecker[il,i2]/5 +
4xmHd2+MatMul [Ye ,Adj[Yel] [i1,i2]+4*MatMul [T [Ye] ,Adj[T[Yel]][i1,i2] +
2*MatMul [me2,Ye,Adj[Yell[il,i2] +4*MatMul [Ye, m1l2, Adjl[Yell[il,i2] +

2*MatMul [Ye,Adj[Ye] ,me2] [i1,i2]

The definition of the element Tr1[1] is saved in TraceAbbr[[1,1]]:
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{Tri1[1], -mHd2 + mHu2 + trace[md2] + trace[me2] - trace[ml2] +
trace[mq2] - 2*trace[mu2]}

¢) Number of generations as variable: With
CalcRGEs[VariableGenerations -> {q}]

the number of generations of the left-quark superfield is handled as variable. Therefore,
the one-loop B-function of the hypercharge couplings reads

(63%g1~3)/10 + (gl~3*NumberGenerations[q])/10
d) No matrix multiplication: Using matrix multiplication can be switched off by
CalcRGEs[NoMatrixMultiplication -> Truel
The one-loop B-function for the electron Yukawa coupling is now written as

sum[j2,1,3,sum[j1,1,3,conj[Yd[j2,j1]11*Yuli1,j1]11*vd[j2,i2]1] +
2+sum[j2,1,3,sum[j1,1,3,conj[Yulj1,j2]11*Yulj1,i2]11*Yuli1,j21]1 +

sum[j2,1,3,sum[j1,1,3,conj[Yul[j2,j1]11*Yuli1,j1]11*Yulj2,i2]1] +
(3*sum[j2,1,3,sum[j1,1,3,conj[Yulj1,j211*Yulj1,j2111*Yuli1,i2]1)/2 +
(3*sum[j2,1,3,sum[j1,1,3,conj[Yulj2,§111*Yulj2,§1111*Yuli1,i2]1)/2 -

(13%g1~2+Yu[i1,12])/15-3*g2~2%Yu[il,i2] - (16%g3~2*Yu[i1,121)/3

D.2.5. Loop calculations
The command to start the loop calculation is
CalcLoopCorrections[Eigenstates];

As usual, Eigenstates can in case of the MSSM either be GaugeES for the gauge eigenstates
or EWSB for the eigenstates after EWSB. If the vertices for the given set of eigenstates were not
calculated before, this is done before the calculation of the loop contributions begins.

Conventions Using the conventions of [I83], the results will contain the Passarino Veltman
integrals listed in app. [E.3] The involved couplings are abbreviated by

e Cplpl,p2,p3] and Cplpl,p2,p3,p4] for non-chiral, three- and four-point interactions in-
volving the particles pl - p4.

e Cplpl,p2,p3][PL] and Cplpl,p2,p3] [PR] for chiral, three-point interactions involving
the fields p1 - p3.

The self energies can be used for calculating the radiative corrections to masses and mass matrices,
respectively. For calculating the loop corrections to a mass matrix, it is convenient to use
unrotated, external fields, while the fields in the loop are rotated. Therefore, SARAH adds to the
symbols of the external particle in the interaction an U for ’unrotated’, e.g. Sd — USd. The
mixing matrix associated to this field in the vertex has to be replaced.
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Results The results for the loop corrections are saved in two different ways. First as list
containing the different loop contributions for each particle. Every entry includes the follow-
ing information: internal particles, generic type of the diagram, numerical factors coming from
symmetry considerations and possible charges in the loop. The second output is a sum of all
contributions, where the generic results of app. [E.3|have already be inserted. This can afterwards
written as pdf file using the I¥TEX output of SARAH.

The results for the self energies are saved in SelfEnergylLoopList as list of the contributions
and in SelfEnergylLoopSum written as sums. The last one is a two-dimensional array. The
first column gives the name of the external particle, the entry in the second column depends
on the type of the field. For scalars, the one-loop self energy II(p?) is given, for fermions, the
one-loop self energies for the different polarizations (X (p?), 2% (p?), B%(p?)) are written in a
3 dimensional array, while for vector bosons, the transversal part of the self energy II7 (p?) is
shown.

Also the corrections to the tadpoles are saved twice: in TadpolesiLoopSum[Eigenstates] ex-
plicitly written as sum and secondly in TadpolesliLoopList [Eigenstates] as list of the different
contributions.

Examples

a) One-loop tadpoles The radiative correction of the tadpoles due to a chargino loop is
saved in

TadpolesiLoopList [EWSB] [[1]];
and reads
{bar[Cha] ,Cp[Uhh[{g01}],bar[Cha[{gI1}]],Chal{gI1}]],FFS,1,1/2}

The meaning of the different entries is: (i) a chargino (Cha) is in the loop, (ii) the vertex
with an external, unrotated Higgs (Uhh) with generation index g01 and two charginos with
index gI1 is needed, (iii) the generic type of the diagram is FFS, (iv) the charge factor is
1, (v) the diagram is weighted by a factor % with respect to the generic expression (see

app. [£3).

The corresponding term in TadpolesiLoopSum[EWSB] is

4xsum(gIl,1,2, AO[Mass[bar[Chal[{gI1}]]]~2]*
Cplphid,bar[Cha[{gI1}]],Cha[{gI1}]]*Mass[Chal[{gI1}]]]

b) One-loop self-energies

a) The correction to the down squark matrix due to a four-point interaction with a
pseudo scalar Higgs is saved in SelfEnergylLoopList [EWSB][[1, 12]] and reads

{Ah,Cplconj[USd[{g01}]],USd[{g02}],Ah [{gI1}],An[{gI1}]],SSSS,1,1/2}
This has the same meaning as the term

-sum[gI1,1,2,A0 Mass[Ah[{gI1}]]~2]*
Cplconj[USdA[{g01}1],USd[{g02}] ,Ah[{gI1}],An[{gI1}]1]1]1/2

in SelfEnergylLoopSum[EWSB].
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b) Corrections to the Z boson are saved in SelfEnergylLoopList[EWSB] [[15]]. An
arbitrary entry looks like
{var[Fdl, Fd, CplVZ, bar[Fd[{gI1}]1], Fd[{gI2}1]1, FFV, 3, 1/2}
and corresponds to
(3*sum[gIl, 1, 3, sum[gI2, 1, 3,
HO[p~2, Mass[bar[Fd[{gI1}]]]~2, Mass[Fd[{gI2}]]~2]*
(conj [Cp[VZ,bar [Fd[{gI1}]],Fd[{gI2}]] [PL]]*
CplVZ,bar [Fd[{gI1}]1],Fd[{gI2}]1]1[PL] +
conj [Cp[VZ,bar [Fd[{gI1}]],Fd[{gI2}]1]1 [PR]1]*
CplVZ,bar [Fd[{gI1}]1],Fd[{gI2}]11[PR]) +
2*BO[p~2,Mass[bar[Fd[{gI1}]]1]~2,Mass[Fd[{gI2}]]~2]*
Mass [bar [Fd[{gI1}]]]*Mass [Fd [{gI2}]]*
Re[Cp[VZ,bar[Fd[{gI1}]],Fa[{gI2}]1][PL]*
CplVZ,bar [Fd[{gI1}]],Fd[{gI2}1]1[PR]1)11)/2
in SelfEnergyliLoopListSum[EWSB].

D.2.6. Calculations for SU(N) gauge groups

The user can use the functions to obtain information about different representations of SU (V)
independently from the model using the new command

CheckIrrepSUN [Dim,N]

Dim is the dimension of the irreducible representation and N is the dimension of the SU(N) gauge
group. The result is a vector containing the following information: (i) repeating the dimension of
the field, (ii) number of covariant indices, (iii) number of contravariant indices, (iv) value of the
quadratic Casimir Cy(r), (v) value of the Dynkin index I(r), (vi) Dynkin labels for the highest
weight.

Examples

a) Fundamental representation: The properties of a particle, transforming under the
fundamental representation of SU(3) are calculated via CheckIrrepSUN[3,3]. The output
is the well known result

{3, 1, 0, 4/3, 1/2, {1, O}}

b) Adjoint representation: The properties of a field transforming as 24 of SU(5) are
calculated by CheckIrrepSUN[24,5] . The output will be

{24’ 1’ 1’ 5’ 5’ {1’ O’ O’ 1}}

c) Different representations with the same dimension: The 70 under SU(5) is not
unique. Therefore, CheckIrrepSUN[{70, {0, 0, O, 4}}, 5] returns

{701 O, 4: 72/5’ 42’ {O’ Or O’ 4}}
while CheckIrrepSUN[{70, {2, 0, 0, 1}}, 5] leads to

{70, 2, 1, 42/5, 49/2, {2, 0, 0, 1}}
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APPENDIX FIVE
CONVENTIONS AND GENERIC EXPRESSIONS

E.1. Vertices

We present in the following appendices important vertices for the different models. Our conven-
tions are the following: I" stands for a vertex without the Lorentz structure. The involved fields
are given as lower indices. Chiral interactions between two fermions F}, F» and one scalar S are
parametrized by

F%1FQSPL + FglFQSPR (El)

with the projection operators P, = 1 (1 —~5) and Pgr = (1 + 75). Interactions between two
fermions Fi, F» and one vector boson V), are parametrized by

F%&FQV#F}/MPL + FglFQVM’YHPR . (E2)

The Lorentz structure of interactions between one or two scalars S7,.59 and two vector bosons
Vi,V is guw. The vertex I's, g,vu involving two scalars Sq, 52 with momenta pq,p2 and one
vector boson V), has the momentum flow

Py —1h (E.3)

Furthermore, we use the abbreviations sg,, = sin (Ow) and cg,, = cos (Ow).

E.2. Renormalization group equations

We present also in the following appendices our results for the RGEs of the different models. We
will only show the S-functions for the gauge couplings and the anomalous dimensions of all chiral
superfields. We discuss in this section briefly how these results were calculated. Furthermore,
we show how they can be used to calculate the other g-functions of the models.

For a general N = 1 supersymimetric gauge theory with superpotential

W(6) = su6i6;+ £ ¥ i1 (.4
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the soft SUSY-breaking scalar terms are given by
Voo (Lpig g 4 Lpikg.o. 2N -
soft = \ 9 Pipj + 6 Gidjdr +c.c. | + (m*)"dig; (E.5)

The anomalous dimensions are given by [182]

A1 =5 Yipg¥ " — 20 g2Cy(i) (E.6)

A = = SV Y Y 4 Y, YIM(C ) — Cali)
+257g*[Co(i)S(R) + 2C5(i)* — 3CH(G)Ca(i)] (E.7)
and the S-functions for the gauge couplings are given by
B =g [S(R) - 3C2(Q)] (E.8)
By =g° {—6[Ca(Q)]” + 2C5(G)S(R) + 4S(R)Ca(R) } — ¢*Y ¥V Ca(k) /d(G) . (E.9)

Here, C5(7) is the quadratic Casimir for a specific superfield and C2(R), C2(G) are the quadratic
Casimirs for the matter and adjoint representations, respectively. d(G) is the dimension of the
adjoint representation.

The p-functions for the superpotential parameters can be obtained by using superfield technique.
The obtained expressions are [279, 280)].

;‘Z‘k _ Yp(ij,_ypk)7 (E.10)
B = i), (E.11)

The most S-functions of the models can derived from these results using the procedure given
in [281] based on the spurion formalism [282]. In the following, we briefly summarize the basic
ideas of this calculation for completeness.

The exact results for the soft S-functions are given by [281]:

Bu = 20 [Bg} : (E.12)
Y
;}Jk _ hl(é‘kyi)l _ 2Yl(jlf,yli)l :
Vo= 00— 2l )
(Bm2)'; = AY'5. (E.13)
The (..) in the superscripts denote symmetrization and we defined
0 0
O = M 2 v hlmn E.14
g 892 oyimn ’ ( )
()5 = 075, (E.15)
0 ~ 0
A = 200" +2MM*g*— + |Yimn o+ X E.1
00" + 9 55 + Gytmn T CC| + 99 (E.16)

Here, M is the gaugino mass and Y% = (m?2),, Y7 4 (m?2)7, Y 4 (m2)k, Y4l Egs. (E.12)-
(E.13) hold in a class of renormalization schemes that includes the DRED -one [283]. We take
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the known contributions of X from [284]:

XPRED'(D) - — 943 (E.17)
XPRED'(2) - = (2p) 13t [WCh(R)] — 46°Ca(G)S — 2g°Co(G)QMM™* (E.18)

where
S = —1tr[ 2Cy(R)] — MM*CQ(G) (E.19)
W = ’Ylpqypqn( Y Y]pqybq( )i+2Yiijpr(mQ)qr+hipthpq_892MM*C2(R)ji
(E.20)

With Q = T'(R) — 3C2(G), and T(R) = tr [C2(R)], r being the number of group generators.

E.3. One-loop amplitudes for one- and two-point functions

We used for the calculation of the one-loop self energies and the one-loop corrections to the
tadpoles in DR-scheme the scalar functions defined in [I83]. The basis integrals are

_ d"q 1
A = 16m2Q* "/ E.21
o(m) T i(2m)" g2 — m? +ie’ ( )
Bo(p,mi,ms) = 16x2Q"™" / g ! (E.22)
0\Yy 1,772 i(27’(‘>n ’ '

[qQ —m? +i5] [(q—p)2 —m3 +ic

with the renormalization scale (). The integrals are regularized by integrating in n = 4 — 2¢
dimensions. The result for Ag is

Ao(m) = m <1+1—ln Qi) : (E.23)

where 1/é = 1/e — yg + In4nm. The function By has the analytic expression

2

1
B()(p, ml,mg) = —In <Q2

€

) = ) — fala) (E.24)

with

Ty = 2 Ve 2?9]; mi <) , fe@) = m(l-2)—zh(l-2"") -1, (E.25)

and s = p® — m3 +m3. All the other functions can be expressed by Ay and By. For instance,

1

37 Ag(ma) — Ao(ma) + (p* +mi — m3)Bo(p, m1,ma)| (E.26)

Bi(p,m1,mg) =
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and
1)1 2 9 1o
Bos(p,mi,ma) = 6932 Ao(m1) + Ag(ma) | + [ m7 +m3 — 2P By (p, m1,m2)
m3 —mj 2 2
+Tz Ag(mz) — Ag(m1) — (mj — mi)Bo(p, m1,m2)
1,
—i—ml + m2 — gp (E.27)

Furthermore, for the scalar self-energies it is useful to define

F(p,mi,ma) = Ao(mi) — 2A0(ma) — (20* + 2mi — m3) Bo(p, m1,m2) (E.28)
G(p,mi,ma) = (p* —mi —m3)Bo(p,m1,ma) — Ag(mi) — Ag(msz) , (E.29)
H(p,m1,mz) = 4B (p,m1,m2) + G(p,m1,mz) , (E.30)
Bas(p,mi,ma) = Baa(p,m1,ma) — iAo(ml) - iAo(mz) : (E.31)

We will use for long expressions often the abbreviations

Bi(mi,m3) = Bi(p®,m7, m3) , (E.32)
Fy(mi, m3) = Fo(p®,m3, m3) (E.33)
Go(mi,m3) = Go(p2,m?,m%) : (E.34)

We list in the following the results for the generic different diagrams contributing to the one-
and two-point functions. Several coefficient are involved:

e cg is a symmetry factor: if the particles in the loop are indistinguishable, the weight of
the contribution is only half of the weight in the case of distinguishable particles. If two
different charge flows are possible in the loop, the weight of the diagram is doubled.

e cc is a charge factor: for corrections due to vector bosons in the adjoint representation,
this is the Casimir Cs of the corresponding group. For corrections due to matter fields, this
can be for example be a color factor for quarks/squarks. For corrections of vector bosons
in the adjoint representation this is the Dynkin index I of the gauge group.

e cp is 2 for real fields and Majorana fermions in the loop and 1 otherwise.

E.3.1. One-loop tadpoles

a) Fermion loop (generic name in SARAH: FFS):

T = 8cscempT Ag(m?) (E.35)

b) Scalar loop (generic name in SARAH: SSS):

T = —2csccT Ag(m%) (E.36)
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¢) Vector boson loop (generic name in SARAH: SVV):

T = 6esecT Ag(miy) (E.37)

E.3.2. One-loop self-energies

Corrections to fermion

a) Fermion-scalar loop (generic name in SARAH: FFS):

Es(pz) = chScCcRF}%F%*BO (p2, m%, m%)
1 %

ER(p2) = —cScCcRil“}%Fé’ B1 (p2, m%, m%)
1 "

SEp?) = —CSCCCRgrlLF% Bi(p*, my, mg)

b) Fermion-vector boson loop (generic name in SARAH: FFV):

Es(p2) = —4cscccRmFF}:F%’*Bo(p2,m%,m%)
2

SE(p®) = —cgccerl' 17" Bi(p®, mb, m)
2

sh(p?) = —cscoerT (I3 Bi(p?, m%, m#)

Corrections to scalar

a) Fermion loop (generic name in SARAH: FFS):

II(p®) = cscocr ((FlLF%* + DRI Go(p?, m¥b, m%) + (CLT%" + TRIT*) Bo(p*, m7, m%))

(E.38)

b) Scalar loop (two 3-point interactions, generic name in SARAH: SSS):

I(p®) = cscoerl ' T Bo(p®, mi, m) (E.39)
¢) Scalar loop (4-point interaction, generic name in SARAH: SSSS):

(p?) = —csccT Ag(m?) (E.40)
d) Vector boson-scalar loop (generic name in SARAH: SSV):

I(p®) = csccerl' T** Fy(p?, m%, m%) (E.41)
e) Vector boson loop (two 3-point interactions, generic name in SARAH: SVV):

I(p?) = cscccR;P1F2’*Bg(p2, m%, m%) (E.42)
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f) Vector boson loop (4-point interaction, generic name in SARAH: SSVV):

I(p?) = csccT Ag(mi) (E.43)

Corrections to vector boson

a) Fermion loop (generic name in SARAH: FFV):

7 (p?) = escer (ITLP + [TRI*) Ho(p?, miy, m) + 4R(TLTR) Bo(p®, miy, mb)) (E.44)
b) Scalar loop (generic name in SARAH: SSV):
1t (p?) = —4cscccR|F|Qng(p2,m%1,m%Z) (E.45)
¢) Vector boson loop (generic name in SARAH: VVV):

" (p?) = [TPescocr (—(4p* + mi, +mi,)Bo(p*, mi,, my,) — 8Baa(p®, m&,, m3,))
(E.46)

d) Vector-Scalar-Loop (generic name in SARAH: SVV):

" (p*) = |TescacrBo(p?, miy, m3) (E.47)

We need here only the diagrams involving three-point interactions because the four-point inter-
actions are related to them due to gauge invariance.
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APPENDIX SIX

MASS MATRICES AND INTERACTIONS OF MESSENGER
PARTICLES

F.1. Model file for SARAH without R-parity violation

0ff [General: :spell]
Print["Model file for the MSSM with SU(5)-GMSB Messengers"];
ModelNameLaTeX ="GMSB_eff";

(g *)
€: Particle Content*)
(e *)

(* Gauge Superfields #)

Gauge[[1]1={B, U[1], hypercharge, gl,False};
Gauge[[2]]1={wWB, SU[2], left, g2,True};
Gauge[[3]1={G, SUIL3], color, g3,False};

(* Chiral Superfields *)

Fields[[1]] = {{uL, dL}, 3, q, 1/6, 2, 3};
Fields[[2]] = {{vL, eL}, 3,1, -1/2, 2, 1};
Fields[[3]] = {{HdO, Hdm}, 1, Hd, -1/2, 2, 1};
Fields[[4]] = {{Hup, HuO}, 1, Hu, 1/2, 2, 1};

Fields[[5]] = {conj[dR], 3, 4, 1/3, 1, -3};
Fields[[6]] = {conjl[uR]l, 3, u, -2/3, 1, -3};
Fields[[7]] = {conj[eR], 3, e, 1, 1, 13},

Fields[[8]] = {conj[dRM1], 1, aM1, 1/3, 1, -3};
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Mass matrices and interactions of messenger particles

Fields[[9]] = {conj[dRM2], 1, dM2, -1/3, 1, 3};
Fields[[10]] = {{vLM1,eLM1}, 1, 1M1, -1/2, 2, 1};
Fields[[11]] = {{eLM2,vLM2}, 1, 1M2, 1/2, 2, 1};

(s *)
(* Superpotential *)
(ko oo oo~ *)

SuperPotential = { {{1, Yu},{u,q,Hu}}, {{-1,Yd},{d,q,Hd}},
{{-1,Ye},{e,1,Hd}}, {{1,\[Mul},{Hu,Hd}},
{{1,MessD}, {dM1,dM2}}, {{1,MessL},{1M1,1M2}},

{{m32,£}, {d,dM2}}, {{m32,£},{1,1M2}} };
(e *)
(* Integrate Out or Delete Particles *)
(e *)

IntegrateOut={};
DeleteParticles={SvMh,SdMh,SeMh,FvLM1,FvLM2,FelLM1,FelLM2,FdRM1,FdRM2};

(e *)
(* Before EWSB *)
(e *)

NameOfStates={GaugeES, TEMP,TEMP2, EWSB};

DEFINITION[TEMP] [MatterSector]=
{ {{SvLM1,conj[SvLM2]}, {SvM,ZMV}}, {{SelLM1,conj[SeLM2]}, {SeM,ZME}},
{{SdRMl,Conj[SdRMQ]}, {SdM,ZMD}} };

DEFINITION [TEMP2] [Flavors]=
{{SvM,{SvML,SvMh}}, {SeM,{SeMl,SeMh}},
{SdM, {SdM1,SdMh}} };

DEFINITION [GaugeES] [Additionall={
{{SdRM1,SdRM2},{1,FD}},
{{SeLM1,SeLM2},{1,FL}},
{{svLM1,SvLM2},{1,FL}},
{{conj[SvL], SHAO}, {1, mHL2}},
{{conj[Sel], SHdm}, {1, mHL2}}

}s

DEFINITION [GaugeES] [GaugeFixing]=
{ {Der[VwB], -1/(2 RXi[VWBI1)},
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{Der[VG], -1/(2 RXi[VG]) } };

(oo oo *)
(* After EWSB *)
(e *)

(* Gauge Sector *)

DEFINITION [EWSB] [GaugeSector]=
{{vwB,{1,{VWm,1/Sqrt [2]},{conj [VWm] ,1/Sqrt[2]}},
{2,{VWm, -\ [ImaginaryI]/Sqrt[2]},{conj [VWm] ,\ [ImaginaryI]/Sqrt[2]}},
{3,{VP,Sin[ThetaW]},{VZ,Cos[ThetaW]}}},
{vB, {1,{VP,Cos[ThetaW]},{VZ,-Sin[ThetaW]}}},
{fwB,{1,{fWm,1/Sqrt [2]1},{fWp,1/Sqrt [2]}},
{2,{fWm, -\ [ImaginaryI]/Sqrt[2]},{fWp,\ [ImaginaryI]/Sqrt[2]}7},
{3,{fW0,1}}}};

(k ————- VEVS ---- %)

DEFINITION[EWSB] [VEVs]=
{{SHdO0, {vd, 1/Sqrt[2]}, {sigmad, \[ImaginaryIl/Sqrt[2]},{phid,1/Sqrt[2]1}},
{SHuO0, {vu, 1/Sqrtl[2]}, {sigmau, \[ImaginaryI]/Sqrt([2]},{phiu,1/Sqrt[2]1}}};

(*# ---- Mixings ---- %)

DEFINITION[EWSB] [MatterSector]=
{ {{sdL, SdR,SdM1}, {Sd, ZD}},
{{svL, SvM1}, {Sv, {Z~V}}},
{{SuL, SuR}, {Su, ZU}},
{{SelL, SeR,SeMl1}, {Se, ZE}},
{{phid, phiu}, {hh, ZH}},
{{sigmad, sigmau}, {Ah, ZA}},
{{SHdm, conj [SHup] }, {Hpm, ZP}},
{{fB, fW0, FHdO, FHuO}, {LO, ZN}},
{{{fWm, FHdm}, {fWp, FHup}}, {{Lm,UM}, {Lp,UP}}},
{{{FeL},{conj[FeR]}},{{FEL,ZEL},{FER,ZER}}},
{{{FdL},{conj [FdR]}},{{FDL,ZDL},{FDR,ZDR}}},
{{{FulL},{conj[FuR]}},{{FUL,ZUL},{FUR,ZUR}}}
};

(*--- Gauge Fixing ---- *)

DEFINITION [EWSB] [GaugeFixing]=

{ {Der[VP], - 1/(2 RXi[VPD)},
{Der [VWm] -\ [ImaginaryIl] Mass[VWm] RXi[VWm] Hpm[{1}], - 1/(RXi[VWml)Z},
{Der[VZ] + Mass[VZ] RXi[VZ] An[{1}], - 1/(2 RXi[vz])},
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{Der[VG], - 1/(2 RXi[vG])}
+;

(K m o o oo o o %)
(* Dirac-Spinors *)
(g %)
dirac[[1]] = {Fd, FDL, conj[FDR]};

dirac[[2]] = {Fe, FEL, conj[FER]};

dirac[[3]] = {Fu, FUL, conj[FUR]};

dirac[[4]] = {Fv, FvL, 0};

dirac[[5]] = {Chi, LO, conj[LO]};

dirac[[6]] = {Cha, Lm, conj[Lpl};

dirac[[7]] = {Glu, fG, conj[£fGl};

F.2. Mass matrices of light messengers

We show here just the mass matrices involving light scalar messenger fields.

e Mass matrix for Down-Squarks: (di¢na17JR¢uag)Zj—qa3)

3
1
mip = ﬂém,& (247”2”,01[)1 - (393 + 9%)5017171 ( - U12L + Uczl + z; UL,G2>
a=
3
+1203 3 Yy, Ydml) (F.1)
a=1
1 d *
o = (viTihor = VuttYapaor ) (F.2)
1 3
Mg = =5 vaims 200,68, ) FaYiao (F.3)

a=1

3
1 .
ma2 = 550@752 (12<‘m3/2’2f02fp2 + mé,pz()z) - 9%5027172 < - U’LZL + vc2l + Z'UL,(I2>

a=1
3
+ 61}3 Z YC??OQG,Yd,p2a> (F4)
a=1
1 %
mo3 = Em3/2< — B;,OQ + MDfOQ)(SOZQ,ﬁS (F5)
3
1 * *
mas = 5 (0ag.00 (2AMbI? + Imaps2 Y fifu+mb, +mb,) = Fo = Fp)  (F.6)
a=1

154
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e Mass matrix for Sneutrinos (7 ,,,7_)

1 *
miy ok <_B, +Mf>
m;% - 1 * * * \/i 3/2 fOI o (F7)
ﬁm3/2( — By, t+ MLf:m) m22
1
mip = g( (’mg/z\ forJor + lo - > + (9% ‘1'9%) (vczl - U3)501p1> (F.8)
1
mo2 = 5 (2’ML‘2 - 28%(-FL> + |m3/2‘ Z fafa + mL1 + mLQ) (Fg)
e Mass matrix for charged Sleptons <éL701,éR,OQ,E’_>
mi1 7 (Ud paor — Vul YPZOI) %m3/2 (szm + Bf’ol)
mé = 7 (vdT osp1 — vuuYoeg’;l) m22 33203 a1 fa o Yoy
Jamie(Mufi + By, ) Foamin S £ S Vi may
(F.10)

mi =g (41}2 ZYmea@m + 8|m3/2’2fp1f01 + 8m%01p1 + (g% - g%) (US - vﬁ) 501:01)

(F.11)
1 *
m22 = Z (203 Z nezaypeza + 4m6 D202 + g%( - ’03 + vg) 5021’2) (F'12)
a=1
1 3
msa3 = 5 (2’ML‘2 — 2§R<FL> + |m3/2\2 Z f;fa + m%l + m%2> (Flg)
a=1

F.3. Interactions

We list here only the interactions involving gauge bosons and all interactions of the neutral
and strongly interacting messengers. The pure scalar interactions are not so important for
our purposes and rather lengthy. Also four-point interactions are not present, since we have
considered only two-body decays in our studies. Our conventions are explained in [E.T}

Interactions between two fermions and one scalar

L
ngd][?dlm 93)\7 B Z Zka <F14)
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Mass matrices and interactions of messenger particles

1
R
ngd]ﬁd \[93>‘7 8 Z Zi3aURk ja (F.15)
a=1
PS5 = NG (Qan - 92N¢2) CIEVASY (F.16)
(F.17)
LL i =~ 6557( — 3v2¢2 N}, Z Ul 2P + 6N Z U, Z izD. .
3
+V291N; U(Li:;azlg) (F.18)
a=1
; 3 3 3
d)* d d
DX i =~ 30 (3 SN YA UL L ZRNs + V200 Y 2D +aUR,jaz\rﬂ) (F.19)
b=1 a=1 a=1
L * * oV
X; e = —ig2Uj z; Uz jaZ ka (FQO)
a=
3 3
Fg._ejf//z :iZZYaeI;* E,jazvkbvﬂ (F'Ql)
' b=1 a=1
L .
F;z;ajgd'kv =iUi08y Z Z Z R.jaYab (F.22)
b=1
R ] D, dx ;D%
e ZéﬂV( 92 Z Zyg UL jaVin + Z Z Yap Zk3+anL,iji2> (F.23)
b=1 a=1
Toxro, =iV Z 2"k Z UkiaYah (F.24)
b=1
3
ngjﬂk = —ig2 ) 2" 1, UfUp (F.25)
a=1
; 3 3
L * D,x d dx
FJiai,jdkw - 550‘7 <3Nj3 Z Zkb Z Yab + fglel Z Zk3+aUR za) (F26)
b=1
3 3
d,* D * D,x
T i, = = oo (630 DV 2 UL s + fz 245U (= 30202 + 91N ) )
b=1 a=1
(F.27)
(F.28)

Interactions between two scalars and one vector boson

i D% D D%
ded;ﬁzu = 6504[3( — 29150y, (Zw “Ziz + Z ZzS+aZJ3+a> + <3Q2C®w
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F.4. MODEL FILE FOR SARAH INCLUDING R-PARITY VIOLATION

3
D
+ gls@W> 3 Zia’*Z£>
a=1
] 3
| U —z’—gg(z"’;Z’%+ AS ZE)
uzejW,L \/i 1443 ; a“ja
; 3
Uoirz, = — B (9159W + 9269W> (Zvi4ZVj4 + Z sz‘aZVja>
a=1

3
. 1 Us* D
Famd;ﬁw,: == Z\/Q925aB;Zm Zja

F.4. Model file for SARAH including R-parity violation

We show here only the differences to the model file without R-parity violation

0ff [General: :spell]
Print["Model file for the MSSM with SU(5)-GMSB Messengers
and R-Parity Violation loaded"];

ModelNameLaTeX ="GMSB_RpV";

(o m e - *)
(* Superpotential *)
(ke oo oo~ *)

SuperPotential = { {{1, Yu},{u,q,Hu}}, {{-1,Yd},{d,q,Hd}?},
{{-1,Ye},{e,1,Hd}}, {{1,\[Mul},{Hu,Hd}},
{{1,MessD},{dM1,dM2}}, {{1,MessL},{1M1,1M2}},
{{m32,£},{d,dM2}}, {{m32,£},{1,1M2}},
{{1,\[Epsilon]},{1,Hu}} };

(koo oo - *)
(*  DEFINITION *)
(koo oo *)

DEFINITION [GaugeES] [Additional]l={
{{SdRM1,SdRM2},{1,FD}},
{{SeLM1,SeLM2},{1,FL}},

(F.29)

(F.30)

(F.31)

(F.32)
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Mass matrices and interactions of messenger particles

{{SvLM1,SvLM2},{1,FL}},
{{conj[SvL], SHdO}, {1, mHL2}},
{{conj[Sel], SHdm}, {1, mHL2}}
};

(k —--—- VEVS ---- %)

DEFINITION [EWSB] [VEVs]=

{{SHdO0, {vd, 1/Sqrt[2]}, {sigmad, \[ImaginaryI]/Sqrt[2]1},{phid,1/Sqrt[2]1}},
{SHuO, {vu, 1/Sqrt[2]}, {sigmau, \[ImaginaryI]l/Sqrt([2]},{phiu,1/Sqrt[2]1}},
{svL, {vL, 1/Sqrt[2]}, {sigmal, \[ImaginaryI]/Sqrt[2]1},{phil,1/Sqrt[2]1}},
{svM1, {vM, 1/Sqrt[2]}, {sigmaM, \[ImaginaryI]/Sqrt([2]},{phiM,1/Sqrt[2]}}

+;
(* ---- Mixings ---- %)

DEFINITION[EWSB] [MatterSector]=

{ {{sdL, SdRr,SdM1}, {Sd, ZD}},
{{Sul, SuR}, {Su, ZU}},
{{phid, phiu,phil,phiM}, {hh, ZH}},
{{sigmad, sigmau,sigmal,sigmaM}, {Ah, ZA}},
{{SHdm, conj [SHup]l,SeL,SeR,SeM1},{Hpm,ZP}},
{{FvL,fB, fWO, FHdO, FHuO}, {LO, ZN}},
{{{FeL,fWm, FHdm}, {conj[FeR],fWp, FHup}}, {{Lm,UM}, {Lp,UP}}},
{{{FdL},{conj[FdR]}},{{FDL,ZDL},{FDR,ZDR}}},
{{{Ful},{conj[FuR]}},{{FUL,ZUL},{FUR,ZUR}}} \

};

F.5. Mass matrices of light messengers including R-parity
violation

e Mass matrix for Higgs (¢q, du, 91,04, O—)

(8de + 8|l + (gf + 93) (303 - vﬁ) (91 + gz) iv La )

a=1

( - 2B, — 2BZ — (g% + g%)vdvu)

3 3
1
mas = my, + P+ e + §< —~ (gf + 93) (v?z - 3vZ> — (gf + 93) va?)
a=1

1 ) >
ms] = 1 (me‘}lpg + QmHl,od 2(# + 1% )603 (gl + g2)Ud Z vL,”«)

a=1
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F.5. MASS MATRICES OF LIGHT MESSENGERS INCLUDING R-PARITY VIOLATION

3
1
m3a = _Z <g% + g%) (%N § . UL,a + Be,03
a=

3 3 3
1
i = 2 (524 63) (200 010 D" 01 + B (— 2+ 03+ 3 01.%))
a=1 b=1 a=1
2 * * 2 2
+ 4(26036103 + ’m3/2| (f03fp3 + fp3f03> + m[703p3 + m[7p303))
11 3 3
myy = —57 (m3/2 Z f:Ea + m3/2 Z fa€a>
a=1 a=1
my3 = 57( - 7”3/233;,1;3 - m3/2Bf,p3 + m3/2szp3 + MLm3/2f;3>

3
ma = (2!ML\2 ~9Re{Fp} + majo 3 Jifu - md, )
a=1

e Mass matrix for Pseudo-Scalar Higgs (04, 0y, 01,04,0-)

3
1
mi = ¢ (8m%1d +8|ul* + (g% + 95) > wna’+ (g% + g%) ( — v + ’v?z))
a=1

mig = RG{BH}

3 3
1
Mg = §(8m12qu + 8 +8 e~ (g? +g§) > vpa® - (gf +g§) (v?z —v )

2,%
mar =5 (= (i 1) ey + M 0, + M)

m3y = —Bep,

3
ms3 = ((91 +92> 03,p3 ( - Ui + U(% + ZUL#12>

2
+ 4(26036103 + ]m3/2| (fo3fp3 + fp3f03) + ml ,03P3 + mf,p:sozs))

My = ;\f <m3/2 Z fa€a+m3/0 Z faGa)
1 1 * * *
my3 = 55( —mgo By . —m3/aBypy +mgo M fp + MLm3/2fp3)
) 3
mas = 5 (ML = 2Re{FL} + [mapo2 Y fifa+md, +md,)

a=1

e Mass matrix for Charged Higgs (H;,Hj’*,éLm,éRm,E])

(F.37)

(F.38)
(F.39)

(F.40)

(F.41)

(F.42)

(F A7)
(F .48)

(F.49)

(F.50)
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Mass matrices and interactions of messenger particles

1
mi1 = *(8m%d —HJ%( — Uy + Ud) (Ud + Uu) + g% (03 + U12L> + 8’”’2

3 3 3
+ ( g2 + 91) (gl + g2> Z VL,a + 4 Z ;ac ava7va7C) (F.51)

c=1b=1a=1
1
M1y = J3VaUM (F.52)
1
mo1 = Zggvdvu + B}, (F.53)
Mmoo = quu + ’M’Z + Z 6a2 + = <<g§ - g%) ZUL,a2 + g% (Ui - 1)3) + gg (1)3 + UZ))
a=1 8 a=1

(F.54)

3 3
1 " *
mg) = +m?§?,03 + Z( — 204 E E Yo abYea05VLp — 41" €05 + 9204 Z UL’“) (F.55)

b=1 a=1 a=1
1 3
m32 = —Beo; + Zggvu Z Vla (F.56)
a=1
1 3
m33 = *((91 - 92> (91 =+ 92) O03,ps3 ( - vi + vg + Z UL,QZ)
8 a=1

+ 403 ZYe*am va0s + 293 ZvLaZva + 8(6036p3 + |m3/2\ fpg fos + l03p3>)

a=1 b=1
(F.57)
3

myy = ;((mg/QvMifa — V20, Z ) Z eo4b WZTSJUL,@) (F.58)

mi ( Z vawz Vo) (F.59)
a=1 b=1

1 *

m43 = \/?( Toe4p3 - /U'Uluye 04p3> (F60)

1 3
maqg = 4 (4m6 D404 9%5047])4 ( - U?L + vczl + Z UL,a2>

a=1
+ 2vd Z e 04a e,paa +2 Z VL,a ep4a Z e o4b'UL,b) (F.Gl)
M5 = WMWZRZGM (F.62)
a=1 =

1 *

M52 = 1( - 2\/§m3/2 Z fa€a + g%”MUu) (F.63)
a=1
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F.6. INTERACTIONS

ms3 = QUMZULCL m3/2(Mpr3 —|—pr5) (F.64)

3
1 *
mss = ( —2Re{FL} + 2‘77”L3/2|2 E Jafa+ 2<m%1 + m%2> +AIML + g%UM2>
a=1
(F.65)

F.6. Interactions

We concentrate on the interactions between two scalars and one vector boson responsible for the
dominant decay channels. In addition, we list the interactions between one scalar and two vector
boson, since they are new in comparison to the case with conserved R-parity.

Interactions between two vector bosons and one scalar

Uhwiws = %gg (vng’* +omZyg" + vy Z i2ralL, a) (F.66)
Uhz,2, = %(gls@W + ggcew)Q (vng’* + vMZiIg’* + vng’* + Z Zg:avL,a) (F.67)
a=1
Interactions between two scalars and one vector boson
Thnrwy = = 592 (fo’*Zjﬁ — 2z 2z ¢ Zzgjazjgﬂ) (F.68)

1 Ax 7 H * A *x H* A* H* A,x H*
Chian 2. = 5( — 91%ew — g2c®w> (Zjl Zy" — Zj2 Zi Zig Z ZJ2+a z2+a>

(F.69)

L, HIW, =592 (ZZl Z* + Zy Z* Z+ Z Zz2+az;5+a) (F.70)
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APPENDIX SEVEN

RENORMALIZATION GROUP EQUATIONS FOR SEESAW
SCENARIOS

The complete expressions for all parameters can also be produced with SARAH using the model
files Seesaw2 and Seesaw3. In addition, we show for completeness the main results for the Seesaw
I which were already known in literature. Here and in the subsequent sections 1 denotes the 3x3
unit matrix. Nx is the number of generations of heavy field X. Furthermore, we define

Nx = Nx + Ny (G.1)

G.1. Seesaw |

G.1.1. Anomalous dimensions

A = - (4592 +80g2 + gl> 1+ Y], + Y)Y, (G.2)
7;2) [89293 + Egz 91091 (1693 + 992) ;3891 - gg }1 + 591YTY - 2YTYalYTYd
— oY, YiY, + Y)Y, [ — 3Ty (YdeT ) + %gl —Tr (YGYJH — YV, Tr <YUYJ )
VIV, Tr (YUYJ ) (G.3)
A = = 2 (53 4+ g1+ VIV 4 VY, (G.4)
7 = % (12592 + 30922 + 6991) 12y Y YlY, - 2viv, Yy,
i)+ - )| -em )
-y T (v (G.5)
o) (1) x () o
= Bt Sttt 2wt « )
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G.1. SEESAW I

— 9Ty (Yde YdYT) — 3Ty (YdYJ Y, Y] ) — 3Ty (YeYteYj) ~Tr (YEYJ Y,Y! ) (G.7)

/) =31y (Yuyj) = (592 + gl> 4T (YUYJ) (G.8)
) 207 , 9 15, 4
G =+ et 1p9ies + o+ £ (2003 + o) vy ) — 3T (vavvay))
_ T (YeYJ Y,Y] ) — 9Ty (YUYJYUYJ) 3Ty (YUYJYvYJ) (G.9)
S (2og§ + )1 (G.10)
2
7;2) + %( — 100g4 + 101g% + 802 g3> - 2<Yd*YdTYd*YdT + Yd*YuTYijT)
2
VYT (= 2me(ver]) + 693 - oTe (vav] ) + gg%) (G.11)
(1) EAve/ 8 2 2
8 2
% =+ (107g1 2594 + 809703 )1 — = (5(Vav Vi v + vyl Vi)
+ Yu*YuT( — 1562 + 15Tr(YuYJ) +5Tr (YYT) + gf)) (G.13)
W oy — ggh (G.14)
(2) 234 sy Ty sy T sy Ty sy T
= + 501 1—2<YY YV 4 Y)Y YY)
v ([ _ T 2 t _ § 2
LYY ( 2Tr(YeYe> + 6g2 6Tr<Yde) 591) (G.15)
v =2v;y)! (G.16)
W = =2 (VyIveyT - vy IveyT)
6
+ YYT( 9Ty (YUYJ> +6g2 — 6Ty (YUYJ> + 5g%) (G.17)

G.1.2. Gauge couplings

By = ggl (G.18)

B2 = 215 g [ —130Tr (Y YT) +135¢2 + 199¢% — 30Tr (Y YT)

+ 4402 — 70Ty (Yde ) —90Tx (Yeyj )] (G.19)
B = g3 (G.20)
B2 = égg’ [ = 10T (V) = 101 (Y,¥]) + 12003 + 12563

— 30T (Yay] ) —30Tr (YUYJ )+ 995} (G.21)
B = — 343 (G22)
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Renormalization group equations for seesaw scenarios

1
B = g} [119% 20Ty (YdeT ) — 20Ty (YuYJ ) + 4562 + T0g2 (G.23)

93

G.2. Seesaw Il

G.2.1. Anomalous dimensions

7D = 30 (4592 +80g2 + gl> 1+ Y], + Y]y, (G.24)

7 =+ - LRYIY, - 3PYIY, — oY vy Y, - avivayry, - oviviviy, - ovivLYy,

+1[1999] + 909363 + 337503 + 160(g03 + 5(4g303 — 94)) + 48 (12593 + g1 ) Ns

1
+ (5491 +2700g3) N1 + (391 + 202543 + 2400g3) NZ} 500
+ Yij[— 3|2 — 3Tr<YdeT) + %g% - Tr(YeYJﬂ - 3YJYuTr(YuYJ> (G.25)
. 3
W =3(vIv. + 7Y - = = (598 + 7)1+ VY. (G.26)

2 18
1 = = CaYIY. H16gYIY. + SV + 1263V, - 3N PYYY - 2v vy

—6YIv,v]Yy, — 12V} Y. Yy, — 6V VLYY, — 9 YYY: - 3V Y YY,

— VYY)V, + —-169g1 + 309795 + 125g5 + 1691 Ns + (18¢1 + 100g5) Ny

il
100
6
+ (g1 +7598) Nz | + Y)Ye | =30 = 3Te (Yav] ) + 2of - Tr(vev) )|
YV T (Yth) — VYT (YZYJ) (G.27)

) =3[ + 3Tr (YdYT) i ggi +Tr (v (G.28)

3

107

7 = 123t + f\)\1|2 [ - 15Tr(YdeT) + 2092 — 5Tr(YeYJ) - 5Tr(Yth*> + Gg%]
1; - (20791 + 909363 + 37594 + 48¢{ Ns + (541 + 300g5) Ny

+ (3¢ + 225g4) Ny — 40¢2 Ty (Yde )} + 1662 Tr (Yde ) 9Ty (Yde Y, )

—12Tr (YdeT YY) — 6Tt (YdeT YZY;) — 3Ty (YdYJ Y,Y] ) — 3Ty (YeYJYeYeT

~3Tr (Y YTYZYj> ~ 3Ty <Y6Yt*YtY€T) +1.22Ty (Yeyg)) (G.29)
7D =32 - ﬁ( —10Te (YY) + 563 + g7 (G.30)
7P = 00 [20791 + 909393 + 37595 — 1200|A2|* + 4841 N + (54g} + 300g3) N

+ (391 +22568) Nz + 60xal? (= 15Tr (VY] ) + 2003 + 667 ) + 8063 T (v, )|

+ 16g§Tr(YuYJ ) — 3T (YdYJ Y,Y] ) —9Tr (YuYJ Y, Y] ) (G.31)
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G.2. SEESAW II

2
7;9 =2 <2Y*YS + YY)+ Y;Yf) o (2093 + gl> 1 (G.32)
32 80
t(i?) T 159 grYS Y, + 3 — @YY+ 59%YZ*YT +693Y Y, = 2V Y YY) - 2y Y Yy

— 8YY V]V, — 16Y, VLYY, — 8YI VLYY, — 6Y, Vi Y] — oy Y vy
G0 e e At %1 [20291l +160g2¢2 — 2002 + 12 (125g§ + 4g‘f) Ny

+ 5464 Ny + (3g% + 600g2) NZ} VY T (Yzyj ) CAYY Ty (YY)

vyvT [ Ty (YJJ) 4602 — 6|\ |2 — 6Tr (Yde) + %gﬂ (G.33)
Z D ZoyryT %(593, +g%)1 (G.34)
42 = 235 [21(214g1 +160g2g% — 5093 + (375g§ + 489%) Ng + 54¢* Ny

+ (3g% + 150g2) NZ) - 45{5(YijTYquT + YJYUTYJYuT)

n Y;Yf( 1562 + 15X + 15Tx (YuYJ) + gf) H (G.35)
SIS e ggfl (G.36)
P = [39 1 (16Ns +18N7 + 78 + Nz ) - 10{5(3}@*1@&*1{ + 3y YTyryT

+ n*YeTYe*YeT) + Ye*YeT( — 1562 + 15|A1) + 15Tr (Yde) +3g7 +5Tr (Yeyg)) ]

(G.37)
W = —4g} - ggf + A+ Tr(Yth*) (G.38)
'y(T?) [23491 + 2409393 + 50093 — 150|\1|* + 4891 N + (54g1 + 200g3) Ny
+ (3% + 150g%) Nz — 5\, 2 (10Tr (YeYJ) + 30Tr (Ydyj ) 32+ 593)
- 15g%Tr(Yth*) — 25g2Tr (Yty;) — 50Tt (YeY;*YtYJ ) — 150Tt (Yth YY;)
150t (EYJY}Y:)} (G.39)
O = g3 - gt + Dal? (.40
7%2) 5 [23491 + 2409393 + 50093 — 150|Xa|* + 4891 N + (54g1 + 200g3) Ny
+ (391 + 150g%) Nz — 5[, (30Tr (Yuyj) +3¢2 + 593)} (G.41)
7 = 145 (2593 + 2g1) +Tr (YY) (G.42)
/) = 235 [3 (32g1 + 62593)N5 + 2{21491 + 40022 + 137542 + 54g4 Ny
+ (39} + 375g%) Ny — 1567 Tr (YY) — 75¢2Ty (YY) — 225Ty (Ydyj YY)
— 450Tt (YYYY) — 295Tr (YSYS*YZYZT) }] (G.43)
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Renormalization group equations for seesaw scenarios

W _

3
(2 _

S

1 _
Z

(2 _
Z

1) _
Z
(2 _

Z

(2593 + 291) (G.44)
15
= [42891 +800g2g2 + 275094 + 3(3291 + 62593)N
+ 108! Nr + (691 + 750g3) N | (G.45)

= (30Tr (Y YT) 4562 — 80g2 — g%) (G.46)

199 , 1 15 , 8 84, 4

= 8 (125 )N
=+ 900 g1+ 109192 + 192 + 459193 + 89595 — 99 75 93 + 91

3 . 1 9, 8
N N 2. (YY)
+ <5091 +392> T+ <30091 T 192 >+ 393> z+ 591 r

9Ty (YdeYZYj ) Ty (Yeyj v.Y) ) ATy (YYYYT) —3Tr (YthYzYt*)

— 5Ty (YZY; Yzyj) (G.47)
- = oo (4563 — 8002 — ) (G.48)
=55 [19991 +90¢2g2 + 3375¢% + 160(g2g2 + 209262 — 5¢) + 48(125g§ + g;*) N

+ (5491 + 2700g3) N7 + (391 + 202545 + 2400g3) NZ} (G.49)

G.2.2. Gauge couplings

By =

Ber =

.-

B’

-

1Og1 (16N5 + 18N + 66 + NZ) (G.50)
1 ~

509 [119491 + 81093 + 264095 — 810(|A1]* + |A2|?) + (25697 + 320093) N

+ (64893 -+ 21603) Ny + (g7 + 4563 + 80g3) Nz — 420Tr (Yay])

— 540Ty (YeYj) — 720Tt (YY) - 810Tr(Yth*> — 780Tr <YUYJ ) — 420Tt (YZYJ)]

(G.51)
%g (SNZ +ANT + 2) (G.52)
1%93 [18g% + 25095 + 24093 — T0|A1|* — 70| Xo|* + (4897 + 24093) Ny
+ (g2 + 10562 + 80g2) Ny — 60Tx (Ydyj ) 20Ty (Yeyj) 70Ty (Yth>
60Ty (YuYJ ) 60Ty (YZYZT)} (G.53)
— %gg (2( -3+ Nz) +5N) (G.54)

15g3 [33g1 +135¢2 + 21042 + 5(14593 n 8gl)NS —135Tr <Y Y*)

+ (g2 +45g3 + 170g2) Ny — 60Tr (YdeT > 60Ty (YUYJ ) 60Ty (YZYZTM (G.55)
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G.3. SEESAW III

G.3. Seesaw Il

G.3.1. Anomalous dimensions

1
7P = 30 (4592 +80g2 + gl) 1+ Y]V, + Y], (G.56)
199 , 1
7P =+ 591YTY —ovlvviy, — ovivIvry, — oviv, vy, + 1 [%gl + 159193
15 , 8 8, . )
+ =g + 9193 + 89593 — <93 + 8935 Nay, + 393 Nwy,

1 15 9
+ (50t + 198 + ool NXM} - VY Tr(Ybe> +] Yd( _ 3Tr(Yde>

+ %g% Ty (YGYJ)) 31V, Tr (Yuyj) _ gYJYu Tr (Yng) 3}V, Tr (YIYJ>

(G.57)
7V = 70 (10YTY +15Y,] Y, — 3(593 + g%) 1+ 3YTYb) (G.58)
,yl@ = oo [2409%YTY + 120002V} Y., — 36Y, V1Y, Y, — 60V, Y, Y, Yy, — 400V Y, VY,

— 45Y1Y,Y, Y, — 300V, Y, Y[V, + 61 (10093 Nuv,, + 12593 + 25 (393 + 61) Nx,,
+30¢2¢2 + 69911) —18Y Y, T (Y},YJ) —90Y]Y, Tr (YbeT) 600, Y, Tr (YdeT )
— 200Y,Y, Tr (Yeyj) — 180} Tr (YuYJ ) — 900Y,}Y,, Tt (YUYJ )

— 90Y,!Y; Tr (YwYJ) — 450} Y, Tr (YwYJ]) — 180, Y, Tr (wag )

— 900Y,}Y, Tr (Yngj)] (G.59)
1) T 3 2 2 t
v :3Tr<YdY ) - —(5g2 —|—gl) + Tr(YeYe> (G.60)
) 207 , 9 15 , 3 .
To) =+ [og0t T 199198 + 93+ 393 Nw,, + 1(393 + gt ) Ny, = 9T (vay ) vay))
2
— ol Tr (Yde ) 41662 Tr (YdeT ) n gg% Tr(YeYj) _ 1% Tr (YijYeYJ)
—6Tr (YdeT YQCTYQC*) — 3T (YdYJ Y, Y] ) — 3T (YeYJ VAY ) - gTr (nYJwaj )
(G.61)
3
A = - To( — 10T (YY) - 10T (VY] ) + 563 — 5T (Vo)) — Tr(%Y)) + 63)
(G.62)
) 207 , 9 15 , 3 -4
V) = + Too0t + 109198 + 08 + 393 Nwa, + 5 (303 + gi ) Ny, + £9f Tr(YaY))

+ 1662 Tr (YUYJ ) +6g2 Tr (YwYJ]) + 22T (YwYJ ) + 1642 Tr(YxYJ )

— 1% Tr(YbYT Y, YT) _ 5% Tr (Y,,YT Y, YT) — 6Tr(YdYTYTY*) 3Ty (YdYJ Y,Y] )
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Renormalization group equations for seesaw scenarios

3 15
- ST (anYij ) —9Tr (Yuyj Y, Y ) - T (YngYng) —9Tr (YIYJ Y,Y} )

- % Tr(YbY VY, ) (G.63)
A = Q(YTYI +YY]) - = (2093 + i) (G.64)
7P =+ - 22vivT +6g2YYT — oYV YIY, — oviYIYIYT — 2V vIYey T
+ 2—;51 [16091 92 +1800g4 Ng,, — 200g + 202¢% + 75 <Sg§ + g%) NXM]
— 6y YT Ty (YdeT ) —oviYT Ty (YeYJ) Yy, (29% 3T (YwYJ,) + 62
—6Tr (YuYT> —6Tr (YIYJ> - %Tr (YbeT)) (G.65)
A ZoyryT —(5g3 v gl>1 (G.66)

4
S - z(Y;YdTYd*YuT FYryT Y;Yf) + 555 [16091 92 + 214g% + 450¢3Ng,, — 5043

. 1
+ 75 (2g§ + gil) NXM} - vy, [15 Tr (Yng) +2¢% — 3093 + 30 Tt (YUYJ )

+ 30 Tr(YIYxT> 43Ty (Yby;j)] (G.67)
) 6,
WD —ayry T — Z4i1 (G.68)
3 3 -
P = = YWY o YIS sV IYYT + gi1(25Nx,, +78)
6
LYy T [ —9Tr (Yeyg) 4692~ 6Tt (Ydyj) - 5gﬂ (G.69)
1 *
'y‘(/vzw = —4g21+ VYT (G.70)
. 1
1) = + 2681 (38Nx,, + 4w, +10) + o = 3Yay YT - 0y Yy
— 15 VIYEvT 4 YuwaT{ —10¢2 — 15 Tr (YwYuJE> — 30Tt (YUYJ) — 30Ty (Yng)
3Ty (YbYJ) + 6ng (G.71)
1
yéij = — 6421 (G.72)
1) =641 <3NGM +3+ NXM) (G.73)
1 3k
T =YY (G.74)
3
e =5 | =YY -5 (2 YTV + sy Yy ) + 8y {104
~ 10 Tr(YuYJ) — 10Ty (YmY;) +2¢2 — 5Tr(Yng) ~ Tr (Ybyj) H (G.75)
) 1
fy;l)w =3 (169§ + 597 + 99%) 1 (G.76)
2
7 = 36 [22391 +90g7g5 + 13593 + 16097 g3 + 288(g395 + g5 Naiy,) — 3293
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G.3. SEESAW III

+ 1084 Nw,, + (T5g" + 81g4 + 9643) NXM] (G.77)
1
A0 = 7( - (1693, +5¢2 + 993) 1+ 6Yx*YmT) (G.78)
Xv 6
7Y =+ %1[22391 + 909795 + 13595 + 16097 93 + 288(9593 + 93 Na,,) — 3263

+ 10893 Ny, + (7591 + 8193 +9604) N, |+
1
+ { — 20 (Y Yy v + vrvIy: YT> Y;Yf{w T (waut)
+30Tr (Yuyj) +30Tr (YmYJ) +3Tr (YbeT) + 49%}} (G.79)

G.3.2. Gauge couplings

B —gl }(25Nx,, + 66) (G.50)
B2 = ﬁg1 [125(1693 + 592 4 992>NXM n 6{19991 +135¢2 + 440¢2 — 9Tr(YbYJ)
—70Tr (Yde ) — 90Ty (Yeyj) — 130 Te (Y, ) —60Tr (Yng) 190 Tt (YIYJ ) }]
(G.81)
B %g (3N, + 4N, +2) (G.82)
B2 = % 3[5491 + 75092 + 720(g2 + g2Nw,, ) + 15(16g3 42162 + 5gl)NXM
—18Tr (K;,YJ) — 980Tt (Yng) — 60Ty (YEYB ) — 180 (Tr (Yde ) +Tr (Yuyj)
+Tr (YxYJm (G.83)
B = g3 <3NGM — 3+ NXM> (G.84)

1
B3 =193 [33g1 + 1353 + 21095 + 81095 Ngy,, + 5(34g3 + 597 + 992>NXM

+170g2Ny,, — 60 Tr(Yde ) — 60 Tr(YuYJ ) —60Tr <Yij )} (G.85)
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APPENDIX EIGHT

ANALYTICAL EXPRESSIONS FOR THE NMSSM

H.1. Anomalous dimensions and beta functions for gauge
couplings

In this app., we give the detailed expressions of the anomalous dimension of the Higgs-fields,
which are needed for the RGE evaluation of the VEVs.

4 —3Tr<YdYT) 130 2 ; 2+|A\2+Tr(YYT) (H.1)

@ _ 2074 9 5, 15
T, T 1007 109192 1

6
+ 16932Tr(Yde> + 5ngr(Y YT) — 3| Tr(Y YT) — 9Tr(YdYTYdYT)

2
gh = 2RIl — 3 = ZgiTr (YY)

— 3Ty (Yde Y,V ) — 3Ty (YQYJY;YJ) (H.2)
0 —3Tr<YuYT> 130 2 ;’ g+ A2 (H.3)
W2 =T+ S+ %2 — 2APIf? — 33NPT (YaY,)
\A|2Tr(y YT) + 5g Tr(Y YT) n 16932Tr<Y YT) 3Ty (YdYTY YT)
— 9Ty (YUYJ Y,V ) (H.A)
7S =2n? + 272 (H.5)

2
12 = SGINE + 631N — 8lsl" — BARIsI? — 41" — 67T (vav)
— 2A]2Ty (Y;YJ) — 6A2Ty (YuYJ) (H.6)
The other anomalous dimensions differ just at two-loop level from the MSSM expressions.

) 15, 1 199 , 8 . 4, .
7 = (89293 + 02+ g9 (1693 +992) 50091 ~ 59 )1 + VIV = DY
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H.2. COUPLINGS

* * * * * 2
CovivIYivE —ovivIvivT 4y YdT( — 3T (Yde ) + 29t — AP - (Yeyg))

— 3V VT Ty (YUYJ ) (H.7)
3
0P = + 15 (12503 + 309393 + 6991 )1 — 2¥ VT VYT
6
VYT (- 8me(vay)) + St — A Te (vv)) (H.8)
@_ , 2 ty vt ty vt
7P =+ %( — 100g% + 101¢% + 809193)1 — 2<Yd VoYY, + Y],y Yd)
2
+ YdTYd( — 9\ - 2Tx (YJJ) + 692 — 6Tt (Ydyj) + 5g%> (H.9)
) 8
7=+ ﬁ (10791 — 2595 + 809193>
- (5 (vivar v + Yivayiv.) + Viva( - 1563 + 15T (VY] + 502 + 67 ) )
(H.10)
234 , 6
v = —ovivyiy, + St YlY, ( T\ (Y YT) +6g2 — 6Tr<YdYT) ggf)
(H.11)
(H.12)

Also the S-functions of the gauge couplings are the same at one-loop level but receive at two-loop
contributions involving A and k.

1
3@ = = g3 ( 130Tt (Y YT) +135¢2 + 19992 — 30|A[2 + 440g2

g1 25
70Tt (YdeT ) 90Tt (Yeyj)) (H.13)
1
B2 = 593( — 1002 = 10Tr (Yoy) + 12093 + 1253 — 30Te (Y} ) — 30T (v, ¥, ) + 947
(H.14)
1
B = o} (1197 — 201 (vay]) — 201 (v, Y] + 4563 + 7003 ) (HL.15)

These expressions can be used according to to calculate all RGEs of the NMSSM.

H.2. Couplings

We list in the following all couplings of the NMSSM which contribute to the electroweak self-
energies or influence the annihilation or coannihilation of the neutralino. These and all other
couplings of the NMSSM can be derived with the command MakeVertexList [EWSB] of SARAH.Our
conventions are given in In addition, we define the following abbreviations:

A = g7 g —4N? (H.16)
A= gs -2\ (H.17)
2 — 2 2

9= = g0 (H.18)
9t = gita (H.19)
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Analytical expressions for the NMSSM

Al = 208N + 20 A6 + V22Re{T)} (H.20)
Ay = —20,\+vgk (H.21)
A3 = —2ug)\ + vk (H.22)

Furthermore, cg is cos(Ow ) and sg is sin(Ow).

Interactions between two fermions and one scalar

7: * * * * *
Ff(g,gghk = 5( — 2N} jSZIﬁ + V2 i5Nj4Zk1 + V2AN;, NJ*E)Zkl glNi4NjIZlg + g2 N; 4N]2Zk2

+ \@)\NZEN;:SZIg + 92Ni*2N*4Zg + 91N <N;BZI£{1 - ZkQ) + V2N, N;:sst
— 2VRNENZE + Nis (uNj ZE — 0N ZH + VA (N2l + N3 285 ) )) (H.23)
)
lexj = 5(2’5 (Ni3 (Qlel - 92Nj2> + g1 Ni1Nj3 — gaNiaNjz + V2X\* NisNjs + V2A* N, z4Ng5)

+ \ka3< — 25" Ni5Nj5 + A" (Nl‘gNj4 + Ni4Nj3>> +z (Nl-4( — g1Nj1 + ggNj2>
+ (= 91N + 92 Nia ) Ny + VN (NigNjs + NisNjs ) ) ) (H.24)

1
L * * r7A * * r7A * * r7A * * r7A * *x r7A
FXngAO = 5( — g2Nj5 jSZkl — V2 i5 j4Zk1 - \/§ANi4 j5Zk1 - glNi4lezk2 + g2 Niy j2Zk2

- \[)\Nfs ;321242 + 92 z‘*2N]>‘k4ZI?2 - z'*l( N3Zk1 +qaN 4Zk:2) \f)\N J*:J,st

+2V2k %N;E)Zlg - ( 1N \Zi + 92 ;2Zk1 + \/5/\< ;42% + N]*5Zk2>)) (H.25)
R 1 A

F~o~vo = 5( —Zja <Ni3 (glel - 92Nj2> + g1Ni1Nj3 — gaNiaNj3 — V20" (NisNjs + Nz4N]5))
+ \ka:g( — 2K*NijsNjs + \* ( N3Ny + N24Ng3)> + 7 (Ni4 (91Nj1 - g2Nj2)
+ (91Ni1 - 92Ni2> 4+ V2 ( N;3Nj5 + N15N]3>)) (H.26)
L . * * * * *

FX?)Z]—HJr = Z( — pVANSZE + j2(\f nNAZE + \[ oNLZE — A z’5Zk+2)) (H.27)

. 1 N

PR = = i(- 5 (20:U1 Nia + V2Usa (91 Na + 92Nz ) ) 2, = XUy Nis 2 ) (H.28)

A
o1 N
i T T ﬁ(@ i w2y + i (92 AZE A+ A z*zzlg» (H.29)
1
fi XF by, - \/5 <92V11Uj2Zk2 + Via (92Ujlzk1 + AU, ]2zk3)) (H.30)
1 * *
F§;~+Ao = —5(92 fil 1'221?2 + Vj2 (92 ;121241 Zk3>> (H.31)
1 ‘U
F;z* AT A <92Vi1Uj2ZI?2 + Viz (92Uj12k1 A J2Zk3)> (H.32)
o1 v,k

nggﬁk - Z\ﬁzk% (glNﬂ —92Nj2> (H.33)
R

Toga, = ( 922"V + Z e.ia k3+aVJ2) (H.34)

a=1
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Ff:e]H+ - ZZ YUk jaZin (H.35)
1 3
TSoc,e; = ( ZUELZJW Noik ;"QZUELZM— 5> Ui YeaZhi) (H30)
, a=1 a,b=1
Ff;”gejé; = Z( —V2g Z Z]g—f—aU}e%,jaNil - ;1 Y'e”:abZ,ﬁlUgijig) (H.37)
- o

. 3 3 3
t * d,* * d, " d,
Fé?djﬂjzw = —656,7 <\/§glN¢1 Z UL,jaZ/?a — 3\/592 i2 Z UL,;aZlgz + 63 Z UL;aYd,abZI%-&-b)
a=1 a=1 ab=1
(H.38)

. 3 3
1
F%’dwf% - _555’7 <\/§gl ZZI%MUI%JLLNH +3 Z YdfabZIQLUflz,ijz‘?)) (H.39)
a=1 a,b=1

‘ * * * > * %
Doz, = —géﬁn(ﬁmszjazl’fawﬂgwwzmmzm+6 S UL Yaa i)
a=1 a=1

a,b=1
(H.40)
F%“jﬁﬂiw - 5ﬁ7<2fglzzkd+aURja i1—3 Z ugbZ]g;lUj%,ijM) (H.41)
a,b=1
F%ej;;; - —z'gzU;aZlef;az,ga (H.42)
3
Fgﬁ‘ej,;; =1 Z Ye*:abZIlf/aUI%,ij;Z (H.43)
f a,b=1
3
. ¥ d, ¥ d,
. 25577( — gU3 ZUL S 20 UL Y UR Va2l +b) (H.44)
=1 a,b=1
3
R : * Urrd
Fﬁdﬂ'ﬁ’azw = g,y 2 YiavZiaUr,jb Vi (H.45)
a,b:l
1
L . H
Féiejhk = _ZEZUszZ Yve,abZkl (H4:6)
b=
138
Dlen, = _iﬁ YU iUk o Zi1 (H.47)
a,b=1
3
L * A
PéiejAg = TZ ]e?zb Uz]ay abZkl (H48)
b=1
138
* A
Fge]-Ag = _ﬁ Z Ye,abUE,ianz,ijkl (H.49)
a,b=1
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Analytical expressions for the NMSSM

L
Fdiadjﬁhk

R
dedjghk

L
Ldaaspny

R
L ;50

L

diaujﬁH;;

R

diaujpH)

L
ﬁmu]'ﬁhk

R
Uiee ujghk

L
Uiotjp AY

R
Ui ungg

Interactions between two fermions and one vector boson

3 3
o1 d, d, H
— _zﬁéaﬁ Z U Z Up s YaaZia
b=1 a=1

1

3
B _iﬁ‘sa,ﬁ Y YiaUL Uk 2

a,b=1

3 3

1 d,* d,* A

= \ﬁéaﬁ E :UR,ibE :UL,jaYd,abZkl
b=1 a=1

1

3
_ * d d A
- _7504,5 Z Yd,abUL,iaUR,ijkl

V2

a,b=1

3 3

otk d,* U, *

= 127 0a,p Z UR,ib Z UL,jaYd,ab
b=1 a=1

3

S * d u

= 1Z.5 0o Z Yo abUL,iaUr jo
a,b=1

3 3
1
= —255&6 Z Ukiv Z UL YuanZih
b=1 a=1

3
o1 % H
= _Zﬁéa,ﬂ Z Yu,abUg,iaUI%,ijkZ

a,b=1
1 3 3
U,k U, * A
= —=0a,8 Z Ur'i Z Up jaYu7abZk2
\/i ’ — 2
b=1 a=1

3
1

= ——=0ap Y Vi u Ul wuUb 2t
\/i a,b=1

I ?

Loz, = = 50ij <g18® + 926@)

2

L 1 ¥

3 e
Fﬁie]'le_ - _Zﬁg2UL7ji

7 " *
Tl = 3 (916@ - g289> <Nj3Ni3 - Nj4Ni4>

XX T
[0y, = — %(9106 - 9289) (N%st - NZZ;NM)
F%}X?Zu = - %(9156 + 9206) (N;?)Ni?) - Nf4Ni4)
o0z, = %(9156 + nge) (N{%st - NZZNM)
My s = = 592(2Vii N + VBV, Nio)

(H.50)

(H.51)

(H.52)

(H.53)

(H.54)

(H.55)

(H.56)

(H.57)

(H.58)

(H.59)

(H.60)

(H.61)

(H.62)
(H.63)
(H.64)
(H.65)

(H.66)
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UiaUjsVp

Fﬁia“jﬁzu

= - %92 (2N£’5Uﬂ - \@N&Uﬂ)

- (2ng 15e Vi1 + V2<g169 + 9289)V )
(292U 150Uj1 +Up (glce + 925@>U )
(2 oViicoVil + V}*g( — g15e + 9209)‘42)
(292U 1ceUj1 + Ua( —g15e + ng@)sz)
=0;j (glc@ + ggSe)"}/MPL +i91c00;, jYuPr
5i,j( — g18e + 92C@)WPL + —ig10; jseVuPr

1
591€004,30i ;7 Pr

1
= - 6%,/35@',]‘( — 39250 + glC@)’mPL T3

1 7
= 65(1,551,3‘ (39269 + 9189)%PL + —§915a,55i,j8@%PR

3
1
= —i——gabag ¥ UL UL,
p 7,\/592 a,ﬁaZI L,ja"~ Ljia

) 21
= — 650475(51'7]‘ (39289 + glc@>'yuPL + —gglce(sa,gé@j’yﬂPR

7 21
= — 65a,,85i,j (3926@ - 915@)'7uPL + 391504,/351',3'86%32

Interactions between two scalars and one vector boson

Fdiad;ﬁ'y,u

Fd'm 4352,

T. _
umd]ﬂW

O
UiaU;zVp

Lana,2,

» 3
i E : * E *
T ééaﬁ(( — 39250 + glc@> Zia Zja — 20100 Z£+GZJ3+“)

a=1

: 3
1 *
= 65a,5<<3g269 + 918@> Z Zi* 28 — 2g150 Z i3ra ]3+a>
a=1
i x
=-3 Z Zi Z3, (918@ + 9206)
a=1

3
. 1 U D
= — Z\/§9250¢7/B;Z’ia Z]a

: 3
? *
== 65a,6(<3928® + 91C@> > Z 75, + gice Z i3ta ]3+a>

a=1
3

7 U,
= - 65a,ﬁ((3gzce - 915@) > Zig" Zjo — 4150 Z ZisaZjsa
a=1

a=1

)

(H.67)
(H.68)
(H.69)
(H.70)
(H.71)
(H.72)
(H.73)
(H.74)

(H.75)
(H.76)

(H.77)

(H.78)

(H.79)

(H.80)

(H.81)

(H.82)

(H.83)

(H.84)

(H.85)
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i E, E
Leery, = 5((916@ + g2S@> Z Z" 75+ 2g1ce Z Z,gIaZJ:Ha)
a=1
; 3
E
Leerz, = 5(( gise + 9269) Z Z: 7, — 2g150 Z i3ha ]3+a)
a=1
H
s = (225 - 225

1
FhiA?ZH = 5( — g1Se — ggce> (Z Z Z 02; )

1
+ +
FA,?HJ*W* 99 (Z Z + 2 Zj )
i +, +ox
Cuagn, = 3o - auve) (757254 2525)

_¢ Iy
FH;H;TZM = 5( — G150 + g2c®> (Zil Z+ 2 Zj2)
Interactions between one scalar and two vector bosons

i H H
Uhowiws = 593 (UdZil + UuZiz)

1

=3 (9150 + g2¢0)’ (vng + vng)
/l: * *

Uh-wiy, = — 59192 (UdZ;f — vuZjy )09

i +x +x
I‘H;W;ZH = 59192 (UdZil — vy )3@

Uhiz,2,

Interactions between two scalars and two vector bosons

v o2
Loaws opwy = 59200k

7
= —0; 1 (9150 + g2co)?

Usizov;z, =5

3
FeZW_~*W+ 592 ZZzb Zk’b
b=1

[\D@

3

N

e z,e12, = — Z( -
b=1 b=1

7

Lowenowsr = 593 (Zgziﬁ + Zng)
7

=3 (9150 + g2ce)? (Zili[Zlg + Zng)
Z

AWy QW = 59 (Z Zis + Z; Zk2>

{
FA?ZUAQZV =3 (9150 + ggc@) (Z;‘l‘Zkl + Z; ZkQ)

Uh,z.h.2,

r

(H.86)

(HL.87)

(H.88)
(H.89)
(H.90)
(H.91)

(H.92)

(H.93)
(H.94)
(H.95)

(H.96)

(H.97)

(H.98)

(H.99)

3
Ex E
(—g150 + g2c0)” Y Zy" Ziy — 29is0° Y _ 7, Z@er)

z3+b
(H.100)
(H.101)

(H.102)
(H.103)

(H.104)
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=29 (Z**Z+ +Z+*Z+> (1.105)
{ 2 +,% +,%
H] Z-H} Z, = ) (—g156 + g2¢0) (Zﬂ Zl:—l +Z;5 Z,:—2> (H.106)

Interactions between four scalars

We define
i .
A :E(<C’ig% ng) ZZF ZF + o0k %szw 13%) (H.107)
3 3 3 3
k F7
(Z Zk3+c Z Yf,ach,ab i3+b T Z Z Zkb* Z Yf can ba zc) <H108)
—1 a,b=1 c=1 b=1
IL * * F,
Ag =2 (A Z zh, Z YiawZh + 2 Z 2 w2 ) (HL.109)
a,b=1
. 3
? F, * F,
Ay =-— %( zh ZTﬂab Z 28 Ty a2l 1) (H.110)
b=1 a,b=1
)
192 (( 91 +3 L92) Z ZF*ZF + 291 Z Zzlz;-taZjS-l—a) (H.111)
i 3
* * F,
5( Z Z3+bZYfaabZJ€l +A Z Zig YianZ 3+b) (H.112)
—1 a=1 a,b=1
. F,
A7 =— 1(2 7,3+c Z Yf ach ab 2 3+b + Z Z Zzb ’ Z Yf can baZ j c) (H113)
c=1 a,b=1 c=1 b=1
F, F,
7( Z ZzsinTf awZ Z 25 Than Zhsi) (H.114)
a,b=1
1 F, * * F,
= (- )\Z zh Z Y Zh + A Z 28w Zli) (H.115)
b=1 =1 a,b=1
With this definitions often appearing terms in the vertices involving squarks and sleptons are
given by
D; =A; with Yy — Yy, Ty — Ty, 2" — ZP 0} = 1,0 — 1,07 — 1 (H.116)
U =A; with Yy = Y, Ty = T,, 28 — ZY,0} = 1,0 — —2,0% — —1 (H.117)
E; =A; with Y; =Y., Ty —» T., 2" — Z¥ Cl — 3,0} — —3,C% — —1 (H.118)
Dinydrm = das(D1(ZH2H — 2}520) + Dozl 2] + Dy (2)32] + 2521 (H.119)

Dia ap = Oas (D1 (2120 = 2328) + D2z 2t + D - 2523 — 235233))  (H20)
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Pawnazm = Sas(Ur(282H — 2828 + V2328 + Uy (20128 + 2527 ) (H.121)
Panavar 1y = 0as(Ur (2020 - 2528) + Uz 2ty + Us (- 22— Zpzit)) - (H122)
Tainseth = E1< R zjgzg) + B2 ZH 7 + B (Z;gz{; + ngzg) (H.123)
Teoa eian, = En ( — ZAZi + ZﬁZ{%) + EsZAZ{ + Eg( — 2474 - ZﬁZ@) (H.124)

D = - (20 (20~ 3022028 + Azl — NP 2f4 28

+ 2B (322l + 32 7] + are{m\} 220 ) + 220 (M (20328 + 2052

+ X ((nzlh - 2020) 2 + 208 (w2l - 22211)) ) ) + 285 (255 - 392 203218
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Interactions between three scalars
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H.3. One-loop tadpoles

In this and the subsequent Apps., particles that are denoted with a hat, e.g. iLZ‘, are the unrotated
external states. In the corresponding vertices the associated mixing matrix has to be replaced
by the identity matrix. Moreover, we have summed her and in the subsequent section in all the
vertices implicitly over the color indices of quarks and squarks.

At the one-loop level the expressions for the tadpoles of eq. (5.10) are given by
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H.4. One-loop self-energies

The definitions of the scalar one-loop functions and their explicit analytic expressions can be
found in app.
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H.4.1. Self-energy of Z boson

In agreement with ref. [268] we obtain for the transverse self-energy of the Z boson
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H.4.2. Self-energy of CP-even Higgs bosons
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H.4.3. Self-energy of CP-odd Higgs bosons
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H.4.4. Self-energy of the charged Higgs boson
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