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Abstract

We embed the DFSZ axion in supersymmetry with broken R—parity. As Supersymmetry
provides hundreds of free parameters we restrict ourselves to the lepton—number violat-
ing scenario in minimal supergravity models with baryon-triality Bs. In such models
the axino is the lighest supersymmetric particle, it is not stable and its mass is kept to
be a free parameter. The axino mixes with the three neutrinos and four neutralinos to
form eight mass eigenstates. We introduce an appropiate notation, present briefly the full
Langrangian and all axino interactions. This also induces a modification of the renormal-
ization group equations which we compute. Based on this preliminary work we calculate
all two— and three-body axino decays to Standard Model particles, e.g. leptons and
mesons. Depending on the origin of the IR, operator and the mass of the axino we obtain
different final state combinations. Taking this into account we study the corresponding
decay widths and branching ratios as a function of the superymmetric unification scale
parameters as well as the axino mass. We then in particular focus on the implications
for axino cold dark matter. We concentrate on the axino energy density in the light of
the WMAP data. These analyses are performed in detail at the benchmark point SPS1a.
Representative examples are also chosen for benchmark points SPS2 and SPS4. From this
we offer a more general conclusion to other benchmark scenarios.
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1 Introduction

The Standard Model (SM) of particle physics describes in a successful way all known
phenomena of elementary particles [1, 2]. Despite this unprecedented triumph the SM
faces several problems, see Refs. [3, 4, 5].

One of these problems occurs in the QCD Lagrangian and is called the strong CP
problem. Here a supplementary term can be added which does not change the existing
Feynman rules. It is parametrized by the f-parameter which is experimentally bounded
to be less than O(107?). This smallness of f is the strong CP problem and thus a fine-
tunning problem, see Refs. [6, 7]. There exist several solutions but the most elegant ones
are to set # dynamically to zero. To do so we need a new U(1) symmetry proposed in
the late 1970s by Peccei and Quinn Refs. [8, 9] and an additional scalar field. This field
acquires a vacuum expectation value and thus breaks U(1)pq spontaneously. Weinberg
and Wilczek were the first who discerned that a pseudo Goldstone boson exists which
belongs to this broken symmetry, namely the axion, see Refs. [10, 11]. As the axion
interactions are highly suppressed it has not yet been discovered, see Ref. [12].

On the other hand around the same time the yet unobserved Supersymmetry (SUSY)
was invented to solve other problems of the SM, see Refs. [3, 4, 5, 13]. It represents a
symmetry between bosons and fermions where every boson gets a fermionic superpartner
and vice versa. Of course, the axion gets a partner as well, the so called azino which
solves the supersymmetric strong CP-problem.

Particle physics should be considered in a larger context. The axino can solve as
well another problem. Cosmologists have set up the Standard Model of cosmology which
describes the universe on larger scales and its formation, cf. Refs. [14, 15, 16, 17]. Further-
more observations show the existence of non-luminous matter called dark matter (DM). In
the past years cosmology has become a high precision area of research. With the release
of the Cosmic Backround Explorer (COBE) and the Wilkinson Microwave Anisotropy
Probe (WMAP) satellites the amount of DM could be estimated to a very high accuracy
to (21£1) %, see Ref. [18]. It is widely assumed that DM consists of particles which are
weakly interacting and electrically neutral as it would have been detected so far.

A possible DM candidate has to be produced in the early universe in a significant
abundance [15]. It has to be stable or quasi stable and in the case of SUSY it has to
be the lighest supersymmetric particle (LSP) as otherwise it will decay in cascades to
it. In SUSY this stability is preserved by the lepton- and baryon-number conservation
(R, R-Parity). In general in the last years plenty of particles have been proposed as
possible DM, e.g. neutrinos, axions, neutralinos etc. See for a nice review Ref. [14] and
references therein.. So far it was only proved that neutrinos only contribute to a small
amount to the dark matter energy density. Furthermore large experimental efforts have
been made to find DM with direct-, indirect-, ground-based or satellite detection methods.



CHAPTER 1. INTRODUCTION

Some collaborations have claimed that they have detected the DM particle but this was
recently retracted, Refs. [19, 20, 21, 22].

However, there exist several SUSY models which realize the axino as the LSP. Thus
fullfilling the above mentioned constraints make the axino a viable DM candidate, see
Refs. [24, 25, 26, 27, 28, 29, 30]. On the other hand, we can add renormalizable interactions
to the supersymmetric extension of the SM (SSM) with minimal particle content which
do not obey R,. Hence the LSP and specifically the axino can decay.

In this thesis we exactly focus on this latter scenario: combining the axino with R-
parity violation. The axino is realized in the model of Dine et.al. (DFSZ) [31, 32| which
has not been studied in this case in detail in the literature. There are several issues which
have to be analysed. Firstly the lepton number violation can have different sources [33]
which in turn leads to different decay channels of the axino. Furthermore SUSY has over
100 parameters. For this purpose, we will briefly introduce the minimal supergravity
(mSUGRA) framework in which the axino is embedded, as well as the parameter space
points are specified where the analysis is performed [35, 36]. The axino’s mass can be
kept as a free parameter [34]. We study systematically all possible decay processes to
SM particles, e.g. to leptons and mesons for axino masses below 500 MeV. Of course,
depending on the axino mass not every mentioned particle in a final state is kinematically
accesible. A crucial factor is played by the axino Yukawa couplings. To obtain these
we derive the appropiate renormalization group equations (RGE) [37, 38] and show that
programs like Softsusy [39] can be used to compute them. Furthermore the underlying
structure of the RGE and the chosen R, operator impose further restrictions on the final
state combinations of the axino decay. Thus in addition to the already mentioned kine-
matics different mass regimes will be formed where for example only leptonic- or only
mesonic decays are dominant. On the other hand there are also regions where a couple
of decay processes compete with each other.

However, we can calculate all decay widths and the according branching ratios (BR).
We will argue that the lifetime is comparable to the age of the universe which means that
not all axinos have decayed. We use these results to perform a detailed analysis of the
axino energy density for different R, operators and SUSY parameter space points. We
conclude that axinos with masses from 30 MeV to 500 MeV can provide the dark matter
of the universe depending on the SUSY parameters.

This thesis is organized as follows. In chapter 2 we give an introduction to the problem
of DM. We start with historical evidence where we afterwards present as well the standard
model of cosmology and its strong indications of DM. As already mentioned a possible
solution to this issue can be found in particle physics. Therefore we give a short list of
possible DM candidates. This chapter is concluded by an overview of experiments which
try to detect directly or indirectly DM. Chapter 3 presents in detail the embedement of
the axino in the mSUGRA model with R, and its consequences. As the axino becomes
part of the neutralinos we introduce our notation which is used throughout this work.
Chapter 4 is dedicted to the computation and the quantitative analysis of the RGE which
are changed due to the DFSZ axino. In Chapter 5 we explain very briefly all possible
axino decays to SM particles or mesons, respectively. This chapter is devided into two
parts. In the first half we investigate all decays which are due to the LLFE operator. In



the second part decays which are possible because of non-zero LQ D operators are shown.
Here we focus especially on the implications of quark mixing. Besides the assumption
of no mixing among quarks the mixing can be also mainly in the up- or down-quark-
sector. In the following chapter 6 we compute the BR of the according decay channels
for the SUSY benchmark point SPSla. Again we show the results devided according to
the origin of the R, (LLE or LQD). Chapter 7 is adressed to the question of the axino
as DM. Here we introduce the relevant formalism and compute the axino energy density.
The investigation of the latter mentioned two chapters is enlarged representatively for
two more IR, couplings to the benchmark point SPS2 and SPS4 in chapter 8. Finally
we summarize and conclude in Chapter 9. In Appendix A we introduce some useful
relations. Appendix B offers a complete overview of additional Feynman rules of axino
interactions which were not shown within the thesis. The explicit calculation of the one
loop anamalous dimension and the RGE can be found in Appendix C.
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2 The puzzle of Dark Matter

The puzzle of Dark Matter (DM) and its solution is one of the most challenging questions
in physics. In this chapter we give a short review of the indications for DM. We also
introduce the main aspects of the standard model of cosmology and the related cosmo-
logical parameters. Afterwards the most promising DM particle candidates are presented
with experiments which hope to find the DM candidate. A nice review can be found in
Ref. [14] or in textbooks like Refs. [15, 16, 17]

2.1 Evidences for Dark Matter

The puzzle of Dark Matter came up for the first time in astronomy and cosmology, respec-
tively. The measurement of the radial velocities of spiral galaxies gives the most striking
argument for the existence of non-luminous matter. For the determination of the rotation
curve astronomers use the 21-cm line of the interstellar hydrogen in combination with the
optical Doppler effect. First of all our Milky Way is a good object to study. But other
galaxies can also be examined, as the entire galaxy is oberservable and thus measureable.
In the latter scenario the orientation of the disk of the galaxy has to be considered.

A priori we know from Newtonian mechanics that the radial velocity of a bound object

is given by
v(r) =1/ G]\f(r) : (2.1)

where G is the Newtonian gravitational constant, r is the distance from the galactic center
and M (r) is the total mass within a sphere of radius . Due to Eq. (2.1) we expect a
decrease of the velocity with increasing distance from the galactic centre.

As an example Fig. 2.1 shows the rotational curve of the galaxy NGC 6503. In contrast
to the mentioned expected behaviour the curve is constant at a large radius. This can
not be explained by the luminous and thus visible matter in the galaxy. Obviously from
Eq. (2.1), so the mass profile M (r) has to grow o r that a constant velocity is observed.
The compelling conclusion is that this flat curve can only be obtained if we postulate the
existence of a halo of non-luminous and thus dark matter. Such a measurement for the
Milky Way or other galaxies gives similar results. The advantage of this result is that the
density distribution of the DM can be deduced.

This first mentioned evidence of DM describes effects on the local scale of galaxies.
Our example was restricted to spiral galaxies. The classification of galaxies shows that
we have also different types, e.g. elliptical- or irregular galaxies etc., see Ref. [17]. We
will not go through each type of galaxy and describe possible DM evidences, instead we
refer the reader to Refs. [14, 17].
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150~ -

Figure 2.1: This plot shows the rotational velocity vs. the radius of the galaxy NGC 6503. In
addition to this you find the contributions of the disk and gas denoted by the dotted and dashed
line, respectively. Obviously this explain not the observed curve. The way out is to postulate a
dark matter contribution shown by the dashed-dotted line “halo”. Picture taken from Ref. [14]
but originally published in Ref. [23]

The next larger scale would be to analyse clusters of galaxies, which imply the existence
of DM as well. In the early 1930s, Fritz Zwicky measured the radial velocity of galaxies in
the Coma cluster, see Refs. [40, 41]. With the mass-to-light ratio and the total luminosity
the mass of the cluster can be estimated'. Zwicky used the virial theorem as a second
method to determine the mass of the cluster. Both methods lead to the conclusion that
the Coma cluster contains more mass than observed optically and has to have a certain
amount of DM.

Later these conclusions could be also verified using the effect of gravitational lensing
[42]. It is one of the predictions of General Relativity (GR) which revealed that the
trajectory of any massive particle is influenced by an intense gravitational field. But
furthermore the trajectory of photons is also affected by gravitation. The cosmologists
take advantage of this effect by looking at nearby massive objects like galaxies or clusters.
If we have behind it a bright light source then its light will be deflected by passing the
massive object in the foreground. In such a scenario the massive object acts like a lens
and bends the light towards the observer and thus the so called “Einstein Rings” would
be observable, see Fig. 2.2.

As an example we consider a point-like mass M. In this case the deflection angle is
given by, see Ref. [17]

. AGM
a1, (2.2)

INote that the mass-to-light ratio vary for the different types of galaxies, see Ref. [17].

10
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1 millian light years 250.000 light yaars
gt W

Abell 2390: Chandra {AGIS) Abell 2390: HST (WFPG2)

1 millien light years 250000 light yeers

¢ §-

MS2137.3-2353: Chandra {ACIS) MS2137.3-2353: HET (WFPC2)

Figure 2.2: Pictures on the left hand side taken from Chandra X-ray and from the Hubble
Space Telescope Wide Field Planetary Camera 2 optical on the right. The object on the left is
MS2137.3-2353 at z=0.313 and on the right Abell 2390 at z=0.230. On the right hand side you
can see the arcs due to gravitational lensing. Of course, an Einstein Ring occurs only in an ideal
situation where the background object and the lens are perfectly aligned on the line of sight. If
we have a relative position of source and lens we observe these arcs. Taken from Ref. [44].

where the light of the source passes the mass M at a distance £. Hence by measuring
the deflection angle & we can estimate the mass of the foreground galaxy cluster with
Eq. (2.2) [45]. Further application methods to proove the existence of DM are, e.g. the
weak modulation of strong lensing applied on massive elleptical galaxies, see Ref. [14] and
references therein.

Up to now we only know that DM exists, not its exact nature. Furthermore it is possible
to calculate in each mentioned scenario the amount of DM needed to explain observations.
But unfortunately it is not possible to determine the total amount and the kind of DM in
the universe. For this it is worth to take a closer look at cosmology. As a natural result
from the established standard model of cosmology we get from the recent observations a
numerical value for the total amount of DM.

2.2 Standard Model of Cosmology

When we talk about cosmology we have to keep in mind that this part of physics has
improved tremendously in the past years. From vague theories and less proved statements
it became an area of precise research. The reason is that with the steady improvement
of ground- or satelite-based observational experiments, cosmologist were able to get more
precise information about the cosmological parameters. Hence they were able to test the
proposed theories and to draw a clear picture of the history of the universe.

11
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One of the early discoveries and first steps towards the standard model of cosmology
was due to Edwin Hubble in the 1920s, see Ref. [46]. From observation of the Doppler
redshifts of the radial velocities of galaxies, he was able to formulate the relation

v is the radial velocity, D is the distance to the galaxy and H, is the Hubble constant
[47]. Eq. (2.3) is named “Hubble’s law” after its discoverer and tells us that the larger
the distance to a galaxy the higher is its escape velocity. The even simpler conclusion is
that the universe is expanding. Going backwards in time we will come to an era where
the universe was tiny, dense and hot. The majority of cosmologists agrees that the zero
point of the evolution of the universe is the so called “Big Bang”, see e.g. Ref. [17].

Besides this cornerpoint, we need a more fundamental understanding of the history of
the universe. A key to this description is the General Relativity (GR) [49]. From GR we
have the Einstein field equation

R = 3 0uR =~ Ty + Mgy (2.4)
with R, the Ricci-tensor, R the Ricci-scalar, g, the metric tensor, 7}, the energy-
momentum tensor and A the cosmological constant. If we neglect for a moment the
cosmological constant, which can be interpreted as the vacuum energy density, then we
see that the left hand side of Eq. (2.4) reflects the geometry of the universe whereas the
right hand side denotes energy content [14]. To find a metric which solves Eq. (2.4) one
uses symmetry simplifications which are confirmed by oberservation.

In 1964 Penzias and Wilson discovered the cosmic microwave background (CMB) [50]
with a temperature of about 3 K for this blackbody. The origin of CMB goes back to the
early stages of the universe. After the Big Bang the universe was still hot and dense but
with a continous expansion and thus cooling. At a specific point the temperature was
low enough that the free electrons were able to combine with the nuclei to form atoms.
After the disapperance of the free electrons the photons are not any longer scattered (‘last
scattering surface’). This directly implies that photons from this era of the universe were
able to propagate undisturbed. The CMB exactly consists of these photons which we can
observe today.

Of course, since the efforts in the 1960s we have much more sophisticated measurements
from the COBE (COsmic Background Explorer) satellite, see Fig. 2.3(a). From the data
of the COBE satellite the blackbody temperature was estimated to 7" = (2.728 £ 0.004)K
[51]. This measured spectrum shows the best known blackbody radiation in physics.

Furthermore the data of COBE proved the isotropy on large scales. Another point cos-
mologist were searching for are anisotropies on small scales. These anisotropies are needed
to explain the structure formation. Indeed COBE found the temperature anisotropies and
in later experiments the value was determined to AT/T ~ 10~° [17]. If baryons would be
the dominant part of matter in the universe this value would be a few order of magnitude
larger. This leads to the compelling conclusion that DM exists and plays a crucial role
for the structure formation of the universe [17, 14]. A few years later the Wilkinson Mi-
crowave Anisotropy Probe (WMAP) satellite was launched and confirmed independently

12
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(a) CMB from the Cobe satellite. The blue (b) This picture show the CMB anisotropy measuered by
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ture taken from Ref. [52]. its origin in fluctuations of the CMB in the era of recombi-
nation. Picture taken from Ref. [53].

Figure 2.3: Planck spectrum and the amplitudes of the anisotropies of the CMB

the results of COBE but with a higher angular resolution [17, 14]. Thus we only show
the anisotropies obtained by WMAP in Fig. 2.3(b). These anisotropies can have different
origins, e.g. quantum fluctuations that take place at the time of recombination and are
due to CMB fluctuations. For a brief treatment of this question see e.g. Ref. [17].

The compelling bottom line of the COBE and WMAP experiment is that the CMB is
highly isotropic. From the isotropy we can conclude the homogeneity of the universe if
we assume that without loss of generality there exists no preferred observer. The result
that we live in a homogeneous and isotropic universe is called the cosmological principle.

With these underlying conditions the metric which describes such an universe and solves
the Einstein field equation [49] is given by the Robertson-Walker metric

2

2 2 2
dS —dt —Cl(t) m

+ 72d#* + r? sin? 0d¢? | . (2.5)

a(t) is the cosmic scale factor with the normalization of a(ty) = 1 for the present time,
t is the cosmic time, (r,0,¢) are comoving coordinates and K is the curvature with the
possible values K = —1,0, 1. These latter three values gives us three different cosmological
models namely

e K < 0: open universe. The universe expands forever.

e K = (: flat universe, also expanding forever but the limit of the expansion velocity
is zero for t — oo

e K > 0: closed universe. After a expansion the universe collapse again.

13
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Inserting the Robertson-Walker metric into the Einstein field equation we end up with
the so called Friedmann equation

N 2
a 81G K A
) =, = 9.
<a> 3 23 (2.6)

where p is the energy density of a perfect fluid. Now, introducing the Hubble expansion
rate

Ht) = g (2.7)

and inserting into Eq. (2.6) with the curvature K = 0, we get the definition of the so
called critical energy density

3
- 8nG
It is convenient to define the dimensionless density parameter €2 which is the ratio of the
energy density and the critical density

Per (2.8)

=" (2.9)

Per
With this definition the density parameter can be reexpressed as the sum of the radiation
(r), matter (m) and vacuum (A) densities

Q;:ZQZ.EM. (2.10)
i Per

The different ; evolve differently in time. Applying a little bit of algebra, cf. Ref. [15,
16, 17] the expansion equation can be obtained

N
(g) = Hi[a ™ () Q4+ a2 (t) Qu — a2 (1) (1 — D — Q) + Q] (2.11)
At this point the actual values for the 2; are not known. These parameters can be
estimated with the WMAP data and the related anisotropy amplitudes. The complete
set of information about the amplitudes is contained in the power spectrum. Thus getting
the power spectrum we can extract the cosmological parameters [18, 54]. We will only
sketch the principle approach of getting the parameter and refer the reader to the complete
analysis techniques presented in Ref. [18].

The amplitudes were measured over a complete sphere, c¢f. Fig. 2.3(b). Thus it is
convenient to express the amplitude in terms of spherical harmonics Y}, (6, ¢)

AT oo+l
—(0.0) =D D amYim(0.6). (2.12)
=2 -l

One usually defines the power spectrum as

l
1
m=—I
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see also Ref. [14]. We can plot C; as function of . For the extraction of the parameters
cosmologists run simulation with usually six parameters to get the best-fit values.
From the analysis of the WMAP data, see Ref. [18] we have

Quh? = 0.02273 £ 0.00062, Qcpumh? = 0.1099 4 0.0062, Qx4 = 0.74240.030, (2.14)

where b denotes the baryonic matter density, CDM the cold dark matter density and A
the contribution of the vacuum. For the Hubble scaling factor [47] the best-fit value is
given by

h=0.71979926 (2.15)

A suprising result is that the largest content of the universe is ‘hidden’ in the vacuum
energy. Hidden in the sense that up-to-date cosmologists are not sure what kind of energy
this is. Analogous to DM this energy is called dark energy (DE). This outcome of the
WMAP analysis is also supported by the theory of Big Bang Nucleosynthesis (BBN). The
BBN describes the freeze out of particles as well as the creation of elements in the early
phase of the universe after the Big Bang. We will not go into detail of BBN and refer to
the textbooks mentioned at the beginning of this chapter. The results of BBN support
the above shown result. This motivates that the presented model of the universe is indeed
the “standard model of cosmology”.

The standard model of cosmology is facing some problems, like the horizon- and flatness
problem, see Ref. [15, 17]. The solution to these issues is provided by the extension of the
standard model by inflation. This supplement introduces a short phase of the universe
where it expands exponentialy and then follows again the law given by the Friedmann
equation, see Ref. [15, 17]. This phase leads to a natural solution of the problems and is
widely accepted as the enhancement of the standard model of cosmology.

But nevertheless now that we know the total amount of DM and even DE in the universe
we have not answered one even more basic question: What is dark matter? The Standard
Model (SM) of particle physics does not offer a candidate to answer this question. In the
next section we will present some particle physics candidates which are widely discussed
as being the DM candidate.

2.3 Dark Matter particle candidates

In the previous sections we reviewed the main aspects and indications for DM. The follow-
ing sections should give a short overview of the most promising DM particle candidates.
This list will of course not be complete neither in the number of particles nor in the argu-
mentation for the mentioned particle. For this see the Physics Report by Bertone et. al.,
Ref. [14, 55] and references therein, or more specific reviews like Ref. [56] and references
therein.

As mentioned, a particle which contributes mainly to DM has not been found, yet.
But, large experimental efforts are performed to find it. Of course, for this purpose a vast
number of experimental set ups as well as techniques have been introduced. In the next
sections we will at first introduce and review some of the particle candidates. Afterwards
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we will give an overview about the detection methods, schemes and the experimental
prospects and summarize the status quo.

2.3.1 Neutrinos

The Standard Model neutrino was one of the first proposed particles to be non-baryonic
dark matter, see Ref. [55] for a nice overview. The basic advantage of neutrinos is that they
exist and are detectable. However, a DM candidate has to be massive to be considered.
In the Standard Model of particle physics the neutrino has no Dirac mass term as no
right handed neutrino is included. Introducing a singlet Majorana neutrino would violate
lepton number.

But non-zero neutrino masses seem not to be the problem as there are compelling hints
that they are massive. From laboratory experiment the limits on the neutrino masses are
48, 57|

my,, <2eV, my,, <019 MeV, m, <182 MeV. (2.16)

An indication that the neutrinos are not massless comes from the observation of neutrino
oscillations, see e.g. the results from Sudbury Neutrino Observatory (SNO) collaboration
[58]. These oscillations can only be realized if at least one of the neutrino flavours has
NON-Zero mass.

From cosmological considerations of the relic density of neutrinos the contribution to
the total density parameter can estimated to [14]

3
2 m;

i = ; 93 eV’ (2:17)
In this latter expression i denotes the different neutrino flavors. Considering Eq. (2.14) in
addition to Eq. (2.17) we can derive that the sum of the neutrino masses should be below
10 eV otherwise the neutrino density would exceed the CDM contribution. Scenarios with
larger neutrino masses would lead to an overclose universe, which is not observed.

On the one hand the neutrino mass limits presented in Eq. (2.16) exceed this estimated
neutrino mass limit which would exclude the neutrino as CDM candidate. On the other
hand from recent tritium 3 decay experiments at Mainz and Troistk [57] follows an upper
mass limit of

my, <2eV  (95%C.L.). (2.18)

The above mentioned neutrino oscillations motivated experiments like e.g. the Kam-
LAND reactor experiment [59] which search for the mass difference of the different neu-
trino flavors. In combination with the high precision upper limit of the electron neutrino
mass cf. Eq. (2.18) we can obtain with the mass difference a better prediction and limit
for the neutrino mass itsself in comparison to Eq. (2.16). The solar measurements for the
mass difference of the neutrino flavors are given by

Ami, = 7.65752 x 10™%eV?, (2.19)
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whereas from atmospheric measurements we have
|Am3,| = 2.4070 17 x 107%eV?, (2.20)

see Ref. [61]. Hence, the mass differences among the neutrinos are small. Applying the
upper neutrino mass limit we can deduce for the neutrino density parameter

Q,h* £0.07. (2.21)

Hence obviously the smallness of the mass difference lead to the conclusion that neutrinos
can not provide alone CDM. Thus we have to search on for a viable particle DM candidate.

2.3.2 Axions

In the mid 1970s Polyakov et. al. [62, 63] were studying the action of Euclidean Yang-
Mills theories and its topological properties. Their specific interest were spacetime depen-
dent field configurations which minimize the action. They found that a solution can be
connected to pseudoparticles called instantons. Instantatons have an extensive interpreta-
tion. First of all instantons imply a non-trivial vacuum structure where we have possible
transitions between vacua states with different quantum numbers, see e.g. Ref. [64].

The topological structure of the vacuum leads to a supplement to the QCD Lagrangian
[66] of the form

2
g ~
Lo =0—"=G G 2.22
S} 3952 MY ’ ( )
where g is the strong coupling, G , is the gluon-field strength tensor and Ga1 denotes

Qv

its dual which is given by Gom = PG ,, /2. The problem with Eq. (2.22) is that
it violates CP. Experimentally to a very high accuracy CP seems to be conserved in
QCD. Hence, from this point of view a valid conclusion would be © = 0. But the
SM includes the electroweak theory where a corresponding term to Eq. (2.22) exists.
The electroweak contribution is related to the argument of the quark mass matrix M
determinant. Experimentally we have [6]

18] = |© + Arg(detM)| < 1077 (2.23)

The fact that © and Arg(detM) are a priori not related but have to cancel at such a high
accuracy is known as the strong CP-problem. A solution to this problem was suggested
by Peccei and Quinn [8, 9] which requires a new global chiral U(1) symmetry. This U(1)
is named after the two inventors Peccei-Quinn (PQ) symmetry and written as U(1)pq.

Applying the U(1)pq to the fermion fields of the electroweak Lagrangian we get a
contribution of the form of Eq. (2.22)

a@) 92 A
Logy = —Go G 2.24
99 fPQ/ZV 3271'2 puv ( )

Here a(z) denotes the axion field which is a pseudo Goldstone boson and fpq is the
breaking scale of the underlying PQ symmetry [10, 11]. N denotes the number of quarks
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Figure 2.4: This picture shows the parts of excluded regions and sensitivity ranges of the
axion-dark-matter-experiment (ADMX) [69] and the Cern Axion Solar Telescope (CAST) [70]
for the the PQ breaking scale and the axion mass, respectively. Note, that here fpq/N — fpq
was defined, denoted by f, in the plot. The bar with “Cold DM” shows the region where
the axion can be CDM motivated by the “misalignment mechanism”, see Ref. [56] for further
explanations. The “Hot DM” bar comes from constraints from large scale structures. The next
two right bars denote constraints which are obtained from model with a axion-photon- and
axion-electron coupling, respectively. The bar on the rightmost show exclusion regions inferred
from SN 1987A. The bars with the light-shaded grey show bounds from DFSZ axion models.
For more details see Ref. [12, 56]. Picture taken from Ref. [12].

which carry non-trivial PQ charges and is related to the realizations of the PQ symmetry
discussed below. Combining Eq. (2.22) with © — © = ©+ Arg(detM) and Eq. (2.24), the
value of © can be set ‘dynamically’ to zero dependencing on the related axion potential
Vo(z). As the PQ symmetry is not exact and due to instanton effects the axion has a
mass, which as we will see is very small [6, 7, 12, 15, 64]. For a full review of the axion
theory we recommend the Physics Report of J.E. Kim see Ref. [6] and the contribution
of R.D. Peccei to Ref. [7].

There are two most favored ‘invisible” axion PQ models. Both models have in common
that a new complex scalar field is introduced which is a SU(2) x U(1) singlet. On the one
hand we have a model due to Kim [67] and (independently found by) Shifman-Vainshtein-
Zakharov [68]. This model is also often referred to as the KVSZ-, Kim- or heavy quark
model. As the latter name implies, one new heavy quark field is introduced which carries
the PQ charge. Hence, we have N = 1.

On the other hand we have the model of Dine-Fischler-Srednicki [31], and independently
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found by Zhitnisky [32]. In the literature this model is called the DFSZ-model. This model
requires at least one extra Higgs doublet ¢ in which SM fermions carry PQ charge

& = g¢*HIH, +he.. (2.25)

This is a purely quartic scalar interaction. As we have six SM quarks we have in this
model N = 6.

Collider searches, laboratory experiments or astrophysical searches have not discovered
the axion, yet. But from these efforts a collection of bounds are set up on the PQ breaking
scale. A summary of these bounds can be found in Ref. [12] and are visualized in Fig. 2.4
where we have

107 GeV < fpg < 10" GeV. (2.26)

It is obvious from Eq. (2.24) that such high values for fpq lead to a high suppression
of the axion interactions which makes the axion a weakly interacting massive particle
(WIMP). Nevertheless the axion would be very light, i.e. in the range of O(meV —
peV). The latest measurements, see Fig. 2.4 imply that the axion mass can take values
such that the axion is a good candidate for cold DM [12]. Experiments like the axion-
dark-matter-experiment (ADMX), the Brookhaven-Fermilab-Rutherford-Trieste (BFRT),
Cern-Axion-Solar-Telescope (CAST) or Polarizzazione del Vuoto con LASer (PVLAS)
search extensivly for the axion. The PVLAS collaboration claimed a discovery of the
axion in 2006 [71] which was retracted in 2008 [73]. Hence, to find the axion remains one
of the most interesting questions, in particle physics.

The determination of the axion relic density is rather complicated as it is unknown
which production process is dominant in the early universe, see Ref. [72]. Despite this
problem it is possible to find models where all constraints set up on the axion are satisfied.

2.3.3 Neutralinos

The axion represents an extension of the SM. Besides the strong CP problem the SM
suffers from the hierarchy problem [74] (e.g the calculations of the radiative corrections to
the Higgs mass) and the non-unification of the gauge couplings. As one possible solution
to these problems the theory of Supersymmetry (SUSY) was set up. We will not perform
any kind of review of SUSY as there are many textbooks, reviews and primers, e.g.
Ref. [4, 5, 13, 75, 76, 77, 78]. We will work in the framework of the so called Minimal
Supersymmetric Standard Model (MSSM).

One of the main aspects of supersymmetry is that the particle content is basically
doubled. Each SM particle gets a superpartner with spin that differs by a value of 1/2.
In this scope the B and W5 gauge bosons as well as the higgs bosons HY and HY have the
fermionic superpartners called bino (B), Wino (W) and Higgsino (H? and HY). In SUSY
these neutral states mix among each other into four mass eigenstates called neutralinos
- X? with 4 = 1,...,4. One important property of the neutralino is that it is a Majorana
particle and thus its own antiparticle. Furthermore due to its origin it is also electrically
neutral which makes it a promising DM candidate [79]. The four mentioned states are
sorted due to increasing mass: msgo < mgy < Mgy < mszo. This scenario only holds if we
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assume that the lepton- and baryon number is conserved in the MSSM. In the MSSM
this fact is reflected by the quantum number called R-Parity. The non-conservation of R-
Parity leads to crucial consequences, e.g. the neutrinos mix as well with the neutralinos,
the lightest supersymmetric particle (LSP) is not any longer stable, see Ref. [33].

The neutralino is a well motivated DM candidate and is widely studied. To perform
an analysis of the neutralinos as DM candidate depends crucially on the chosen SUSY
parameters. SUSY has over 100 parameters, so it is useful to make restrictions to reduce
this number. mSUGRA is one the models which constrains the huge SUSY parameter
space, see the work of Kane et al. Ref. [80]. In mSUGRA models a set of boundary
conditions at the Grand Unification scale (Mguyr = O(10' GeV)) is imposed

e Unification of the three gauge couplings, oy (Mgut) = az(Mgur) = as(Maur)
e Unification of the gaugino masses, M;(Mgqur) = Ma(Mgur) = M3(Mgur) = ma/2
e Universal masses of the sfermions and the higgs mass labeled my
e Universal trilinear scalar couplings, labeled Ag
In summary we end up with in total five parameters:
tan 3, my 2, mo, Ao, sign(u), (2.27)

where (3 is the ratio of the two Higgs vacuum expectation values (vev) and p is the Higgs
mixing mass parameter. SUSY has not been observed, yet, restricting the values of the
parameters.

A large amount of neutralinos is pair-produced in the early universe. This should lead
to a non-zero relic abundance today. For this purpose programs like DarkSUSY [81] or
mircOMEGAS [82] calculate the relic densities and dark matter properties for a given SUSY
model. From these results it is possible to analyse whether e.g. the density parameter is
comparable the one of DM. In such a case if the neutralino is the DM the input model
provides further restriction on SUSY phenomenology. This gives implications for SUSY
searches: the model is testable.

An example for a typical SUSY parameter space scan is shown in Fig. 2.5. For such a
scan several constraints have been set the parameters Ag = 0, tan 8 = 10 and a top mass
of my = 172.7 GeV [84] were applied. Further restrictions of the electroweak symmetry
breaking and collider limits on the neutral Higgs boson were imposed. For details see
Ref. [83]. In conclusion the black line represents regions where the neutralino can provide
DM. This region is very narrow due to the precise WMAP measurement. However, Fig. 2.5
represents only one model with one set of SUSY parameters. In Ref. [83] Djouadi et. al.
show further different combinations of e.g. tan( and m;. Also in these scenarios there
exists strips in the (my/,mo) plane where the neutralino can provide the DM of the
universe. Hence, despite all these SM and SUSY constraints the neutralino is a viable
DM candidate.
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Figure 2.5: The black line shows the regions in the (1my /5,m0) mSUGRA plane where 0.087 <
Q0 h? < 0.138 which coincidents with Qcpaih? of the WMAP collaboration in 2003, see Ref. [85].
Several parameter space constraints have been imposed: Ag = 0,tan 8 = 10 and a top quark
mass of m; = 172.7 GeV. The light grey area is excluded due to requirements of electroweak
symmetry breaking and in the dark grey region the stau (71) is the LSP. The green- and the
light pink region are constraint by b — sv and by LEP searches for the neutral Higgs Bosons,
respectively. The red regions are compatible with a SM-like Higgs boson mass of ca. 115 GeV.
For more details see Ref. [83] from where the picture was taken.

2.3.4 Axinos

In the MSSM the strong CP problem discussed in Section 2.3.2 persists. The solution
is the extension of the MSSM by the PQ symmetry. As consequence the axion gets the
fermionic superparter, the axino a. The axino is a SM singlet and it can be realised in
different ways. We have the KVSZ SUSY models or the DFSZ model. As in the case
of the axion, all interactions are suppressed by the PQ breaking scale fpg which also
characterizes the axino as a WIMP. In this section we focus on the KVSZ axino as it was
studied intensively in the literature in contrast to the DFSZ model, see Ref. [24, 25, 26, 28|.
Furthermore the DFSZ axino will be examined in detail during this thesis. We postpone
its analysis to the next chapters.

Most of the literature considers the axino as the LSP under R-parity conservation. Few
works consider a scenario where R-parity is broken and the axino decays, see Ref. [26, 29,
86, 87].

The axinos are primarily produced in the early universe after the inflation- and the
reheating-phase with temperature Tg through 2—2 scattering processes. The basic ques-
tion is whether the axino can be produced in such a high amount that it provides the
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Figure 2.6: A contour plot for different values of the PQ breaking scale (labeled with f) where
Qs = Qcpm. The parameters are the reheating temperature as well as the axino mass, for details
see text. Picture was taken from Ref. [88].

entire DM of the universe. Basic results on this issue were published by Brandenburg
et al. [28] where the production rates of the axino and the axino density parameter Qg
were calculated. Recently published results by Strumia, see Ref. [88], showed that the
computations of Brandenburg et al. were incomplete. They lead to a different result for
the production process and thus the density parameter

3/ mg T 10" GeV
O-h% A~ 24.8 5 In = a R . 2.2
ah 895 " ( Gev> (GeV) ( fra ) (2.28)

Inserting these parameters we obtain a contour plot as shown in Fig. 2.6, where the PQ
breaking scale, the reheating temperature and the mass were used as free parameters.

From the considerations in section 2.3.2 it is apparent that the PQ breaking scale has
a ‘window’ where the axino can be the DM. The upper value of fpq = 10'® GeV used in
Ref. [88] for Fig. 2.6 has to be implemented with care. Such high values for fpq result
in regions where the DM can be dominantly the axion. Thus smaller values are preferred
here.

Furthermore in Fig. 2.6 the axino mass was assumed to be a free parameter. The axino
mass depends crucially on the SUSY models and the implementation of the axino in the
model, see e.g. Ref. [34, 60]. Chun et al. showed that the axino can take a wide range of
masses from a keV up to several GeV.

The red lines shown in Fig. 2.6 denote regions where the axino provides CDM of the
universe. In conclusion the axino is a good DM candidate but the details are strongly
model dependent.
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2.3.5 Other particles

In the last section we have reviewed some of the particle dark matter candidates. As
mentioned at the beginning this list is not complete. We left out other particles, e.g. the
gravitino, which share in many ways similar phenomenological properties [56]. Besides tha
gravitino we have also a sterile neutrino, sneutrinos, light scalar dark matter, Kaluza-Klein
states, superheavy dar matter, Q-balls, mirror particles etc. For detailed information of
these candidates we refer the reader to Ref. [14] and references therein.

2.4 Detection methods

After clarifying possible DM candidates the question arises whether it is possible that
these particles can be observed. In general the searches are divided into two charecteristic
methods: 1.) direct detection and 2.) indirect detection. In the next two sections we give
a rough overview of these detection principles, see also Ref. [14].

Direct detection

In direct detection experiments a dark matter particle should hit some kind of target
material, see Ref. [14]. The deposited energy of the WIMP could then be measured.
Crucial points of this kind of DM detection is the knowledge about the density and
velocity distribution of the WIMP as well as the cross-section of the WIMP with the
target material. The WIMPs have a Maxwell-Boltzmann velocity distribution with a
characteristic velocity of vy = 270 km/sec [14].

o [f a WIMP hits a nucleus of the target material it can either scatter elastically or
inelastically. In the first case, some energy of the incoming DM particle is deposited
in the recoil of the nucleus which is then measured. Typical recoil energies due to
the Maxwell-Boltzmann distribution are a few tens of keV.

A second possibility is the inelastic scattering process where the WIMP does not
deposit recoil energy. Instead it interacts with the orbital electrons or with the
nuclei. In both cases it leads to an excitation or ionization of the atom or nuclei,
respectively.

e Another way of scattering are the spin-dependent or spin-independent processes.
In the first case the spin of the WIMP can interact with the spin of the nucleon
where the cross section is proportional to J(J +1). Of course, the spin independent
scatterings do not interact in such a way. The advantage of the spin independent
method is the dependence of the cross section on the mass of the used target nu-
clei. Thus using a heavier element increases the sensitivity, in contrast to the spin
dependent case. In general the spin independent method dominates over the spin
independent one.

Many experiments have been built to find the DM particle using direct detection. Some
of these experiments consider the fact that the Earth’s velocity changes within the year.
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It experiences an annual modulation due to motion with respect to the galactic center
and the sun, respectively. Thus the Earth’s velocity we have [14]

vy = 220km/sec - |1.05 + 0.07 cos(2m(t — tm))] , (2.29)

with ¢,, is approximately the beginning of June and are given in units of years. In
Eq. (2.29) the first expression denotes the peculiar velocity through the galaxy of the solar
system and the expression in the brackets the modulation due to the earths motion within
the solar system, see Ref.[14]. Some experiments attempt to observe the modulation which
should lead to about a 7 % variation in the signal. This variation is rather small and thus
many of events are needed. Later on we will give a list of experiments which make use of
this effect.

Indirect detection

Experiments with the indirect detection method have a different approach. The focus
point here lies in the observation of DM annihilation or decay products. As an example
we consider Majorana-like DM candidates which annihilate with each other producing
detectable particles. In the case of SUSY candidates these annihilation products can be
some SM particle. Scenarios where the DM candidate can decay bahve similarly.

Such experiments have to be directed towards regions of high DM densities, e.g. the
halo of our galaxy or the sun. Regions with a large amount of matter act like accumulation
points of DM. Such points predefine the observable particle as only neutrinos could escape
such dense regions in a significant amount.

Besides neutrinos, observations are focused e.g. on gamma-rays, synchrotron radiation,
positrons etc. Note that charged particles are deflected in strong magnetic fields which are
present in the area with a large amount of matter. In general the fluxes of observations are
measured and compared with predicted values. As mentioned earlier, a good knowledge
of the dark matter profile e.g. in the halo of the our galaxy is needed. In the literature a
lot of halo profiles are examined. The halo profile of Navarro, Frenk and White (NFW)
is often used [89]. But keep in mind that such profiles do not provide a reliable density
near the Galactic center. However, from the NFW-profile the decay- or annihilation-rates
can be calculated and compared with the measured values.

2.5 Experiments

Many experiments have been set up for the direct- or indirect detection of DM. A lot
of different techniques are applied in the experimental setups. In the last section, the
possibility of elastic- and inelastic scattering for the detection of DM was presented. The
discussed recoils associated to scattering processes can be further characterized for the
application of detector techniques in direct experiments.

e Phonon: During the interaction of the dark matter particle a part of the energy
can be deposited into phonons. Detectors are built such that these phonons can be
collected before they thermalize.
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e lonization: The energy transfer of an incoming particle on an electron can be so
large that the electron escapes from the nucleon. Small electric fields lead to a drift
of the electrons to electrodes where they can be counted. This gives information
about the amount of ionization.

e Scintillation: Through energy absorption of an electron within the detector material
the electron can be excited to a higher state. If this electron falls back to its ground
state it will emit a photon which then can be measured.

Some of the experiments use several of these techniques. CDMSII [90] or EDELWEISS [91]
make use of phonons and ionization and XENON100 [19] uses simultaneously scintillation
and ionization signals for the detection of DM. At the end of this section we will give a
more complete list of experiments which are trying to detect DM directly.

Nevertheless the DAMA /LIBRA and CoGeNT collaborations claimed? that they found
evidence for DM with a mass in the range of a few GeV | see Ref. [20, 22, 21]. But the
XENONI100 collaboration recently challenges this result and write in Ref. [19] that they
“observe no events.” However even this claim was questioned in Ref. [92] from Collar et al.
but this criticism was directly rejected by the XENON100 collaboration [93]. Obviously,
this controversy is not over.

However, besides the direct detection experiments large efforts are made also in indirect
detection experiments. In this case the main aspect is to look for WIMP annihilation-
and decay products. The final state particles can be neutrinos, positrons, anti-protons
and gamma-rays.

For the detection of gamma-rays in general two technologies are used: space- or ground-
based telescopes. The Energetic Gamma Ray Experiment Telescope (EGRET) [94] was
the first space telescope in an energy range above GeV. With its observation a catalog
of gamma ray sources was created. Its successor is the Fermi Gamma-Ray telescope
(FERMI) [95] launched in 2008. It has a higher resolution and will help to identify many
high energy sources found by EGRET.

The other possibility to observe high energetic gamma rays is with ground based tele-
scopes. Of course, due to the Earth’s atmosphere it is impossible for gamma rays reach
Earth based telescopes. The incident gamma rays create a cosmic air shower. This shower
in turn is the origin of Cerenkov light. A problem which is related to the ground based
observation is that the background radiation must be distinguished from the signal of the
source which is analysed. This problem is resolved by computer programs which simu-
late the atmospheric showers. Some experiments have been built using the detection of
Cerenkov light, like e.g. MAGIC [96] or H.E.S.S. [97]. These two experiments are able to
measure gamma rays with an energy in the TeV range. Note that MAGIC and H.E.S.S.
use different ways to capture the Cerenkov light. MAGIC consists only of one telescope
whereas H.E.S.S. is an array of four telescopes.

As mentioned above, besides gamma rays also neutrinos can be produced in dark mat-
ter annihilations and thus can be observed. Experiments like AMANDA [98], SUPER-
KAMIOKANDE [99] or the not yet finished IceCUBE [98] (successor of AMANDA) use

2The DAMA /Libra collaboration found an anual modulation of the signal due to Eq. (2.29)
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the Cerenkov light detection as well. The detection of neutrinos has the advantage that
neutrinos are weakly interacting. Thus they can travel large distances without affecting
their trajectory. On the other hand the observation of neutrinos is more difficult from
gamma rays.

In table 2.1 we list some of the major experiments for the detection of dark matter.
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Experiment  Detection Technique Particles  SD/SI  Ref.
CDMS I1 direct Ionization-+Phonons WIMP ST [90]
Edelweiss direct Ionization+Phonon WIMP SI [91]

XENON100 direct  Scintillation+Ionization WIMP SI [19]

DAMA /Libra  direct Scintillation WIMP SI [20]
Zeplin 111 direct  Scintillation+Ionization WIMP ST [100]
CoGeNT direct Tonization WIMP SI [101]
CRESST direct Phonon+Photons WIMP SI [102]
PICASSO direct Ionization WIMP SD  [103]
DRIFT II direct  lonization+Recoil track WIMP SI [104]
EGRET indirect space-based-telescope ~-rays ST [94]

FERMI indirect space-based-telescope ~-rays SI [95]
PAMELA indirect space-based-telescope et /p SI [105]
ATIC indirect baloon-based cosmic rays Sl [106]
MAGIC indirect  ground-based/Cerenkov  co. air sh. ST [96]
H.E.S.S. indirect  ground-based/Cerenkov  co. air sh. ST [97]

AMANDA indirect  ground-based/Cerenkov  neutrinos ST 98]

ICECUBE indirect  ground-based/Cerenkov  neutrinos ST 98]

ANTARES indirect  ground-based/Cerenkov  neutrinos ST [107]
Super-K indirect  ground-based/Cerenkov  neutrinos ST [99]

Table 2.1: This table shows a list of experiments which try to find dark matter. We indicate
whether the experiment in using a direct- or indirect detection method. Furthmore the technique
is listed as well as the spin-dependence (SD) or independence (SI). This list is not complete
and contains first of all more recent experiments or the last evolution steps of the mentioned
experiments.
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3 The Axino model

In this chapter we explain briefly how the axion is embeded in SUSY. This automatically
leads to the axino. We will describe the tools and the notation used within this work.

3.1 mSUGRA with Baryon Triality

In the previous chapter we the supersymmetric extension of the SM. we shall focus on
the Minimal Supersymmetric Standard Model (MSSM).

The SM contains three families of fermionic fields and a complex scalar Higgs doublet
H. The SM’s external symmetry is based on the Poincaré algebra. Furthermore it has the
internal (gauge) symmetry [108]

GSM = SU(?))C X SU(2)L X U(l)y (31)

Given these ingredients the resulting Lagrangian is fully determined. Restricting oneself
to only renormalisable interactions, this Lagrangian has additional (accidental) global
symmetries: lepton- and baryon-number.

In order to obtain the supersymmetric Standard Model (SSM) the SM fermionic fields
are promoted to left chiral superfields ®. Similarly the gauge fields are promoted to vector
superfields V' [109, 110, 111, 112]. This results in the minimal field content

Li, Ei, Qi, Di, Uy, Hy, Hy; Vi, Vi, Vi (3.2)

Here L; through H,, are the chiral superfields of the SSM. ¢ = 1,2, 3 is the generation
index; Vi, Vi, Vi¥ are the U(1)y, SU(2)., and SU(3)¢ vector superfields, respectively.
a = 1,2,3 is the index of the SU(2) adjoint representation and £ = 1,...,8 is the index
of the SU(3) adjoint representation.

Given this particle content as well as the external and internal gauge symmetries of the
model the most general superpotential is given by [113, 114]

W = Wps+ Winy + Wany (3.3)
Wp, = Eab[(YE)ijL?Hij + (YD)ijQ?foDjx + (YU)ijQ;'ngij - ,UHng} (3.4)
1 _ _ .
Winy = €w i(AEk)ijL?L?Ek + (Ap) i LEQY Dy | — €y’ LEHY, (3.5)
1 I
WBNV = §€xyz(AUk)”UZxD§/Dz (36)

Here a,b = 1,2 are indices of the SU(2) and x,y,z = 1,2,3 indices of the SU(3) fun-
damental representation. The (Yr);;, ' = E, D, U, are dimensionless Yukawa coupling
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matrices. Similarly (Apx);;, ' = E,D,U, are dimensionless couplings. p and s are
couplings of mass dimension one. See also the notation in [35].
With the superpotential it is possible to compute the Lagrangian using

J

Lsusy = —5 (W9 + Wi Tty — (W (3.7)

where W' = 0W/0¢; and W9 = 5?°W/0¢;0¢;. Here ¢ and ¢ denote the scalar- and
spinor-field of the chiral superfield, respectively.

Note that the superpotential does not include any mass terms. To prevent mass degen-
eracy of the SM particles and their supersymmetric particle counterparts the SSM has to
be broken. This is explicitly accomplished by the soft breaking mass terms [4]

1
>
. (u ATQUHE — epdy ATQUH! — €485 AT E;H{’)

LEOFT (Mséaéo‘ — My,WPW? + M,BB + h.c.)

—QN(m3),;Q; — Li(m2);;L; — i;(m3) ;i) — di(m3);;d) — &(m3);;é]

—m?, HiHy — m% H{H, — (eqbH{HS +h.c.) . (3.8)

1 ~ ~ ~ ~ ~ =~ ~
LT = ¢, {ﬁ(hEk)iijLl;Ek + (hpr )i L{QY Dy — D;LEHY + h.c.]

+m3 , LIH +he. (3.9)
1 s s
ggl(\?\I;T = §€:cyz(hUk)2]UZxD§/Dz + h.c. (310)

In Eq. (3.8) My, My and M3 are the gaugino mass terms, with« = 1,...,8 and g =1, 2, 3.
AiJ, A and A% are the scalar couplings with dimensions of [mass]. The (mg);, K =
Q, L, 4, d, ¢, are mass matrices of the according scalar fields and m%z, m%l are the squared
masses of the Higgs. b and D; are bilinear couplings with dimension of [mass]>. m L H
gives contributions to the slepton Higgs mass matrix. The (hpx);;, F' = E, D, U, are the
trilinear scalar couplings corresponding to the Yukawa couplings of the superpotential
introduced above.

The terms in Wy Ny violate lepton-number, the terms in Wyyy violate baryon number.
Together they lead to rapid proton decay [113, 114, 115, 33, 116]. Thus the simplest SSM
is in conflict with experiment: a further symmetry must be added to protect the proton.
The standard solution is to impose the discrete multiplicative symmetry R-parity (R,)
[117], which only allows the terms in Wp,. However, it allows for dimension-5 proton decay
operators. This is resolved by proton hexality (Pg), leading to the same renormalisable
low-energy superpotential [118, 119].

Another possible solution is to impose baryon-triality Bs [118, 120, 4, 121, 123, 124, 125],
resulting in Wy, = Wp, + Winy. Pg and Bj are special within the SSM: they are the
only discrete gauge anomaly-free symmetries satisfying a minimal set of phenomenological
requirements [120, 126, 118]. The advantage of Pg is that it easily accomodates a dark
matter candidate in parts of the parameter space: the lightest neutralino [127, 128]. Other
(large) parts of parameter space have a stau as the lightest supersymmetric particle (LSP),
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which is not a viable dark matter candidate. If it is stable it would be a charged relic which
is excluded [128]. However, in order to obtain light neutrino masses the particle content
of the SSM must be extended by one or more singlet chiral superfields. Furthermore,
in order to implement the see-saw mechanism, a new physical scale My = O(10° GeV)
must be introduced [129].

In B3 models the LSP is unstable. For typical values of the relevant Yukawa couplings
the lifetime is short on cosmological time scales. There is thus no natural dark mat-
ter candidate.! However, the neutrinos automatically obtain Majorana masses without
adding further singlets. Through the couplings x;L;H, € Wg, they mix with the neu-
tralinos, leading to one massive neutrino. The other neutrinos receive masses through
loop corrections [121, 123, 124, 131, 132, 133, 134, 135, 35]. In order to obtain neutrino
masses in agreement with the data, we must have x;|y,,, = O(10MeV), see for example
Ref. [35]. This seems worse than the original p—problem [136, 137]. However, this is
naturally obtained in By mSUGRA (minimal supergravity) models with universal super-
symmetry breaking. ; as well as the corresponding soft terms D; can be rotated to zero
at Maur [131, 138]. Ki|a, # 0 is then generated at one-loop via the renormalization
group equations (RGEs) [123]. It is thus loop—suppressed and proportional to a product
of p|peur and a small R—parity violating Yukawa coupling. This is naturally small and
there is thus no new pu—problem.

Therefore Pg models have a dark matter candidate, but must be extended to obtain
massive neutrinos. Bz models naturally have light neutrinos but lack a dark matter
candidate. The purpose of this work is to solve the latter problem. We shall use the
Ansatz by Rajagopal et al. to extend the axion [8, 9, 11, 10] introduced in the previous
chapter to the supersymmetric case. We then embed this model in the B mSUGRA
model and consider the resulting axino as a dark matter candidate.

3.2 Supersymmetric DFSZ Axion Model with Broken
R—Parity

In this section we briefly introduce the DFSZ axino. Furthermore we present the resulting
axino interactions as well as the corresponding Feynman rules. With these rules we are
able to calculate axino decays.

First we compute the supersymmetric version of the §-term Eq. (2.24) where we restrict
ourselves to the axino and its interactions. Afterwards we present the superpotential
interactions and Feynman rules.

3.2.1 The Effective Axino Gauge Interactions from %

In the last chapter we showed that the axion is directly related to the solution of the
strong CP-problem in the SM. However, the strong CP problem persists when we extend
the SM to include supersymmetry and thus still requires a solution. Supersymmetric

!Note that for a very light neutralino [130] even for standard Yukawa couplings the lifetimes can be
very long.
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versions of axion models were first presented in Refs. [139, 140, 136, 141]. The axion is
then embedded in a chiral supermultiplet

Dy = pa + V205 + 00F; (3.11)

where the phase of the complex scalar field ; is the axion, and the other real component
is called the saxion. 1; denotes the 2-component fermionic axino field. Fj is the associated
auxiliary field. The complex scalar field p € ®; gets a large real vev (p) = fpq in the
range of

10? GeV < fpq < 10" GeV ., (3.12)

cf. Fig. 2.4. The supersymmetric version of the QCD term of Eq. (2.22) is obtained from
the F-term of the product
Lo > D (BW W) |, (3.13)

where W€ is the field strength chiral superfield of SU(3)c and the index ¢ =1, ..., 8 runs
over the adjoint representation [25]. The relevant terms contributing to the axino—gluino—
gluon interactions are computed from the term

/ 20 — Cos g ppeppe e (3.14)
427 (feq/N)

Beyond QCD world, there are further contributions to Eq. (3.13). For the complete
calculation we start with the following operators cf. Ref. [25]:

SUSY ayCayy asCagg

Ze 2 L P foa/N) War(feo/N)

Here the SU(2), part is not included as it can be rotated away, see Ref. [142]. We
calculate the non-abelian term and simplify the result to the U(1)y case.
First we introduce the field strength superfield given by

(®3B.B%) |F + (DWW | (3.15)

c i)\ C c 1 —K c 3y ca
We = iXe+[5°D° + 5(0"0 )Vl b5 + 0207 Dy A (3.16)
¢
= i\ + NP0y + 020 DA (3.17)

Here A° is the spinor of the gauge superfield. The D, with the greek index represents
derivatives whereas the D¢ with a latin index are auxilliary fields. The V), is the field
strength tensor and o* are the usual sigma matrices.

We first compute the product of the field strength superfields which reads

WeeWs = MWW
= (A, + N0 + 0700, DX (N, + NJOs + 0207, DyA™)
= [ = NAL FINNTOs + X000, DX NS O-AG + N7 0-N 05
6207, DAPX] (3.18)
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3.2. SUPERSYMMETRIC DFSZ AXION MODEL WITH BROKEN R-PARITY

We have omitted all terms with more than two 6’s. Now, consider the product of the
latter result with the chiral axino supermultiplet introduced in Eq. (3.11) and keep only
the F-terms

(@WeWe), = e(pa+ V205 +00F;) [ — XX +IACND G5 + 100707, Dy X

loo

N0, + N7O.N26, + ie%gppuxcﬂxg} y

(3.19)

The terms on the right hand side of Eq. (3.19) can be grouped according the their chiral
axino supermultiplet origin:

terms with ¢z @ ez (IA0%00, DyA + N76.NJ6s + i0%0h. D, APAG)  (3.20)
terms with vz e*v20 - 5 (INN2O5 +iNT6,)%) (3.21)

terms with I @ —e™00FzAN; . (3.22)

Note, that the third term in Eq. (3.20) is identical to the first one. Inserting the explicit
expression for N from Eq. (3.17) into the second term of Eq. (3.20) we obtain

N;HTN(fHﬁ = é?apQOgL ((SPTDC + %(Uua'V) Ve )97— (5aﬁDc + %(Unaﬂ>aﬁv;7€n) 95

p Ty
1
= 0-0p;D°D" — aa'gzwa(a“6”);9ﬂfiy(0”5”) D05V, (3.23)

We have used Eq. (A.11) in Appendix A and the relation §o*”6 = 0.
The second term in Eq. (3.23) can be rewritten with Eq. (A.13) as

(8} 1 —V\ T (& —K c 1 « U\ T —K Cc C
e TNV = s Ol (0N VT
1

. _.N. ap p=vpr N —kafBysc c
= 8%9 0eer50,,0" 040" VLV

(3.24)

Employing e,3e%” = —6,%04 + 0,004, Eq. (3.24) can be further simplified

(324) = —38-0pa(~0704 + 07550l " la VLV
= —% 0 - 9g0a( —tr [a”a"a”a“} + tr [a”a"} tr [O’UO'H} ) Vi Vi
= —% 0 - 9%( —2(g" g™ — g""g"" + g g" T + i) + 29‘“’2g’7“) Vi Vi
= —i 0-0pa <2V;,,VC wr — is“”””‘V;fVVnc,i) : (3.25)
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Here we have used the trace relations shown in Appendix A. The symmetry of the g**
tensors and the antisymmetry of the field strength tensor give a vanishing first- and last-
term in the next to last line.

Collecting all results which are proportinal to the saxion and axion respectively we have

1 1
(3.20) = 60-0¢pa(D*D* — SV, VEr 4 Zjegtmye e ) (3.26)

9 m 4 pr Yk

For the axino we insert again the explicit expression for N/ and obtain

1\ C c i =K (& 3 T c i U\ T (& c
(3.21) = V20 - Va [l)\P (5066D T 5(0-770- )aﬁ‘/mi) O + 1(50 D"+ §(O-M0- )p VMV)HT)\OJ
= VIO YaX0 DMy — SV 0 s (0"5) Vs s

(a) )

()

+1V2e%0 a0, DO, X, —%ﬁgaﬂ 0 - 1pa(0"") TV, 0. X, (3.27)
(c) (V)
Making use of the relation
1
(0)(x0) = —5(00)(xy) = (6)(0x) (3.28)
we get from the terms (a) and (c)
(a) + (¢) = —=ivV2(0 - 0) (¢ - \)D° (3.29)
After a bit of manipulation the terms (b) and (d) can be grouped together
(b) + (d) = —%\/55‘” 0+ a)(0"5™) VE B — %ﬂew 0 - ba(0"5") TV, 0.,
i 1 cosr nm grre 1L c -
= _5\/5[5995%%&7)‘ (0'170' )f%n+§995;{>\ p(O"uO' )p ¢57]
i —v c
= Zﬂ 0-0 [AC (0"5") Ve 4+ X (aM5”) - aV,
— V269 [AC o Ve | (3.30)

where in the second line the Grassmann variable has been interchanged with the axino
spinor. In turn the axino spinor has been interchanged with the gauge spinor. Despite the
anticommuting origin of all expressions we get no additional minus sign. After reordering
these terms, Eq. (A.13) as applied aboved can be used to form the product 6 - 0. As a
final step, the sigma matrices can be reexpressed with Eq. (A.11). An appropriate choice
of the indices leads to two equal expression which can be summed to Eq. (3.30).
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Hence the axino contribution reads then
(321)=4- 9[ V(s - A DE VA gh %V;,,] (3.31)

Thus collecting all terms and inserting them into Eq. (3.15), we have for the SU(3)
gauge group interactions

0sCagg

2r(feq/N)

((I)WCQWC aSCaQQ

o), = 21 g\ - 0D, - X + pa D DE
o0 4v/27(feq/N) !

1 1
=5 Vi VI + e oV Vi — iV2(1ps - X°)D°

9 uv ' nK
FV2A oM ah Ve — PR AC] . (3.32)

In addition there is the hermitean conjugate term. Eq. (3.32) contains two terms with an
axino and several more terms with the axion and saxion respectively. Note, that the fourth
term is the well known non-supersymmetric axion interaction. The other axion/saxion
terms give rise to new interactions. This is beyond the scope of this work. We focus only
on the axino part.

Hence we can conclude for the axino interaction in the SU(3) case

asCagg

g9 = —— | \;0" G, — 1(YaA;) DY) + h.c. )
Zagg 47 (fpq/N) [)‘gg ¢0Guu 1(7/’@)‘9) } +h.c., (3.33)
where the D-terms are give explicitly by
D°=g.> @(T°) G (3.34)

Here i is summed over all the left— amd right—-handed squark flavors and j, k& are SU(3)¢
indices for the fundamental representation. Analogously the axino U(1)y interactions are
given by

} . Cavyay . iy
X@YY - 47r(fPQ/N) [)‘BU waBuV 1('¢a}\B)Dy}+h.C.

(3.35)

Here ay = €*/(4m cos? 0,,). Cuyy is a model dependent parameter, see also Ref. [25]. For
the simple DFSZ model which we employ, Cyyy = 8/3. Dy denotes the D-term of the
hypercharge boson vector superfield. It is given by

Dy =g [ 305 Vi - 52— 2] (3.30)

f

where we sum over all sfermions, i.e. the squarks and sleptons. Y} is the hypercharge:
Q—T3=Y;/2.

35



CHAPTER 3. THE AXINO MODEL

“ Q—SGZQ(]_O'/LVP
2 (fp/N) 7 Pr
Gy
B
! i -0 Cavy_hvy,
agc{LQﬁLUﬂVf(lbc QW(fPQ/]\/) H
dn(fpq/N)
a G¢ Ey
g i B l,q, HY
Tk ~
e P e ) c
- 2 ay Cuyy
5Cagg _(pay k Ty Ze¥YY
47 (fpq/N) (T >.7 An(fpq/N)
A N
o N
a S 5 N7 s g0
¢ q; a l,q, H;
(a) Feynman rules from .%5,. Here j,k (b) Feynman rules for the .2,y -term.

are the squark color indices. a,b,c are the
gluon/gluino adjoint color indices.

Figure 3.1: Axino Feynman rules from the supersymmetric #-term Lagrangian, for details see
the text.

From the first term in Egs. (3.33) and (3.35), we obtain an effective axino—gaugino—
gauge boson interaction, suppressed by 1/ fpq. From the second term, via the D-term, we
obtain an effective axino—gaugino—scalar fermion—scalar fermion interaction, which is also
suppressed by 1/fpq. This term was recently employed in Ref. [88], when recalculating
thermal production of axino dark matter. The corresponding Feynman rules are given in
Fig. 3.1(a) for the QCD case and in Fig. 3.1(b) for the hypercharge case. In the figures,
we have denoted the gluino by g and the axino by a. Using these Feynman rules we can
compute the axino decay rates in Sect. 5

3.2.2 Axino Superpotential Interactions

For the couplings of ®;, we follow the ansatz of Rajagopal et. al. [145] and replace the
p~term in the superpotential, Eq. (3.4), by

Wi = creap®a HOHY . (3.37)
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Figure 3.2: R-—parity conserving axino Yukawa interactions from the ¢y ®;H; Ho-term with the
corresponding Feynman rules.

Here ¢, is a very small dimensionless parameter. With an appropriate choice of ¢; we get
among other interactions the usual u—term after PQ symmetry breaking, with

p=ci{(p). (3.38)

We do not discuss the problem of fine-tuning here, but refer the reader to the solution in
the supergravity context given in Refs. [136, 137].

Within B; models the lepton doublet chiral superfields, L;, have the same gauge quan-
tum numbers as the Higgs doublet chiral superfield H;. It is thus natural to extend the
bi-linear interaction in Wpg, to

eanCo®a LOHS,  withi=1,2,3. (3.39)

This of course requires corresponding Peccei-Quinn charges. Here the ¢, are a set of
dimensionless coupling constants. Again, we retrieve the previous low—energy coupling
after PQ symmetry breaking:

K =cy- (p). (3.40)

With the shorthand notation of Ref. [35] we can define
52:0,...,3 = (HY, L?:1,2,3) ) (3.41)
and then combine Eqs. (3.37) and (3.39) to
W§, = ewc®®LEHY,  witha=0,...,3. (3.42)

The terms in Eq. (3.42) lead to the following R—parity conserving axino Yukawa couplings
with the Higgs bosons and Higgsinos

Ly = Cl(HfiﬁaﬁJ + H;waﬁf - ngaﬁ? — H?¢aﬁg) +h.c.. (3.43)

These interactions are depicted in Fig. 3.2 with the corresponding Feynman rules. We
have denoted the axino v; as @ in the figure. After electroweak symmetry breaking, they
lead to an axino-Higgsino mixing and thus to an extension of the neutralino sector. We
shall return to this below. It is also worth mentioning, that these interactions are typical
for DFSZ models and do not appear at tree-level in the KVSZ-model.

From Eq. (3.39) we get the relevant R—parity violating axino Yukawa interactions

ng—Yuk = Cé(HgVﬂﬂa + ﬂﬂﬂaﬁg - H;Qﬂaei — éﬂﬂaﬁ;—) + h.c.. (344)
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Figure 3.3: R-parity violating axino Yukawa interactions from the ¢, ®;L; Ho-term with their
Feynman rules. ¢ = 1,2,3 is a generation index.

The resulting lepton—number violating interactions with their Feynman rules are shown
in Fig. 3.3.

After electroweak symmetry breaking, we get an axino—neutrino mixing from these
interactions. Since the neutrinos mix with the neutralinos in B3 models, this extends the
neutralino sector: it consists of the the original neutralinos, the neutrinos, and now the
axinos. This results in a 8 X 8 neutralino mass matrix.

3.2.3 Soft Supersymmetry Breaking Interactions

After supersymmetry breaking there are purely scalar interactions corresponding to the
above axino superpotential terms. They do not directly involve the axino, but we include
them for completeness. In the theory without an axion we have the terms, cf. the notation
in Ref. [35],

Lot D arba Ll HY + h.c., (3.45)

with by = (B,D;). Here L& denotes the scalar component of £%. Again as for the
superpotential, we replace the bilinear by trilinear terms involving ¢z

f’%oft, d-case gabhd,aQO&ZZHg + h'C'a o = 07 ey 3 ) (346)

where hg o = (hﬁ{le, hﬁifb) = (B&, f)a,) When the scalar part of the axion supermul-
tiplet acquires a vev according to Eq. (3.12) the scalar Higgs and the sleptons mix. As for
the superpotential, hz, has to be chosen appropriately, so that Eq. (3.45) is reproduced

from Eq. (3.46), after PQ symmetry breaking.

3.2.4 Axino Mass

In global softly broken supersymmetry the axino mass was first computed in Refs. [143,
144] in the context of a spontaneously broken global U(1) symmetry. This was reconsid-
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ered in Ref. [145]. It was found that the axino mass must be very light

M2
mg ~ —205Y — O(1keV — 1MeV), (3.47)
fPQ

where we have set Mspsy < O(1TeV) as the supersymmetry breaking scale (in the
observable sector).

In spontaneously broken supergravity models, the mass of the axino must be reconsid-
ered, Refs. [145, 146, 34, 60]. In such theories we have two mass scales. The Planck scale
Mp; = O(10Y GeV) and Mg = O(10'! GeV), the supersymmetry breaking scale in the
hidden—sector. This gives the additional small parameter

My
=—=0(10"%). 3.48
1= =010 (3.45)

The gravitino mass can then be written as
mzje ~n°Mp S O(1TeV). (3.49)

One might now expect that mz ~ mg/2, leading to a heavy axino. But in fact it was found
that [34, 60|
mg ~ 1" Mpi, (3.50)

where k is a highly model dependent integer. We shall thus adopt the axino mass as a
free parameter and let it vary in the range

O(100keV) < mg < O(500 MeV) (3.51)

consistent with the models, which have been constructed [145, 146, 34, 60]. This mass
range leads to axinos which are considered to be cold dark matter if we follow the approx-
imate guideline of Ref. [28]. Furthermore, heavier axinos will have short lifetimes which
are cosmologically not relevant. For the axino, we will assume a mass term of the general
form of a neutral spin-1/2 Majorana fermion field

1
g&massterm - —§ma(¢&¢a + hC) 5 (352)

see also Ref. [78]. This will contribute to the full 8 x 8 neutralino mass matrix.

3.2.5 Neutralino and Chargino Mixing

In this section, we derive the modified and extended neutralino and chargino mixing
matrices. The corresponding matrices in the MSSM are given for example in Ref. [75].
We first consider the generalization of the 4x4 neutralino mass matrix and then briefly
discuss the chargino case.

As we have seen in deriving the axino Lagrangian, the axino mixes with the Higgsinos,
cf. Eq. (3.43), and thus with the neutralinos. The axino also mixes with the neutrinos,
cf. Eq. (3.44), which in R—parity violation also mix with the neutralinos. Furthermore
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the axino mixes directly with the bino, ¢f. Eq. (3.35), when the neutral Higgs or the
sneutrinos get a vacuum expectation value. This is however suppressed by 1/ fpq.

Furthermore, there is a new contribution to the original MSSM neutralino mass matrix.
The F-term of the operator ®;W W, c¢f. Eq. (3.13), which is computed in Appendix A,
includes the expression

E(FargAp) s (3.53)
where £ = %. The vacuum expectation value of the axino F-term is given by:
Fy = c10,0q — chvv,. (3.54)

Therefore Eq. (3.53) leads to a Bino mass term. This is of order M3,/ fpq and thus highly
suppressed. We neglect it in the following.

We thus have in total an 8 x 8 mass mixing matrix for the spin-1/2 neutral fermions.
The matrix is given in the basis

W07 = (—ié, LW, AL, v, a) (3.55)
with j =1,...,8. We follow the notation of Ref. [35], where
Vo = (HY 11, 11, 113), a=0,1,2,3, (3.56)

in accordance with Eq. (3.41). B denotes the bino field and W? denotes the neutral wino
field. v;, i = 1,2,3 denote the sneutrino vev’s. Explicitly, we then have for the mass
terms in the Lagrangian

1 - . ~ ~
Lo =3 <_iB, —iW®, 79, B, v, a) My (3.57)
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where the mass mixing matrix My is given by

Uy

M1 0 MZsW —Mst— —MZsW J 0
) ) )
vy v3 v3
v Vo v,
0 M2 —Mch—u Mch— MZcW J 0
2 2 2
(VAT Uy Uy
Uy Uy j
Mzsywy— —Mgcw— 0 — o — [ C1Uq — CoUj
) 2
v v
Mn = v Y
Vo Vo
—Mzsw - Mzcew - — o 0 0 —C1Uy
\/ V3§ vy
Vs V; .
—Mgsyw—— Mzew —— — i 0 0 —c%vu
) 2
v3 vy
0 0 Cc1vg — cévl- —C1Vy —cévu mg

(3.58)

Beyond the axino—neutrino—neutralino mixing, there is further mixing in the Bj
mSUGRA model. The details are presented in Ref. [35]. Here we mention only the mixing
between the charged leptons and the charginos, since we use this below in determining
the axino decays. The contribution to the Lagrangian is given by

Wt
L = (=W e )Mc | Hf | +he., (3.59)
e}k
with k = 1,2,3. Here we define
ep. = (f[l_, €, Wy T ) s (3.60)
with « = 0,...,3. The 5x5 mass mixing matrix M is given by
M- u 0
Me = 2 P2 g . (3.61)
G2Va  fla  ABaklp

We have also employed the 4-component notation for the combined (Agr)ijLiL; B}, and
(Y g)i;L;H  E; operators

Wirk+iui = AaﬁkLaLﬁEk ) (3.62)
as well as for the vacuum expectation values
UQE(Uda U1, V2, U3)7 a:O,...,g. (363)

With this definition we can introduce the following sum

v,zy = Zvi (3.64)

41



CHAPTER 3. THE AXINO MODEL

3.2.6 Neutralino and Chargino Mass Eigenstate Notation

We have seen that the standard MSSM 4 x 4 neutralino mass matrix is enlarged to an
8 x 8 matrix. For the basis of the gauge or current eigenstates we introduced:

WOT = (—iB, —iW®, HY, v, @), (3.65)

J

with j=1,...,8 and @ =0, ...,3. So we can rewrite Eq. (3.57) as

1
Lo = _§(¢0)TMN¢° +h.c., (3.66)
where My is the mass matrix, given in Eq. (3.58). For the mass eigenstates, we extend
the standard notation of the 4 x 4 case to the eight—component vectors. They are defined
via a unitary matrix N:

=Ny, dje{l,....8}, (3.67)
where the matrix N satisfies the condition
N*MyN~' = Mp, (3.68)

and M p is the diagonal mass matrix with real, non-negative entries’?. We now have eight
neutral-fermions. The mixing between the bino, wino and Higgsinos, on the one side,
and the neutrinos and axinos, on the other side, is very weak. We therefore retain the
standard notation for the individual eight mass eigenstates. We have in components

(EN" = (0, K3, X5, X0, vh, vh, o4, @) (3.69)

Just to be explicit: due to weak mixing the >~<?=1,...,4 are closely related to the standard
MSSM neutralino mass eigenstates with only a very small neutrino and axino admixture.
The lightest of these four we denote X!, increasing in mass to . The primed expressions
are predominantly neutrino— or axino-like neutralino eigenstates, respectively. They also
only have small admixtures of the other current eigenstates. We shall thus refer to these
mass eigenstates as neutrinos and axinos in the following. We shall also drop the primes
where it is clear that we are discussing mass eigenstates.

Given this notation, we can replace the gauge eigenstates used in the Lagragians in
Eqgs. (3.43), (3.44) and (3.35) by the mass eigenstates presented above. This then gives us
the explicit axino mass eigenstate interactions, which we need in our computations below.
This is presented in detail in Appendix B, including the relevant Feynman rules.

Analogously we can construct a notation for the chargino case, see e.g. Ref. [75, 35].
Using

Yf = (=W, HY, efh), (3.70)
vy o= (W7, ), (3.71)

2See also the detailed discussion on fermion mass matrix decomposition in Appendix D of Ref. [78].
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3.2. SUPERSYMMETRIC DFSZ AXION MODEL WITH BROKEN R-PARITY

with j=1,...,5, k=1,2,3and a=1,...,4, we can write the Lagrangian as:
1
¥ = -3 VI MEY™ + T MeyT| +hee,, (3.72)

where M is the non diagonal mass matrix. The mass eigenstates can be defined with
unitary matrices V' and U:

70
where V' and U satisfy
U*McV ™= Mp (3.74)
and Mp is the diagonal mass matrix. Here we again assume that the mixings of the
leptons with the winos and higgsinos respectively are small. Thus we shall write

nm=Nen), 1 =NKe) (3.75)

with ¢ =1,2 and k= 1,2, 3.

Finally the scalar higgs fields have to be rotated into the mass eigenstates. The details
are described in the appendix of Ref. [78]. We just state the parametrization between
the gauge- and mass eigenstate:

1

HY = v+ —= Y kypot’, Hf =) kypeo™ (3.76)
1

HY = vgt—= Y kapd, Hf = kgged® (3.77)

\/5 @Y ot
Finally the supersymmetrized version of the #-term, cf. equation (3.35) reads
Coyyoay 0 =0
Ly = Nj &) o™ (Ng& ) Buy | + hec.,
YY 47T(fPQ/N> |:( 1 ) ( 8 ) 1% :|

(3.78)

where we have restricted ourselves to the first term of Eq. (3.35).

3.2.7 Peccei—Quinn Charges

To complete our model we list here the required chiral superfield charges for the global
Peccei-Quinn symmetry. We first define our notation in Tab. 3.1. In order to obtain
the B3 superpotential given in Eqgs. (3.3), (3.4) and (3.6), we must satisfy the following
relations between the Peccei-Quinn charges

Qr+Qu, +Qp = 0 (3.79)
Qo +Q@m, +Qpe = 0 (3.80)
Qo +Qu, +Que = 0 (3.81)
Qa+Qu +Qu, = 0 (3.82)
Qi+ Qr+Qu, = 0 (3.83)
Qr+Qr—Qre = 0 from (Agr);; (3.84)
QL+ Qg — Qpe 0 from (Apk);j (3.85)
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SUB)e | SU). | Uy | Ullrg
0, 3 2 1/3] Qo
ARE 1 —4/3 | Que
Dg 3 1 2/3 Q@ pe
L 1 2 1| o,
B¢l 1 1 ol Op
H, 1 2 1| Qmw
H,y 1 2 -1 Qm,
o, 1 1 0 Qs

Table 3.1: Family universal charge assignments for the chiral superfields, including the field
®; which contains the axion, the saxion and the axino. i = 1,2, 3 is the family index.

In this paper, we focus on the terms (Agx);;L;L; Ex, leading to Eq. (3.84). We then have
six equations [Eq. (3.79)-Eq. (3.84)] for the eight unknowns of Table 3.1. However not
all of these are independent, as by our assumption Q); = Qg,. We can thus express all
charges in terms of three, which can for example be chosen as Qp,, Q¢ and Q;.

Qr = Qm (3.86)
Qu, = —Qa—Qm (3.87)
—Qpe = 2Qp, (3.88)
—Qpe = Qg+ Qnm (3.89)
—Que = Qg —Qa—Qnu (3.90)

The three independent charges should then be fixed in order to guarantee, that the SU(2)
term does not contribute analogously to Egs. (3.33) and (3.35).
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4 The Renormalization Group
Equations

4.1 New RGEs due to the DFSZ axino

In the following, we embed our B3 model, including the axion, in mSUGRA [13]. We
focus on the axion and axino couplings discussed above. Furthermore, we add one and
only one of the lepton number violating operators

_1
Wi (AEk)”eabL LbEk (4.1)

at the unification scale. We defer the discussion of the effects of the LQD operator
after the quantitative analysis in the next section. The assumption of exactly one such
operator is made mostly for simplicity. However, note that there is a similar hierarchy
of Yukawa couplings in the SM. We thus just consider one R-parity violating coupling
A € {(Agr);;} at the unification scale at a time. As we shall see, the RGEs then generate
further couplings at the weak scale. In our supersymmetric axion model, we have two
further relevant parameters: the axino mass, mg, as well as the PQ breaking scale fpg.
We fix the latter at fpg = 10! GeV, ¢f. Eq. (3.12). We thus have the folllowing seven
parameters at the unification scale

My, M2, Ag, tan 3, sgn(u), A, mg . (4.2)

In order to obtain predictions at the weak scale we must employ the RGEs. We shall use
the results and the notation of Ref. [37], which were applied to the R-parity violating
case in Refs. [38, 35].
The general expression for the one-loop RGEs for the superpotential Yukawa couplings
is given by
d

EYUk =Ywp [16 2%} + (k=) + (k< j), (4.3)

with the anomalous dimensions

1

—szquff — 287 Z 920, (i (4.4)
Here C,(f) is the quadratic Casimir of the representation f of the gauge group G, and

the summation over repeated indices is implied. g, is the corresponding gauge coupling.
The anomalous dimensions for the MSSM chiral superfields including R-parity violation
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CHAPTER 4. THE RENORMALIZATION GROUP EQUATIONS

are given upto 2-loop in Refs. [38, 35]. See also Refs. [147, 148, 149, 150]. We employ
only the one-loop results. However, we must extend these results to the couplings ¢; of
Eq. (3.37) and ¢} of Eq. (3.39). For this we need the anomalous dimension of the ®; chiral
superfield, given here at one-loop

72 = 2(er) er + 2(ch)ch (4.5)

where we have introduced the notation:
yHIHS®  — cabe, (4.6)
YL gabil (4.7)
c1, ¢y are trilinear couplings and thus enter in part of the anomalous dimensions of the
other chiral superfields. This is in contrast to the former bilinear couplings p and . We

state here only the four changed one-loop anomalous dimensions. For completeness we
present the entire set of expressions in Appendix C.

T = (YEY,TE)M + (ApaAl,)s + 3(ApeAl,)s; — 3 [%gf + ggg} + (), (4.8)
o= —Tr <3YDYE +YEYTE) - (1—30gf + ggg) + (c1)er (4.9)
755 = —3Tr (YUYL) — (%g% + ggg) + (c1)*er + (cb)*ch, (4.10)
= (M)E = —3(AhYpa)iqg — (ApYE)iq + (ch)cr . (4.11)

Now, we have all the tools for the RGE derivation of the Yukawa couplings ¢* of Eq. (3.42).
We start with the version in explicit components:

Wi, = e (a1 ®a HY Hy + ¢y @, L{ Hy) (4.12)
Thus we obtain:
d .
16 —er = e(vi + 9 + ) + & (4.13)

with the 7’s listed above. For the second trilinear term we get:

1(379&(:2 = (s + i) +avE + (4.14)

We use the analogous procedure for the derivation of the soft-supersymmetry breaking
Yukawa couplings, starting with

gd7soft D) Eab (B&QO&EaHg —l— D@J@@Z?Hg) —|— h.C. (415)

In Ref. [151], Jack, Jones and Pickering present a very elegant method to calculate the
soft symmetry breaking RGEs

dh*

1672
T a

= YR+ AR 4 AR = 2()i YR = 2( )TY M — 2(71)F YT, (4.16)
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with
(m); = O, (4.17)

and O is an operator given by

O

0 B,
M,j>— —hm™—— ) . 4.18
(M~ 1) (1.15)

So with Eq. (4.16) we obtain:

dB;

1 2
6 T

9 Ba + i1} Ba + 7L Das + i Ba — 231 — 20 izler
—2(m) b = 2(m)jfer - (4.19)
For the second trilinear term we get

dDs,
dt

e Da,i + i Ba + vi Dai + 77 Daj — 2(m)acs — 2(m) g, e1 — 2(m) i

—2(m)bdl, (4.20)

1672

In addition, you can find the explicit result in the notation of Ref. [37] in Appendix C.
We have compared the explicit expression of both calculations and they agree. In the
next section we numerically compare the new RGEs with the old ones.

4.2 Quantitative analysis of ¢

The additional new Yukawa couplings play a crucial role for the axino interactions and
enter the axino-higgsino-neutrino matrix respectively. This is our motivation to study
them in more detail. In particular, we would like to investigate, whether the inclusion of
the axion chiral superfield and the resultant shift from the bi-linear interactions Eq. (3.38),
(3.40) to the tri-linear interactions Eq. (3.42), has any effect on the low—energy spectrum
and couplings.

For an explicit numerical evaluation, we see from the expression for the RGE of ¢ in
Appendix C, that the couplings Y as well as Apr, F' = E, U, D are involved. For the
Higgs Yukawa matrices, Y r, we shall assume only the third generation terms contribute
4]

(Ye)ss=yr, (Yu)ss=we, (YD)33 =t (4.21)

In this first analysis, we ignore the mixing in the quark sector, for simplicity. In general
it has to be included [35, 152].

For the A couplings upper bounds are given for example in Ref. [35, 122]. The Agw or
A p trilinear couplings are at the most of @(0.1) at Mguyr. So as a first approximation
we can neglect quadratic terms in the A’s. Introducing these simplifications the one-loop
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anomalous dimensions read:

. 3 3
= (Yalh— 550t + 508] + (D)2
6
w8 = 2(YhYe), -5t

1 3 8
1§ = (Yol + (Yol — [5560 + 598 + 593)

30 2 3
Dz 2(Y 2 2 2 8 2
by = 2(YD)g — 1591t 39,

8 8

U 2
W= 2(Y0)h - 590+ 593)

3 3 .
iy = —(3Y%+Y%)33—(Eg%+§g§)+<q) 2

3 3 o

W = 3(Y0 - (et 3aE) (e + (@),
1 = )H, = 3(AbYb)ig — (AR Yr)i + (&) "er, (4.22)

Eq. (4.22) shows in comparison with Eq. (C.9) of Appendix C, that we have to specify
our choice of A to proceed further. As an example we choose

(Aps)iz # 0, (4.23)

at the GUT scale. This implies that we can neglect the remaining down-quark coupling.
It is a few orders of magnitude smaller than (Ags);3. Collecting all these conditions we
get for the RGE for ¢

dt 5
teb| = (A YR + ()] (4.24)

1672 —¢;, = ¢ [3 (Yo)as +3(Yp)os+ (Yi)ig — (—g% + 395) +4cte + 3(c;)*c12]

This RGE is coupled to c}. All the introduced simplifications give for the corresponding
RGE involving c}:

d 3 3 . o
towt ek = A3V~ (ot + 308) + et + 30 (1.29
* 1y\* j 1 3 2 3 2 i\ 1
+c [ — (ApsYg)iz + (c3) 01] + ¢ [ —9; 09t )t (c3) Cz] -

We see that both equations are also coupled to the remaining ¢}, as we have not evaluated
sum over j. But we will not consider ¢3 and ¢3. The reason is that we have seen that
the ¢, have to match at My with the former bilinear couplings. For the chosen trilinear
Yukawa coupling (Ags)i3 and the later stated parameter space point for our analysis,
we anticipate that ¢ and ¢ are equal to zero at all scales. Of course, this changes in
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dependence of the choices of the couplings, parameter space or SUSY benchmark points,
respectively. So we can set 7 = 1 and continue with the MSSM Yukawa coupling RGE:

d i 9
d ' 7 16
167° = (Yn)ss = (Yp)ss|6(Yp)ss + (V)i + (Yo)is — 7597 — 362 — 39?,],
(4.27)
d i 13 16
167 5 (Yo)ss = (Yo)u (Y0} + (Yol — 1508 — 363 — 545 (4.28)

For the three gauge couplings g; we have within the MSSM in one-loop order, see Ref.
[37]

d
1677-2&91'2 = big?> (4.29)

with b; = {33/5,1, =3} for i = 1,2,3. The RGE for the trilinear ], Yukawa couplings are
given by
o d _ 2 99 L9
167" = (Aps)is = (Aps)is|4(Ye)ss F91 302
(4.30)

In total we have nine coupled differential equations which we want to evaluate numerically.
For this purpose we need initial values to start with. To get these we will use the program
SOFTSUSY3. 0 that calculates the superparticle spectrum in the MSSM [39]. SOFTSUSY3.0
needs as input the MSSM scenario and the according input parameters - in our case it is
mSUGRA.

As mentioned above, mSUGRA has five free parameters. We will focus on the widely
studied benchmark point SPSla [36] with My = 100 GeV, M/, = 250 GeV, Ay = —100
GeV, tan § = 10 and sgn(p) = +1. Using these parameters we computed the initial values
for the differential equation at M. The last needed parameter is (Ags);3 which has an
upper bound of 2.6 x 107° see Ref. [35].

Table 4.1: Comparison of our results from Eqs. (4.26)-(4.28) with SOFTSUSY3.0 for two RG
scales

Q=1x10° GeV Q=1x10% GeV
Eq.[4.26-4.28] SOFTSUSY | Eq.[4.26-4.28] SOFTSUSY
Yg)sz | 9.55-1072 9.56- 1072 | 8.86 - 1072 8.87-1072
Yo)ss | 111-1072  1.10-107' | 872102  8.69-102
Yy)ss | 7.80- 107! 7.81-107' | 6.87-1071 6.88-107!
Apgs)is | 3.61- 107° 3.61-107° | 3.34-107° 3.34-107°
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Figure 4.1: Bilinear coupling y compared to axino trilinear c¢;. The gray line indicates the
Peccei-Quinn breaking scale which was chosen in this example fpg = 10! GeV. Beyond this

line we have not evaluated the c¢; coupling as there takes a phase transition place which is not

part of this work.
With these values we have solved independently the RGEs of SOFTSUSY3.0 by using

our approximate RGEs equation (4.24)-(4.30). We now compare both solutions. But of
course the solutions of ¢; and ¢} cannot be compared directly with p and ' as they have

a priori a different order of magnitude due to fpq.

However, considering our solutions of the ‘usual’ Yukawa couplings from Eqs. (4.26)-
(4.30) and the computation of SOFTSUSY3.0 we can conlcude that they are in total agree-
ment. In table 4.1 we have summarized two sets of values estimated with SOFTSUSY3.0
and with our program. Without loss of generality we have chosen for the comparison the

RGE scale values Q = 10°,10® GeV and we see that both sets agree'!. However keeping

this agreement in mind we focus now on the ¢; and c}.

We have solved the RGE for both couplings. Now, we want to compare ¢; and p see
Fig. 4.1 and ¢} with s as a function of @) the RG scale, see Fig. 4.2. For a better
comparability we have multiplied the trilinear axino coupling ¢; with PQ breaking scale,
see also Eq. (3.38). We see that both values match. The reason is the smallness of the
¢1 coupling on the right hand side of Eq. (4.24) which is suppressed by fpq. So we can
neglect higher orders of ¢; in the RGE. If we do so Eq. (4.24) simplifies and reduces to:
gi + 393) ] — (A5 Yp)s.

5
(4.31)

e [3 (Y0 )2 43 (Yo)2y + (Y% — (

d
167%—
™ d C1
This equation has basically the identical structure like the 1 RGE [153] except for the

'We have checked the values at further scales and they agree to the same precision.
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Figure 4.2: Bilinear coupling x compared to axino trilinear ¢i. The gray line indicates the

Peccei-Quinn breaking scale which was chosen in this example fpg = 10! GeV. Beyond this
line we have not evaluated the c¢; coupling as there takes a phase transition place which is not
part of this work.

constant factor fpq.

We get a similar result for ¢l - see Fig. 4.2. Here the same argumentation holds like in
the previous case. Simplifying Eq. (4.25) we get again the same structure for the RGE as
for k, see Ref. [153].

A consequence of these considerations is that we can in general neglect higher orders of
¢1 and ¢ in the RGE. Obtaining the same RGE structure as in the non-axino case we can
use SOFTSUSY3.0 for detailed analysis of the MSSM mSUGRA parameter space with the
focus on the axino. Of course, the analysis holds up to a value of M = fpq as mentioned
above for higher values a phase transition takes place and thereby the framework changes.
Note that in the case of the LQD operator we have a similar structure of the RGE.
Thus a analogous procedure would return the same results from which can conclude that
SOFTSUSY3.0 can be used here as well.
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5 Axino—LSP Decays

As discussed in Sect. 3.2.4, the axino mass can range from a few keV up to several GeV.
Even at the upper end it is lighter than the other supersymmetric particles!. And we
explicitly check this, in our numerical computations of the supersymmetric spectrum,
below. We assume the gravitino mass is of order 100 GeV. Thus the axino is the LSP in
our models. In B3 mSUGRA models the LSP is not stable, and thus the axino decays.
These decays have previously been studied in Refs. [29, 87, 86, 26]. There the DFSZ axino
and its lifetime have been considered in the context of cosmological [29] or observational
bounds [87, 86]. The authors focused on specific decay modes, depending on the physical
problem they were addressing. In Ref. [29, 87] the authors have given estimates of the
axino lifetime in IR, breaking models with Ar # 0 and by a specific R, bilinear term,
respectively. Ref. [86] concentrates on the 511 keV line from the galactic bulge, and
looks for an appropriate axino decay mode. In contrast to these works, we provide a
systematic analysis of all the leading axino decays, having embedded our supersymmetric
axion sector in the general B; mSUGRA model. We thus consider all two- and three-
body decay modes that arise from the operators introduced in Sect. 3.2. We compute the
branching ratios as a function of the R, and axino input parameters. For definiteness we
fix the other supersymmetric parameters to the benchmark point SPS1a [36].

For a light axino, m; < 500 MeV, we discuss in detail the following decay modes, some

~Y

of which result from more than one operator

a — v+, (5.1)
a — M°4+v, with M° =7 K°, (5.2)
a — M*4+/(F, with M° =75 K+, (5.3)
a — v+t (5.4)
a — v+v+v. (5.5)

Here v = v,, v, v, indicates the three possible neutrino flavours. We then comment on
additional modes, which open for larger axino masses. In the following calculations of the
decay amplitudes we apply the two component notation and rules presented in Ref. [78],
as well as the additional axino couplings discussed in Sect. 3.2. Furthermore we neglect
the mass of the electron. However, due to the mass restriction on the axino the tau is
excluded as a final state lepton.

Note that decays which have identical final states in general interfere. However, we will
calculate all amplitudes as well as decay widths individually. The reason is that as already

'We do not consider a possibly very light neutralino [130], since the experimental constraints were
determined for at most very weak R-parity violation.
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~

Figure 5.1: Axino decay to a photon and a neutrino. The gray dot indicates the Bino-neutrino
mixing. Here v = v,, v, v, is possible.

pointed out authors of previous works were focussing on very specific decay channels, cf.
Refs [26, 29, 86, 87]. Using our approach and computing the BR in the next chapter we
will be able to conclude which specific decay channel is the dominant one and which one
can be neglected. In cases of non-negligible contributions of two decays with the same
final states we will comment on interference in the text.

5.1 Axino Decay a — v + 7y

The radiative axino decay mode, Eq. (5.1), follows from the supersymmetrized version
of the axion interaction Eq. (3.35), see also Fig. 5.1. As discussed in Sect. 3.2.5, the
neutralino mixes with the three neutrinos, leading to a mixing matrix element N} with
1 =15,6,7. This we compute using the program SOFTSUSY. Furthermore the hypercharge
gauge boson, B, has a photon component, slightly suppressed by cos Oy,

B, = cos 0, A, —sinbyZ, . (5.6)

Using ay = ¢"?/4m and ¢’ = e/ cosf,, as well as the Feynman rules presented in section
3.2.2 we obtain for the amplitude

. aCuyy Na
iM = x(pi) k0" y(p,)e” . 5.7
47TCOSH‘/V(fPQ/N) (p) 1 y(p) v ( )
The momenta were denoted according to the particle letters in the subscript. To avoid
confusion with the Lorentz index we introduced &, for the photon momentum. Here o is
the fine structure constant. Squaring the matrix element and averaging over the incoming-
and summing over the outgoing spins we get
a® Clyy|Na|?

1 2
2 Z M = 212 cos? Ow (frq/N)? (K)o 1) o9

spins

Evaluating the momenta in the rest frame of the axino and using the known formula for
the two body decay, see Eq. (A.14) and Ref. [48] we get for the decay width

r, — a’Clyy | Na? m3
128 cos? Oy, m3( frq/N)?

(5.9)
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Vi

/
SN

d

Figure 5.2: Axino decay via a neutral pion and a neutrino. The small gray dot indicates the
Higgsino-neutrino mixing with ¢ = e, y, 7. The white dot indicates the bound state of the pion.
The Higgs represents both mass eigentstates ¢° = (h%, H?). For the decay width see T's.

with ¢« = 5,6,7. Note that the Bino mixes with all neutrino families and therefore the
diagram in Fig. 5.1 represents in total three decay modes depending on the neutrino
flavor.

Note, by coupling the photon to an ete™-pair, we can get a contribution to the purely
leptonic axino decay mode, Eq. (5.4). However, this is suppressed by a? and we thus
neglect it.

5.2 The Decay a — My,

The mesonic decay channel can be realized in different ways. As indicated in Eqgs. (5.2)
and (5.3), we can have a neutral or charged pion in the final state. Of course, other scalar
mesons can be formed as well. But with axino masses below 500 MeV only the pion and
the kaon are present.

In Fig. 5.2 we present the first diagram with a neutral pion. The axino couples to an
uncharged up type higgsino and a down type higgs. The Higgs itself couples to a d — d-pair
which then form a neutral pion. For the derivation of the pseudoscalar matrix element
see, e.g. Ref. [154]. This diagram has its origin in the ®; HyH, operator.

The diagram in Fig. 5.2 is not unique as we can reverse the arrows independently for
each vertex. However, the ¢° denotes one of the two CP even eigenstate — ¢° = (h°, H?).
If we consider both eigenstates and the reversibility of the arrows we get in total eight
diagrams which interfere. The higgs-quark vertex factor can be found in Ref. [78]. The
connected quarks can form a bound states to a neutral pion — 7°.

The corresponding amplitudes are given by

M, = iz'(p,)(—ic))y' (pa) ol (—inkd(bo)i(mi‘f”) (5.10)

M3\ V2 2\ 2my
Mb = le(py)(—lcl)yT(pa)M—2 (_ﬁnkd(bo) —2 ( de ) (511)
0
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M, = iy(p,)Gier)z(ps) ﬁi (-%dedw)%(g’iﬁ”) (5.12)
Mo = ety (- vk ) 75 (5e2) - 69

where a,b,c and d imply the matrix elements of the four different Feynman diagrams.
The differences between a and b (¢ and d) are that the arrows are reversed for the quarks
(axino and neutrino). Furthermore N;3 denotes the mixing angle of the higgsino and one
of the three neutrino flavors. kdfb‘;o Lo Are the mixing angles between the Higgs gauge-

and mass eigenstate, see Ref. [78], and M¢‘}Lo Lo are the corresponding masses. Yj is the

Yukawa coupling. The pion decay constant and the down quark mass my is due to the
fact that we have integrated out the pseudoscalar pion state, see Ref. [154, 155]. This
leads to the fact that the first and second as well as the third and fourth matrix elements
are identical. Sorting and summing the terms we conclude for the squared amplitude:

|M2,tot|2 = (2Ma + QMC)@M: + 2M:) = 4(|Ma|2 + 2ReMaM: + |MC|2) ) (5'14)

where we have considered that the two mixed terms are identical. However, we can drop
the mixed terms as they are proportional to the mass of the neutrino, which we assume
to be zero. The remaining two terms are proportional to the momentum relation (p;z - p,)
and hence also identical. Thus we have:

= |M2,tot|2 = 8|Ma|2 . (515)

But, this would be the result if we have only one Higgs mass eigenstate. For the second
eigenstate we obtain a similar result. We denote the second set of matrix elements by a
prime. Finally we obtain:

(Moo anl” = 8(Mal* + [M[* + 2ReM M) (5.16)

Note that the difference of the primed and unprimed amplitude is the different the mixing
angle of the Higgs eigenstate kg 40 and the corresponding mass in the propagator Mg. A
short calculation shows that the amplitude squared |M,|* reads:

1 o NPl PIYal kapo? (m2f\", 5

Z JF =38 T L — . 5.17

5 E |M,| ™ io m (mz —m2) ( )
ro

spins

Hence from this result we can easily deduce the total decay width

K g0 K ag0 ? INis|? |ca|? |Yal? [ m2f 2

T _ nO HO 13 1 d T 2 _ 02 2. 5.18

: [Mgo e, | edmmg N ) e B8
RO HO

Here we used the fact that we have a two body decay, where Eq. (A.14) can be applied,
cf. Appendix A.2.
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Figure 5.3: Axino decay via a neutral pion and a neutrino. The small gray dot indicates the
axino-neutrino mixing with ¢ = e, u, 7. The white circle indicates the bound state of the pion.
For further explanations see text below. The decay width is given by I's.

Our next decay has identical final states but its origin is the ®L;H, operator, cf.
Eq. (3.39). The consequential Yukawa interaction allows a direct coupling of the axino
to the neutrino and to an up-like higgs. In Fig. 5.3 we have drawn the related Feynman
diagram. The Higgs is one of the CP even mass eigenstates h°, H. Due to the up-type
nature of the Higgs it couples to an up quark pair which form a 7% bound state. However,
the diagram shown in Fig. 5.3 represents three processes, as the axino couples to each
neutrino family.

Similarly to the decay channel shown before, the Feynman diagram in Fig. 5.3 is not
unique. For each CP-even Higgs mass eigenstate we have four diagrams, thus leading
to in total eight diagrams which interfere. In an analogous procedure we find for the
amplitudes

Moy = 2 (p)(ich)y! (pa)— (;i O)L<mifw)

Ma/b T (pl/)( CZ)y (pa) Mio \/§Yuku¢ \/5 2mu y (519)
, o y 1 [ —i 1 (mif,

My = ly(pu)(lcg)ic(pa)M—go (ﬁyukud)o) 7 ( 2. ) , (5.20)

where we have integrated out the mesonic states and grouped the matrix elements. As
the Higgs is of up-like charcater the mixing angles are given by k,40 as well as the Yukawa
couplings are Y,, see e.g. Ref [78]. Now, following the steps of Eq. (5.14)-(5.16) the
amplitude squared reads

2 .

1 ) Fugy  Fusto |7 AP Val? (m2f\? .

- Y m 2 _ . (5.21

5 Z | M 1ot [Mio + Mio 1 . (m; —mZ). (5.21)
rOo HO

spins

The decay width has the same structure as in the previous case and can be evaluated in
the same way to

]fud)o ku¢o 2 |Ci ‘2 ‘Y |2 m2f 2

T — no HO 2 U T T g o 2\2 ) 5.29

3 [M2O + M20 ] 64 T m:} My, (ma mT() ( )
¢h0 ¢H0 @
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Figure 5.4: Axino decay via a meson and a lepton. The gray dot indicates the axino-neutrino
mixing with ¢ = e, u, 7. Except of this mixing all other couplings are SM like.

This closes the section of axino decays into neutral mesons. In the next paragraph we
will present decays to charged mesons.

5.3 The Decay ad — (M7
5.3.1 Decay via W.

As seen in Sect. 3.2.2, the axino mixes with the three neutrino flavours via the operators
®;L;H,. This opens up new decay channels, e.g. the semi-leptonic decay @ — M* + (T,
where M* = 7% K*, ¢f. Fig. 5.4. Modulo the axino-neutrino mixing this decay only
involves SM couplings. The amplitude in two component notation is given by

iMy, = GFNisKud\/EfM+puM+y(p£)UuyT(pa)- (5-23>

Here K,4 denotes the CKM matrix element, N,g is the relevant axino—neutrino mixing
angle and G is the Fermi constant. The corresponding amplitude squared can be imme-
diately computed

1
S DM = G Nl Kl [ (m2 = md)? — i (2 +md)| (5.24)
spins
Making use of the two body decay width Eq. (A.14) presented in Appendix A.2 we obtain

G2 2 Nz 2 Ku 2 p2
r, — e 1687|W|L?3 dl* |p| [(mz —m?)2 —m?\/ﬁ(mg +m?)} , (5.25)

where we have introduced the momentum parameter

Ip|? = \/mg +mi,. +mg —2mim3 . — 2mimi — 2mims ., . (5.26)

If we consider that the lepton is an electron we can assume m, < my;+ < mg. The decay
width simplifies then to

GF [+ | Nig)? | Kual?

Iy =
4 16mm;

(m2 —m3,.)?. (5.27)
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Figure 5.5: Axino decay to M~ + /1 with M~ = n~, K~. The gray dot indicates the higgsino-
lepton mixing with ¢ = e, u, 7. But ¢ = 7 is kinematically forbidden, see text. The white circle
indicates the bound state of the charged meson.

Note the axino can mix with all neutrino flavors. But as the axino is assumed to be much
lighter than the tau a coupling to the third lepton family in this decay channel is not
present. Consequently we then have two final state possibilities per meson.

5.3.2 Decay via Charged Higgs.

We pointed out that the axino has a coupling to both Higgs doublets, cf. sec. 3.2.2. The
Yukawa interaction in Eq. (3.43) shows an existing coupling of an axino to a charged up-
like higgsino and a down-like higgs, respectively. Of course, a vice versa Higgs coupling is
also possible and will be discussed as the next scenario. However, a quark pair coupling
to the Higgs can form a negatively charged meson, namely a 7~ or K. In a R, theory
the positive higgsino mixes with the charged leptons, cf. sec. 3.2.5. In Fig. 5.5 you will
find the related Feynman diagram. The corresponding amplitude is

1 m?\/[, Jar-

iMs =1 Vizy'(pa) (icr)a' (pe) V2 M+ mg

(in Ko k;ddf) (5.28)

1

2
M i
After squaring and averaging over incoming- and summing over outgoing spins we obtain

EZW ? = m2, far-\ 2 ler]? [Vial? [Yal? | Kual? [kag-|?
2 ’ My + My 1M

(m2 +mj —my,-) .
spins

(5.29)

As in the foregoing case we can compute the decay width

F5:

L |p|? |e]? Vi [Yal? | Kual? [kag- |2 <m§wa

2
2 2 2
64m m3 Mj;, My, + My ) (m +my —miy-)(5.30)
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Figure 5.6: The decay is due to the ®;HsH; operator and includes a meson M+ = 7, K.
The higgssino is down-like and the Higgs is up-like, where the ¢ denotes here the Higgs mass
eigenstate. The grey dot indicates the higgsino-lepton mixing with ¢ = e, u, 7. The tauon case
in kinematically forbidden, see text. The decay width is given by I'g.

with |p| defined above. Y} is the down quark Yukawa coupling, Vjs is the chargino mixing
angle, K4 is the CKM matrix element, kq,- is the mixing angle between the gauge- and
mass eigenstate of the Higgs and M, is the related mass. This process has four different
final state combinations - two per meson state. In the case of an electron in the final state
this expression simplifies as we can neglect the electron mass. We obtain an expression
similar to Eq. (5.27)

™

1 enl? Va1 Yal? | Kudl? [Rag- 1> (02 Fa- N\ 5 av
I'se = S — . 5.31
> 64mms M j;, My, + My (ma —m) ( )

We explained above that we can interchange the type of the Higgs at the axino vertex,
see Fig. 5.6. Note, the positively charged pion couples to an up-like higgs. The decay
width can easily be read off of Eq. (5.30)

I'e = L [pl? lea [Unal [Yal* [ Kudl® | Fug+ | (m?w+fM+

2
2 2 2
64m m3 Mj); mu+md) (ma +myg =)
(5.32)

The momentum |p| is given above. We have introduced the appropriate up quark mixing
angles as well as the couplings. For this process we can have either an electron or a muon
in the final state in addition to the pion and kaon. Of course, a simplfication of Eq. (5.32)
in case of an electron holds, ¢f. Eq. (5.27).

1 2U2Yu2Ku2/€u2 2 2
Fﬁe — |Cl‘ ‘ 42‘ ‘ | | d| | ¢+| <mM+-fM+> (m2 m?‘4+)2. (533)

641 m3 Mj)+ My + My @

We can find a last pseudoscalar mesonic decay which is constructed via a ¢}, vertex.
This kind of interaction derived in Eq. (3.44) from the operator ®;L;H, give rise to a
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MT
d
Figure 5.7: The first vertex of this interaction has a ¢} coupling. The Higgs is of up-like
character, where ¢ denote the mass eigenstate. The meson can be M T = 7+, K. Depending

on the chosen ¢} we get a specific lepton in the final state. Obviously, a tauon can not be part
of the decay. I'; is the related decay width, see text.

direct axino lepton coupling. For ¢ = 1 the axino couples to an electron and with ¢ = 2
to a muon. The involved Higgs doublet is of the up-type and mediates this axino decay.
Obviously, the u-d quarks have a Yukawa coupling with the Higgs in common. This quark
pair form a 7" or K. This decay channel shares a comparable structure to the process
already discussed. Thus, we only state the decay width

1 |p| |Cé|2|Yu|2|Kud|2|ku¢+|2 Tn?\/[Jr.fMJr ? 2 2 2
Iy = — 2 - . (5.34
T 641 m3 M ;+ My + My (mg +mg —miy ). ( )

The related diagram can be found in Fig. 5.7.

5.4 The Decay a — (; (] v;

5.4.1 Decay via W=, Z° Bosons.

Now, we consider the purely leptonic decay a — ¢+ + ¢~ +v. This process can be realised
in different ways. Of course, when we include R, we get additional possibilities which we
will discuss below. We will briefly explain how the diagrams are constructed. We start
with a process where the axino mixes with a neutrino and couples again like in the SM to
a W-Boson. The connected lepton is of the same family. The resulting diagram can be
seen in Fig. 5.8. The second lepton pair can have an flavor independent of the first pair.
We conlcude that there exists four combinations, namely:

l.i=eand j=ce,
2.t=pand j=e,
3.i=eand j=pu,

4. i=pand j = pu,
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Figure 5.8: The gray dot indicates the axino-neutrino mixing. The neutrino itself couples like
in the SM to a W™ boson. In principle the coupling of the axino to all neutrino flavours is
possible. The decay width is I's. For all final state combinations see text.

where we have used the labels according to Fig. 5.8. The related amplitude in two
component notation is given through

) ig _ igh” ig _

Mg =2 (pg,) [ ——= a)—5—2 (p,) | ——=0, | 5.35

My =01 (=) oton) st o)~ o) (539
In the cases where a muon is involved we cannot neglect the masses. The computation of

the decay width is non trivial due to the non-trivial phases space integration. As we have
several such scenarios it is convenient to state only the amplitude squared. We have

5 IMP = 64.G [Nl - pe e, p,) (5.36)
spins

where we have denoted the momenta of the particle by a letter in the subscript, cf. also
Fig. 5.8. The amplitude was averaged over incoming- and summed over outgoing spins,
as indicated.

For the first case with the electron family the calculations are rather simple and we find
GF|Nis|? o

19273 7
Let us now focus on a process with the inclusion of a Z%boson. Instead of coupling a
neutrino to a W+-boson the neutrino can couple to a Z° boson as well. This process is
depicted in Fig. 5.9. This diagram interferes with three more diagrams where the arrows
are reversed. The amplitudes for all four Feynman diagrams are

My = 1 (2) N Gt ) (<22 ) utor) 639

g = (5.37)

. [ ga, _ 1 ar -
iy = =i (229) Nart o) g o ) (<22 ) Putoe) (539
Cw MZ Cw

iM., = i|=— Nigx(pu)axx(p@)—M2z(pl+) —Z= ) 7*y(pe+) (5.40)
W Z Cw

. . v — 1 7

Mi = i (2) Mol pgua(n) gy o' 00 (2 ) 0", (a0
Cw MZ Cw
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Figure 5.9: Axino decay via the axino-neutrino mixing. In principle the coupling to all neutrino
flavours is possible. The two vertices are SM like. This diagram interfers with three more
diagrams. The according decay width is given by I'g.

with ay = T:f — Qysin® 6, by = Qy sin?,, and ¢, = cosfy,. We find for the spin summed
and averaged amplitude squared:

1
SO IMGT = 128GH NI (03 + 83) (b - per) (b - i) — 2a7b5 (b pi )

spins

(5.42)

This amplitude can take a simpler form depending on the final state particles. For this
decay we have in general three different final state classes. On the one hand we have
decays into electrons as well as muons. On the other hand the Z° couples to a neutrino
anti-neutrino pair. Hence in total we have nine decay chains: 3 neutrino flavors times the
lepton combinations e + €, p + it and v + . If the lepton is purely electron like we get

Ni 2G2 2—|—b2
:| s|°Gr(ay f)mé. (5.43)

oe 9673 a

For the neutrino case we know that by = 0 which leads to

_ | Nis|* G a% 5

9 — Wm&, (544)

with af = 1/2.

5.4.2 Decay via Neutral Higgs

In subsection 5.2 we already presented the axino couplings to the neutral higgsino and
higgs, cf. also Eq. (3.43). Furthermore we saw that such a vertex lead to a meson in
the final state. Now, instead of a neutral meson, the Higgs can couple to a free fermion-
antifermion pair. Like in the mesonic case the higgsino mixes with the neutrinos. In Fig.
5.10 we show the related Feynman diagram. There exist four diagrams per Higgs mass
eigenstate ¢° = (h°, H®), where in the other diagrams the arrows are reversed. Hence
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in total we have eight diagrams. Exemplarily we present only four amplitudes where the
mass eigenstate of the Higgs is implicit

Mo = it ) e Ny ) gy ) (g ¥eka Juoe) (6509
WMy = a1 e Ny () g () (g kao )o! s) (6540
WM = i) (e N ) gy (g ¥okas oo (547
WM = iglp) s No)a(ps) ! ) (g ¥okas ) ), 609

where Y, are the diagonlised Yukawa couplings and the Higgs mixing parameters k40 are
given for example in Ref. [78]. N;3 where ¢ = 5,6, 7 denotes the mixing of the neutrino with
the Higgsino. Thus squaring all eight matrix element we would get altogether 64 terms.
But half of these terms are proportional to the neutrino mass which can be neglected.
Furthermore note that the difference between the 4+4 sets of matrix elements is only the
mass propagator and the according Higgs mixing angle. The spinor structure is identical
leading to a further simplification. Hence, after a little bit of algebra the amplitudes
squared reads

2 kd‘f’go Fa 1o 2 20 121y |2 2
|M10| = 2 2 |Nz’3| |01| |Yz| 4(]?& 'pu)(p£+ 'Pf*) - Q(Pa 'Pu)mz] :

% %
h H

(5.49)

Note, in the case of electrons in the final state we get for the decay width
kdd)o kdd)o 2|N ‘2|Y|2‘C |2
F .= ro HO 3 V4 1 § 550
10 [M;o M;() 6(871')3 meg ( )
hO HO

as the mass of the electron can be neglected. For this decay channel we have all in all six
modes. The axino decay can be accomplished by three neutrino flavors in addition to the
electron- and muon pair combination. The tau is kinematically not accessible.

5.4.3 Decay via Charged Higgs.

The axino can couple to the charged higgsinos, which in turn mix with the electrons, cf.
Sect. 3.2.5. We thus obtain again purely leptonic final states, ¢f. Fig. 5.11. Similar to
the decays mediated by the W boson here the charged Higgs couples to a lepton pair.
Hence we have the same final state combinations as seen in section 5.4.1:

l.i=eand j=e,

2.1=pand j=e,
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Figure 5.10: One of the Feynman graphs for the axino decay a — v + ¢* + £~ via neutral
Higgs bosons. The grey dot indicates higgsino—neutrino mixing with ¢ = e, u, 7. T'yp is the

related decay width.
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Figure 5.11: One of the diagrams for axino decay via ®;H;H2. The gray dot indicates the
mixing of the chargino with the lepton with ¢ = e, u, 7. The tau case is kinematically forbidden.

o+

3

3.1=eand j = pu,
4. 1=pand j = pu,

where the choice of the indices are according to the labels in Fig. 5.11. The Higgs-lepton
vertex factor can be found in Ref. [78]. Note, this diagram is unique

iMi =iVi x*(pe+)(icl)y*(pa)M—2y(pu)(inkdw)y(Pr) , (5.51)
el
and the amplitude squared reads
1 2| |?|Ye]* [Kag-|* [Via|”
2 Z Ml = M§¢ (Pa - e+ ) (o - Pe-) (5.52)
spins

Here M,+ = M, denotes the mass of the charged Higgs boson. Furthermore for the
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first of the four final state scenarios we obtain the simplified decay width:

eI s P Viel?

F e a’
1 REnPME

(5.53)

where only the electron flavor participates.

5.5 Decay via the R, LLFE operator.
5.5.1 The decay a — {; (] v;

In this section we contruct decays which explicitly include a R, vertex. Here we use
blockwise the Feynman diagrams of Appendix L of Ref. [78]. For such a first diagram we
assume that an axino mixes with a neutrino. Now, we are able to contruct a three body
decay where two leptonic R, vertices are included. Considering this we get the diagram
in Fig. 5.12. We have to clarify what kind of leptons we have in the final state. To give a
concrete answer to this problem we have to assume a specific nonzero i, Yukawa coupling.
We choose (Ap1)a; # 0. Note that the Yukawa matrix of the corresponding R, operator
is antisymmetric.

For our concrete example this means, that we have in total four final state lepton
combinations, where in any scenario the slepton propagator is a selectron. This becomes
more obvious when we take a closer look at the Yukawa couplings. In the labels of
Fig. 5.12 the first Yukawa vertex reads (Agr);; and the second (Agk).,,. The index k =1
is identical in both vertices resulting in a selectron. Keeping in mind that {7, j} and
{m,n} € {1,2} and the anti symmetry of the Yukawa matrix we get the mentioned four
cases:

1. ve, ™ with v, u~
2. v, et with v, u~
3. Ve, ™ with v, e”
4. vy, et with v,,e” .

In each case the first pair of leptons represents the leptons involved in the first vertex and
the second pair in the second vertex. As mentioned this discussion of the final states due
to (Ag1)12 is an example. We can perform such a consideration for all LLE R, operators.
In Table 5.1 we have summarized the results. Note that we excluded the tau lepton as a
final state particle. From Fig. 5.12 we deduce

. . . 1 .
iMiy = iNg y(pw)(—l(AEk)ij)éﬂ(pa)M—Qﬂ(pu)(—l(AEk)mn)xT(pef) (5.54)
ZR
The corresponding amplitude squared is given by
1 2| Nig|?
2 Z Mo = M} (Mgt )i (pa - pes) (0 - pe-) (5.55)
spins R
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Figure 5.12: The first considered I, decay, where both vertices are I8, -like due to the LLE
operator. The gray dot indicates the mixing of the axino with the neutrino with i = e, u, 7. Not
all neutrino flavors are accessible since the mixing depends crucially on the I8, coupling. For
details see text. The decay width is given by I'1o.

where we have combined the R, couplings of both vertices. For the electron-positron final
state combinations, ¢f. Table 5.1 the decay width reads

|(Apr)i "I Nis|* 5
[ioe = 12(87)3 02 myg - (5.56)
‘R

The latter process includes a slepton propagator which is originally a SU(2) singlet su-
perfield. This singlet can provide as well a fermionic final state. Consequently one of the
two remaining doublets has to mediate a possible three body decay. This point of view
alters the structure of the R, vertex and leads to an interaction like in Fig 5.13. Assuming
again as an example (Ag1)12 we have only two decay channels:

1. ve,e” and v,,e" with fig,
2. v,,e” and v, et with ép.

We explained above the of each case the first lepton pair is related to the first vertex etc.
This structure can be easily obtained. Consider that the first vertex has a coupling of
the form (Apx);; and the second vertex accordingly (Agn).,;. Assuming that (Agi )2 # 0
and the anti symmetry of the LLFE operator we can conclude immediately that & = n and
t = m. The j’s are equal anyway. Now, it becomes apparent why we have only two sets
of final states. Both Yukawa coupling are identical and cannot be chosen independently
from each other. Hence this identity in addition with the symmetry of the operator gives
us in total the two cases stated above. A listing of all decay modes for the remaining
R, operators can be found in Table 5.2. Comparing the processes in Fig. 5.13 and Fig. 5.12
we can directly conclude

1
M?

59

iMiz = iNisy(pe-) (=i(Apn)ij)7(Pa) 72" () (=i (A g )mn) 7" (pes) - (5.57)
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R, Coupling | 1°* vertex 274 vertex | propagator

Ve, b Ve, 1~

(AE1)12 Vu>6+ Ve, - €R
Ve, 0 Vy, €~
Vy, et Vy, €~

(AE‘1>13 I/T,6+ Vs, €7 éR
Ve, b Ve, U~

(Ag2)12 Vy, et Ve, |4~ [LR
Ve, b Vy, €~
Vy, et Vy, €~

(Ap2)23 Vr, i+ Vry 4 AR

(Ags)i3 vy, et vy, e R

(Aps)as Vr, i+ Vrs TR

Table 5.1: Depending on the choice of the R, operator the possible final states are predeter-
mined, c¢f. Fig. 5.12. The first column shows only six of in general nine LLE operators. The
reason is that in the case of the omitted operators the results in vanishing axino Yukawa cou-
plings. We will go into details in a later chapter. The second (third) column show the particle
combinations at the first (second) vertex of the axino decay. The fourth column shows the
related propagator.

Squaring the latter expression, averaging over incoming- and summing over outgoing spins
results in

1 2| N;g|?
2 Z | Mis]* = \M:| (Age)ii|*(pa - e ) (py - Pet) - (5.58)
spins Ly,

The decay width can be obtained easily for massless electrons in the final state

[(Age)i'INisl” 5
[ise = 12(37)5 01 m; . (5.59)
59

In Fig. 5.14 we show another diagram where a I8, vertex is involved. The first vertex
is due to the ®;L;Hy and the second to the LLE operator. The family of the sparticle
propagator is chosen by the according ¢} coupling of the first vertex. In general all three
couplings are possible. But this choice is restricted by the R, coupling at the second
vertex. For example, if we have (Agk);; : [(Ag)12| = [(Ag1)21| # 0 this would mean that
at any scenario the negatively charged fermion is an electron, as k = 1.

For the propagator we can have either a ¢} coupling leading to a selectron propagator
and a muon neutrino or for ¢2 we have the opposite way around. You can find all possible
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TN |
€+

Figure 5.13: The second considered R, decay, where both vertices are IR, -like. The gray dot
indicates the mixing of the axino with the neutrino with ¢ = e, u, 7. Not all neutrino flavors are
accessible since the mixing depends crucially on the R, coupling. For details see text. The decay
width is given by I';3.

€+

Figure 5.14: A decay via the ¢} vertex, where the gray dot indicate a higgsino-positron mixing.
Depending on the chosen LLFE operator we can have diffrent final state constellations. For a
complete list see Table 5.3. The decay width is given by I'14.

states in Table 5.3. Thus using Fig. 5.14 we obtain

. . i 1 .
M = Vior! (pes)(—1)y" (pa) 37y (po) (Fi(Ape)ig)y (pe-) (5.60)
4
and for the amplitude squared
1 2\Via 2|12 (A gr )i |2
Py = AR AT g, ) s

4
M Z

spins
For the electron like scenarios in Table 5.3 we obtain the simplified expression

P = WallBPIA)S
12(8m)3 M}
J

(5.62)

We left over one last possible R, like decay. From the ®L,H, operator we can have an
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R, Coupling | 1°* vertex 274 vertex | propagator
(Ag1)i2 Ve, € Ve, " AL
Vy, € Vy, € er,
(Ap)13 Ve, €7 Ve, " 7L
VUr, € Vr, 6+ éL
(Ap2)12 Vey, U Ve, 17 153
J— + ~
Dy, b Dy, b €r
— + ~
(AE2)23 Vyy 4 Uy, b TL
Vr, 0~ Vry A
(Ags)is - - -
(Aps)as - - -

Table 5.2: Depending on the choice of the R, operator the possible final states are predeter-
mined, c¢f. Fig. 5.13. The first column shows only six of in general nine LLE operators. The
reason is that in the case of the omitted operators the RGEs return vanishing axino Yukawa
couplings. We will go into details in a later chapter. The second (third) column show the par-
ticle combinations at the first (second) vertex of the axino decay. The fourth column shows the
associated propagator. The last two rows contain in general tau leptons in the final state which
is kinematically not allowed. Thus we left the fields empty.

axino-sneutrino-higgsino vertex. The flavour of the sneutrino propagator is determined
by the choice of the ¢} coupling. Again, it is restricted by the choice of the R, coupling.
We can only have a electron- or muon-like flavor combinations with (Ag1)s9;. In total we
have six final state combinations with this operator. Of course, similar results can be
derived for the remaining LLE couplings, cf. Table 5.4.

Hence with the labels of Fig. 5.15 the amplitude yields to

iMis = Nua'(p)(ic)y (Pa) —z y(pes ) (—i(Ape)ig)y (pe-) - (5.63)

After squaring the amplitude, summing over the final state fermion spins as well as aver-
aging over the incoming axino spin the result reads

1 2Ni20i2A-i'2
5 2 M = Rl 3‘44'1( ) (a - pv)(per - pe-) (5.64)

spins
Neglecting the electron mass we obtain the same simplified structure as in the cases before:

INul?e3 | (Ap)i > 5
[y5e = 12(871’)3Mf1 mg (565)

This last example concludes the section with axino decays which are due to the LLE
operator. As indicated before the LD operator provides a second possibility for the
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v

lR,

Figure 5.15: Through the ¢} vertex the axino couples to the neutral higgsinos and a sneutrino.
The gray dot indicates the higgsino neutrino mixing. The second vertex is a RR,-vertex. See
table 5.4 for all final state combinations. The decay width is given by I'is.

R, Coupling | 1°* vertex 274 vertex | propagator
cs | et Dy, e er
(Api) cy | opt Dy, e er,
Al et V., e” L
C% :u+ 1767 e /jLL
cy | et Uy, e er
(Aphs || pt Iz er
sl et Vg, €~ 7
sl out U, e” 7
cy | e’ Dy ]~ ér
(Ag2)i2 |y | pt Uy 0~ er
C% et 7y ﬂL
C% :U+ Ve, b ,aL
| et Upy b~ fir,
(Ap2)s2 | 3| pt Ury 4~ 153
sl et e TL
Cg :u+ ﬂ,tu I 7~-L
(Ags)is - - -
(Ags)as - - -

Table 5.3: Depending on the choice of the R, operator the possible final states are predeter-
mined. The first column shows only six of in general nine LLE operators. The reason is that in
the case of the omitted operators the results in vanishing axino Yukawa couplings. We will go
into details in a later chapter. The second (third) column show the particle combinations at the
first (second) vertex of the axino decay. The mostright part show the associated propagator.
The last two rows contain in general tau leptons in the final state which is kinematically not
allowed. Thus we left the fields empty. This particle list belongs to the decay in Fig. 5.14.
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R, Coupling | 1 vertex | 2" vertex | propagator

I/e

1 + - ~

| vy ute Ve
(AE1)12 Vr
Ve

sl v et e” Uy
Vr
Ve

3 + oo ~

(AE‘1>13 Cy m e ,e m
Vr
I/e

1 + - ~

Cy Yu wey Ve
(AE2)12 Vr
Ve

2 + -

sl v et u v
Vr
Ve

+ — ~

(Ap2)es Gy Yy wes Vr
Vr

(Aps)is - - -

(Aps)as - - -

Table 5.4: Depending on the choice of the IR, operator the final states a predetermined. The
first column show only six of in general nine LLE operators. Since in the case of the omitted
operators the results in vanishing axino Yukawa couplings. We will go into details in a later
chapter. The second (third) column show the particle combinations at the first (second) vertex
of the axino decay. The mostright part show the associated propagator. The last two rows
contain in general tau leptons in the final state which is kinematically not allowed. Thus we left
the fields empty. This particle list belongs to the decay presented in Fig. 5.15.

lepton number violation. The decays which could be obtain from this sector are pre-
sented in the next section.

However, assuming that the lepton number violation comes from the LLE operator the
branching ratios (BR) can be computed. This will be our task in the next chapter.
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Figure 5.16: The first axino decay via the LQD operator. The neutral Higgsino can mix with
the neutrino and represent the first part of the final state. On the other hand the second vertex
is realized through the LQD operator giving a quark-anti quark pair. This pair can form a
neutral meson, denoted by M°. This meson can be rather a 7% or a K% depending on the rest
mass of the decaying axino. The decay width is given by I'yg, see text.

5.6 Decay via the R, LQD operator

In the previous section we have presented axino decays which are mediated by the
R, operator LLE. We saw that for different non-zero operators we can have different
final states.

However, from section 3.1 and Eq. (3.6) we know that the lepton number violating
superpotential contains as well the LQD-term. Having one of the operators non-zero
it leads to axino decays in a similar way as in the scenario of non-zero LLE operators.
Analogously, this term can explicitly be involved in axino decay vertices.

In this section we briefly explain possible axino decays via a non-zero LQ D-operator.
Note, that depending on the mixing in the quark sector even initially zero couplings can
be generated dynamically via the RGE couplings. But, such effects are expected to be
suppressed in comparison to decays which contain a direct coupling of non-zero LQD
operators.

5.6.1 The decay a — My,

In this section we show axino decays into a neutral meson and a neutrino which contain
explicitly a LQD vertex. One such decay is shown in Fig. 5.16 and is comparable to
the decays presented in section 5.2. The first vertex in Fig. 5.16 is due to the ®;L;H>
operator. As already discussed in models with R-parity violation the neutrino mixes with
the neutralinos. Hence the up-like Higgsino mixes with a neutrino which is denoted by
the gray dot in Fig. 5.16.

The decay is mediated by sneutrinos and thus via the LQD operator the quark pair
can couple at the second vertex. This quark pair form a neutral meson M? in the final

73



CHAPTER 5. AXINO-LSP DECAYS

Coupling | vy | 7y, 0 K°

C% Vy | Ve (Ap1)in | (Api)i2

C% VH I;u (AD2)11 (AD2)12

C% VM 177- (AD3)11 (AD3)12

Vr

Table 5.5: Possible final state combinations of the decay presented in Fig. 5.16. The last two
columns show the LQD operators which, if non-zero, creates the listed meson in the first row. Of
course, even if the couplings are zero, in a scenario with quark mixing we will have contributions
due to dynamical effects. The sneutrino denotes the propagator, see text.

state, with M° = 7%, K°. In the two component notation the according amplitude reads

Nz

IM 16 W
v

o )GVt (- )(— L M)
X (pu)(102>y (pa)( I.ADk)w\/5 (mdj —I—mdk y (566)
where Ny is the mixing angle of the Higgsino and the neutrino, with ¢ = 5,6, 7 depending
on the neutrino family. My, and mg,, are the masses of the sneutrino propagator and the
down quarks respectively.

As mentioned above we can have a pion or a kaon as a final state meson. A pion
consists of the down-antidown quark pair. This leads directly to the conclusion that
j =k = 1. In an analogous way we have for the kaon j = 1 and k£ = 2. The remaining
free index 7 is correlated to the first vertex and its coupling, where it defines the flavor of
the propagating sneutrino. Note that in addition to this we have three different neutrinos
as possible final states which can be chosen independently. Thus in total we have nine
final state combinations for each neutral meson. We have summarized them in Table 5.5.
However, for the amplitude squared we have

1 Noal2]ct 121( A i_2 2 2
5 Z |M16|2 — | 63| |02| |( Dk)]| ( ,rnMOfJM0 ) (m% _m?‘/jo). (567)

4 a
4Ml7i mdj + mgq,

spins

If we neglect the mass of the neutrino and if we use the known relation for the two body
decay width, c¢f. Eq. (A.14) we obtain for the total decay width

1 | Ngs 22| (Apk)il? [/ m2p0fae \7 1
G 2M?‘ ] mdeOL mg, ) md (mi; —miip)”. (5.68)
Vi J k a

' =

The next process is shown in Fig. 5.17 which differs compared to the previous one. The
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Figure 5.17: The second axino decay via the LQ D operator. Of course, usually if kinematically
allowed the pion could be replaced through another neutral meson. But as only the pion consist
of down quarks we can not have a decay into other neutral mesons, see text for details. The
decay width is given by I'y7.

axino as part of the neutralinos can mix with the neutrinos. This fact is used in this
decay where the axino becomes a neutrino. This neutrino on his part can interact with a
quark-squark via the LQD operator. The second vertex can be as well realized through
this operator leading to a neutrino in the final state. Hence, we have to construct an
effective vertex, where the two quarks form a mesonic bound state. This can be easily
performed after writing down the amplitude and applying a Fierz reordering

1
M2

dr;

iMyz = iNig y(di)[=i(Apr)is]z(pa) &' (po)[=i(Apn)msl2’(d7) . (5.69)

Now, we can apply the following Fierz reordering in two component notation for the
spinors z;, see Ref. [7§]
2242 (2221) = (Hd"21)(205,22) . (5.70)

With this equation the amplitude reads now:

iMir = oo (Ap)i (Ao g2t ()5, (pa)] [ (d5)5"y (d5)] (5.71)

The second term in the matrix element can be integrated out and we obtain the pseu-
doscalar decay constant of a meson [155]. Hence we have
—1iN;8

iM 17 = W (ADk)ij (AD")mj [xT (pu>5-ux(p&)]

1

\/éfﬂqﬁ ) (5.72)

Lj

Here we have used the fact that only the pion can be the neutral final state meson. This
can be explained by the index structure of the two Yukawa couplings from the LQD
operator. These two couplings are correlated. Usually only one R, coupling is chosen to
be non-zero which can be directly translated to the condition that ¢ = m and n = k. The
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a— V| Vp | dj 70
Ve Ve (Ap1)n
v, v, dr, (Ap1)ay
Vr Vr (AD1)31
Ve Ve (Ap1)a
Yy vy | S0 | (Apr)ae
Vr Vr (AD1)32
Ve Ve (AD1)13
v, v, b (Apt)as
Vr Vr (Ap1)s3

Table 5.6: Possible final state combinations of the decay presented in Fig. 5.17. The last column
shows the LQ D operators which, if non-zero, creates the listed meson in the first row. Of course,
even if the couplings are zero, in a scenario with quark mixing we will have contributions due
to dynamical effects. The down squark denotes the propagator of this decay, see text.

neutral kaon is made up of (ds) which would require n # k. This is not possible and
yielding instead to a pion (dd) as the final state. Hence in total we have nine final state
combinations which are summarized in Table 5.6

Squaring the latter equation, averaging over the axino- and summing over the neutrino-

spin we get for the amplitude squared

1 | Nig|?
3 S Myt = 1607L (A k)i [ (Ape)mg |2 £ 3 ma (m — m3) . (5.73)
spins dLj
As in the previous case we can insert this expression in Eq. (A.14) leading to the decay
. N (A Pl(A )2
Iy, = 8 R DVGL ADYmil Tx (12— )2 5.74
17 2567 M:}L- e (mz —mz) ( )

The third decay, see Fig. 5.18, is comparable to the foregoing decay. The difference is
that here the propagator has its origin in the singlet quark superfield. This results in a
different diagram and employs a different Feynman rule, see Appendix of Ref. [78]. Thus
in a similar way to Eq. (5.69) we find for the amplitude

1
M?Z2

dry

iMis = iNigy(d;)(—i(Apr)ij)x(pa) 2 () (=1 Apk ) )2 (dy) . (5.75)

In an analogous calculation to Eq. (5.73) we find for the amplitude squared

1 | Nig|?
5 M = B A P (2~ m2) . (5.76)
dr

spins k
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Figure 5.18: The third axino decay via the LQD operator. Of course, usually if kinematically
allowed the pion could be replaced through another neutral meson. But as only the pion consist
of down-like quarks we can not have a decay into other neutral mesons. The decay width is
given by I'g.

M+

0

Figure 5.19: The fifth axino decay via the LQD operator. Of course, usually if kinematically
allowed the pion could be replaced through another charged meson. In this scenario here with
a ud combination we can have e.g. KT, DT, or BT etc.

The latter equation only differs in the structure of the Ap couplings.
The decay width reads then

_ | Nis|* |(Ape)i; [*[(Apk ) imn|* f2

r
” 256m ML mj
RE

(m2 —m2)?. (5.77)

a s

Likewise as before both vertices in Fig. 5.18 are of Ap nature and thus correlated. This
means that the indices are restricted that only a Pion can be formed in the final state. In
total we have nine final state combinations which are listed in Table 5.7.
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a— V; | Uy | dp, 70
Ve Ve Api)i
Vﬂ Vﬂ dR ADl 21

>
o)

1)3

—

>
S

1)2

)
)
)
)
1)o
)
)
)
)

—_

N

>
)

tt
tt
VAN
2y
~~ | —~ |~ —~
>
-}

Vr Vr 1)32
Ve Ve Api)13
VM Vﬂ BR ADl 23
Vr Vr AD1 33

Table 5.7: Possible final state combinations of the decay presented in Fig. 5.18. The last column
shows the LQ D operators which, if non-zero, creates the listed meson in the first row. Of course,
even if the couplings are zero, in a scenario with quark mixing we will have contributions due
to dynamical effects. The down squark denotes the propagator of this decay, see text.

5.6.2 The decay a — M=/

The last two decays contain a charged meson as well as a charged lepton. In the decay in
Fig. 5.19 the axino mixes with the neutrino. This neutrino interacts with a quark-squark
pair. Both vertices are due to the LQD operator and correlated. This means that the
A p vertex factors are restricted.
These restriction become more obvious if we take a closer look at the amplitude given

by

. 1N;s . .

My = T y(d) (=i(Ape)ig)2(pa) 2 (o) (<i(Ape )2 (un) . (5.78)

dry

It is obvious that we have for the indices of the Ap couplings j = n and ¢ = m. We can
deduce that the neutrino and the up quark are related. On the other hand the charged
final state lepton and the down quark have an identical family index. Keeping this in
mind we can have a 7+ and a KT in the final state. In Table 5.8 you find all possible
final states for this decay process.

After applying the Fierz reordering and integrating over the meson states we obtain for
the amplitude squared

1 Nis|?
YT Ml = NS ) Pl bl P [ e )2 2 — )
spins de

—miys(my —miye +mp)] . (5.79)

The mass of the final state lepton can not be neglected which explains the lengthy lat-
ter equation. Furthermore for the decay width we use Eq. (A.14) where the according
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M*|a—v | by |dg, Ap

dr | (Ap)n
Tt Ve e | Sr | (Ap2)n
br (Aps)n1
dr | (Api)i2
K+ Ve 1| 3k | (Ap2)i
br (Aps)i2

Table 5.8: Possible final state combinations of the decay presented in Fig. 5.19. The last column
shows the LQD operators which, if non-zero, creates the listed meson in the first column. Of
course, even if the couplings are zero, in a scenario with quark mixing we will have contributions
due to dynamical effects. The down squark denotes the propagator, see text.

Figure 5.20: The second axino decay via the LD operator. Of course, usually if kinematically
allowed the charged meson M~ could be replaced by 7~ or K.

momentum parameter is given by

1
Qm&

Ipa| = \/mg +mip +myp —2m2ma ., — 2mZmi — 2m3, m3 . (5.80)

Hence, finally we obtain for the decay width

Ni 2 A i'2 A m_2 2
I = [Nis I ( 5;23}\21( 72;) i o \/771‘§L—|—mﬁ4+ +my —2m2m3,, — 2mZm; — 2m3 . m3
dr, @

x| (m2 +m2e —m2)(m2 —m2 —mi.) — m3(m2 —m2, +m)

(5.81)

The last decay is shown in Fig. 5.20. This decay is pretty similar to the fifth decay
presented in section 5.3.2. There we had as well an axino decay to a charged meson-
lepton pair mediated by a charged Higgs. Thus, the structure is identical, but we have
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Coupling | 1 | /y, - K~
ot
s pt én | (Ap)n | (Ap2)n
ot
3 | i | (Ap2)n | (Ap2)ax
ot
c pt | 7o | (Aps)in | (Ap2)s:

Table 5.9: Possible final state combinations of the decay presented in Fig. 5.20. The last two
columns show the Yukawa couplings of the LQ D operator where the pion or the kaon respectively
are realized. The listed slepton denotes the propagator of the decay, see text.

a different propagator and a (Apr);; Yukawa coupling at the second vertex. Considering
these changes the amplitude reads

i Vig
M2

i,

1 m?\/j— Jar-

y'(pa) (icy)x" (ko) (A pr)

(5.82)

Here we have only one Ap coupling which gives a free choice of the coupling itself. But,
the first vertex and the family index of the propagator are correlated. Hence, the choice
of ¢, predefines the slepton family. However, we can have a pion or a kaon in the final
state, see Table 5.9.

1 2 2 Vi [(Apk)igl? (M2 far- \* 5. 5
5 = ~ — ~). (5.83
5 S;ms | M| vz T, + g, (mz +my —my—). (5.83)
Comparing this amplitude squared with Eq. (5.79) the decay width can be easily read of
to

| P [Via P (Apr)ii* (M- far-
64M§L. m3 My, + Mg,

a

2
) (m + m — mZ,)

<y fmd+mi, i — 2mEmd, — 2mEmE — 2mimd, . (5.84)

With the setting that the lepton number violation is due to the LQD operator we saw that
the additional axino decays are solely of mesonic nature. Furthermore it was shown that
even in the case of higher axino masses not every meson state can be generated. These
restrictions are an intrinsic result of the vertex- and thus Yukawa-coupling structure of
the decay processes. Note that these restrictions and the resulting decrease of final state
combinations were only present in cases where we had two vertices with two LQD Yukawa,
couplings. Keeping these decays in mind we can now go on to compute the branching
ratios and to find the preferred processes of the axino decay.

80



6 The Branching Ratios

In the last chapter we have presented all possible axino decays coming from the #-term
and the DFSZ supersymmetric axion model. Furthermore we split this analysis due to
the origin of R-Parity violation. We have on the one hand decays from the LLE operator
and on the other hand from the LQD operator.

In this chapter we specify the corresponding branching ratios (BR) depending on the
chosen R, coupling. Of course, going through every R, coupling from the LLE- and LQD-
operator is tedious. We have 9 LLE operators, 27 LQD operators and the latter with
various mixing scenarios to be analysed.

Taking a closer look at the RGEs we can deduce which axino Yukawa coupling is the
largest in each scenario. We will restrict our analysis to representative cases which then
can be generalized to other R, coupling. Nevertheless for completeness, we show the
omitted branching ratios in Appendix D.

This chapter is devided into two parts. Similar, to the previous chapter we first present
the results coming from the LLFE operator. In the second part we focus on the couplings
coming from the LQD operator. Both analyses will be performed, as in section 4.2, for
the benchmark point SPSla. The parameters of SPSla are

My =100 GeV, M,/ = 250 GeV, Ay = —100 GeV, tan 3 =10 sgn(u) = +1. (6.1)

The BRs were computed with our own program where the particle masses, mixing angles
etc. were obtained from the program Softsusy3.0, see Ref. [39]. We already pointed out
in chapter 4 that the RGE of Softsusy3.0 can be used as well in our case. The changes
in the RGEs due to the axino are of minor importance. Hence, we have implemented the
axino as a new additional neutralino together with all the decay processes introduced in
the previous chapter.

6.1 The BR with the , LLFE operator

Before we present the results of the BRs we estimate of the dominant £, LLE couplings.

In section 3.1 it was pointed out that at Mgy the ¢} can be rotated to zero. But we have

b iy # 0 which means that the couplings are generated dynamically via the RGEs.
Hence we take a closer look at the RGEs at the Mgyt scale. From Eq. (C.10) we have

d .
1677 —ch ~ o [ — (ALY pa)ig — (A*EQYE)iq] , (6.2)

where this part is the only non-zero contribution of the RGE. All other terms include
explicitly a ¢, which is zero at Mgyr. Now, depending on the choice of the R, operator
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(Apr)i; c Upper bound
(Ap1)a 3 0.1
(Ap1)s c 0.1
(Apt)as none not considered
(Ap2)12 ) 6-1074
(Ag2)13 none not considered
(Ap2)3 3 610~
(Ap3)io none not considered
(Ags)is c 3.5-107°
(Aps)as 2 3.5-107°

Table 6.1: Dominant cé coupling depending on the chosen LLE operator at Mqur. In the
rightmost column you find the upper bound for the IR, couplings, cf. also Ref. [35]. The values
differ a slightly in comparison to Ref. [35], see Ref. [156].

we can directly deduce the non-zero ¢, Yukawa coupling or the largest one, respectively.
Taking as an example (Ags)i3 it is obvious that the first term in Eq. (6.2) vanishes.
Keeping in mind that Ag is antisymmetric we have

16#2%022:1 ~ —(As)is(Yr)ss o 167r2%c§:3 ~ (M) (Ye)s,  (6.3)
where we have decomposed the matrix product. It is apparent that the first option with
i = 1 will be prefered and dominant because the R, operator is multiplied with a diagonal
part of the SM Yukawa coupling. We performed such a check with all R, LLE operators
and summarize the results in Table 6.1. From this table we see that due to the symmetries
and anti-symmetries the number of non-zero couplings has been reduced to six. Among
these six it is resonable to analyse the BR only of three different (A gt );; operators which
have three different dominant c5. The BR for the remaining operators can then be deduced
easily. Another point is the discussion of the ¢; Yukawa coupling which we will perform
below.

In Fig. 6.1 we show the BR as a function of the axino mass, employing the decays
presented in the last chapter. Here we have chosen the R, coupling (Ap2)12 = 6 x 107%.
From the previous considerations we know that ci is the strongest axino coupling, cf.
Table 6.1. As a consequence, all couplings to the electron lepton family are preferred,
i.e. vertices/mixings with the electron neutrino or the electron itself. This conclusion is
confirmed by Fig. 6.1. Obviously the chosen I§, coupling has a direct impact on the final
state combinations. One important point is that all decay channels which include a ¢;
vertex do not play a role. Recalling the related decay width expressions from the last
chapter we see that denominator is rather large and the nominator small when we insert
all couplings and masses. Hence we can neglect all such decays.

Furthermore in Fig. 6.1 it can be seen that several mass regimes exist. These regimes
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SPS1a, tanB=10, (Ag2);,=6010", Ay = -100.0, My, = 250.0, 1y = 100.0

10° T L T
1 M e r[) B
1 Mg(e+evy) viaW" ——
| gle+uv,) via W
Mo(vetee) via Z --------
9(\) +uu) via Z ........
......................... Q(V +VV) Vla ZO
10 § T1(Vey)
e
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w2y e 1
1073 | | S 1
0 0.1 0.2 0.3 0.4 0.5

axino mass / GeV

Figure 6.1: The BR of the axino decays at the benchmark point SPSla with the R, coupling
(Ag2)12 = 6 x 107*. With the chosen R, operator c} is the relevant Yukawa coupling where
the axino couples preferred to the electron family. Due to kinematical thresholds of the decay
channels several mass regimes are formed with different behaviour. For details see text.

are due to the sum of the rest masses of the different final state particles. A prior: there
exist seven mass region, which are summarized in Table 6.2. We will go through each
mass domain and explain the origin of the dominant decay process.

First, assuming a massless neutrino at the lowest energies, the first- as well as the
neutrino channel of the ninth decay are kinematically possible. But the latter process
a — vevv is preferred as can be seen in Fig. 6.1. This dominance changes at a energy
of about 1 MeV, which corresponds to the rest mass energy of an electron-positron pair.
At such masses two more decays are kinematically accessible play and compete against
each other. Note all three processes are SM-like where the gauge bosons are mediating
the decays. In the case of I'g it is the W7 boson and for Iy it is the Z° boson.

An interesting issue within this window is that we observe for the ratios I's. /I, &~ 4
and I'g, /T'g. &~ 2. This behaviour can be easily understood by considering the explicit
decay widths given in section 5.4.1. For the first case we have, cf. Egs. (5.37) and (5.43),

Tse  GEINis /‘N28|2G2 (af+03)
Lo, 19273 9673 a
1

~ 4. (6.4)

2(a} +07)

Recall that a; = sin? Oy — % and by = sin . A similar calculations holds for the other
case.
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Mass regions

2me 2 mg

my, +me = mg > 2m,
My = Mg > My, + M
2my, = mg > my

My +my, > mg > 2m,,

My =2 Mg 2 My +my,

N O Ot = W N =

mg > Mg

Table 6.2: In this table the different kinematical mass regions are summarized. Depending on
the mass of the axino we can have several possibilities for the axino decay.

Note that the decay widths I's, and I'g. employ the same final states. As shown, both
decay channels are of the same order and thus we have to consider the interference. If we
neglect the mass of the electron we obtain for the continued decay width

_ TGEINsP s

r = . .
WZe ™4 19273 8 (6.5)
Using the latter expression and Eq. (5.44) we have
7 9
Lot =Twz, + 1o < §F9u + T, = §F9u- (6.6)

Hence the three neutrino channel has a BR of ~ 22 % which means a decrease of ~ 8 %
or in turn an increase to I'yy 7 in comparison to the scenario without interference. Note
that this only holds in scenarios with ¢} where this Yukawa coupling leads to a preference
of an electron positron pair in the final state for I'sg. In scenarios with ¢3 (c3) the axino
mixes dominantly with the muon (tau) flavor. The decay a — eTe~ v via the W boson
then becomes negligible. In general, adding only the BR contributions of I'g, and 'y, is a
good approximation.

This mass regime persists up to the muon mass. At this threshold the muon channel of
I's. But all three processes, I's, , and I'y_,, drop off at the pion mass, where I'y including
a pion has the significantly the largest BR.

Going over to higher energies the order mentioned above is not changed. The BR of
the pionic decay remains the largest even when the axino mass is larger than the kaon
mass. The decay into the kaon mediated by the W boson is smaller as the according
CKM matrix element is smaller. Hence, we can conclude that decays into the kaon do
not play a role and that no further interferences have to be taken into account.

Another conclusion is that no decay with an explicit [, LLE vertex comes into play.
All decays of this kind are suppressed by a few orders of magnitude. We know that
the corresponding matrix elements are proportional to the quadratic R, coupling. Hence,
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SPS1a, tanB=10, (Ag1)1,=0.1, Ay = -100.0, M, , = 250.0, , = 100.0
0
107 T T T T T

Mg(u+ev,) via W" ——
g+ pv,) via w*
Fo(v tee)viazZ™ oo :
50
rg(vu+uu) via Z~ srerenes
: Fg(vu+v0) via 2°
101 E

BR

102

H . 1 1 1
0 0.1 0.2 0.3 0.4 0.5
axino mass / GeV

Figure 6.2: The BR of the axino decays at the benchmark point SPS1la with the R, coupling
(Ag1)12 = 0.1. With the chosen J8, operator 3 is the relevant Yukawa coupling where the axino
couples preferred to the muon family. Due to kinematical thresholds of the decay channels
several mass regimes are formed with different behaviour. For details see text.

at first glance one would assume that we have to choose a possibly larger value for the
R, coupling that decays due to LLE become dominant. This can lead then to larger
decay widths and therefore to a dominance of a decay due to the LLE operator. But we
have seen in the previous sections that all couplings are connected by the RGE, see e.g.
Eq. (6.2). Changing Ag: has a direct impact on the RGE and, thus on the ¢*. These play
a crucial role for the predominant part of the considered decay processes. However, we
know that the ¢* are related to the sneutrino vevs through the minimization conditions
of the scalar potential in the MSSM, see Ref. [35]. On the other hand the sneutrino vevs
describe the strength of the neutralino- and chargino-mixing respectively. Thus changing
the value of the R, coupling changes accordingly all other decay relevant couplings. In
conclusion the order of the decays remains and any decay channel including an LLE
vertex is negligible.

As a next example, we choose (Ag1)ip = 0.1 which means that ¢3 is the preferred axino
Yukawa coupling. The corresponding BRs as a function of the axino mass can be found
in Fig. 6.2. Similarly to the discussion above, all decays into muon flavour are the largest.
This includes as well the mixing of the axino with the neutrinos.

Again, we see here different mass regions, c¢f. Table 6.2. Analogously, we go through
the mass domains.

Obviously, for low axino masses only the radiative and the three neutrino decay are
possible, where the latter is dominant. Nevertheless, we observe a higher BR of the
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radiative mode in comparison to the previous example. The crucial factors for the ratio
of the BRs of these two decays are the relevant mixing angles. Despite the fact that the
mSUGRA parameter space point is the same, the different I8, couplings lead to a different
ratio of the mixing angles and thus of the BRs. If we increase the mass above the threshold
for electron-positron pair production the ninth decay which is mediated by Z° comes into
play. At this second mass region', we have no other SM like decay. Apparently an inclusion
of the W based decay, as previously seen, would require a mixing a « v,, which is not
possible with the chosen R, operator. Hence, the BR is dominated by I'g(a — v,vv) by a
factor of two, as explained above.

With the beginning of the third mass region, muons can be produced. Only process
eight via the charged gauge boson, challenges with I'g taking 30 % of the BR. This value
is reached at the edge of the fifth and sixth mass region. At this level, decays into
muon+pion become kinematically accessible and thus I'y is dominant. All other decay
modes drop off. This leads to the visible kinks in Fig. 6.2. In general, we would have to
consider the interference of the decays into two muons coming from the eighth and ninth
decay. But, the full amplitude squared reads

1
LY M M = (6.7)

spins

128 G%. | Ny |?

1 b
(5 + a? + b?) (pa - pe+ ) (Pe= - puy) — 2 (afbf + %) (Pa 'pvi>ml%] )

where the expression proportional to b;/16 in the second term denotes the contribution
from the interference of Mg and Myg. In this case the interference contribution is small
and thus we drop it. We also do not have any impact of the kaonic decays where the same
argument holds as in the scenario before.

As a last example of the LLE operator we have (Agi)s; = 0.1, see Fig. 6.3, where ¢} is
the strongest axino coupling. As consequence, in this scenario interactions with the tau
lepton family are favored. Obviously Fig. 6.3 has a clear structure. The simple reason is
that we are not considering axinos with masses comparable to the tau mass. As a matter
of fact no taus can be produced which reduces the number of decays. Escpecially, no
interactions with the W-boson are possible. This excludes the up to now always present
pionic fourth decay mode.

Hence, we observe only three processes which play a role. At all scales the three neutrino
decay channel of the nineth process is dominant. Of course, depending on the axino mass
we can have slightly changed BRs. Increasing the mass of the axino the other channels of
I'g come into play. Obviously, next to the purely neutrino decay we have the decay to the
electron positron pair followed by the two muon final state. However, it is apparent from
Fig. 6.3 that we have again a ratio of two in the BR between the electron and neutrino
final states. The upcoming muonic channel causes a small decrease of the first two cases
but without changing the overall order.

We mentioned at the beginning of this section that the figures presented here are

IThis label is according to the definition in Table 6.2
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Figure 6.3: The BR of the axino decays at the benchmark point SPSla with the R, coupling
(Ag1)s1 = 0.1. With the chosen 8, operator c3 is the relevant Yukawa coupling where the axino
couples preferred to the tau family. Due to kinematical thresholds of the decay channels several
mass regimes are formed with different behaviour. For details see text.

reprensentative. In Appendix D.1 you will find the three remaining BRs. The arguments
listed here can be transfered without loss of generality.

6.2 The BRs with the L()D operator

In comparison to the previous section the scenario with non-zero LQD coupling is more
complicated. At first, the different quark flavors mix among one another, which is de-
scribed by the CKM matrix [35, 157]. This mixing leads to a coupling of the corresponding
RGEs. As a consequence one non-zero (Ape);; operator at the GUT scale affects a dy-
namical generation of many other B3 couplings at lower energy scales.

However, due to these new effects the following analysis can be split into three categories
of quark mixing [35]:

® No Mmixing,
e up-mixing,
e down-mixing.

Here up- (down-) mixing refers to the sector where we have predominantly the mixing in
the quark sector. This will also be the order in which we present the results in the following
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Figure 6.4: The BR of the axino decays at the benchmark point SPS1la with the R, coupling
(Ap2)12 = 7.5 x 1075, no-mixing assumption. With the chosen R, operator c} is the relevant
Yukawa coupling where the axino couples preferred to the electron family. Due to kinematical
thresholds of the decay channels several mass regimes are formed with different behaviour.

sections. Of course, the condition that no mixing is present is a strong simplification which
we cite for a better comparability with the mixing cases.

6.2.1 No mixing scenario

In section 6.1 we argued that at Mgyt the axino couplings ¢}, can be rotated away to zero.
Furthermore the considerations of Eq. (6.2) showed that a single non-zero R, coupling
generates non-zero ¢, dynmically, due to the RGE. Furthermore with the same arguments
as in the section before all decays with a ¢; are of no significance.

In our previous example of the LLE operator other Bs coupling have been zero in
Eq. (6.2). Now, we have the opposite where the lepton number violation is due to LQD
operator yielding

167r2%c§ Der| —3(Ah YD) - (6.8)
Hence, having a Ap: # 0, we have again a preference of axino couplings in dependence on
the chosen operator. Thus we can conclude as in the section before that for a given oper-
ator we are able to read off the strongest axino coupling generated by the RGE. Except
of the absolute value which the RGE returns at lower energy scales the phenomenology
of the BR will be the same in the leading cases. Note that the Ap matrices are not anti-
symmetric which results in 27 possible couplings. Inserting these couplings into Eq. (6.8)
we obtain only from 9 couplings a non-zero contribution. Of course, this reduction is due
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to the no-mixing assumption as the SM Yukawa coupling matrices are diagonal. Having
some kind of mixing these matrices are not diagonal any longer and additional terms
will contribute dynamically to the ¢, RGEs. In the following examples we assume the
upper bounds for the £, LQD trilinear couplings presented in Ref. [35] and summarized
in Table 6.3.

As a first example we show in Fig. 6.4 the axino BRs for the coupling (Apz)12 # 0.
Comparing Fig. 6.4 and Fig. 6.1 with a LLE coupling, we observe no major difference in
the BRs of the leading decay channels. Similarly, in the second mass window the electron
channel of I's. o, interfere, as explained above. Note that here the radiative decay mode
has a higher BR fraction. This depends on the ratio of the related mixing angles of the
decay widths which in turn depends on the chosen R, operator.

However, we do not expect to see any changes in the order of the BRs. The reason
is that for a chosen R, coupling, we can directly deduce the preferred axino coupling ¢}
and the relevant decay channels. Furthermore the coupling strength of the ¢} does not
play a role as it is canceled in the BR. Thus in general the procedure is the same in both
scenarios independently whether we have a non zero LLE or LQD operator.

In conclusion the BR remain in the same order and dominance as seen in the previous
section. We expect a similar behaviour for the other R, operators.

To confirm this conclucion we show a second example in Fig. 6.5(a). In this graph
(Ap1)e; = 1.3 1073 is chosen at the GUT scale with ¢3 as the preferred axino coupling.
As stated in the (Ap2)io case, the order of all BRs remains. For the lowest energies we
have again I'g(a — v,vv) as the dominant decay channel where I';(a¢ — v7y) contributes
with a few percent to the BR. But nevertheless up to the axino masses of the rest mass of
the muon+-pion, I'g, remains the dominant channel where it competes with I'g, and I's.
All BRs suffer from a kink at the sixth mass region where I'y(@ — pm) is kinematically
allowed. This latter channel is the strongest for the higher axino masses. This behaviour
has been observed as well in Fig. 6.2 for the LLE operator.

As a last example, we have chosen the R, coupling (Api)s; = 1.3-107 at Mgyr.
The according BRs are shown in Fig. 6.5(b). Again, the same arguments hold as in the
previous section. We have no R, like decay and the neutrino channel of the ninth decay
is overall dominant. As mentioned in the previous section we have only a few decays due
to the fact that the axino mass is much smaller than the tau mass. This restricts the
possible final state combinations.

This closes the section of examples with no-mixing among the quarks. For completness-
and comparableness-reason of R, with the LLE and the LQD operators respectively we
show three more couplings in Appendix D.2.

6.2.2 Mixing scenarios

In our previous considerations we assumed that simplified condition the we have no mixing
among the quark flavors. This section is dedicted to the two remaining scenarios where
quark mixing is possible and described by the CKM matrix. We have extreme case
where the mixing is mainly due to the up- or down-quark sector respectively. We will
treat both cases together because the foregoing analysis suggests that the BR of the
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Figure 6.5: The BR of the axino decays at the benchmark point SPSla with the &, couplings
(Ap1)2r = 1.3x 1073 (upper figure) and (Ap1)31 = 1.3x 1072 (lower figure), (no-mixing). With
the chosen R, operator C% and c% are the relevant Yukawa couplings where the axino couples
preferred to the muon or tau family respectively. Due to kinematical thresholds of the decay
channels several mass regimes are formed with different behaviour.
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different couplings can be categorized according to their preferred axino coupling cb. This
suggestion will be confirmed in this section.

However, the mixing of the quark flavors leads to non-diagonal SM Yukawa coupling
matrices. A consequence is that all 27 trilinear (Ap:);; couplings, with 4, j,k = 1,2,3
have non-zero RGE. As example we consider a previously the nonexistant RGE of ¢, with
(Ap1)12 # 0. Inserting this assumption into Eq. (6.8) we get

167r2%c;=1 S er| = 3(A% ) (Yoo (6.9)
Here we have used the decomposed version of Eq. (6.8). It is apparent that for a contri-
bution to the RGE of this R, operator we need (Y p1)21 # 0 which realized in the mixing
cases. As in our previous sections we can directly read of the the preferred axino Yukawa
coupling. Again, according to these couplings the BR follow the characterisic behaviour
which we have observed before. Thus for a better overview you find in Table 6.3 a list of
the trilinear (A p:);; with its preferred axino coupling according Eq. (6.9).

Obviously for the two remaining scenarios we have in total 54 BR which is tedious
to present all of them. Thus, we restrict ourselves without loss of generality on a few
examples. These examples will make clear changes that are connected with the assumption
of quark mixing in comparison to no-mixing.

In general we have concluded in the foregoing section that we have three different
behaviours of the BR. Each of them is correlated with one of the three axino Yukawa
couplings ¢,. We will see that these arguments can be applied here as well.

At first we see in Table 6.3 that the nine couplings without quark mixing have almost
the same coupling strength in each scenario. Inserting these values in Eq. (6.8) these
R, couplings are multiplied with the diagonal SM Yukawa couplings. However, the diag-
onal ones are the strongest and thus assuming any kind of quark mixing does not affect
the RGE remarkably. The differences are marginal and thus negligible. Hence, the BRs
remain the same and can be compared to those presented in section 6.2.1 and in Ap-
pendix D.2. For this reason we exclude these couplings from the further considerations
in this section. However, we have a similar behaviour for the BR of all couplings if down
quark mixing is assumed.

The situation is different if the CKM mixing is assumed to be in the up-quark sector.
Nevertheless the BR can be categorized according to the preferred ¢,. We discern a
difference of the BR in the cases where the LQD coupling bounds are due to the absence
of tachyons, cf. Table 6.3. Choosing one of these couplings, e.g. with ¢l largest, the
radiative axino mode I'; competes significantly with the other modes. A representative
diagram is shown in Fig. 6.6(a) where the chosen LQD operator indicates a preference
for ¢j. We observe that I'y and Ty, have the same BR. The explanation is that the
chosen scenario, taking into account the restriction due to tachyons, has a direct impact
on the minimization condition of the scalar potential. This solution returns a considerably
different ratio of the mixing angles of I'y and I'g,, than before.

A similar result is obtained for the LQD couplings with ¢ and ¢ as the largest axino
Yukawa couplings, c¢f. Appendix D.2.2 see Fig. D.5(a) and Fig. D.5(b), respectively.

Some of the couplings of the LQD operator are restricted in the no-mixing case due to
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the absence of tachyons. But in the up-mixing scenario they obey the neutrino mass limit.
Fig. 6.6(b) shows such an example with (Aps)2 = 4.6-10~* with up-mixing. Here the first
decay channel does not have the same BR as I'g,, but gives a higher contribution than
observed previously. A complete list for the other ¢, Yukawa coupling can be found in
Appendix D.2.2, see Fig. D.6(a) and Fig. D.6(b). There we notice a comparable behaviour.

In conclusion despite what kind of lepton number violation R, operator is chosen we
obtain a preference for one of the axino Yukawa couplings c,. Each of the couplings
has a specific type of dominant BR. Furthmore we saw, that if the bound on the LQD
operator comes from the absence of tachyons the underlying RGEs do not generate non-
zero values for the ¢} if the quarks are not mixing. In contrast to this in cases with
quark mixing described by the CKM matrix all LQD operators give contributions. One
exception in the general behaviour of the BRs is given by the mixing in the up-quark
sector. Here the coupling whose bounds come from the absence of tachyons lead to a
significant contribution to the radiative axino decay I'(a — v7). Assuming down quark
mixing returns unspectacular results which fit into our categorization as presented with
the LLE operator and the no-mixing case.
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Figure 6.6: The BR of the axino decays at the benchmark point SPSla with the R, couplings
(Ap1)12 = 0.13 (upper figure) and (Aps)ez = 4.6 - 10~* (lower figure) (both up-mixing). With
the chosen R, operator c and c2 are the relevant Yukawa couplings where the axino couples
preferred to the muon family. Due to kinematical thresholds of the decay channels several mass
regimes are formed with different behaviour.

93



CHAPTER 6. THE BRANCHING RATIOS

No mixing Up mixing Down mixing

Mcgut ch Mcgut ch Mcgut ch

Ap ) | 1.3x1073 s 1.3x1073 c 7.2x1074 c
Api)a | 1.3x1073 3 1.3x1073 3 7.2x107% 3
Api)s | 1.3x1073 c 1.3x1073 c 7.1x107% c
Api)io 0.13¢ - 0.13¢ cs 3.6x107* cs
Api)a 0.13¢ - 0.13¢ 3 3.6x107* 3
Apt)ss 0.13¢ - 0.13¢ c 3.5x107* c
Api)is 0.15° - 0.15¢ cl 6.4x10~* s
Api)az 0.15¢ - 0.15 3 6.4x1074 3
Api)s3 0.15¢ - 0.15 s 6.4x1074 s
Ap2)1; 0.13¢ - 0.13¢ s 3.6x10~* s
Ap2)a 0.13¢ - 0.13¢ 2 3.6x10~* 2
Ap2)s; 0.13! — 0.13! c 3.5x107* c

>
S

2)1g | 7.5x107° s 7.2x107° s 7.4x1071 3
e | THx105 @ | 75x10° @ | 74x107° &
D | THx107 @ | 75x107° & | 73x10° &

N

>
S

N

o T e Naan N e N N N e N e e e e U e e e e e e e e e e

Ap2)i3 0.15¢ - 1.7x1072 s 5.4%107° s
Ap2)as 0.15 - 1.7x1072 3 5.4x107° 3
Ap2)ss 0.15¢ - 1.7x1072 c 5.3x107° c
Aps)i 0.13¢ - 3.3x1073 cl 5.7x1074 cl
Ap3)a 0.13! — 3.3x1073 2 5.7x107* 3
Aps)s 0.13¢ — 3.2x1073 s 5.7x10~* c
Aps)io 0.13¢ - 4.6x1074 s 4.8x107° s
Aps)an 0.13¢ - 4.6x1074 c2 4.8x107° c2
Aps3)zo 0.13 - 4.5%x107* c 4.8x107° c
Aps)iz | 2.2x1076 s 2.6x107° s 2.2x107¢ s
Aps)ys | 2.2x1076 3 2.2x1076 3 2.2x1076 3
Aps)ss | 2.1x1076 c 2.1x1076 c 6.2x107° c

Table 6.3: In the mostleft column the trilinear Ap are listed. According to the three quark
mixing cases the upper bound for the couplings are given. The values are taken from Ref. [35].
Couplings denoted with ¢t show that the strongest bounds come from the absence of tachyons.
The remaining ones use the neutrino mass constraint. For each case the preferred axino couplings
are shown. Under the assumption that the quarks are not mixing several couplings do not
contribute to the RGE and have no preference, for details see text.
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7 Axino as Dark Matter

7.1 Axino energy density

We saw in one of the previous sections that the axino is a weakly interacting particle which
is electrically neutral. Thus it is a promising dark matter candidate, possibly even a cold
DM candidate, depending on the mass. Within this work we assume the same axino
mass range for hot-, warm- and cold-dark mater as it is often found in the literature
[25, 24, 27, 28]. However, as the axino can decay in the IR, framework the question araises
whether the axino abundance as well as the axino energy density is sufficiently large to
be CDM.

The question of an axino as a DM candidate has been discussed in Refs. [25, 24, 27, 28]
as well as in recent works see Refs. [30, 26, 88]. Except for Ref. [26] most of the works
focus on the KVSZ axino and perform the DM analysis within this framework. The
thermal production of axinos in the early universe through 2+2 scattering processes via
the axion-gluon-gluino interaction was performed in Ref. [28] from a generel viewpoint,
and thus the DFSZ model is also included. This underlying interaction has its origin in
the SU(3) part of Eq. (3.33). We already pointed out that in the derivation of Eq. (3.33)
the according D-term is involved, which was only considered in Ref [88].

As a first step for the calculation of the axino energy density €25, we consider the axino
yield Y; which is a function of the reheating temperature, see Ref [28]. We have to keep in
mind that for temperatures higher than the decoupling temperature Ty the equilibrium
number density for Majorana particles hold, for details see Ref [28]. Thus evaluating Y;
we can determine an upper value for Tr which is also an important parameter for the
analysis of the axino energy density. We comment on this fact more extensively below.

With the results of Ref [88], we can evaluate the axino yield to

3\ /10 CeV? T
Yi(T)) =~ 1085 In (2 R 1
2(To) 9x 107" g, n(gs) ( Foa/N ) <104 GeV)’ (7.1)

where g5 = g5(TR) is the running strong coupling as function of the reheating temperature
Tr. For more details about calculations of the axino density in the early universe we refer
the reader to Ref. [25, 24, 27] and especially to Ref. [28, 88]. Inserting for the coupling
the expression (see also Ref. [28])

with the initial value of the coupling at the Z-Boson mass g%(M)/(4m) = 0.118 [28] we
can estimate the axino yield. The graphical result for different Peccei-Quinn breaking
scales is given in Fig. 7.1.
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Axino Yield from Thermal Production
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Figure 7.1: The axino yield Y; as a function of the reheating temperature Ty for different
Peccei-Quinn breaking scales fpg. The upper bound is the equilibrium yield of the axino before
the decoupling which is independent of TRy.

In Fig. 7.1 you see as well an upper bound for Y;. This upper bound is governed by the
equilibrium number density of the axinos. As mentioned above, in this case the reheating
temperature is higher than Tp the decoupling temperature: Tg 2 Tp. The equilibrium
yield Y;“ is independent of Tg

pea__135C(3)

0% _q8.107° .
T gy S (7:3)

where ¢.s(Tp) = 228.75 is the effective number of degrees of freedom at the axino de-
coupling temperature in the MSSM [15, 28]. The value of Y;* is indicated in Fig. 7.1
by the horizontal line. However, in comparison with Ref. [28] our diagram differs in two
points. In the first place we have considered the recent results of Ref. [88] which modify
the production cross section. Secondly as we consider the DFSZ model the Peccei-Quinn
breaking scale is divided by N = 6.

These two aspects give us in addition a non-negligible change for the decoupling tem-
perature. In Ref. [145, 28] we find e.g. Tp = 10° GeV for fpq = 10'! GeV in the KVSZ
model. In contrast to this we have in the DFSZ model a two orders of magnitude smaller
temperature, namely Tp ~ 107 GeV at the same fpq breaking scale. This is in agreement
with Ref. [145].

Keeping these results in mind we can focus on the energy density of the axino, see e.g.
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Ref. [88]

3 ms 101 GeV? Tw
12 — 6 e a
lah 248¢7In (g) <0.1Gev>< Foa/N ) (104 Ge\/)’ (7.4)

where m; is the mass of the axino. Of course, this expression is only valid for a stable
axino. For the scenario of a decaying axino with the lifetime compareble with the age of
the universe we have to modify €); with the exponential decay law. The energy density
for a decaying axino reads:

3 mg 101 GeV\? T; T
Qzh2 = 248¢°In (2 a S LN — .
89 n<g) (0.1GeV)< pr/N) (104 GeV) eXp( t&)’ (7.5)

where t; is the lifetime of the axino and 7 is the age of the universe.

Using Eq. (7.5), we can evaluate the axino energy density for each IR,scenario. As
before the axino mass will be kept as a free parameter. Hence, for every axino mass and
R, coupling we will have a different lifetime which has a direct impact on Eq. (7.5). Finally
the reheating temperature is variable whose value also influences the strong coupling g;.
Hence the evaluation of €); is non-trivial and can only be performed numerically.

In the following sections, we show different examples of ; for the lepton number
violating scenarios due to the LLE- and LQD-operators. Again, the behaviour of the
energy density can be categorized, as seen in the previous chapter, according to the
dominant BR.

7.2 Axino as Dark Matter with the , LLFE operator

In the foregoing paragraph we presented the axino energy density (2;. Obviously the
expression (7.5) has three free parameters: mg, Tg,tz. Furthermore the axino lifetime
depends implicitly on the chosen lepton number violating operator leading to in total
3+1 parameters.

We will perform our analysis as follows. As our main focus lays on the R, operators
and the according axino parameters. We will not discuss implications coming from the
reheating temperature Tg in particular, for further details see Refs. [160, 161, 162]. Hence
in the diagrams shown later on we keep Tgr implicit. That means that we conduct a scan
by

e varying a concrete LLFE coupling, upper bounds given in Tab. 6.1,
e varying the axino mass within the discussed limits,
e varying the reheating temperature within the discussed limits.

The results will be presented in a diagram Ag vs mg. As first example we present the
result for (Agz)12 # 0 in Fig. 7.2. This diagram is a contour plot where we have on
the zy-plane the (Ag2)12 coupling and mg the axino mass. As mentioned earlier Ty the
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Figure 7.2: A contour plot of the axino mass as a function of R, coupling (Agz)12 and Tg
- implcit on the z-axis. The analysis is performed at the benchmark point SPSla with the
parameter space values as shown on the top of the figure. The red (blue) line indicates the
upper (lower) axino mass for a given (Agz)12 value where the condition ; = Qpy is satisfied.
The behaviour of the lines is due to different boundary conditions of the reheating temperature
as well as the BR, see text for details. This results are obtained for a PQ breaking scale of
frq = 10 GeV.

reheating temperature is implicit and thus on the z—axis. Obviously there exist regions
where the axino provides the CDM in the chosen R, framework.

In the projection of Fig. 7.2 you find a red (blue) line which denotes the upper (lower)
axino mass limit where the condition €2; = Qpy is satisfied by varying Tr. The upper
(lower) limit is due to the limited reheating temperatures which can take values of 10*
GeV< Tr < 107 GeV. The upper temperature represents the decoupling temperature
where the axino number density is in equilibrium, see section 7.1. The behaviour of the
red (blue) line is restricted because of the suppression of the exponential decay law. This
suppression does not allow a larger mass window as heavier axinos decay faster, leading
to a shorter lifetime in comparison to the age of the universe. Thus we would obtain to
small axino energy densities.

Besides these restrictions, we observe three different regimes in Fig. 7.2. For small
(Ag2)12 couplings both lines in the zy-plane show an exponential like behaviour. At an
axino mass of ~ 140 — 150 MeV both lines are approaching. For lower axino masses
they both fall off. This characteristics can be easily explained with a closer look at the
corresponding BR in Fig. 6.1.

At first note that the BRs are independent of the coupling strength itself. Hence the
BR order shown in the previous chapter remains the same for all possible values of the
R, coupling as well as reheating temperatures. As pointed out the BRs are characterized
by the dominant axino Yukawa coupling due to the associated I8, operators.
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Figure 7.3: A contour plot of the axino mass as a function of R, coupling (Ag1)21 and Tg
- implcit on the z-axis. The analysis is performed at the benchmark point SPSla with the
parameter space values as shown on the top of the figure. The red (blue) line indicates the
upper (lower) axino mass for a given (Ag1)2; value where the condition Q; = Qpy is satisfied.
The behaviour of the lines is due to different boundary conditions of the reheating temperature
as well as the BR, see text for details. This results are obtained for a PQ breaking scale of
frq = 10" GeV.

For the result in Fig. 7.2 and axino masses up to the pion mass the BR is constant.
Obviously in this regime the corresponding energy density is governed by the exponential
decay law in Eq. (7.5). As we use a logarithmic scale on the y—axis in Fig. 7.2 the red
(blue) line show a linear drop off.

Around the pion mass the order of the BRs is changed and thus a transition takes place.
This transition region of the decays is the reason for the proximity of the red and blue
lines. Note that the inverse decay width is proportional to the lifetime of the axino. From
a mathematical point of view regions with transitions are accompanied by a transition of
the according inverse decay width functions with different slopes. Thus a step in the BR
results in a step in the axino lifetime. A consequence is that for a slight change in mass
we obtain a much larger change in lifetime. Furthermore this explains as well the change
of slope of the lines which are not constant any longer, ¢f. the BR in Fig. 6.1.

In the end we can sum up, for every (Ag2)i2 value the axino can constitute the DM
for a wide range of the assumed axino mass. Even larger masses would not be a problem
as the IR, coupling could be lowered yielding longer axino lifetimes comparable to the age
of the universe. Note that the lowest possible axino mass is around 30 MeV whereas the
upper mass limit is due to our restrictions and considerations, cf. chapter 5.

Similarly to our considerations of the BR also the analysis of 2; can be categorized. On
the one hand we have for each R, operator a preferred axino coupling which determines the
order of the BR. This BR directly leads to specific characteristics of the energy density.
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Figure 7.4: A contour plot of the axino mass as a function of R, coupling (Ag1)3; and Tg
- implcit on the z-axis. The analysis is performed at the benchmark point SPSla with the
parameter space values as shown on the top of the figure. The red (blue) line indicates the
upper (lower) axino mass for a given (Ap1)s; value where the condition ; = Qpy is satisfied.
The behaviour of the lines is due to different boundary conditions of the reheating temperature
as well as the BR, see text for details. This results are obtained for a PQ breaking scale of
frq = 10! GeV. Note that the small kinks at the blue line are due to numerical artefacts and
have no significance.

Note, despite of some similarities amoung the BRs of the Ar operators with F' = E, D
all effects take place for different values and orders of the according couplings.

To support these conclusion we show in Fig. 7.3 a second example. Here we have
(Api)ar # 0 where ¢3 is the largest axino Yukawa coupling. Again, the upper (lower)
bound of the possible axino masses which can constitute DM is marked with a red (blue)
line. We see a similar behaviour as in the case before, i.e. both lines approach each other.
At a mass of ~ 250 MeV they coincide. Comparing this point with the according BR in
Fig. 6.2 it is obvious that at such a mass a transition in the BR takes place. Remember,
that the fourth decay mode with a muon and a pion in the final state becomes accessible
and has the largest BR. Here again the upper limit for axino masses is reached. But the
lowest possible axino masses to be DM is of order 50 MeV which is slightly larger than
in the foregoing example.

As a last example in Fig. 7.4 we have (Apg1)3; # 0. In this scenario it is a ¢3 characteris-
tical BR which means that one decay is overall dominant. In turn we have no transitions
as described above. Hence the energy density follow the exponential decay law which is
reflected by the linear behaviour of €); in Fig. 7.4. Here the possible axino masses for DM
start at 50 MeV.

We have presented the axino energy density of three different IR, operators. All of
them show another behaviour which can be traced back to the preferred axino coupling,
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Figure 7.5: A contour plot of the axino mass as a function of R, coupling (A p2)i2 with no-
mixing assumption and TR - implcit on the z-axis. The analysis is performed at the benchmark
point SPSla with the parameter space values as shown on the top of the figure. The red
(blue) line indicates the upper (lower) axino mass for a given (A p2)12 value where the condition
Qs = Qpw is satisfied. The behaviour of the lines is due to different boundary conditions of
the reheating temperature as well as the BR, see text for details. This results are obtained for
a PQ breaking scale of fpq = 10!! GeV. Note that the small kinks at the blue line are due to
numerical artefacts and have no significance.

similarl to the BR discussion in the foregoing chapter. Nevertheless in all cases the axino
can provide the DM. Depending on the preferred axino mass for the possible dark matter
model we can choose the appropiate R, coupling and strength.

In Appendix E.1 we show three more examples of the LLE operator where the same
behaviour as discussed here is observed.

7.3 Axino as Dark Matter with the X, LQD operator

Our discussion about the axino BRs as well as the axino energy density {2; up to now
showed that we can categorize them according to their preference of the ¢, coupling. This
allows us to draw the conclusion that it is analogous in a lepton number violating scenario
due to the LQD operator. Hence, we treat all quark mixing scenarios in the following
section.

As a first example, we have the operator (Apz);» which means a ¢} dominance and
where the BRs suffer from a transition around the pion mass as the fourth decay mode
becomes accessible. In Fig. 7.5 we observe exactly the same structure as expected and
already seen in the scenario of (Ag2)1a, ¢f. Fig. 7.2. The red- and the blue line approach
each other for larger couplings. Finally the kink indicates the transition to the fourth
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Figure 7.6: A contour plot of the axino mass as a function of R, coupling (Ap1)21 with no-
mixing assumption and Tg - implcit on the z-axis. The analysis is performed at the benchmark
point SPSla with the parameter space values as shown on the top of the figure. The red
(blue) line indicates the upper (lower) axino mass for a given (A p1 )21 value where the condition
Qs = Qpw is satisfied. The behaviour of the lines is due to different boundary conditions of
the reheating temperature as well as the BR, see text for details. This results are obtained for
a PQ breaking scale of fpq = 10!! GeV. Note that the small kinks at the blue line are due to
numerical artefacts and have no significance.

decay leading mode in the BRs, which results as well in a different slope of the m; to Ap
ratio. The only difference is that here the lowest possible axino masses which can provide
DM are between 70-100 MeV. In the LLE case we had masses of ~ 30 MeV. The reason
is that Table 6.3 contains upper bounds on the LQD operator from Ref. [35]. These
bounds were obtained with an older version of the program Softsusy. Our more recent
version includes some updates and corrections which in turn applying the neutrino mass
or tachyon restriction lead to larger possible upper bounds of the LQD couplings. Using
these even smaller axino masses would be reached for the DM analysis. But for reasons
of a better comparability we kept the values from Table 6.3. Assuming quark mixing in
the up- or down-sector would not change Fig. 7.5 significantly as the differences of the
coupling strength are negligible, cf. section 6.2.2.

Considering (Ap1)s; we have a ¢3 case where a transition of the leading decay mode in
the BRs occurs at a mass of ~ 250 MeV. At such a mass an axino decay to a pion and a
muon in the final states becomes possible. Again, we see the same pattern as discussed
in the LLE scenario. As explained above the two diagrams differ in the values for the
lowest axino masses based on the smaller possible couplings of Table 6.3. Note that even
with this R, operator we have no change for the mixing cases as the couplings do not vary.

The remaining dominant axino Yukawa coupling is ¢3. A representative choice is the
assumption of a non-zero (Api)s1, see also Fig. 7.7. This picture would also remain
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Figure 7.7: A contour plot of the axino mass as a function of R, coupling (A p1)31 with no-
mixing assumption and TR - implcit on the z-axis. The analysis is performed at the benchmark
point SPSla with the parameter space values as shown on the top of the figure. The red
(blue) line indicates the upper (lower) axino mass for a given (A p1)s; value where the condition
Qs = Qpw is satisfied. The behaviour of the lines is due to different boundary conditions of
the reheating temperature as well as the BR, see text for details. This results are obtained for
a PQ breaking scale of fpq = 10!! GeV. Note that the small kinks at the blue line are due to
numerical artefacts and have no significance.

unchanged under the assumption of quark mixing.

However, up to now we get the expected structure due to the preferred ¢,. But first note
that in scenarios with no mixing all couplings which are bound by the absence of tachyons
do not return a viable model where the axino can provide the DM. Furthermore even
switching on the mixing in the up quark sector in the tachyonic cases (cf. Table 6.3), we
do not get a valid result for the axino as the DM. This is in contrast to our considerations of
the BRs. The reason for this discrepancy is that the computed axino Yukawa couplings are
so small that the axino lifetime becomes very large. This in turn means that exponential
decay term in Qg, cf. Eq. (7.5), is equal to one. Hence, this is identical to the R-parity
conserving case. As a matter of fact we need very low masses O(keV) to get axino energy
densities of order of Qpy. Nevertheless we get a result for such low mg but it is ruled
out because this would mean that the axino is warm DM, cf. Ref. [28]. As mentioned
above this statement is only valid if the quark mixing is mainly in the up-sector and if the
upper bounds of the R, operator coupling are due to the absence of tachyons. Hence for
the remaining 18 coupling in this sector we get analogous result and diagrams as shown
before.

Going to the down quark mixing scenario we do no longer have any couplings which
are restricted by the absence of tachyons. Hence all 27 R, operators, cf. Table 6.3, result
in models where the axino can provide the DM. Of course, as seen before lower values for
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the LQD operators are needed so that high axino masses become accessible for DM.

For completeness we again show 343 more examples in the Appendix E.2. As we
presented in this section only scenarios without quark mixing the first set in Appendix E.2
is due to the assumption of the quark mixing mainly in the up quark sector. The second
set shows examples with the mixing in the down sector.
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8 Prospects for other Benchmark
Points

The analysis presented so far was only performed at the benchmark point SPSla [36]. We
saw that independently of the chosen lepton number violating operator the behaviour of
the BRs as well as from the axino energy density could be categorized. In general we had
three different types of scenarios which were due to the largest axino Yukawa coupling c}.
Thus it was possible to predict the properties of the BRs or 2; only with deriving the
preferred axino coupling from the IR, operator.

However, such kind of prediction was valid and correct for the benchmark point SPS1a.
In this section we show exemplary a BR and €); for a different benchmark point so that we
can conclude that this also holds for other scenarios. For this purpose we chose without
loss of generality the mSUGRA benchmark points SPS2 and SPS4. These points are
characterized by the parameters

My = 1450 GeV, My, =300 GeV, Ay =0 GeV, tan = 10 sgn(u) = +1, (8.1)
for SPS2 and for SPS4 we have
My = 400 GeV, M, =300 GeV, Ay =0 GeV, tan 3 = 50 sgn(p) = +1, (8.2)

see Ref. [36]. In contrast to SPSla we have at these points large differences in the soft
breaking scalar mass My, tan 3 and the soft breaking trilinear parameter Ay. The scenario
SPS2 features heavy scalars and SPS4 has a large value of tan # which has an impact on
the Higgs sector, for details see Ref. [36]. These points represent a spread of the parameter
space. Likewise to the SPS1a scenario we use the program Softsusy3.0 for the analysis.

8.1 The BRs at SPS2 and SPS4

In the previous chapter we saw that among all possible lepton number violating operators
we have similar behaviour of the BRs. Depending on the largest ¢} coupling we were
able to deduce the order of the BR. Hence in this section we present two examples of
R, operators as a crosscheck to see whether the conclusions made earlier hold for other
regions of the parameter space.

As mentioned above we consider the benchmark points SPS2 and SPS4. Furthermore
we perform the analysis for the R, couplings (Apz2)i2 at SPS2 and (Ag1)s at SPS4. For
the first coupling we assume that quark mixing is mainly in the up-quark sector.

Before we show the BRs we have to point out that we must employ a specific value for
the couplings. For this we searched for an upper limit of (Agi)2; and (Apz)io with the
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Figure 8.1: The BR of the axino decays at the benchmark point SPS2 with the I8, couplings
(Ap2)12 = 2.6 x 1073 (up mixing). With the chosen R, operator ¢} is the relevant Yukawa cou-
pling where the axino couples preferred to the electron family respectively. Due to kinematical
thresholds of the decay channels several mass regimes are formed with different behaviour.

program Softsusy3.0 [39]. On both couplings we employed that the limits are due to
the sum of the neutrino masses [35]. The values found due to this restriction were

(Agi)a = 0.3, (Ap2)1g = 2.6 x 1072, (8.3)

Keeping this bound in mind you can see in Fig. 8.1 the branching ratios of the axino decays
for (Ap1)11. Despite the fact that the BRs are computed from another parameter space
point the characteristical behaviour of a ¢} axino coupling remains. This was exactly our
expectation. In comparison to the BRs, e.g. in Fig. 6.1 or Fig. 6.4, we have here a total
drop off of the first decay. But we already pointed out that this issue is due to the sensitive
minimalization conditions of the scalar potential especially at this new parameter point,
see section 6.2.1.

Our second example at the SPS4 benchmark point with the (Ag1)e operator is shown
in Fig. 8.2. In this case, we expect a c3-like form of the BRs. This is exactly what we
observe. Again the only small difference to Fig. 6.2 or Fig. 6.5(a) comes from the fact that
I'; is not contributing to the BRs at masses above 2m,. This is similar to the observation
at SPS2 in Fig. 8.1.

Recalling our analysis of Chapter 6 at the benchmark point SPSla and in addition
the results of the benchmark points SPS2 and SPS4 shown here we can draw the strong
conclusion that the characteristic behaviour of the BRs is predefined by the largest axino
Yukawa coupling ¢,. Only small deviations originating in the minimization conditions
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Figure 8.2: The BR of the axino decays at the benchmark point SPS4 with the I8, couplings
(Ag1)21 = 0.3. With the chosen R, operator 3 is the relevant Yukawa coupling where the axino
couples preferred to the electron family respectively. Due to kinematical thresholds of the decay
channels several mass regimes are formed with different behaviour.

of the scalar potential are present. Of course, as indicated before couplings with strong
bounds due to the absence of tachyons have to be treated separately.

8.2 Axino as Dark Matter at SPS2 and SPS4

In the foregoing paragraph we have shown the BRs of IR, couplings (Apz2);2 at SPS2
and (Ap1)9 at SPS4. In this section we extend this to the axino energy densities. We
saw that the BRs showed no extraordinary exceptions in behaviour. Thus it supports
the assumption that the axino energy density will have the same properties as seen in
chapter 7. This means that ; can also be characterized by the cb.

Fig. 8.3 shows the contour plot msz vs. Ap vs. Tg where the latter parameter is kept
implicit as already discussed. The red (blue) line shows the upper (lower) limit on the
axino mass where the condition €2; = Qpy is satisfied. The chosen R, coupling induces
a dominant ¢} and thus leads to its characteristic result for the energy density. In the
previous chapter we pointed out that the function shows a kink at an energy close to the
pion mass. The reason is that the pionic decay mode opens up and has the largest BR. The
accompaning transition which is related to this change in the order of the BRs explains
the kink, the approach of the two lines as well as the different slopes, c¢f. section 7.3.
Furthermore we note that in this scenarios axino masses of (10-500) MeV can provide the
DM. This mass range is larger than in the cases shown for the benchmark point SPS1a in
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Figure 8.3: A contour plot of the axino mass as a function of R, coupling (A p2)12 with up-
mixing assumption and Tg - implcit on the z-axis. The analysis is performed at the benchmark
point SPS2 with the parameter space values as shown on the top of the figure. The red (blue) line
indicates the upper (lower) axino mass for a given (A p2)12 value where the condition Q5 = Qpwm
is satisfied. The behaviour of the lines is due to different boundary conditions of the reheating
temperature as well as the BR, see text for details. This results are obtained for a PQ breaking
scale of fpq = 10™ GeV. Note that the small kinks at the blue line are due to numerical artefacts
and have no significance.

section 7.3. The reason is that we have evaluated the upper bound on (Apz);2 operator
ourselves wheras for the point SPS1la we used the bounds in Table 6.3 from Ref. [35]. We
already argued that these values are not up-to-date and could be chosen more loosely.

In Fig. 8.4 the second R, coupling at benchmark point SPS4 is shown. Note that in this
case we have a dominant c3 case. From the BRs, we know that a transition takes place
at a mass of ~ 250 MeV, where the @ — p+ 7 decay channel becomes accessible. As this
change in the order of the BRs is not smooth, the red and blue line coincide at this mass.
Again this property leads to a modification in the slope of the curve. Here we have the
possibility of smaller masses for the axino as DM. The same arguments hold as for the
(Ap2)12 case.

In conclusion we can state that indeed depending on the IR, operator we can deduce the
largest axino Yukawa coupling. The form of the function describing areas of ; = Qpum
can then be predicted. This argumentat holds for any point in SUSY parameter space and
thus the axino represents a strong and viable DM candidate in the discussed framework
with R, .
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8.2. AXINO AS DARK MATTER AT SPS2 AND SPS4

SPS4, tanB=50, Aq = 0, My, = 300.0, i = 400.0

1107t | B

my / GeV

AN

3

U

1102

1 1 1
1.000° 1.001072 1.000*
(NeYa1

Figure 8.4: A contour plot of the axino mass as a function of R, coupling (Ag1)21 with up-
mixing assumption and TR - implcit on the z-axis. The analysis is performed at the benchmark
point SPS4 with the parameter space values as shown on the top of the figure. The red (blue) line
indicates the upper (lower) axino mass for a given (Ag1)2; value where the condition Q5 = Qpwm
is satisfied. The behaviour of the lines is due to different boundary conditions of the reheating
temperature as well as the BR, see text for details. This results are obtained for a PQ breaking
scale of fpq = 10" GeV. Note that the small kinks at the blue line are due to numerical artefacts
and have no significance.
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9 Summary and Conclusion

The introduction and spontaneous breaking of the additional U(1)pq symmetry solves
the strong CP-problem of the Standard Model (SM) of particle physics. The associated
pseude Goldstone boson is the yet unobserved axion which enlarges the particle content of
the SM. One way to implement the axion is the DFSZ model. Nevertheless the SM faces
several unsolved problems where Supersymmetry (SUSY) represents a very promising
extension. In this thesis we studied the supersymmmetrized version of the DFSZ model
with the axino as the fermonic SUSY partner of the axion.

For this purpose we pointed out that imposing baryon-triality B within the most gen-
eral superpotential keeps the proton stable. Furthermore it enlarges the SSM parameter
space and naturally includes neutrino masses. Here we consider a possible solution of the
DM problem within B3 mSUGRA.

Focusing on the Bs mSUGRA model we as first step investigated the supersymmetrised
version of the f-term. We have seen that the axino couples to the bino-photon, the gluino-
gluon as well as to two gluons and a gluino. The last mentioned interaction is the main
axino production channel in the early universe.

We continued our analysis following the Ansatz of Rajagopal et. al. by introducing the
axino superfield into the p-term of the superpotential. After the PQ symmetry breaking
the scalar part of the newly introduced superfield acquires a vev and the usual p-term
is restored in a natural way. As shown this term leads through the coupling to the
Higgs doublets to the mixing of the axino and the higgsino. We thus have one additional
neutralino, which is axino-like.

Keeping in mind that we work in the B3 mSUGRA model this treatment of the axino is
not complete. The lepton- and the first Higgs-doublet have the same quantum numbers.
We thus introduced the axino superfield in the lepton number violating bilinear term of
the superpotential. This modification led to the coupling of the axino again with the
Higgs but now also with the neutrinos. In total this model has eight neutralinos which
mix.

Of course, in this axino B3 mSUGRA model the soft-supersymmetry breaking terms as
well as the RGE are modified due to the new Yukawa couplings. We computed the new
one-loop anomalous dimensions. The newly introduced Yukawa coupling are quite small
thus the changes in the RGEs do not have a large effect on the spectrum. We have checked
this issue by performing a representative analysis of the RGEs at the SUSY benchmark
point SPS1a.

Neglecting the small RGE corrections, we were able to use SOFTSUSY [39] to calculate
the superparticle spectrum. We implemented the axino interactions to get the mixing
angles of the axino with bino, higgsino and neutrinos.

In our scenario the axino is the LSP and it can decay. The decay via the SUSY
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CHAPTER 9. SUMMARY AND CONCLUSION

U(1l)y 0-term, a — vy is kinematically always always open. We considered all possible
combiantions of the decay a — € (; vy as well as & — M* + {] and @ — M° + v with
M = 7w, K. We calculated the corresponding decay widths and evaluted the lifetime at
SPS1a with non-zero R, operators (Agi);, and (Ap: ), for different axino masses. Due to
the intrinsic structure of the RGEs, we get a preference for specific axino Yukawa couplings
¢ for a chosen I8, operator. From this we were able to categorize the behaviour of the BRs
for each operator. We discerned that several regions were formed where different decay
channels are dominant. In general the decays a — 3v,ete v, emr, um are preferred. Small
deviations from these cases according to the preferred ¢}, were obtained in scenarios with
(Api)jr couplings where quark mixing and restrictions on the bounds from the absence
of tachyons come into play.

We further pointed out that due the weakly interacting nature of the axino it could
provide cold dark matter (CDM). A requirement is that the axino has a long life time
comparable to the age of the universe.

An important parameter for the determination of the the axino energy density, {2,
is the reheating temperature Tg. For this purpose we modified existing results to the
scenario of a decaying axino with an exponential decay. The modification of the axino
yield gave us the possibility to determine the reheating temperature Ty for different fpq.
We got e.g. for fpq = 10" GeV a Ty ~ 107 GeV. For temperatures above this value
the yield is governed by the equilibrium number density of a Majorana particle which is
temperature independent and thus a constant.

In the next part of our work, we applied the limits on the reheating temperature to an
analysis of the axino energy density. The results show that the axino indeed can provide
DM in our studied IR, models and that the functional behaviour of €; can be traced
back to the underlying BRs. The masses of the axino turned out to be in the region of
~ (30 — 500) MeV depending on the value of the R, coupling. This holds independently
of whether the IR, is due to the LLE- or the LQD operator.

We conclude that the categorization of the BRs as well as the axino energy density
can be applied in general to the SUSY parameter space. We veryfied this by perfoming
exemplary analyses for two R, couplings at the benchmark points SPS2 and SPS4. Hence
the axino represents a strong and viable DM candidate in the DFSZ model embedded in
the R-Parity violating mSUGRA model. Furthermore the final state combinations which
consist of only SM particles give rise to a potential discovery of the axino and thus possible
evidence as CDM.
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A Useful Relations

A.1 Metric, sigma matrix conventions and relations

Throughout this thesis we use for the four dimensional Minkowski space the following
metric:

g" = g = diag(+1, -1, -1, -1), (A.1)

where p, v = 0,1,2,3. Furthermore the sigma matrices are defined by
ot = (1y,0), ot = (1y,—0). (A.2)

Note that the bar shuld not be confused with the bar used for spinors. For the computation
of the decay width as well as the lifetimes the trace of a product of sigma matrices has
to be evaluated. These products include alternating combinations of the sigma matrices
in Eq. (A.2). In a similar way to the four component gamma matrices we have for the
traces of the sigma matrix combinations

trfotc”] = tr[g"o"] = 29", (A.3)
trfotc" 0’5t = 2(g" g™ — g"Pg" + g g"P + iePN) | (A4)
tr[gt 0”50t = 2(g" g™ — g"Pg" + g g"P + iePN) | (A.5)

where the totaly antisymmetric tensor obeys the relation

0123 _

£ —E&p123 = +1. (AG)

In some of the calculations a product of two traces occurs involving four sigma matrices
and momenta in each case. Of course, all Lorentz indices are contracted. Next we present
such an example. Starting with the first trace we have

tr[&up”a,,(fpk)‘m] = p”kktr[ﬁual,&pok]

= PR 2(Guor — GupGior + Gurgor — €

= 2(pukp — Gup(p - k) + Pk — ip”/{;)‘gw,p)\) (A7)
tr[ots,0"5 ro 0] = serotrlatcalo?|

= 2(s"r? — g"P(r - s) + sPrt — is,1rae!™ ). (A.8)

Here p, k,r and s are four momenta. Multiplying both results of the traces we get:

tr[o,p" 0,0,k 0y - tr[ots,.0 5 r,0%] = 16(p - s)(k - 7). (A.9)
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P1,my

P2, M2

Figure A.1: Labels for the two body decay width discussed in the text, cf. also Ref. [48]

Note, that all products with the e-tensor vanish except for the quadratic term. This can
be evaluated with the relation:

Eappse® = —2(6. 6%, — 5" 8") (A.10)

In the computation of the supersymmetrized version of the #-term we used the relation

"""V, — 210"V, , (A.11)
where o is the antisymmetrized product of the sigma matrices. It is given by
ot = i(a“&” — 0. (A.12)
Furthermore we made use of the following relation for the Grassmann numbers
1 5 1
97-95 = 567-59 95 = 587599 . (A13)

For further details and relations we refer the reader to Ref. [78, 158].

A.2 Two Body decay width

In chapter 5 we have presented axino decays. Some of them are two body decays a — b1bo
and hence it is convinient to use the widely known two body decay width, cf. e.g. Ref. [48]

ro Ll (A.14)

8 m2’
where the labels are according to Fig. A.1. The momentum of the outgoing particle is

given by

1
2m,~1

Ip1| = \/mg +mi +mj —2m2m? — 2m2m3 — 2mim3 (A.15)

and M is the corresponding amplitude.
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B Axino Mass Eigenstate Interactions

B.1 SM Neutrino Interactions

First consider the SM interactions of the neutrinos to the W and Z bosons. These are
given in Eq. (J.1.2) of Ref. [78§]

= —% i LW+ | - ﬁﬁ“a’ﬁ%Zu. (B.1)

Here i runs over the three lepton flavors and the hat denotes the interaction states.
Inserting the neutralino and chargino mass eigenstates, we obtain

* * — * g *
# = = [N UL T W)+ Un T o NAEIW, | = 5T (NG 0 N3,
(B.2)
As before, ¢ = 5,6,7 runs over the neutrino flavors, whereas ¢,d = 1,...,8 and m =
1,...,5. We thus have explicitly for the axinos
L = =L [NgUs o T W +Ui N3, (71 5" a W |
V2
-9 [NZSN“%% +hc] Z,.
QCW
(B.3)

Here we used the fact that the neutralino is a Majorana particle. In Fig. B.1 you find the
Feynman diagram which describes the axino interaction with the charginos n* and the
W=, Z° gauge bosons.

Note that Eq. (B.3) is not the only contribution for the axino, neutralino and Z°
interaction, see also Eq. (B.6).

Finally the Yukawa interaction between the axino, chargino and the W~ boson has also
a term in Eq. (B.10).

B.2 Bino, Wino and Higgsino Interactions
The Z° Higgsino-Higgsino interaction is given by

g9 [ HTU“HI+HTJ“H2]Z (B.4)
2CW
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,’77”

i gy&iy;,l’v_ ot

Z'gy*wr/fnﬂ/ 75’”

ZO

é()
c

Figure B.1: Feynman rules for axino interaction with charginos n* and the gauge bosons
W=*,Z% The vertex factors Y€z’ and YW are given by Eq. (B.7), Eq. (B.11) and
Eq. (B.12).

Here H refers to a neutral Higgsino, ¢f. Fig. K.2.1 in Ref. [78]. Inserting the mass
eigenstates we have

g * P — * P * o — * o
2 = g [N 6 (NGED + (NGE) o Nl 2. (B.5)
where 4,7 = 1,...,8. The resulting axino interaction Lagrangian reads
& = % [(_N48N:4 + NygN%)alghe0 + h.c.} Z,. (B.6)
W

Collecting all contributions of the axino, neutralino and Z° interaction we define:

1

Y&ESZO —
2

[NssNJy — NygNiy — Nig N7 . (B.7)
A further Higgsino contribution reads [78]:

1 - ~ ~ ~ 1 - ~ ~ ~
L =g —EH;WHQ+ + WYt + EHfa/“‘Hl —Wie"W° | W, +h.c.
(B.8)
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B.3. HIGGS-CHARGINO-NEUTRALINO INTERACTION

which in terms of mass eigenstates reads

1 % — * o~ * ~0\T = * o~ 1 *  ~—\T= %
g = g |i_\/—§(Nc3£2>TUu(Vn2 77:{) + (Nc2£S)TUu(Vn1 7];) _'_E(Uﬂﬁ nm>Ta“(Nc4£8)
~(Un ) 7" (NHED| Wi+ e, (B.9)
here we have ¢ = 1,...,8 and m,n = 1,...,5. The axino part of the latter equation is
given by

1 . 1, . SO _
L = g [(‘ﬁN%V:z + N28Vr:k1) acn, + <EN84U27H - N82U1m) (77,)" Uua] W,

+h.c. (B.10)

Summarizing all terms of the axino, chargino and W~ interaction it is convenient to define

TR 1
yamws \/§N38V;2 + NogV, (B.11)
anmW — 1 * * 1 *

The hermitian conjugate returns the coupling for the axino interaction with the W+
boson. The Feynman rules are given in Fig. B.1.
B.3 Higgs-Chargino-Neutralino interaction
This Lagrangian corresponding to Fig. K.3.1 in Ref. [78] can also be found in Ref. [159]
L = ig(HfW~H, + Hy W H,) + %(9@170 — ¢'B)(H{"H, — Hy'H,)
+%@W0 +¢'B)(Hy Hf — HYHy). (B.13)
Translating this to the mass eigenstate basis we get
L = —g[UnNeysin fu HY T80 + Vi Ny cos B H™ 7780
—% 9(N5ED) — g (N4ED)| % ¢Z (kg0 ") (VEED) = (hugod) (N8|

_% [Q(szgg) + gl(legg)] [(COS B H(Vinh) —sin B HY (U, 7‘7“;1)] ’
(B.14)
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where again c=1,...,8 and m,n =1,...,5. For the axino we then have explicitly
Ly = —g|sin Bu NG Us, H 7, + cos B N Vi HOiff |
1 * * * * ~ o
5 [Qst - 9/N81] X Z |:kd¢ONc4 - ku¢ONc3i| ag€y
(z)O
1 * * * * ~ P
D) [ch2 - Q,Ncl} X Z [kd¢°N84 - ku¢°N83} a¢0§2
(z)O

1 - ~_]-
_ﬁ [gNg*2 + g'Ns*l] X [cosﬁi Vo H™ 77:{ —sinfpL U, HT n.la. (B.15)

Obviously the first and the last line of Eq. (B.15) describe axino, Higgs and chargino
interactions. Considering as well Eq. (B.28) we have

~~ _ 1 3 . *
Yyt —gcos fx NGV — ﬁ [gN§2 —i—g/Ngl} cos By Voo 4+ (Ye)'jsin S Ng;Ujy, . (B.16)

where the last term is an additional contribution of Eq. (B.28). Furthermore we get for

the other axino, Higgs and chargino combination

G . * T 1 * * 3 *
yamm it —gsin S NgyUpy + ﬁ [gst + Q/Nsl] sin By Upo - (B.17)

In the neutral case we can define
d(ﬁogo 1 * ! AT * * * ! \T* * *
Yerse = D) Z [(gst — 9 Ng1)(kago Noy — kugo Ngg) + (9NG — 9'Ney) (Kago Ny — kugo Ngs)
d)O
(B.18)

The corresponding Feynman diagrams can be found in Fig. B.2.

B.4 Quark-squark-neutralino interactions

Using Eq. (C72) from Ref. [75], we have in our notation according to Ref. [7§]

. i N~ 7 3%\ D i 311/0 5 Yt
<z = ﬁg/(YuuuR + YddeR)B + ﬁ(gTijW + YQg/&]B)Q Qj y (Blg)
where Yy, Y, Yy are the according hypercharges. Inserting the hypercharges and restrict-
ing ourselves to one quark generation we obtain:
7 4 ~ 2~ . i
g = 4 ’[——Baa* +—de*] v
Vo B A el BV
7 ~ 1 ,~74=

—=| = oW + 2g'Bldd; +ne. B.20
5|~ oW+ 5o/ BJdd + be (B.20)

Rotating into the mass eigenbasis we get

— 1,
[gWO + gg'B] auy,
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B.5. LEPTON-SLEPTON-NEUTRALINO INTERACTIONS

mt 5
r}TI, T]"],
a B a _
/[:Y(IJ],TH’ Z’}/uq,’ﬁHJr

AN AN

S H- S Ht

Figure B.2: Feynman rules which desribe the axino interaction with charginos and Higgs. The
according Yukawa couplings are given in the text, cf. Eq. (B.16)-(B.18).

1 rd o~ 2 aaq 1
2 = +—g [N Qaa* — SN Ldy| — =[N oy ! & aa;
\/59 3 1§ty 1€eddy \/5 & 9 Naé L

1 -
N5E0— - ]dd* fhe., B.21
\/§ [Q 25 g NG| ddy, ( )
with a sum over ¢ = 1,--- ,8. Selecting only the axino mass eigenstate and rotating the
quark (squark) fields to their mass eigenbases the Lagrangian reads
1 * 4 ~x 2 Tx | ~ 1 * 1 x|~ o~k
L = ﬁglNan [g uup — 3 ddR] a— ﬁ [Qst + gg/Nan auuy,
1 * 1 * |~ 7 7%
+ [gst -5 g/Ngl} add;, + h.c. . (B.22)

Fig. B.3 shows the corresponding Feynman rules.

B.5 Lepton-slepton-neutralino interactions

The according Lagrangian can directly be obtained from the latter quark squark case, by
replacing (u,d) — (v, ¢) and analogously the corresponding charges. Hence,
i ~ 1 ,~71 .- T, = i,
¢ = —[— WO 4 = 'B]M*_ — L yBuit — —_¢'BlF% + he.,  (B23
\/5 g 39 L; \/§g R \/59 R ( )
where we have omitted the first term as we have no 7, and thus no 7;. The mass
eigenstates read

T T ST
2 = o [oNall S NAE] W), + g (VaB) (N

g (NAEYNUE, )0 + hee. | (B.24)

ma m

+

55l
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S 79’4 ]VSl \/ Zgzjvsl

S — L lgNg, + $ N3] / TlgNg — $Ng
AN ﬁi AN d*

Figure B.3: Feynman rules which originate in the Lagrangian given by Eq. (B.22).

Here we have the same index structure as in the quark case before. Furthermore for the
axino the Lagrangian reads

1 * 1 * ey 1 * * * * ~ ~*
& = +ﬁ gNg — gglNgl Ui @ tr, + ﬁgl [N81Nci + NclNSZ] 50
1 _

The related Feynman diagrams are shown in Fig. B.4.

B.6 Yukawa interactions from the MSSM superpotential

DS/ﬂMSSM = (Yg) [Hl Vzg +£*jH1 v; —€ H1£ gLif:Ilgj} (YD) [
(Yo [uR i Hy + st H2} +he (B.26)
with a sum over 7,7 = 1,2, 3. In terms fo the mass eigenstates

D%MSSM = (YZ) [SlnﬂiH ( g)( m]nm> —|—€*]( m2nm)(Nc*£) *](N4£ )(U;z~m>

~OL (NS Uy 1)1 = (V) [ AN ED) + i, (N0 |
+(Yo); [uR]u( NEEY) + i, 5 (N5ED) | + e (B.27)
Here ¢ =1, ..., 8 runs over the neutralino indices and m = 1,...,5 runs over the chargino
indices.
Aussna = (Yo)'s| sin Ba Ng Upn aH 3} + (NaUsg = NiaUs) i 0 = NG Uy 0|

—(Yp) [d*]d +dp,d | Nga+ (Yo) [uR i + g, u]] Nga+ he. (B.28)
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B.7. RPV INTERACTIONS

T 3
a ] N\ * g nrx a ig' * * * NT*
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M
a e 0! AT TR
%Nél mi
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Figure B.4: Feynman rules for the axino interaction with charginos, neutralinos and sleptons,
for details see text.

The Feynman rules corresponding to the latter equation are depicted in Fig. B.5. Note
that the first term in Eq. (B.28) has already been considered in Eq. (B.16) and Fig. B.2.
The terms containing quark fields have been rotated into the mass eigenbasis. The squarks
are the superpartners of these fields.

However, from the IR, superpotential we obtain further contributions to the lepton and
down quark terms, cf. Eq. (B.35). For clarity we introduce the following vertex factors

1

Yo — (Yé)ij(Ngi m2 — NaaUpni) — §(AEj)ik(N§i mi — NerlUni) — (B.29)
I , 1

yaitln, — —(Y,)' ;NG — §(AEk)ij(N§iUkn — N3;Upn) (B.30)

Y&d}jdi — _YDj 6;N§4 — (ADJ)kZNgk (B31)

yédrid;  _ —YDj 5;]\]54 — (ADj)kiNgk (B.32)

B.7 RPV Interactions

The relevant R—parity violating interactions involving a neutrino, cf. Ref. [78] are

1 _ o _ o
oy = =5 (Apy [E*Rk villy + Oy Gyv; — Oy vy — U vyl

—(Apr), [j*Rkyidj +dp,vidy | (B.33)
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M h
a o a L
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di Cp
i i o
1y iR ydi 1Y 4dLid;
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Figure B.5: Feynman diagrams given by the Eq. (B.28).

with a sum over 7,5,k = 1,2, 3. Inserting the neutralino and chargino mass eigenstates,
we have

v = 5 (M) [T, (NEE) Uy ) + Lo (U ) (NED) — T (U ) (N0
T (NG Uy )| = (M)’ | i, (NGED + du (NZEDL| . (B.34)

Focusing on the axino we obtain

Loy s %(AEk) [N&U;;J B 6T + NiUsn L1 & — NG Ur By, i — NGy Uan U1, nm}
—(Apr); [Ng;. dyy @d;+ Ni d i cik]
= (M) [ (ViU — N T, T+ (N — NigU) (.77
—(Apr); [Ngi dy, ad; + NG, dLj&cZk] . (B.35)

The related Feynman rules are shown in Fig. B.5. Note that all terms derived from the
R, superpotential are included in Egs. (B.29)-(B.32).
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C Explicit RGE expressions

C.1 One-loop anomalous dimensions

In this section we give the full RGEs of the ¢* parameters and of the soft breaking term
ha.o. We employ the notation of Martin and Vaughn, cf. Ref. [37]. Furthermore we have
calculated the RGEs with the method given in Ref. [151], as a cross check. We have
obtained the same results.

But at first we state the full set of one-loop anomalous dimensions which are needed
for the derivation of the RGEs.

_ 3, 3
Vi = <YEYJTE>ij + (ApaAl )i + 3(ApaAb, )y — 0; [1—(]9% + 593} + (ch)ch, (C.1)
| 16
i = 2(YhYe) +TrApAL) - 5[] (C.2)
| Z 3, 8
78; - (YDYE>ij + (YUY[TJ)Z,J, + (ATDqADq)]z 5 [ g1 ‘|‘ 292 + 393] s (C3)
; 8
15 = 2(YhY) +2T(ALAp) + 2AAuiAL)y 3] [ gi+za]. (€
| : 8 8
3 *
’7511 = —Tr <3YDYTD + YEYJr ( g —l— ) (Cl) C1, (C6)
Hoy t 3 3 2 )
= 8T (YoY]) = (5t + 508 ) + (e)'er + (), (C.7)
vt = (W = =3(ApYoa)ig — (AiYa)ig + (ch)er,
Yo = 2(c1) e +2(cy) e (C.8)
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C.2 RGEs for the axino trilinear terms and the axino soft
trilinear terms

Thus for the RGEs we have:
d

16—t = el + 96 + ] + )
3
— [3Tr (YUYL) 4T <3YDY}3 + YEYtE) - <ggf + 395) +Acte + 3((:;”)*05”]
(= BADY po)ig — (M Yr)ig + () ) (C.9)
167 ¢, = & (05 + i) + e, + A
] 3 3 * m\* m
= a3 (Yov)) - <ng + 595) + 3ejer + 3(cf) ey
+c1 [ — 3(ADuYpa)ig — (A Yp)ig + (CZ)*Cl}
& i Ty AAT ”_51'32 §2 CJ*Z
+e | (YEY R y + (AgaApq)ij + 3(ApaAp)ij — 05 1091 + 592 + () ey | -
(C.10)
dB; .
1672 = B [3Tr(YDYg) C3Te(Yu YD) £ Te(YRYh) + 1267k, + 5(@)*&’;}
+Dam | Te1 ()" = 3(AD Y p)in — (M Y )| + 1 [6Tr(hY]) + 2Tr(Y i)
+6Tr(YTDhD)} ~2(Bs —2Mey) Y g2 [Ca(Hg) + Ca(Hl)}
+2¢; | = (Ajuhg)n — 3(ADhp)i| (C.11)
dD; ; . .
16720 = Dy |5ep(ch)" + 3cier + 3Te(Y] Yu)| + Ba| = (A Yi)in — 3(Apn Yi)in

+ 7eied] + Dat|(Ape ML) = 3(Ape Al )i+ (YY) + 7(ch) el
+ 20| = (Yihpn)jn = 3(peYp)ju + cicl]
+ 2dh (e A )it + B(hpe At + (Y]]

T+ 6T (Y] hy) - 2Da; - 2Md) S g2Cu(Hy) (C.12)
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D The complete Branching ratios

D.1 The BR with the ®, LLE operator

In section 6.1 we only presented the BRs of three couplings due to the LLE operator.
From the in general nine couplings only six are relevant, for details see section 6.1. In
this appendix we discuss the three remaining couplings. The structure of the presented
diagrams is as in section 6.1. As before, the diagrams are shown in the order ci, c3 and
3, for the benchmark point SPSla.

SPS1a, tanB=10, (Ag2);3=3.5010°, Ay = -100.0, My, = 250.0, 14 = 100.0

1 [ 4(err) -
1 Igle+evy) viaW" ——
Tg(e+uy,) viaw’
Io(vet+ee) via 70 .
I o(Ve+ip) via AR
........................ |—9(VE+VV) Vla Z
10_1 T1(Vey)
o
)
102 .
103 I I S L L
0 0.1 0.2 0.3 0.4 0.5

axino mass / GeV

Figure D.1: The BR of the axino decays at the benchmark point SPS1la with the R, coupling
(Ags)13 = 3.5 x 1075, Here ¢} is the relevant Yukawa coupling for which the axino couples
preferentially to the electron family. Due to kinematical thresholds of the decay channels several
mass regimes are formed with different behaviour. For details see the text.
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Figure D.2: The BRs of the axino decays at the benchmark point SPSla with the IR, coupling
(Ags)2s = 3.5x107° (upper figure) and (Ag2)23 = 6x 101 (lower figure). For these R, operators
c2 and ¢} are the relevant Yukawa couplings for which the axino couples preferentially to the
muon and tau family, respectively. Due to kinematical thresholds of the decay channels several
mass regimes are formed with different behaviour. For details see the text.
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D.2 The BR with the &, LQD operator

In section 6.2 we presented the BRs for non-zero (Api);; operators. We pointed out that
in general there exists then three scenarios. Thus we can in turn assume that the quarks
do not mix, and that the mixing is mainly in the up- or down-sector. In total we would
have 27 couplings per case but where this number for the no-mixing assumption is reduced
due to restrictions coming from the RGEs, see section 6.2 for details.

We already explained that according to the preferred axino Yukawa coupling ¢} we
obtain a specific structure for the BRs. In section 6.2 we showed a set of examples where
we claimed that one can directly deduce from the ¢} the behaviour of the BR.

In the following two sections we present further examples of BR which prove our state-
ment. The first part is dedicated to the case of no-mixing among the quarks. The second
part shows further examples of the BR for the up-mixing case. Here we focus on the in-
teresting scenario where the bounds on the I8, coupling are due to the absence of tachyons
but we also complete the set of figures of section 6.2. For further explanations see text in
section 6.2.

D.2.1 No mixing
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Figure D.3: The axino BRs at the benchmark point SPSla with the R, coupling (Aps)i3 =
2.2 x 107% (no-mixing). For the chosen R, operator, c% is the relevant Yukawa coupling. The
axino couples preferentially to the electron family. Due to kinematical thresholds of the decay
channels several mass regimes are formed with different behaviour.
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Figure D.4: The axino BRs at the benchmark point SPSla with the IR, couplings (Aps)23 =
2.2 x 1075 (upper figure) and (Aps)sz = 2.1 x 1076 (lower figure), (no-mixing). For the chosen
R, operators c2 and ¢ are the relevant Yukawa couplings. The axino couples preferentially to
the muon and tau family, respectively. Due to kinematical thresholds of the decay channels
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several mass regimes are formed with different behaviour.
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D.2.2 Mixing scenarios

BR

BR

Figure D.5: The axino BRs at the benchmark point SPSla with the R, couplings (Ap1)2 =
0.13 (upper figure) and (A p1)32 = 0.13 (lower figure), (up-mixing). For the chosen IR, operators
c% and cg’ are the relevant Yukawa couplings. The axino couples preferentially to the muon
and tau family, respectively. Due to kinematical thresholds of the decay channels several mass
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regimes are formed with different behaviour.
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Figure D.6: The axino BRs at the benchmark point SPSla with the IR, couplings (Aps)i2 =
4.6 x 10~* (upper figure) and (Aps)sz = 4.5 x 10~* (lower figure), (up-mixing). For the chosen
R, operator c} and ¢3 are the relevant Yukawa couplings. The axino couples preferentially to
the electron and tau family, respectively. Due to kinematical thresholds of the decay channels
several mass regimes are formed with different behaviour.
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E Further axino energy density analysis

In section 7.2-7.3 we discussed the axino as dark matter candidate with non-zero LLE and
LQD operators. It was shown that similarly to the BR analysis the couplings could be
categorized. Depending on the chosen R, operator a preferred axino Yukawa coupling ¢
is obtained which determines the behaviour of the BR as well as the axino energy density
function.

However, we made clear that the axino can provide DM in a wide mass- and coupling
range. Of course, cases with ¢} and 3 as dominant axino coupling have a kink in their
energy density distribution as function of mg, t; and Tr. This is explained by the according
BR presented in section 6.1-6.2 and cf. section 7.2-7.3. See also these sections for the
constant ¢3 case.

In this Appendix we show further examples for Q5 in models with non-zero LLE as
well as LQD operator. These examples confirm the conclusion of the three categories of
behaviour for ; depending on the correlated cj.

E.1 The (; with the R, LLF operator

SPSla, tanB=10, Ay = -100.0, My, = 250.0, i = 100.0

1m0t

m; / GeV

1010° : :
1.010° 1.000°

(N3

Figure E.1: A contour plot of the axino mass as a function of R, coupling (Ags)13 and Tg
- implcit on the z-axis. The analysis is performed at the benchmark point SPSla with the
parameter space values as shown on the top of the figure. The red (blue) line indicates the
upper (lower) axino mass for a given (Ags)13 value where the condition Q; = Qpy is satisfied.
The behaviour of the lines is due to different boundary conditions of the reheating temperature
as well as the BRs, see the text for details. This results are obtained for a PQ breaking scale of
frq = 101! GeV. Note that the small kinks at the blue line are due to numerical artefacts and
have no significance.
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Figure E.2: A contour plot of the axino mass as a function of R, coupling (Ags)2s (upper
figure) [(Ag2)es lower figure] and TR - implcit on the z-axis. The analysis is performed at the
benchmark point SPS1la with the parameter space values as shown on the top of the figure. The
red (blue) line indicates the upper (lower) axino mass for a given (Ags)2s [(Ag2)23] value where
the condition Q5 = Qpwm is satisfied. The behaviour of the lines is due to different boundary
conditions of the reheating temperature as well as the BRs, see the text for details. This results
are obtained for a PQ breaking scale of fpq = 10'* GeV. Note that the small kinks at the blue
line are due to numerical artefacts and have no significance.
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E.2 The (; with the R, LQD operator
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Figure E.3: A contour plot of the axino mass as a function of R, coupling (Aps)i2 (upper
figure) [(Aps)aa lower figure] and Tg - implcit on the z-axis. The analysis is performed at the
benchmark point SPS1a with the parameter space values as shown on the top of the figure. The
red (blue) line indicates the upper (lower) axino mass for a given (Aps)i2 [(Aps3)22] value where
the condition ; = Qpr is satisfied. The behaviour of the lines is due to different boundary
conditions of the reheating temperature as well as the BRs, see the text for details. This results
are obtained for a PQ breaking scale of fpg = 10'* GeV. Note that the small kinks at the blue
line are due to numerical artefacts and have no significance.
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Figure E.4: A contour plot of the axino mass as a function of R, coupling (Ap1)3; (upper
figure) [(Aps)i2 lower figure] and TR - implcit on the z-axis. The analysis is performed at the
benchmark point SPS1a with the parameter space values as shown on the top of the figure. The
red (blue) line indicates the upper (lower) axino mass for a given (Ap1)s1 [(Aps)i2] value where
the condition ; = Qpy is satisfied. The behaviour of the lines is due to different boundary
conditions of the reheating temperature as well as the BRs, see the text for details. This results
are obtained for a PQ breaking scale of fpg = 10'! GeV. Note that the small kinks at the blue
line are due to numerical artefacts and have no significance.
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Figure E.5: A contour plot of the axino mass as a function of IR, coupling (Aps)22 (upper
figure) [(Ap1)s1 lower figure] and Tg - implcit on the z-axis. The analysis is performed at the
benchmark point SPS1a with the parameter space values as shown on the top of the figure. The
red (blue) line indicates the upper (lower) axino mass for a given (Aps)a2 [(Ap1)s1] value where
the condition ; = Qpr is satisfied. The behaviour of the lines is due to different boundary
conditions of the reheating temperature as well as the BRs, see the text for details. This results
are obtained for a PQ breaking scale of fpq = 10!* GeV. Note that the small kinks at the blue
line are due to numerical artefacts and have no significance.
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