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Abstract

We investigate phenomenological consequences of locally supersymmetric extensions of the
Standard Model consistent with primordial nucleosynthesis, leptogenesis and dark matter
constraints. An unequivocal prediction of local supersymmetry is the existence of the grav-
itino, the spin-3/2 superpartner of the graviton. Due to its extremely weak couplings, decays
involving the gravitino in the initial or the final state may cause problems in the early universe.
One class of models solving the gravitino problem makes the gravitino either the heaviest
or the lightest supersymmetric particle (LSP), while predicting a higgsino-like neutralino
as the LSP or the next-to-lightest superparticle (NLSP), respectively. In both cases the
LHC phenomenology is determined by the higgsino states. The mass degeneracy between
the charged and neutral states, together with very heavy colored states, prevent an early
discovery at the LHC, especially if one demands a lightest Higgs mass compatible with the
recent LHC signal excess.

Another class of models, in which the gravitino is also a dark matter candidate, introduces a
small violation of R-parity to render the cosmology consistent. In this case, the phenomenol-
ogy at the LHC is determined by the R-parity violating decays of the NLSP which can be
a bino-like or a higgsino-like neutralino or a stau. Using a novel approach to describing bi-
linear R-parity violation, we compute decay rates of the gravitino and the possible NLSP.
Due to a connection between the gravitino and neutralino decay widths, we can predict the
neutralino NLSP decay length at the LHC directly from the recent Fermi-LAT results for
decaying dark matter searches. The decays of the NLSP in the detectors distort the miss-
ing transverse energy (MET) signature, which complicates the searches relying on it, while
creating a new secondary vertex signature. We conclude that for gluino and squark masses
accessible at the LHC, searches based on secondary vertices can probe values of the R-parity
breaking parameter which are far below the present upper bounds obtained from astrophysics
and cosmology.






Zusammenfassung

Wir présentieren eine Untersuchung der phdnomenologischen Konsequenzen von lokalen su-
persymmetrischen Erweiterungen des Standardmodells, welche eine korrekte Menge von dunk-
ler Materie vorhersagen und sich durch eine Vereinbarkeit mit primordialer Nukleosynthese
und Leptogenese auszeichnen. Die Existenz vom Gravitino, einem Spin-3/2 Superpartner
vom Graviton, ist eine eindeutige Vorhersage der lokalen Supersymmetrie. Die Zerfille, die
das Gravitino im Anfang- oder Endzustand beinhalten, sind Ursache fiir Probleme im frithen
Universum, da das Gravitino nur sehr schwach wechselwirkt.

Eine Klasse von Modellen, in denen das Gravitino-Problem gel6st ist, sagt vorher, dass Gravi-
tino das leichteste oder das schwerste supersymmetrische Teilchen ist, begleitet vom néchst-
leichtesten oder dem leichtesten Higgsino-artigen Neutralino. In beiden Fillen wird die LHC
Phénomenologie von den Higgsino Zustéinden beherrscht. Die Massenentartung zwischen den
geladenen und den neutralen Zustédnden, und die sehr schweren Farb-geladenen Zusténde,
verhindern eine frithe Entdeckung am LHC, insbesondere wenn man verlangt, dass die Masse
des leichtesten Higgs Teilchens nahe dem letzten experimentellen Hinweis vom LHC liegt.
Eine andere Klasse von Modellen, die das Gravitino als Kandidaten fiir die dunke Materie
ansieht, fithrt eine geringe Verletzung der R-Paritét ein, um die Kosmologie konsistent zu
machen. Die Phidnomenlogie am LHC ist in diesem Fall durch die R-Paritéit-verletzenden
Zerfdlle des néchst-leichtesten supersymmetrischen Teilchens bestimmt, welches ein Bino-
oder Higgsino-artiges Neutralino oder ein Stau sein kann.

Wir verwenden eine neuartige Beschreibung bilinearer R-Paritéits Verletzung, um die Zerfalls-
breiten des Gravitinos und des mdoglichen néchst-leichtesten supersymmetrischen Teilchens zu
berechnen. Da es einen Zusammenhang zwischen den Zerfillen des Gravitinos und denen des
Neutralinos gibt, konnen wir die Zerfallslinge des Neutralinos am LHC direkt aus den Fermi-
LAT Ergebnissen der Suche nach kosmischer Gammastrahlung aus den Zerfiillen der dunklen
Materie vorhersagen. Die Zerfille des néchst-leichtesten supersymmetrischen Teilchens in den
Detektoren am LHC deformieren die Verteilung der fehlenden transversalen Energie so, dass
die Suchen nach dieser Signatur erheblich erschwert sind. Gleichzeitig erzeugen sie aber ei-
ne neue Signatur, basierend auf den sekundéiren Vertices. Es stellt sich heraus, dass fiir die
vom LHC erreichbaren Gluino- und Squarkmassen, die Suchen nach den sekundéren Vertices
solche Werte der R-Paritéts brechenden Parameter untersuchen kénnen, die weit unter den
bestehenden oberen Schranken aus der Astrophysik und Kosmologie liegen.






In memory of my father,
Feliks Bobrovskyt
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Chapter 1

Introduction

Quod est superius est sicut quod est inferius - “As above so below” are the words of central
meaning in the teaching of the western Hermetic tradition, as they encode the presumed
relation between the different layers of reality. Through the millennia the adepts of the
occult believed that changes in the constellation of stars and planets are mirrored by the
fateful events in the human life. The scientific method has come a long way since that times,
explaining the universe around us with unprecedented precision and making attempts to
explain even ourselves, our consciousness, through combination of different fields, including
neuroscience and psychology, without any recourses to immaterial elements. The progress in
physics during the last decades allows us to reinterpret the Hermetic statement and to cast it
into a precise, empirically testable form. The laws of the microcosm determine the history of
the macrocosm, and the gravitational interaction seen through macroscopic effects presumably
play a key role at the smallest scales. Thus, the ultimate quest for the understanding of the
cosmogony is the understanding of all of the laws and entities of the microworld combined
with an universal treatment of gravity by means of quantum theory. Even leaving the problem
of quantum gravity aside, we know that we are just in the beginning of this road, since a
number of questions connecting elementary particle physics and cosmology is unanswered or
only partially answered so far.

The current paradigm of the elementary particle physics is embodied in the Standard
Model (SM), an incredible well tested theory of fundamental interactions built within the
framework of quantum field theory upon the principle of local gauge invariance. The Standard
Model was established in the seventies and saw its greatest success in the eighties with the
discovery of the W and Z boson - the force carriers of the weak interactions. We refer the
reader to reference [1] for more details and a historical account. The electroweak part of
the Standard Model was tested to high precision at the Large Electron Positron Collider,
which confirmed all of SM predictions, except for the spin-zero Higgs particle, connected to
the field responsible for the so called “spontaneous breaking” of the electroweak symmetry,
which was not found [2-4]. It appears certain that the Higgs particle, or a messenger of an
other mechanism for the creation of gauge boson masses, should be seen at the Large Hadron
Collider [5-9]. At the time of writing, there are first hints for the Higgs boson with a mass
around 125 GeV at the LHC [10-12].

Besides theoretical questions concerning the infrared properties of unbroken gauge theo-
ries', the SM is also challenged by experimental results from the neutrino experiments. They

!The Clay mathematics institute offers a million dollar prize for the solution of the mass gap problem in
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have observed flavor changing processes which were then interpreted as neutrino flavor os-
cillations as a result of non-zero neutrino masses [14-16]. Neutrinos are usually taken to be
massless in the Standard Model, but it is easily possible to introduce neutrino masses via two
different ways: i) a Dirac mass term can be added to the Lagrangian leading to an extreme
small Yukawa coupling, which then has to be explained, or ii) neutrino can be a Majorana
particle and acquire its mass via the seesaw-mechanism, which involves introduction of new
heavy neutrino states [17-19]. In both cases the Standard Model can be retained with small
modifications.

This situation changes if one follows the principle from the beginning of the chapter,
i.e. tries to explain the history of the universe with the help of the Standard Model. First
of all, one hits the fundamental problem of quantum gravity, as mentioned above, since
the gravitational interaction is described by the general theory of relativity, a classical field
theory. The fundamental problem can be set aside stating that it becomes important only
in extreme situations arising near the singularities of the space-time continuum. Away from
these regions, which means sufficiently late in time after the initial singularity, if one considers
cosmography, the behavior of matter at small scales will be governed solely by the quantum
mechanical laws of particle physics, because of the (super) weak interaction strength of the
gravitation. At large scales, the behavior of the universe will be governed only by gravitation
sourced by the expectation value of the energy-momentum tensor, due to the short range of
the weak and strong interactions and an on average zero charge of matter.

Such approach to gravitation lies at the heart of the current concordance model of cos-
mology, the Lambda CDM model. We refer the reader to [20,21] and references therein
for an introduction to this topic. It describes an expanding, on average homogeneous and
isotropic universe by means of the Friedmann-Lemaitre-Robertson-Walker metric within gen-
eral relativity. The expansion of the universe is confirmed by a wide range of astronomical
observations. Projecting this expansion back in time taking into account the matter content
of the universe, one comes to the conclusion that the universe should be in a hotter, denser
state in the past. The observation of the cosmic microwave background (CMB), a relic from
the time of last scattering when photons decoupled from the thermal plasma of electrons
and light elements, is the most compelling evidence for such hot thermal phase in the early
universe and an example for successful application of the laws of particle physics to cosmol-
ogy. Another successful application of nuclear physics to cosmology is the process of big bang
nucleosynthesis (BBN), i.e. the production of light elements, which took place even earlier in
the history of the universe. The abundances of light elements predicted by BBN are in good
agreement with astrophysical observations.

Being homogeneous and isotropic at largest scales, the universe exhibits a variety of struc-
ture at smaller scales varying from the cosmic web of galaxy superclusters to the planetary
systems within galaxies. These inhomogeneities, responsible for our existence, are generated
by gravitational instability from some seeds which should be present at earlier times and which
are clearly seen as temperature anisotropies in the CMB. The best explanation for these seeds
provides inflation - a part of the concordance model proposing a phase of exponential expan-
sion after the initial singularity and before the hot state. This phase can be created by the
dynamics of a scalar field, the inflaton. This field is not part of the Standard Model? and has
to be added to our description of the microcosm. The thermal phase starts after the end of

Yang-Mills theory [13].
ZProposals to associate this field with the Higgs field seem to be flawed so far [22-25].



inflation in a process called reheating, which is also not understood so far. Another process
which cannot be described by the Standard Model is the generation of the matter-antimatter
asymmetry - baryogenesis. Any initial baryon asymmetry (being itself a peculiar initial con-
dition) would be diluted by inflation, making a dynamical creation process necessary. The
conditions for successful baryogenesis, which are called Sakharov conditions [26], cannot be
satisfied by the particle content and the interactions of the SM?3. However, it is important to
note that baryogenesis can be linked to seemingly unrelated problem of neutrino masses, in
particular to the see-saw extension of the Standard Model, a fact vindicating the motto of
this chapter.

So far we haven’t considered the meaning of the name given to the concordance model,
albeit this name itself characterizes quantities lying beyond the Standard Model of particle
physics. The greek letter lambda is reserved in cosmology for the constant term proportional
to the metric in Einstein’s equation of motion. One view is that the cosmological constant is
an additional freedom in the definition of the theory arising from the renormalization of the
energy momentum tensor [30]. However, the general belief is that the constant is determined
by the matter content of the theory as the energy density of the vacuum [31]. The observed
positive value of the cosmological constant, while being responsible for seventy percent of the
current total energy content of the universe, is an extremely small number which cannot be
explained within the scope of the Standard Model or even any quantum field theory to date.

The CDM part in the model name abbreviates cold dark matter - another unresolved
problem in cosmology and particle physics. The term dark matter refers to non-luminous
source of gravitation which was proposed already in the thirties by Fritz Zwicky to explain
radial velocities of the galaxies in the Coma cluster [32]. While the existence of dark matter
is firmly established on the basis of astrophysical and cosmological observations, its nature
is unknown [33,34]. It has been proposed, that the observed gravitational effects might be
explained by a modification of the theory of gravity [35] or that they might be caused by non-
luminous astrophysical objects in the halo of galaxies [36,37]. However, these explanations are
strongly disfavored by current experimental data. Again, the best explanation seem to come
from the layer of microphysics, dark matter being a new kind of elementary particle obeying
all observational constraints, since the Standard Model has no viable candidates [38, 39].

Summing up, one clearly sees that, even not taking into account various purely internal
theoretical reasons and quantum gravity, our current description of the elementary particle
physics is by far incomplete. However, there is a tension between this certainty originating
from astrophysical observations and the lack of direct evidence from the high-energy experi-
ments. This situation has lead to a multitude of theoretical models trying to accommodate
the observations and to become a successor of the Standard Model. A definite further progress
can only be achieved if we gain new insights into the nature of the phenomena, preferably,
from high-energy experiments where new processes happen in the laboratory, and one is able
to measure repeatedly a high number of observables. A lot of hope is associated with the
Large Hadron Collier, a proton-proton accelerator with a design center-of-mass energy of 14
TeV. It seems probable that the LHC not only allows us to pose further questions concerning
the nature of the Higgs mechanism, but also gives us the possibility to shed light on the nature
of dark matter. Having summarized the current situation in particle physics and cosmology,
we now turn our attention to promising dark matter candidates.

3The phase transition occurring in the early universe during electroweak symmetry breaking is not strong
enough for a successful electroweak baryogenesis [27-29].
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The theoretically best studied dark matter candidates are stable weakly interacting mas-
sive particles (WIMPS). Due to the weak interaction strength they would be produced in the
right abundance in the early universe. Their stability is usually associated with some dis-
crete symmetry which forbids decays into the lighter stable particles of the Standard Model.
The prototype dark matter candidate of this class is the lightest neutralino in the Minimal
Supersymmetric Standard Model (MSSM) with conserved R-parity [40]. Depending on the
spectrum of new particles, neutralinos could be produced at the LHC and would then be
detected by the large experiments. Besides being produced at the LHC, WIMPs should also
annihilate in the halo of the milky way and contribute to the spectra of cosmic rays. Fur-
thermore, they would scatter off nuclei in the dedicated direct detection experiments while
traversing the Earth.

Only a combination of evidence from all these experiments will allow to perform the
connection between particles and the cosmos identifying the nature of dark matter. However,
the simplest supersymmetric models with easily accessible spectra seem already to be excluded
in direct searches, as well as in indirect searches at colliders [41-43]. It is expected that
neutralino dark matter will be detected or completely excluded within the next decade.

Being very popular, weakly interacting massive particles, and in particular neutralino, are
not the only viable dark matter candidates. A very interesting particle is the gravitino, the
gauge fermion of supergravity, which is present in all locally supersymmetric theories [44,45].
The discovery of the gravitino would be as important as the discovery of the W and Z bosons
of the Standard Model. Since the mass of the gravitino is tightly linked to the unknown
mechanism of supersymmetry breaking, the gravitino can have a wide range of masses and
be the lightest superparticle and therefore a natural dark matter candidate [46,47].

Further hints for gravitino dark matter originate from the interplay between cosmologi-
cally successful predictions of the Standard Model, its seesaw-extension, and the preferable
mechanism for baryogenesis linked to it. Leptogenesis creates the baryon asymmetry via C
and CP violating out of equilibrium decays of heavy right-handed neutrinos. These decays
violate also a lepton number and create lepton asymmetry. The sphaleron processes which
are in thermal equilibrium at high temperature transform the lepton asymmetry into baryon
asymmetry [48-50]. The right-handed neutrinos must have a mass of the order of 10!° GeV
in order to create the mass scale of the light neutrinos, which is below 1 eV, via the see-saw
mechanism. Therefore, leptogenesis requires the universe to be very hot so that the heavy
neutrino states can be produced from the thermal bath.

At such high temperature the gravitinos will be also copiously produced in thermal scat-
terings [51]. If gravitinos can decay into lighter particles, their decays will in general spoil
the predictions of primordial nucleosynthesis for the abundance of light elements [52].

One possible solution to this gravitino problem involves a super-heavy gravitino of several
tenth of TeV, which can be realized in models with anomaly-mediated SUSY breaking [53-55].
A recent study [56] showed that an AMSB model with very heavy spectrum but light higgsi-
nos can lead to a consistent cosmology including WIMP dark matter. Another solution makes
gravitino the lightest supersymmetric particle and hence a dark matter candidate, as stated
above. Gravitino is an elusive dark matter candidate, due to its super-weak interactions sup-
pressed by the Planck scale, and will be probably never seen in direct detection experiments,
without some technology far beyond the current state of the art. Stable gravitinos in the halo
would also produce no measurable signal.

The prospects for indirect detection at colliders depend strongly on the gravitino mass
and the full superparticle spectrum. If the mass difference between the gravitino and the



next to lightest supersymmetric particle is not large enough, the lifetime of the (NLSP) is
very long and it does not decay inside of the detector leading to the usual missing transverse
energy signature. If the mass of the NLSP is too large it cannot be produced in the decay-
chains or in extreme case it cannot be even directly produced at the LHC. Only if the full
spectrum and the NLSP-LSP mass difference allows it, the gravitino can manifest itself as
missing transverse energy accompanied by gauge bosons.

Moreover, the late decays of the NLSP into the gravitino will in general also lead to
conflicts with big bang nucleosynthesis. However, it is possible to reconcile gravitino dark
matter, leptogenesis and the primordial nucleosynthesis if one allows for small R-parity vio-
lation. Such small R-parity breaking couplings can be naturally induced if the breaking of
R-parity is associated with the breaking of the difference between the baryon and the lepton
number [57]. If R-parity is broken, NLSP will decay before big bang nucleosynthesis directly
into particles of the Standard Model. Gravitino becomes also unstable but its lifetime exceeds
by far the age of the universe, since its coupling is suppressed not only by the Planck scale but
also by the small amount of R-parity breaking [58]. Therefore, gravitino remains a perfect
dark matter candidate.

The breaking of R-parity endows gravitino with a rich phenomenology. The decays of the
gravitino may be seen in the late universe as signals in the diffuse gamma ray flux [57-62],
in the fluxes of cosmic-ray antimatter [61-64], or in the flux of neutrinos [63,65]. This is
possible, in spite of the extremely long gravitino lifetime, due to the high density of dark
matter in the galactic halo. Additionally, the experiments at the LHC may see the NLSP
decays into Standard Model particles. The signatures depend on the nature of the NLSP and
range from long maximally ionizing tracks in the case of heavy charged particles to secondary
vertices in the inner or outer detector components for neutral NLSP [57,66-71]. However, a
direct detection of gravitinos seems still not viable [72].

Most studies so far were focused on the indirect detection prospects of the decaying grav-
itino dark matter. The present work, on the other hand, emphasizes the consequences of
gravitino cosmology for new physics searches at colliders. Thus, it is complementary to the
recent work [72] investigating in detail the direct and indirect detection prospects for decay-
ing gravitino dark matter. Furthermore, we also consider the consequences of models with
R-parity conservation and super heavy gravitinos.

The main motivation of the present work is the aforementioned tension between the as-
trophysical observations and the negative results from the LHC. Taking local supersymmetry
seriously we consider two possible solutions for the gravitino problem: i) gravitino as the
heaviest supersymmetric particle ii) gravitino as the lightest supersymmetric particle. In the
first case, we consider the AMSB model [73] with higgsino-like neutralino LSP leading to
consistent cosmology [56]. In the second case, one also can obtain consistent cosmology if one
allows additional entropy production in case of higgsino-like neutralino NLSP predicted in
models with hybrid gauge-gravity mediated SUSY breaking [74,75]. The popular mSUGRA
model of SUSY breaking predicts however a bino-like neutralino or a stau NLSP, and ad-
ditional entropy production cannot solve the NLSP decay problem [76]. However, a small
violation of R-parity can render the cosmology consistent and leads to a multitude of sig-
natures in the sky from decaying gravitino and at the LHC from decaying NLSP, as stated
above. The R-parity can also be broken in models with higgsino NLSP and gravitino dark
matter and lead to slightly different signatures at the LHC.

The LHC phenomenology of models with conserved R-parity and higgsino-like neutralino
NLSP or LSP turns out to be very similar. Both models predict very heavy colored particles,
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such that they cannot be produced at the LHC. The only accessible SUSY production chan-
nel is then direct electroweak production of higgsino states leading to negligible transverse
momentum of the event. This fact, combined with the mass degeneracy between charged
and neutral higgsino states, leads to the absence of visible signatures at the LHC, which we
have confirmed in our study including the effects of detector simulation. The only hope for a
LHC discovery is the search for monojet or monophoton signatures arising from initial state
radiation giving rise to a transverse momentum kick and a jet or a photon.

Taking into consideration only the results for the lower bound on the Higgs mass, the
hybrid gauge-gravity mediation model allows for light stop states leading to a spectrum similar
to the one obtained in natural SUSY proposals, see [77] and references therein. Stops decaying
into higgsinos consequently play the most important role in one of our studies. Because of
the usually large mass difference, this decay will give rise to very high-energetic jets, which
provides a handle to distinguish signal events from Standard Model backgrounds. On the
other hand, we can also discriminate between our light higgsino scenario and a generic MSSM
with comparable squark and gluino masses. This is because in the latter one would expect
to see also events with high-energetic isolated leptons from chargino and neutralino decays.
Such events are absent in our scenario, since the higgsino-like chargino and neutralinos are
nearly degenerate in mass; consequently, leptons in the final state are too soft to be detected.

If R-parity is violated gravitino LSP and the NLSP will decay. Using a novel description
of bilinear R-parity violation, which yields a trilinear coupling previously not discussed in
the literature, we derive in a simple way all decay modes of the gravitino, the neutralino,
for both bino and higgsino-like cases, and the stau. Then, we compute the gravitino decay
into photon and neutrino as well as all neutralino and stau decays using the two-component
spinor technique for fermions. Especially the computation of the gravitino decay is simpli-
fied compared to the usual four-component approach. Having the decay widths, we discuss
cosmological constraints on the size of R-parity violation and compare them with the bounds
obtained in direct searches and with indirect bounds from low-energy processes. Additionally,
we review the bounds on the size of R-parity violation from the gravitino decays. An im-
portant observation of this work is the connection between the gravitino decays into photon
and neutrino and the neutralino decays. Using the bounds on R-parity violating couplings
from the Fermi-LAT data, we are able to make rather model independent predictions for the
neutralino decay length at the LHC. If the NLSP is a stau, we obtain a lower bound on the
stau decay length from the requirement that the baryon asymmetry is not washed out.

Focusing on the results for neutralino NLSP, we observe that the predicted decay lengths
are macroscopic. The neutralinos decay, therefore, throughout the detector volume and distort
the missing transverse energy signature. We have evaluated this distortion on the generator
level, since there is no disposable realistic detector simulation taking into account the final
radial size of the detector. Nevertheless, we show that the distribution of missing transverse
momentum is sufficiently different from the R-parity conserving case and SUSY can be hidden
from searches relying on the usual signatures. In order to find the signal, we derive all
signatures of decaying neutralinos. While a detailed study of a higgsino-like neutralino at
the LHC is work in progress, we present a search for bino-like neutralino decays at the LHC
using muons coming from secondary vertices. This study is based on our implementation of
muon reconstruction process in cases where they are coming not from the primary interaction
point. As a result, we find that for gluino and squark masses accessible at the LHC, values
of the R-parity breaking parameter can be probed which are one to two orders of magnitude
smaller than the present upper bound obtained from astrophysics and cosmology. Finally, we



also estimate the discovery reach of the LHC if all NLSP decays are taken into account.

This thesis is organized as follows. In Chapter 2 we introduce the concepts of supersym-
metry and supergravity and provide the main arguments why this theory is considered to
be the best motivated extension of the Standard Model. The discussion of the supergravity
Lagrangian uses modern two-component notation for fermions introduced in Appendix A,
and the Lagrangian was rewritten from the notation of Wess and Bagger [78]. Having dis-
cussed the breaking of supersymmetry, we present a number of models leading to consistent
cosmology. The supersymmetric particle spectra predicted by these models are used for the
discussion of the LHC signatures. Finally, we provide a short review of the field-theoretical
description of the gravitino in the two-component formalism and summarize its implications
for cosmology. Chapter 3 motivates the breaking of R-parity and provides an introduction to
this topic. After the presentation of consistent patterns of R-parity breaking, we focus on the
bilinear R-parity breaking scenario. The phenomenological consequences of R-parity breaking
are derived in Chapter 4. We also review the bounds on R-parity breaking couplings from
various sources. The connection between consistent cosmology and hidden supersymmetry
at the LHC is explored in Chapter 5. Finally, we will present our conclusions and a short
outlook.

The appendices contain supporting material on the calculations in this work: Appendix A
introduces the two-component spinor technique extending the usual discussion to the case
of gravitino decays. Appendix B presents the diagonalization of neutralino and chargino
matrices, as well as the derivation of neutral and charged currents.

The discussion of the bilinear R-parity violation as well as the presentation of the model
for spontaneous R-parity breaking in Chapter 3 are based on the work published in [69].
Compared to the published results, the discussion is vastly expanded and includes the full
supercurrent. The phenomenological discussion of neutralino and stau decays in Chapter 4
is also based on the publication [69]. However, the whole discussion of the neutralino decays
was updated taking into account the recent LHC results as well as the results from [72].
Additionally, we have included the decay channel into the lightest Higgs boson and neutrino
neglected in [69]. Furthermore, the discussion of the higgsino-like neutralino case is completely
new, as well as the discussion of gravitino decays. The discussion of the Higgsino world
scenario in Chapter 5 is based on the publication [79]. The search for bino-like neutralino
NLSP decays via muons from secondary vertices has been published in [70]. Compared to the
published result, we have updated the discussion in view of the recent LHC results. We have
also analyzed a larger amount of Monte Carlo data for the backgrounds. The discussion of
searches for higgsino-like neutralino is work in progress.
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Chapter 2

Supersymmetry and Supergravity

Supersymmetry (SUSY) [80-84] is a hypothetical symmetry between fermionic and bosonic
degrees of freedom of a quantum field theory. It introduces fermionic charges transforming
fermions into bosons and vice-versa:

@ [boson) =~ |fermion) , Q |fermion) ~ |boson) . (2.1)

At first sight, these transformations seem to be similar to internal global symmetry trans-
formations, for example to isospin, which relates protons and neutrons. Global internal
symmetries lead to conserved charges and superselection sectors within the Hilbert space of
states, cf. [85] and references therein. In this sense they are physical opposed to local gauge
transformations which represent redundancies in the description of the system. Internal global
symmetries have a unifying role, since the states have to be arranged in definite representa-
tions of the considered symmetry group, and these representations can be seen as the basic
ontological objects, as long as the symmetry is unbroken. In the case of isospin, this view
would imply that the true existing objects are nucleon doublets. Proton and neutron appear
as individual objects due to the breaking of isospin by electromagnetic interactions.

The most prominent physical symmetries are the external symmetries of space-time.
Therefore, it would be natural to obliterate the distinction between internal and external
symmetries by combining the global symmetry group with the Lorentz group into some sim-
ple (non-compact) symmetry group. However, it is impossible to accomplish this project as
it was shown by Coleman and Mandula [86].

Here the interesting nature of supersymmetry comes into play, as it turns out that su-
persymmetry is the only possible extension of the Poincaré algebra [87], and hence unifies
the boson-fermion relation with the symmetries of space-time. This distinctive nature of su-
persymmetry makes it theoretically attractive, irrespective of the possible phenomenological
implications [88]. Unbroken SUSY would imply the existence of mass-degenerate bosons for
each fermion of the Standard Model and vice versa, since it is impossible to combine known
fermions and bosons into supermultiplets, see [89] for a historical overview and references.
Since no such particles were discovered so far, SUSY must be broken.

Nevertheless, SUSY is the most studied extension of the Standard Model and it is expected
to find at least parts of the new particle spectrum of the SM superpartners at the LHC. A
possible attempt for the classification of arguments in favor of the existence of supersymmetry
in nature and for the connection between SUSY and the Fermi-scale can proceed as follows:



CHAPTER 2. SUPERSYMMETRY AND SUPERGRAVITY

Metaphysical arguments

Supersymmetry is an extension of the Poincaré algebra. The true symmetry of space-
time should be the largest possible (mathematically-consistent) symmetry.

Supersymmetry is intrinsically elegant. The more elegant a theory is, the more probable
it is that this is a true theory.

Unification I : Supersymmetry blurs the distinction between matter-particles and force-
carriers.

Inner-theoretical arguments

Supersymmetry improves the renormalization properties of theories. Some quantities
even acquire no radiative corrections for the case of unbroken SUSY.

Energy is represented by a positive operator, no extra assumption is needed to ensure
the positivity of energy (in global SUSY only).

Supersymmetry presents solution to the hierarchy problem: The scale of the electroweak
symmetry breaking is stabilized via cancellation of the quadratic divergences in the
radiative corrections to the mass-square of the Higgs-boson. This argument works if
the sparticles weigh less than about 1 TeV (at least the superpartners of the third
generation). [FS]

Unification II : The running gauge couplings of the Standard Model come close to each
other at some high scale, suggesting that they are descendants of a fundamental coupling
connected to a simple gauge group broken to the SM at the high scale. However,
the couplings do not actually meet in the SM. The inclusion of superpartners in the
renormalization-group equations (RGEs) for the gauge couplings permit them to unify
at the scale Mgyr ~ 10'6 GeV. The unification happens if the supersymmetric mass
scale is at most around 10 TeV. [FS]

Unification III : Local supersymmetry, or supergravity, incorporates Einstein’s theory
and improves the renormalization properties of the usual gravity. However, the theory
still remains non-renormalizable.

Supersymmetry is essential for string theory and string theory is believed to be the best
candidate for a fundamental theory at the Planck scale.

Experimental hints

The lightest supersymmetric particle in models with conserved R-parity is a natural
candidate for dark matter. The observed dark matter density can be explained if the
lightest supersymmetric particle weighs less than 1 TeV. A similar argument can be
made for the gravitino dark matter. [FS]

Direct searches, as well as electroweak fits, suggest that Higgs boson is lighter than 127
GeV, in agreement with predictions of simplest supersymmetric theories.

10



e The mass of the Higgs boson is connected with the stability of the electroweak vacuum.
If the Higgs is very light, the vacuum would be destabilized by radiative corrections due
to the top quark, unless the Standard Model is supplemented by additional scalar par-
ticles. This happens automatically in SUSY. One can even argue, that any mechanism
to stabilize the electroweak vacuum must resemble SUSY [90].

e The measured value of the anomalous magnetic moment of the muon disagrees with the
Standard Model prediction. Light supersymmetric spectrum can explain the measured
value, but such spectrum is in tension with the recent LHC results [91].

The arguments are extracted from [88,90,92,93]; a bold FS in brackets indicates a strong
hint for super-partners of the SM particles (superparticles) withing the LHC reach, whereas
FS in a regular font indicates a possibility for discovery.

Examining these points it becomes clear that supersymmetry is intertwined with the pro-
gram of unification. The metaphysical underpinning of this school of thought is the idea
that nature is as simple and as economical as possible. A minimal number of interactions
and minimal number of fundamental objects seem desirable. However, the perceived nature
possesses a multitude of structures and rich dynamics making symmetry breaking as impor-
tant as the symmetries themselves, since a perfectly symmetric world would be static and
structureless. Therefore, it is natural that almost all symmetries are broken and we observe
only their remnants. In the case of supersymmetry it is not known at which point in the
history of the universe this breaking happened and whether SUSY was an exact symmetry
at all, since it is broken by thermal effects and at zero temperature if the vacuum has non
vanishing energy density.

Being very attractive, the idea of unification between fermion and bosons does not auto-
matically follow from the SUSY algebra, as it was pointed out by Fayet [94], since it does
not require the existence of fundamental bosons. Using non-linear realization of SUSY a
fermionic field can be transformed into composite bosonic field made of fermionic ones. Ad-
ditionally, even in usual supersymmetric theories the unification program is incomplete, since
the Yukawa-type interactions are not unified with the gauge-interactions. This feature is
connected with the problem of flavor, since the symmetry, if there is any, behind flavor is
not understood. As the author of [95] points out: “In fact, it [Flavor symmetry| poses some
embarrassment for SUSY when considering flavor: if SUSY is broken, why do we not have
FCNCs all over the place 7”.

One of the main arguments for Fermi-scale SUSY is the hierarchy problem sketched above.
It is important to note that the hierarchy problem depends on one’s view on renormalization.
It is an inner-theoretical problem, often connected with the question of unification, within
the framework of effective field theory. Assuming that there is a physics beyond the Standard
Model (usually the particles and interactions associated with the unification force), the cut-
off arising in the regularization procedure is interpreted as physical validity border for the
original theory. The hierarchy problem does not arise in different interpretations of the
renormalization procedure, e.g. if one performs renormalization directly in the position space
with methods of causal perturbation theory build upon the renormalization scheme of Epstein
and Glaser, see [96,97] and references therein. In this case one will not even encounter
divergent integral. On the other hand one could argue that this method simply hides the
problem.

It is interesting to note that a possible discovery of the Higgs-boson with a mass around
125 GeV can point to a stable or at least meta-stable electroweak vacuum [98,99] all the way

11
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Figure 2.1: The left figure shows the scale A at which the two-loop RGEs drive the quartic
SM Higgs coupling to become non-perturbative, and the scale A at which the RGEs create an
instability in the electroweak vacuum. The width of the bands indicates the errors induced
by the uncertainties in m; and s (added quadratically). The perturbativity upper bound
is given for A = 7 (lower bold line [blue]) and A = 27 (upper bold line [blue]). Their
difference indicates the size of the theoretical uncertainty in this bound. The absolute vacuum
stability bound is displayed by the light shaded [green] band, while the less restrictive finite-
temperature and zero-temperature metastability bounds are medium [blue| and dark shaded
[red], respectively. The dark [green] line indicates a Higgs-boson with a mass of 125+ 1 GeV.
Shaded regions indicate various exclusion bounds from direct searches. The lower bound
from the LHC searches is not shown. The right picture is identical to the left-one, but has a
zoomed ordinate, and exclusion bounds (upper and lower) only from the LHC Higgs searches
(combination of the results from ATLAS and CMS) [10,101]. Both figures are adapted versions
from [99].

to the Planck scale making the supersymmetric extension unnecessary. Figure 2.1 shows on
the left the stability and perturbativity bounds on the Higgs mass as a function of the scale
where the Higgs quartic coupling becomes either negative, signaling that the electroweak
vacuum is only a local minimum, or develops a Landau pole. The right picture shows a
zoom to the low-mass region. Both figures are adapted from [99]; a green line indicates the
presumed Higgs boson mass of 125 £ 1 GeV.

Another interesting argument for no physics beyond the Standard Model is the prediction
of the Higgs mass around 126 GeV by Shaposhnikov and Wetterich [100] from the assumption,
that the Standard Model supplemented by asymptotically safe gravity is valid up to the Planck
scale.

Finally, even the metaphysical claim of the elegance can be challenged, since Haag found
the resulting scheme of their work not very beautiful, because the fermionic charges generated
the space-time translations but not the Lorentz transformations [93].

Summing up, we conclude that supersymmetry remains the best-motivated theory for
physics beyond the Standard Model. If it is realized in nature near the Fermi scale, it
will be found by the LHC. An absence of SUSY signals does not imply that it is falsified,
since the mechanism of SUSY breaking is not understood and the breaking scale cannot be
predicted so far. However, in this case, supersymmetry loses some of its explanatory power,
e.g. its connection to dark matter and especially the hierarchy problem, and the focus of the
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research will probably shift to another scenarios. Therefore, it is important to look beyond
standard scenarios and investigate different realizations of supersymmetric models, which
can be hidden from the LHC. This is the main topic of the present work. In the following
we will introduce our notations, some aspects of the formalism, and the phenomenological
implications of supersymmetry which will be needed in the following chapters. The discussion
follows references [78,89,102,103] which contain a comprehensive introduction to these topics.

2.1 Global Supersymmetry

We investigate the properties of N = 1 supersymmetry, which is the only phenomenologically
interesting realization of supersymmetry in four dimensions. The supersymmetric extension
of the Poincaré algebra reads:

{Qa, QL} = 20" . Py, {Qa» Qs} = {QL, Q;} —0, [P"Q.]= {P“,QL} —0. (22

Representations Irreducible representations of the supersymmetry algebra are called su-
permultiplets, they unify fermionic and bosonic degrees of freedom. There are two such
(massless) supermultiplets in our case, the chiral and the vector supermultiplet.

The chiral multiplet contains one complex scalar ¢ and one two-component fermion
transforming in the defining representation of SL(2,C), see Appendix A for details on the
two-component notation. In order for the SUSY algebra to close off-shell, the chiral multiplet
is augmented with an auxiliary complex scalar F', which has no kinetic term in the full theory.

The vector supermultiplet contains one massless vector field A*, one two-component
fermion A, transforming also as (%,O), and off-shell a real auxiliary scalar D. Since the
supersymmetry generators commute with the generators of the gauge transformations, the
whole supermultiplet transforms in the same representation of the gauge group, in particular
the fermion A transforms in the adjoint representation.

Superfields We have seen that supersymmetry has a peculiar feature being on the one
hand an internal symmetry, and on the other hand an extension of the external Poincaré
group. Both notions can be conciliated if one introduces superspace as natural stage for
supersymmetry. Superspace is obtained by adding four fermionic coordinates to the usual
bosonic space-time coordinates. Points in superspace are labeled by coordinates:

o, 6%, ol (2.3)
Here 6% and 92 are constant complex anticommuting two-component spinors with dimen-
sion [mass]_l/ 2. The components of § are anticommuting Grassmann numbers. The objects
living in superspace are superfields, functions of the superspace coordinates, containing the
component fields of the supermultiplets. They embody linear representation of the SUSY
transformations, since global supersymmetry transformations are represented as infinitesi-
mal translations in the superspace. Consequently, the dichotomy between the internal and
external nature of the SUSY transformations is resolved: they are external physical transfor-
mations in superspace perceived as internal symmetries from the viewpoint of ordinary space.
This discussion suggests that superspace should be taken as real and not as a pure heuristic
instrument, a view surely open for debate.
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Superfields can be easily defined by a power series expansion in the anticommuting vari-
ables, with components that are functions of x#. Such expansion always terminates, with
each term containing at most two 6’s and two #'’s, due to the anticommuting nature of the
variables. The general superfield reads:

S(x,0,0%) = a +6¢ + 07X 4 000 + 670Tc + 675"0v,, + 67670 + 0067t + 000T0Td.  (2.4)

The components of the general superfield S are eight complex bosonic fields a, b, c,d and
vy, and four two-component fermionic fields &, x"'n, ¢f. The spinorial products are discussed
in Appendix A. The number of degrees of freedom match, although there are more degrees
of freedom than in the chiral or vector supermultiplet. Therefore, the general superfield is a
reducible representation of the SUSY algebra. In order to find the irreducible representations,
one must impose constraints on the general superfield. Important constraints arise from chiral
covariant derivatives, which are also supersymmetric covariant: acting on superfields, they
return superfields. Two of the derivatives read:
0 0

D, 504 (0"0")a0,, D 802 i(c"0)* 0y (2.5)

The chiral supermultiplet is contained in the (left-)chiral superfield ®(x,0,60%) , which is
defined via the constraint:
Dl® =o. (2.6)

The complex conjugate field ®* is called antichiral (or right-chiral) superfield and satisfies
Dy®* = 0. (2.7)

A chiral superfield has a dimension [mass], and its expansion reads:
. 1 { _
® = ¢(x) — 05010, 6(2) — 1eeeﬂefauaﬂqﬁ(a;) + V20 (x) — Eeema#aw(x) + 00F (z),

where we clearly identify the components of the chiral supermultiplet. Any holomorphic
function W (®;) of chiral superfields is again a chiral superfield.

A vector (or real) superfield V' is obtained by imposing the constraint V' = V* on a general
superfield. It is dimensionless and has the expansion:

V(2,0,00) = a+ 06+ 07¢" +00b+ 070T0" + 0001 A, + 0T0TO(N — %auaﬂy)
00T (N — L510,6) + eeew(%p _ iaﬂaﬂa). (2.8)

A superfield cannot be both chiral and real at the same time, unless it is identically constant
(i.e., independent of z*, §, and ). However, if ® is a chiral superfield, then ® + ®* and
i(P — ®*) and ¢P* are all real (vector) superfields.

The vector superfield contains, in general, more fields than the vector supermultiplet, as
it can be seen in the expansion above. The additional auxiliary fields are : a real scalar a, a
two-component fermion &, and a complex scalar b, with mass dimensions respectively 0, 1/2,
and 1. These fields can be supergauged away by the transformation:

Vo Vi — ), (2.9)
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where 2 is a chiral superfield gauge transformation parameter, if V was associated with a
U(1) gauge symmetry. After making a supergauge transformation to eliminate a,&, and b,
the vector superfield is said to be in Wess-Zumino gauge, and is simply given by:

1
Vivz gange = 0001 A, + 010T0N + 000TAT + 5999*9*1). (2.10)

Adopting Wess-Zumino gauge is equivalent to partially fixing the supergauge, while still
maintaining the full freedom to do ordinary gauge transformations.

Renormalizable Actions in Superspace An action is a scalar (real) quantity invariant
under all symmetries of the system. The invariance under external symmetries is obtained
by integrating some dynamical quantity over the full manifold under consideration. In the
supersymmetric case one therefore has to integrate over the full superspace.

The only surviving quantity after the full integration is the #0707 (or D-term) component
of some (composite) vector superfield, which transforms into a total derivative under the SUSY
transformations confirming the initial idea. Additionally, one can add some (composite) chiral
superfield and its complex conjugate and integrate only over the #6 subspace, since the F-
term transforms also into a total derivative under SUSY transformations. The composite
vector superfield is in general a function of (primitive) chiral and antichiral superfields and
is called Kdhler potential, while the general chiral superfield is a function of only (primitive)
chiral superfields and is called superpotential.

Imposing the renormalizability constraint specifies the possible functions. The Kéhler
potential is at most a quadratic polynomial of chiral and antichiral superfields, whereas the
superpotential is at most cubic in chiral superfields.

It turns out, that the Kahler potential contains exactly the kinetic terms for the dynamic
fields of the chiral supermultiplet. Therefore, it is natural to incorporate gauge interactions
via the minimal coupling into the Kahler potential. If a general gauge symmetry is realized
on chiral superfields ®; in a representation R with matrix generators T;”, one defines matrix-
valued vector and gauge parameter superfields in the representation R:

V;j = QQaTiajVaa Qij = QQaEanav (2‘11)
and writes the gauge transformations on chiral superfields as:
P — ()05, O — @M (e (2.12)
The Kahler potential then has the form:
K (9}, ;) = o*(") @, . (2.13)

The kinetic terms and self-interactions of the vector multiplets are obtained from the chiral
field-strength superfield:

1
W = —ZDTDT (e7VDue"), (2.14)
via the following term:
1
S TV Wap = W W, 2.15
Thog? rWWalr = WWE| P (2.15)

where |p indicates integration over half of the superspace, as discussed above and k, is the
normalization factor for generators usually set to 1/2.
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CHAPTER 2. SUPERSYMMETRY AND SUPERGRAVITY

The general renormalizable Lagrangian for a supersymmetric gauge theory (including
superpotential interactions for the chiral supermultiplets when allowed by gauge invariance
and omitting U(1) D-terms) reads:

19204 yyaayna i 2T
L= (4 — Z327T2> 4% Wa]F +c.c. + [(I) (e“9 )i](I)j]D + ([W(®;)]p +cc.). (2.16)

General Actions in Superspace The extension of supersymmetry to supergravity re-
quires the discussion of general non-renormalizable interactions. Furthermore, as we will be
interested in understanding physics at very high energy scales connected with the breaking
of supersymmetry, additional gauge symmetries and R-parity, we regard our current theo-
ries as low-energy approximations to some fundamental theory and are therefore allowed to
introduce non-renormalizable terms.

A non-renormalizable gauge-invariant theory involving chiral and vector superfields can
be constructed as:

L= {K(CDZ-, é*ﬂ‘)}D + ([1 Fap(@IWONE + W(@QL +c.c.> : (2.17)

where

(i)*] = (I)*k(€2Ta‘7a)kj7 f}a _ gava , (218)

and we have omitted higher derivative terms.
The action depends on couplings encoded in three functions of the superfields:

e The superpotential W with dimension [mass]®, which is an arbitrary gauge-invariant
holomorphic function of the chiral superfields.

e The real Kihler potential K with dimension [mass]?, which is a supergauge invariant
function of chiral, antichiral and vector superfields. This function is called Kéhler
potential, because the action is invariant under the Kéhler transformation:

K(®;, ) — K(®;, &%) + F (D) + F* (®*), (2.19)

with a holomorphic function F', since the D-term of a chiral superfield is a total deriva-
tive on space-time.

e The dimensionless gauge kinetic function fq,(®;), which is a holomorphic function of
the chiral superfields and encodes in general the non-renormalizable couplings of the
gauge supermultiplets to the chiral supermultiplets. It is symmetric under interchange
of the two indices a, b running over the adjoint representations of the simple and Abelian
component gauge groups of the model. In the special case of renormalizable supersym-
metric Lagrangians at tree level, it is independent of the chiral superfields, and is equal
to fap = 0ap(1/92 — 10,/872).

The whole component field Lagrangian after integrating out the auxiliary fields will be
determined in terms of the functions W, K, fu;, and their derivatives.
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2.1. GLOBAL SUPERSYMMETRY

Supersymmetry breaking As stated already in the introduction to this chapter, super-
symmetry must be broken. The only interesting case is spontaneous breaking of supersymme-
try, in which case it is still a symmetry of the laws but not the symmetry of the vacuum state.
Supersymmetry is spontaneously broken if the variation of some fermionic field operator ac-
quires a vacuum expectation value (VEV). It is often stated that spontaneous SUSY breaking
is indicated by the vacuum expectation value of the Hamiltonian, but this is not the case,
since the Hamiltonian would be undefined if the Hamiltonian density would acquire a VEV.
In fact, the generators of the superalgebra cease to exist after the breaking of supersymmetry.
The explicit known models of SUSY breaking give vacuum expectation values either to a
D-term or to an F-term in the scalar potential. However, there are severe difficulties if the
are renormalizable tree-level couplings between the SUSY-breaking fields and quarks and lep-
tons. Either the obtained spectrum is unrealistic (F-term breaking due to supertrace rules),
or there are quantum anomalies (D-term breaking). Therefore, the idea is to decouple the
sector of supersymmetry breaking from the observable sector of quarks, leptons, and gauge
interactions. One refers to the former as a hidden sector. After the breaking, the information
must somehow reach the observable sector. Some of the models for this mechanism which are
used in the present work will be presented in the Section 2.4.

In phenomenological discussions one usually introduces explicit SUSY-breaking terms,
which do not introduce quadratic divergences and are therefore called soft. Augmented by
these terms supersymmetric models still solve the hierarchy problem. The allowed terms have
been classified and are remarkably simple:

e Scalar mass terms m? and b:
m2¢* g + bo? + b*p*?, (2.20)

where the first term treats the scalar and the pseudoscalar (real and imaginary part) of
the supermultiplet equivalently, whereas the other terms introduce a gap between them.

e Gaugino masses M, for each gauge group:

1
Lag, xoe, (221)
e Trilinear scalar couplings a:
ad® + a* 3. (2.22)

Tadpole coupling ¢, which can occur if one scalar is a singlet under all gauge groups:

t' (2.23)

The terms presented above clearly break supersymmetry, because they involve only scalars
and gauginos but not their superpartners. Having established the techniques and notions of
supersymmetry, we summarize the features of the minimal extension of the Standard Model
introducing our notation.
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CHAPTER 2. SUPERSYMMETRY AND SUPERGRAVITY

Names Superfield Spin-0 Spin-1/2 SUB3)c,SU((2),U(1)y

Squarks, Quarks Q Gg=(ad) q=(ud) (3,2, +3)
(x 3 families) U u U 3, 1, -2
D d d (3, 1, +1)

Sleptons, Leptons L [= (v é) l=(ve) (1, 2, —%)
(x 3 families) E 3 3 (1, 1, +1)
Higgs, Higgsinos H, H, = (H} HY) hy = (ht 1Y) (1, 2, +3)
Hy Hy=(HYH;) hg=(hYhy) (1, 2, -1

Table 2.1: Chiral supermultiplets, their components and quantum numbers in the Minimal Su-
persymmetric Standard Model. The spin-0 fields are complex scalars, and the spin -1/2 fields
are two-component fermions transforming in the fundamental representation of SL(2,C).
Note that the bars over the fields are parts of the name. This notation is introduced in
Appendix A.

Names Superfield  Spin-1/2 Spin-1 SU3)c, SU(2)r, U(1)y
Gluino, Gluon G g G (8, 1, 0)
Winos, W-bosons %% wh, w2, wd W, w2, w3 (1, 3, 0)
Bino, B-boson B b B (1, 1, 0)

Table 2.2: Gauge supermultiplets, their components and quantum numbers in the Minimal
Supersymmetric Standard Model.

2.2 The Minimal Supersymmetric Standard Model

The Minimal Supersymmetric Standard Model (MSSM) is a supersymmetrized version of
the Standard Model with minimal number of additional particles and without new gauge
interactions. The matter content as well as the gauge fields of the SM are incorporated
into supersymmetric multiplets and the interactions between them are supersymmetrized.
Table 2.1 introduces our notation for the chiral supermultiplets of the MSSM fields and
their components as well as their transformation properties under the Standard Model gauge
group. In comparison with the Standard Model there are two Higgs multiplets with opposite
hypercharge. This is needed since the superpotential is a holomorphic function and therefore
one cannot employ conjugate fields. Additionally, this is required for the anomaly freedom of
the electroweak theory due to contributions from fermionic partners.

Table 2.2 introduces our notation for the vector superfields of the MSSM and their compo-
nent fields, as well as their transformation properties under the SM gauge group. The gauge
interactions and kinetic terms are defined by the usual renormalizable Kahler potential. The
superpotential of the MSSM reads:

Wassy = hisQiHuUj + hi;QiHyDj + h; LiHyE; + pH,Hy + h.c. (2.24)

The dimensionless Yukawa coupling parameters h*, h¢, h¢ are 3 x 3 matrices in family space;
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2.2. THE MINIMAL SUPERSYMMETRIC STANDARD MODEL

and the ,j are the corresponding family indices. All of the gauge indices are suppressed.
The p term is the supersymmetric version of the Higgs boson mass and the only dimensionful
supersymmetric parameter, which we choose to be real.

Contrary to the case of the Standard Model, the Yukawa couplings presented so far are
not the most general couplings compatible with gauge invariance and renormalizability. Addi-
tional potentially dangerous terms violating baryon and lepton number can be added. These
terms are usually forbidden by discrete symmetry, R-parity, which will be the topic of the
next chapter. Therefore, at this stage the MSSM is defined as the model with the minimal
field and coupling content.

The description of the MSSM is completed with the specification of the soft supersymmetry
breaking terms discussed in the previous section:

— LM :%(Mggg—i- Myww + My bb+ h.c.)
+ (a“ GH, i+ a’GHyd + a¢ THy & + h.c.)
+m2 g+ mi 1+ m2 @t + midid + m? e
+m? H{H, +m3H Hy+ (BH,Hy + h.c.). (2.25)

In eq. (2.25), M3, Ms, and M are the gluino, wino, and bino mass terms. We have suppressed
the adjoint representation gauge indices on the wino and gluino fields, and the gauge indices
on all of the chiral supermultiplet fields. The second line in eq. (2.25) contains the (scalar)?
couplings. Each of a¥, a¢, a® is a complex 3 x 3 matrix in family space, with dimensions
of [mass|. They are in one-to-one correspondence with the Yukawa couplings of the super-
potential. The third line of eq. (2.25) consists of squark and slepton mass terms, the mass
matrices are in general 3 x 3 matrices in family space that can have complex entries, but they
must be hermitian so that the Lagrangian is real. In the last line of eq. (2.25) one has the
supersymmetry-breaking contributions to the Higgs potential; m?2 and mz are squared-mass
terms of the m? type, while B is the only squared-mass term of the type b in e.q. (2.20)
that can occur in the MSSM!. The dagger on H, and H, indicates the contraction of the
doublets in contrast to terms like H, Hy which should be read as €;; H,; Hgj, € = io? being the
SU(2) metric. The soft breaking terms introduce many new parameters not present in the
Standard Model. It turns out that the MSSM Lagrangian has 105 physical masses, phases
and mixing angles, which have no counterpart in the Standard Model. This arbitrariness in
the Lagrangian is not inherent to supersymmetry but arises from the unknown mechanism of
supersymmetry breaking. Most of the new parameters imply flavor mixing or CP-violating
processes, which are restricted by experimental data. This is precisely the point attacked
by author of [95], as mentioned in the introduction to this chapter. Usually, it is assumed
that supersymmetry breaking is universal, meaning that the squark and slepton squared-mass
matrices are flavor blind. Additionally, one assumes that the scalar trilinear couplings are
proportional to Yukawa couplings and that the soft parameters do not introduce new complex
phases. These relations should result naturally from the specific model for the origin of SUSY
breaking. We will discuss such simplified models in the end of this chapter.

For the later discussion we will need the effects of the electroweak symmetry breaking in
the MSSM, which we introduce in the following section.

!The parameter called B in this work is often denoted by b or Bp.
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CHAPTER 2. SUPERSYMMETRY AND SUPERGRAVITY

2.2.1 Electroweak Symmetry Breaking

Electroweak symmetry breaking in the MSSM occurs dynamically, as the soft Higgs mass my,,
receives radiative corrections which drive it negative. The Higgs fields which turn out to be
neutral under the unbroken U(1).,, already have suggestive names. They acquire vacuum
expectation values <H3> = v, and <H3> = wvg. The ratio of the Higgs VEVs is a new
parameter of the theory and is denoted by:
tan f = ¥ (2.26)
Uq
The vacuum expectation values of the Higgs doublets are related to the Fermi scale in the
following way:
v? =2 + 02 =174GeV, v, =vsinf, wvg=wvcosp. (2.27)

Analogously to electroweak symmetry breaking in the SM, the gauge fields acquire masses
except for the photon which stays massless. The masses of the W and Z bosons are given by:

2 12
9 VI~ g (2.28)

and my = = ,

V2 cos by, N V2

9v

m:,
VR

where 6, is the weak mixing angle defined by:

/
g g
_— cos by, = ————. (2.29)
/92 + g/2 /92 _|_912
The couplings constants ¢’ and g are the couplings of hypercharge and weak isospin respec-
tively. The charged gauge bosons are defined as:

sin @, =

1
+ _ 1 T2
Wt = % (W, FiW7), (2.30)

while the Z boson is defined via
Z, = —sin6,B, + cos HwWS. (2.31)

The Higgs sector of the MSSM is more complicated than its counterpart in the SM due to
two Higgs doublets. There are five physical Higgs mass eigenstates consisting of two CP-even
neutral scalars h and H, one CP-odd neutral scalar A°, and a pair of charge conjugate scalars
H?*. The gauge-eigenstate fields can be expressed in terms of the mass eigenstate fields as:

(%) - <ZZ> + \}§Ra (Z) + \%Rﬁo <ig> : (2.32)
(flg) = Hs. <§i> ) (2.33)

where the orthogonal rotation matrices

Ra _ ( COS smoa) ’ (234)

—sina  cosa
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2.2. THE MINIMAL SUPERSYMMETRIC STANDARD MODEL

Rs, = < sin By (:osﬂo>7 Ry, — ( sin B4 cosﬁi>’ (2.35)

—cos By sin By —cos B+ sin B4

are chosen such that the quadratic part of the potential has diagonal squared-masses. In
the tree-level approximation one finds that 5y = 8+ = 3, and that the Nambu-Goldstone
bosons G°, G* have zero mass and can be set to zero in the unitary gauge. The masses of
the physical Higgs bosons are given by:

m%e = 2B/sin(28) = 2|ul* + m2 +m2, (2.36)
1 ]

m%yH =3 (mio + mQZ T \/(mio - mQZ)2 + 4m2Zm?40 sm2(2ﬁ)), (2.37)

mi. = mio +miy. (2.38)

The mixing angle « is determined, at tree-level, by

sin2a <m§{+m%> tan2a (mio —|—mQZ>
2 2 ) 2 2 )
m2, —m? m2, —m%

sin28 tan28 (2.39)

and is traditionally chosen to be negative; it follows that —7/2 < a < 0 (provided m 40 > my).

In the decoupling limit, i.e. in the case m 40 > my, the Higgs particles H, A° and HT are
very heavy and decoupled from the low-energy phenomenology. The lightest Higgs particle h
behaves as the Standard Model Higgs boson with the mass near the Fermi scale. The mixing
angle o becomes  — 7/2, which will be important in the discussion of the R-parity violating
coupling of the neutralino to the Higgs boson.

Including all loop corrections, supersymmetry provides an upper bound on the mass of the
lightest Higgs boson, which is often used in its support in the light of the recent experimental
data and electroweak fits. The bound is:

mp S 135 GeV. (2.40)

The 1 Problem and Giudice-Masiero Mechanism We have already noted that the u
parameter which couples the Higgs doublets in the superpotential is the only dimensionful
parameter allowed by unbroken supersymmetry. However, it also plays an important role
during electroweak symmetry breaking, since it is obviously connected with the Higgs sector.
Writing down the squared Z boson mass in terms of the fundamental parameters:

|mj; — my| 2

my = ——4 Y _

2 2
—mg—2u|”, 241
1 —sin®(23) a2l 24

u

one discovers that, barring large cancellations, all of the parameters should have values near
the Fermi scale. Why a SUSY-preserving parameter should have a value near the SUSY-
breaking scale is completely unclear. On the other hand, this problem would be solved if one
could connect the p term with the breaking of supersymmetry. A solution was proposed by
Giudice and Masiero [104]. They observed that the u term is generated in supergravity models
from non-renormalizable terms in K&ahler potential. One way to analyze the mechanism is
to consider the low-energy effective theory below Mp involving a non-renormalizable Kahler
potential:

A
K=H!H,+ H Hy+ <M”HUHdX* + h.c.) , (2.42)
P
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CHAPTER 2. SUPERSYMMETRY AND SUPERGRAVITY

where )\, is a dimensionless coupling and X is a chiral superfield which breaks SUSY through
its auxiliary F field: X* — 0107 (F%), where (F%) is the SUSY breaking vacuum expectation
value. The integration of 0707 (F%) H, H, over the full superspace amounts then to integra-
tion of (F%) H,Hg over the half of the superspace, as it should be in case of superpotential
contributions, cf. Section 2.1. After the breaking the p term is given by :

>‘M *

W= My (F%). (2.43)
Note that the additional term in eq. (2.42) is the only leading-order contribution to K. We
will see in Section 2.4, that (F) ~ mgsMp ~ mgog Mp which gives us a desired p term. The
B-term in the soft SUSY breaking sector can arise similarly from Kéahler potential terms. In
the later discussion we will see a mechanism of this kind generating R-parity violating terms.
In the next section we look at the effects of the electroweak symmetry breaking in the
gaugino-higgsino sector. We are interested in neutralinos because the lightest of them is often
either the lightest supersymmetric particle (LSP), or the next-to-lightest supersymmetric
particle (NLSP) (if gravitino is the LSP) in the models considered in the present work, see
Sections 2.4.1 and 2.4.2. In the following section we introduce our notation and set the ground

for the later discussion of the neutralino-chargino sector in models with R-parity violation.

2.2.2 Neutralinos and Charginos

The higgsinos and electroweak gauginos mix with each other because of the effects of elec-
troweak symmetry breaking. The neutral higgsinos (h) and hY) and the neutral gauginos (b,
w?) combine to form four mass eigenstates called neutralinos X?‘ The charged higgsinos (h;
and h;) and winos (wt and w™) mix to form two mass eigenstates with charge +1 called
charginos X;t. By convention, these are labeled by their masses in ascending order, so that

myo <myo and m + <m, .
I3 1+1 X1 X2
In the gauge eigenstates basis ° = (b,w®, k%, h)T, the neutralino mass part of the
Lagrangian is given by:
1
- »Cneutralino mass — §¢OTMN7;Z)O + h.c. ) (244)
where
My 0 MzS3Sw  —MZCRSy
MY = 0 Mo —MzSaCw  MZCRCy (2.45)
MzSaSw  —MZSECy 0 —u
—MzC38w  MZCRCy —u 0
Here we have introduced abbreviations sg = sinf3, cg = cosf, s, = sinby,, and ¢, =

cos 0,,. The entries of the mass matrix follow from the soft breaking terms of the MSSM, the
superpotential mass term for the Higgs fields, and the gauge couplings to Higgs and higgsino
after electroweak symmetry breaking. The mass matrix M is symmetric; the mass eigenstates
can be found via the Takagi diagonalization, see Appendix B :

UMTMNU™ = MY, (2.46)

The unitary matrix U™ relates the neutral gauge eigenstates to the mass eigenstates X?-
The masses and the mixing matrix can be given in closed form, but the results are in general
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not very illuminating. However, in all cases considered in the present work, the electroweak
symmetry breaking effects are only small perturbations on the neutralino mass matrix and
there is a hierarchy between the gaugino and higgsino mass terms:

my < \,uiMll, ’,U,:I:M2| . (2.47)

In this case it is possible to perturbatively diagonalize the mass matrix and the neutralino
mass eigenstates are very nearly “bino-like”, “wino-like” and “higgsino-like”. The ordering of
the masses depends on the ordering of gaugino and higgsino masses. If mz < My < Ms <
we diagonalize the mass matrix to the second order in mz/u and find:

M 2
g = - PR ) (1o (73
2

. (M - Mp)
m%,cZ (M + p1s2g) < <mQZ>>
m.,o = MQ — Z 1+ Ol —=£ ,
* (2 — M3) p?
Mmoo = i+ mQZ(l —82,3)(M+M1030+Mgsfu) (1 Lo <mQZ>)
X 2(p + M) (p + Ma) 2 ’
2 2 2 2
mz(1+825)(M—M1Cw —Mgsw) ( <mz>>
Mg =M 1+0(—£)), 2.48
A= M) (- M) e (245)

where we have defined spg = sin(2(3), and have assumed that sign (1) = +1. The lightest neu-
tralino is bino-like, as expected. The perturbative diagonalization technique will be essential
in the case of R-parity violation. It is summarized in Appendix B.

The chargino mass term in the gauge eigenstate basis ¢~ = (w™,hy), ¥+ = (w, hf)T
reads:
- /-:chargino mass — ¢7MC¢+ + h.c., (2'49)
where Y
M 2m2850w>
M = : 2.50
(x/imzcﬁcw v (2:50)

The chargino mass matrix is an arbitrary complex matrix, therefore one has to use its singular
value decomposition (also described in Appendix B), in order to obtain the physical masses:

UDTMOTE = MY, (2.51)

where U(©) and U€ are unitary. The chargino masses can be easily given in analytical form, but
we are again interested in the limit of eq. (2.47), in which case the chargino mass eigenstates
consist of a wino-like X%E and a higgsino-like XQi, with masses

M- 2
Mo = My — mzC (M + psap) (1—1—(’)(m22)>
0

g (7= 38)
ch (1 + Masag) ( <m2z>>
m.+ = [+ 1+0 . 2.52
a (n? — M3) W (252

The lightest chargino is degenerate with the neutralino xJ up to the higher orders. The mass
degeneracies between the charginos and neutralinos will have important phenomenological
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consequences in the case of higgsino-like neutralino NLSP with gravitino LSP and R-parity
conservation, discussed in Chapter 5.

Another particle turning out to be the LSP in mSUGRA-type models is the scalar partner
of the tau lepton, the stau. Usually, this region is excluded since dark matter is obviously
not charged. However, stau is a viable NLSP in models with gravitino dark matter. In the
following section we introduce our notation in the stau sector.

2.2.3 Scalar Tau Leptons

The mass pattern of the third generation of squarks and sleptons differs from their counter-
parts in the first two families due to various effects of large Yukawa-couplings. Besides the
diagonal SUSY-breaking mass terms for the 7 and 7! scalars there are also diagonal mass
terms proportional to the tau lepton mass from the quartic F-terms in the scalar potential
after the electroweak symmetry breaking. Additionally, there is a substantial mixing between
the both stau states, which are usually called left- and right-handed, coming from trilinear
F- and a-terms. The quadratic Lagrangian has the form :

- Estau mass — ﬂ)lm%%’ (253)
where ¢I = (7, 71), and the stau mass-matrix m2 reads:
m2 = . 'r7Ll23 + 77613 N v(ags 00525 - hggusinﬁ) ' (2.54)
v(a§s cos B — h§qp* sin 3) me, +mz

We have included the quantum corrections into the diagonal masses. The hermitian mass
matrix can be diagonalized via a unitary transformation to give mass eigenstates:

71\ _ (sinf; cosf; 7
(ﬁ) B <cos€T —sin9T> (%T) ’ (2.55)

were we have assumed that the off-diagonal elements of the mass matrix are real. The mixing
angle 6, can be chosen in the range 0 < 6, < 7. The mass eigenstates are ordered, such that
71 is always the lightest state and therefore our NLSP.

Having established the important ingredients of the MSSM in the context of global super-
symmetry, we now explore the gravitational theory of the superspace: Supergravity. Another
road to supergravity, without superspace, follows from local supersymmetry transformations
which require introduction of a spin-2 field, which couples to the energy-momentum tensor
for matter, and whose quanta are identified with gravitons.

2.3 Supergravity

Supergravity is the gravitational theory of the superspace. It includes Einstein’s theory of
gravitation and is therefore non-renormalizable as the theory of gravitation itself. Supergrav-
ity arises as the low-energy limit of superstring theories and is viewed as an effective field
theory whose infinities will be cured by the fundamental theory of gravitation. Furthermore,
supergravity emerges if one attempts to promote the global supersymmetry transformations
to local ones.

The phenomenological importance of supergravity resides in the fact that it is believed
that the SM superpartners cannot acquire tree-level masses via spontaneous breaking of global
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Name Spin-2  Spin-3/2  SU(3)¢c, SU(2)r, U(1)y
Graviton, Gravitino g, Yy (1, 1, 0)

Table 2.3: The gravity supermultiplet present in all locally supersymmetric theories. Listed
are quantum numbers with respect to the Standard Model gauge group

supersymmetry at the TeV scale, since it would lead to problems with tree-level sum rules
which imply that some scalar partners of fermions (sfermions) must be lighter than fermions.
The MSSM is, therefore, regarded as a low energy effective theory to be derived from a
theory which incorporates supersymmetry breaking. Often, this theory is assumed to be a
supergravity theory.

Upon promoting SUSY to a local symmetry, one is forced to add a new supermultiplet
to the theory, the gravity multiplet, which consists of the spin-2 graviton and the spin-3/2
gravitino (see Table 2.3). Local transformations of the usual SUSY Lagrangian will require
the introduction of the spin-3/2 field, whose variation under local SUSY transformations
couples to the energy-momentum tensor and is canceled by the variation of the spin-2 field.
Supergravity is covered in detail in the Book by Wess and Bagger [78] and in the review
by Van Nieuwenhuizen [105], see references therein for the original works. Note that our
definition of the metric signature and sigma-matrices differs from the definition of Wess and
Bagger. The notational conventions of this chapter follow partly [103] (but also with different
signature).

2.3.1 The Supergravity Lagrangian

As stated above, supergravity is a non-renormalizable theory and therefore should in general
depend on the three functions defined in section on general actions in superspace. The
remarkable feature of the supergravity Lagrangian is that it depends on the gauge kinetic
function and just one combination:

G = K/Mp +In (|W|*/Mp) , (2.56)

of the Kahler potential and the superpotential. G is called Kdhler function and is real and
dimensionless. We have maintained the dependence on the reduced Planck mass:

1
Mp = ———— ~ 2.4 x 10'® GeV. (2.57)

V8GN
In what follows, derivatives of the Kéhler function with respect to the chiral superfields are
denoted by:
. 0G
G' =
0P;

, and G, =

A (2.58)
Di—; 9

Q=05
Note that the superfields have been replaced by their scalar components after differentiation.
The position of the indices corresponds to the chirality of the superfield with respect to which

the quantity is differentiated. Raised (lowered) indices i correspond to derivatives with respect
to ®; (®**). The Kéahler metric

@ 9%G
i 8@53‘1’”

K
77

(2.59)
b —o;
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J

does not depend on the superpotential. The inverse of the Kéahler metric is denoted (G_l)i,

so that:
(GHkG] =4 . (2.60)

It can be also written as M2(K _1)2. Additionally, we define the Kihler “connection” T'*%,
and the “curvature” R;]f , where we differentiate now directly with respect to the scalars:

i N o .

ry = (G, %G{, (2.61)
; o 0 0 0
ik __ k —1\n m k

le - i 8¢*] Gl (G )m <a¢*] Gl ) (8¢2 Gn> : (2'62)

The purely bosonic part of the supergravity Lagrangian is of the form

L M? o~ S
=R MG (Do) (D679) = Vi, 7)
— & (Refup) AL F 4 4 (Tm fuy) F, F, (263)
where g = det g, is the determinant of the space-time metric. The first part involving the
Ricci scalar R is the Einstein-Hilbert term, the second part is the kinetic term of the scalar
fields, in general, not in the canonical form, the third term is the scalar potential, while the
last two terms correspond to the kinetic term of the gauge bosons and the CP-violating term
due to instanton effects. From now on, we write explicitly the dependence on the gauge
coupling g,. The field space of the scalars is a Kéhler manifold, with the metric defined in
eq. (2.59).

The covariant derivative of the scalars has the form:

;joD°

Dudi = 0udi — gu Ay X{' = Outi +iga (G525,

(2.64)

where the X% are holomorphic Killing vector fields corresponding to isometries of the Kéhler
metric G and the D* are the associated Killing potentials. In the case of a renormalizable

Kihler potential K = ®;®%, the Killing vectors and the Killing potential take the following
form:

X¢=—i(T%)] ¢; (2.65)
D = ¢* (T%)/ ¢; (2.66)

leading to the usual covariant derivative.
The scalar potential V (¢, ¢*) is a sum of two contributions:

V=Vr+Vp, (2.67)
where Vr is the generalization of the F-term contribution to the scalar potential and is given
by

Vi =Mpe [GH(GY) Gy —3]. (2.68)
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Unlike the case of global supersymmetry, the scalar potential in supergravity is not necessarily
non-negative, because of the —3 term. This fact spoils the nice feature of global supersym-
metry, which was one of the theoretical arguments in its favor. We will reflect on this issue
further in the next section. The D-term contribution from gauge interactions reads:

Vp = ta % (Refy DD’ (2.69)

where we have extracted the dependence on g, from the gauge kinetic function as noted above.
Before proceeding with the full supergravity Lagrangian in component form, we will give the
covariant derivatives of the fermion x which constitutes the chiral multiplet together with the
scalar ¢, the fermion A which belongs to the gauge multiplet and the gravitino ¥. We will
use the derivatives of the Kéahler potential K when appropriate.

~ . 8Xzb
DuXi = OuXi — w Uasz + F Du(z)ij Ja (Refab) AHfXj
2 Do,
1 . N .
T (K Dyuss — K;Dug™ ) xi - 2M2 L ga (Refu) A%TmFby; (2.70)
DA = 0" — fw“baab)\a ga AN
. i
+ (KJD ¢ — K;D ¢*]) A+ ' ga (Refye) ALImEFCN? (2.71)
4M?2 pE TR 2M32 o
ﬁ,uwzl = 8uw1/ - iwabaabwu
5 M2 (K Dod; — Kj@m*j) Y+ 5 M2 L ga (Refye) ALTmF*4), . (2.72)
In these expressions wzb is the spin connection, and
8D“ GK
F*=— iD* 2.73
oM = % (0" — 051 (2.74)

The most general supergravity Lagrangian [106] is lengthy. It can be found in terms of
two- and four-component spinors in the book by Wess and Bagger and also with our metric
in the work of Moroi [107]. However, nota bene that some of our signs differ from the ones
in [107]. Here we give the Lagrangian for the simplified case fu = dqp(1 —i0,/87?) restoring
the dependence on the Planck mass and with our metric and sigma matrix conventions:

£ — £ ewmwlayﬁpwa

NSNS
+ M2 <1G1 TjEuﬁuXi + \@gaGé-X*ani)\a + \/igaGi'XZqXTj/\Ta>

%(Refab) [A“a“ﬁﬂ/\ﬂ) T /\Taguﬁ#)\ } — f(Imfab) {/\aaﬂ)ﬁb}
n A;P [ga (Refu) (Da¢ TSN Dangﬂ)\b>

2

]\W[ ( v ]chr“a 1/}}14 + DVQSzXUO'MJ 7/}T>
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1 3 ,
— S (Refu) (Va0 70N + o5 A (E, + £, ) |
1 M i vpo o j
+ Mil% |: PG ( e w,uo-lﬂbp %U '@DTP) XiO'UXTJ
f<Refab>(Refcd)A“o“A*bACouA*d

M M2z .
= (GZ G} — 2R} )XZXkXTJXTl s G;‘(Refab)XUU“Xi)\TaUu/\b}
i

+ e/ Mp (w#o“% +olerul) - -

€G/2M123 (GZXZJM¢L + GiXTiEMl/),u)

1. . o 1 L
— eG/QMl?; [2 (G” + G’G]) XiX; + 5 (Gij + GiGY) XTZXU} ) (2.75)
where
Fa = e _ e )\Ta d}Ta- 2@ + Y0 )\Ta +¢T5!4)\a (2 76)
uv 2M v nev vYu v : :

Note, that G; has dimension [mass] 2, and G* has the dimension of [mass]™'. The total
Lagrangian contains interactions between the gravitino field 1, and the supercurrent S,
needed in the later discussion. Therefore, we extract these interactions:

L S 1 i (7Y %] —v N j—p U
=- fM K} (Do ixio"a" by + Dugix o )
= M i (Refw) (0u0™ AT 4 ylorax) F,. (2.77)

2.3.2 The Super-Higgs mechanism

In order for local or global SUSY to be broken, the expectation value of the variation of a
spinorial operator under supersymmetric transformations has to be non-zero. The variation
of the chiral fermion includes a term

Fy=—M3e2 (G a6y (2.78)

The F; are order parameters for symmetry breaking in supergravity and are generalizations of
the auxiliary fields F' in global supersymmetry. Therefore, local SUSY is broken if one of the F;
acquires a vacuum expectation value. The breaking of global supersymmetry is accompanied
by the appearance of a massless Goldstone fermion in the spectrum - the goldstino. In
supergravity, as in ordinary gauge theory, the goldstino gets mixed with the gravitino and
provides it with the longitudinal degrees of freedom and hence a mass. This phenomenon is
called the super-Higgs mechanism. The converse statement is however not true. Gravitino
mass is, in general, not the order parameter of SUSY breaking.

Gravitino acquires a mass if the Kahler function G acquires a vacuum expectation value.
The would-be gravitino mass term can be found in the Lagrangian eq. (2.75) and reads

ieCI2 Mp (wﬂawwy n %5"”%) . (2.79)
The mass of the gravitino is given by

mgy o = e“/2Mp, (2.80)
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where Gy is the expectation value of the Kéhler function G. Writing the scalar potential as
Vi = KIFFY — 3KMEwwe /M3, (2.81)

with F; defined in eq. (2.78), one sees that SUSY can be unbroken in spaces with negative
vacuum energy (AdS) and non-vanishing gravitino mass if G; vanishes.

If SUSY is broken, the potential (2.81) tells us that the vacuum can have an arbitrary
value of the cosmological constant. However, even if astrophysical observations imply a tiny
cosmological constant, the value is far too low to be associated with SUSY breaking, since
in general at the minimum V ~ mg /QMI%. Therefore, it is usually assumed that the vacuum
energy vanishes. Why this is the case, is not understood. In the case of the vanishing
cosmological constant one finds:

(KIFFYy = 3Mpel?, (2.82)
which leads to an equivalent formula for the gravitino mass:

(KiFF)

2
M3 = 3032 (2.83)

2.4 Origins of Supersymmetry Breaking

The MSSM, as presented in the previous sections, has a huge number of free parameters asso-
ciated with the breaking of supersymmetry. Therefore, the general MSSM is not a tractable
framework for phenomenological studies. Usually, the general features of the MSSM are asso-
ciated with the conservation of R-Parity, which leads to signatures involving missing transverse
energy from the lightest stable supersymmetric particle. However, even this prediction is not
robust, since R-parity might be violated. It is possible to obtain some hints about the struc-
ture of the SUSY breaking terms from low energy experiments looking for flavor changing
neutral currents and violation of CP symmetry. Effects from arbitrary patterns (including
phases) of squark mass matrices would enter via loops into the low energy observables like the
mass difference between the long-lived and short-lived Kaons, or the electric dipole moment
of the neutron. The tight constraints on such effects suggest a pattern of universality in the
scalar mass terms. It is assumed that they are real, proportional to the identity matrix, and
degenerate in the first two generations. Usually, one takes the third family also to be de-
generate in mass with the first two. Additionally, the renormalization group evolution of the
gaugino masses is proportional to the evolution of the corresponding gauge couplings. Since
the gauge couplings should unify at the scale of grand unification, it is natural to assume that
also the masses of the gauginos unify at the GUT scale.

In order to obtain control over the huge parameter space of the MSSM, one has to make
assumptions on the structure of some underlying theory which is approximated by the MSSM
in the low energy regime. These assumptions are reflected in different phenomenological
models of supersymmetry which reduce the number of free parameters by exploiting the
hints presented above. In these models SUSY is broken at some high scale F' > MI%V in a
hidden sector, whose dynamics is unimportant for phenomenology. The important part is
the nature of the agent, which is a superheavy particle of mass myx transmitting the SUSY
breaking to the fields of the observable sector. The coupling of the goldstino to the observable
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sector is suppressed by a power of v/ F /Mx, and the soft SUSY breaking masses are of order
Msoft ~ F'/Myx. The soft masses are required to be comparable to the weak scale, even though
the fundamental SUSY breaking scale may be much larger.

The different supersymmetric models are distinguished by the nature of the SUSY breaking
messenger:

e Going beyond global supersymmetry to the local case includes gravity into the descrip-
tion of nature. Since quantum gravity couples universally to energy mediation of SUSY
breaking by gravitationally coupled degrees of freedom is always present. Therefore,
the scale My is associated with the Planck scale and VF ~ 1010 GeV. All soft masses
are connected with the gravitino mass which should be thus near the Fermi scale .

e Even if effects of gravity are always present, one may exclude them from the effective
description, if one assumes that some other effects give dominant contributions, e. g.
the breaking is mediated by SM gauge interactions. In gauge-mediated supersymmetry
breaking models (GMSB), new messenger fields M, that couple directly to the hidden
sector but which also have SM gauge couplings act as mediators. The supersymmetry
breaking masses are created only at the loop level, evading the tree-level sum rules. The
SUSY-breaking masses are given by

g?n; (Fs)

| 2.84
T = VA (2:84)

where (F) is the induced SUSY-breaking vacuum expectation value, M is the messenger
sector mass, and n; are group-theoretical factors. Since M can be much smaller than
the Planck scale the expectation value Fg can have much smaller value than in gravity
mediation models. The gravitino mass, however, is determined by the Planck mass and
the fundamental SUSY breaking scale F' with typically Fg < F or Fg ~ F, leading to
a gravitino mass which is much smaller than in the case of gravity mediation and also
much smaller than the masses of other superparticles.

In the following we will describe the models which will be used throughout the present
work.

2.4.1 Minimal Supergravity (mSUGRA) Model

In supergravity models of SUSY breaking, the superpotential consists of the visible and hidden
sector terms which are completely independent. The dynamics of the hidden sector breaks
supersymmetry. The goldstino degrees of freedom are absorbed by the gravitino which obtains
a mass mg/y. The low energy effective theory is obtained by taking the Planck scale to infinity
while keeping the gravitino mass fixed. The theory obtained consist of the supersymmetric
version of the SM augmented by SUSY breaking masses of order mg/, ~ my and higher
dimensional operators suppressed by appropriate powers of Mp.

In general, all gaugino masses are different and the trilinear a terms are not proportional
to the corresponding superpotential Yukawa couplings. However, the most studied model
of gravity mediated supersymmetry breaking, which will be also used in the present work
is the minimal supergravity model. The “minimal” in the name refers to the choice of a
renormalizable Kéhler potential i.e. flat Kéhler metric leading to a common mass of all
scalars m% = mg /2 + W /M1%7 where Vj is the minimum of the scalar potential. Common
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gaugino masses arise either by unification of gauge interactions or from a universal gauge
kinetic function for each factor of gauge symmetry. The fundamental parameters of this
model are :

mo, My, Ao, tanf, sign(u), (2.85)

where myq is the common mass of the scalars, m,, is the common gaugino mass, A is the
universal proportionality constant between an a-term and the corresponding Yukawa coupling,
tan § is the ratio of the Higgs vacuum expectation ratios, as defined in section 2.2.1 which is
treated for the B-term after electroweak symmetry breaking, and sign(u) is the sign of p term,
whose magnitude is fixed by the Z-boson mass after electroweak symmetry breaking. It is
assumed that the universality of the parameters holds at the scale of grand unification rather
than at Mp. The model is also called the CMSSM for constrained minimal supersymmetric
Standard Model rather than mSUGRA, since supergravity does not necessary lead to high
scale universality, in contrast to what was originally thought [102].

2.4.2 Hybrid Gauge-Gravity Mediation

The apparent unification of gauge couplings at the scale Mgy ~ 10'6 GeV is a strong hint
for the paradigm of unification presented in the beginning of this chapter. The forces should
unify and be described by a simple gauge group. However, since now all particles have to form
multiplets of the larger gauge group, which is at least SU(5), one faces the problem of SU(3)-
triplet Higgs fields which lead to the proton decay via dimension-5 operators. Therefore, it
is assumed that Higgs multiplets are incomplete (split). The question why matter appears in
complete representations, while the Higgs multiplets are split, is one of the motivations for
grand unified theories on orbifolds.

In these models the usual space-time is augmented by compact extra dimensions. The
compact manifold M and the quantum-field theory under discussion are both thought to be
symmetric under a discrete group G. If the manifold possesses fixed-points under the non-
trivial action of the group, the physical shape of the extra dimensions is a quotient manifold
C = M/G which turns out to be an orbifold (orbit-manifold). It is not smooth, but has
singular points which are precisely the fixed points. The fields living on the orbifold (bulk
fields) have to obey special boundary conditions at the fixed points, which can differ from
fixed point to fixed point. The physical fields in the effective 4-dimensional theory are the zero
modes of the Kaluza-Klein expansion on the orbifold which respect all boundary conditions
and the fields living on the branes at the fixed-points. The effects of the orbifold construction
can be twofold: The gauge symmetry can be reduced from the full gauge group to a subgroup
either in the bulk or at the brane located at some fixed point, if not all gauge fields posses
zero modes. The same mechanism can lead to appearance of split multiplets in the case of
matter or Higgs fields.

Any incomplete multiplet, besides the Higgs, should have a mass near Mgy in order not
to spoil gauge coupling unification. They can obtain masses from SM singlet fields acquiring
vacuum expectation values of the order of Mgyr. Since the incomplete multiplets are charged
under the SM gauge group, the singlets couple always to conjugate pairs i.e. to a “vector-like”
representation of the SM gauge group. Therefore, vector-like pairs of exotics obtain masses.
The number of such exotics in orbifold models can be large. If the singlets also obtain F-
term expectation values (break SUSY) from some dynamics, the vector-like fields will act
as messengers for gauge-mediated SUSY breaking. The resulting patter of SUSY-breaking
terms will be different from the usual low-scale gauge mediation scenarios sketched above,
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where the messengers need to form complete GUT multiplets in order to allow for gauge
coupling unification. Since the messenger scale is Mayr, the gauge-mediated contribution to
soft SUSY breaking terms is comparable with the gravity-mediated contribution:

(Fs) _(Fs) (F)
167T2MGUT Mp Mp

Msoft — ~ m3/2. (286)
This is the reason why this possible pattern of breaking is called hybrid gauge-gravity medi-
ation, see [74,75] and referenced therein. In cases where the number of messengers is large
the gauge mediated terms will dominate. However, gauge mediation cannot give rise to the
1 term which is still generated by the Giudice-Masiero mechanism, see section 2.2.1. The pu
term as well as the B and the trilinear a terms can therefore be smaller than the soft-masses.
The GUT-scale MSSM parameters are then characterized by the hierarchy:

{,U,, mg/Q,A, \/E} < {ml/z,mo,mu/d} . (2.87)

This hierarchy allows for peculiar low-energy spectra: The only light states can be the
lightest Higgs state and higgsinos with masses around 100 GeV. The gravitino is the natural
lightest supersymmetric particle, with a higgsino-like neutralino NLSP. The second neutralino
and a higgsino-like chargino are slightly heavier. The mass of the lightest Higgs scalar can
be lifted to around 120 — 125 GeV by large squark loop effects. All the remaining states are
very heavy and may be even non accessible at the LHC. We will investigate, in detail, the
phenomenological consequences of this model in Chapter 5.

2.4.3 Anomaly Mediation

Another breaking mechanism involving extra spatial dimensions is the anomaly-mediated su-
persymmetry breaking (AMSB) [108,109]. Assuming one additional hidden dimension all
fields of the MSSM can be localized at the 4-dimensional hypersurface - the MSSM brane,
while the SUSY-breaking sector is confined to another parallel hypersurface - the hidden
brane. The transmission of supersymmetry breaking takes then place entirely due to (su-
per)gravity effects.

The Planck-scale can enter the supergravity formulation [106] as the vacuum expectation
value of the scalar component of a non-dynamical chiral supermultiplet (¢) = 1, usually
called conformal compensator. Without this VEV the theory exhibits enlarged symmetry -
the local superconformal invariance which must be broken since the real-world gravitational
interactions set a preferred scale given by the Newton’s constant. The SUSY breaking at the
hidden brane given by (F') # 0 causes the F-term of the conformal compensator which has a
dimension of mass also to obtain a VEV:

(Fg) ~ 5\2 ~ Mm3/a. (2.88)

However, the supersymmetry is still unbroken at the MSSM brane at the classical level, since
the effects of SUSY breaking are exponentially suppressed by the extra-dimensions. In the
quantum description, on the other hand, the scale-invariance is anomalously violated, see for
example dimensional transmutation in QCD, and since SUSY is also broken by the conformal
compensator field the effects of SUSY breaking appear at loop level at the MSSM brane.
The gaugino masses arise at one-loop order while the scalar-squared masses arise at two loop
order, see also [103] for details.
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Figure 2.2: Possible mass spectra of supersymmetric particles in different scenarios of SUSY
breaking. The blue lines indicate colored particles, while the green [red] line indicates the
lightest neutral Higgs [gravitino]. Neutralinos and charginos are written in terms of the
dominant gauge-eigenstate contribution. In case of the CMSSM the NLSP is a bino-like
neutralino, while it is a higgsino-like neutralino in the case of hybrid gauge-gravity mediation.
In the heavy gravitino scenario the LSP is also the higgsino-like neutralino. The CMSSM
spectrum was obtained by means of SOFTSUSY [110] with mo = m,, = 350 GeV, Ay = 0,
tan 5 = 10, sign(p) = 1. The hybrid spectrum is taken from [75], while the AMSB spectrum
is taken from [73].

The discussion above does not constrain the supersymmetric higgsino mass parameter and
allows for following hierarchical mass spectra:

1% < Msoft < m3/2 y (289)
for example with 1 ~ O(100) GeV, mgop ~ O(10%) GeV, and mg/, ~ O(10°) GeV. Such

extreme hierarchy could for example solve the p problem [73] and give rise to a Higgs mass
compatible with the current experimental bounds and close to the current hints at the LHC.
In general, such scenarios involve superheavy gravitino, heavy scalars and gauginos, the only
light SUSY particles being the higgsinos.

Figure 2.2 summarizes the possible supersymmetric mass spectra in different SUSY break-
ing scenarios. Although the CMSSM is the most studied case it is obvious that SUSY breaking
can be realized in nature in many different ways which can lead to a dramatically different
LHC phenomenology. We will investigate in the following chapters why such unusual spectra
might be well motivated by cosmology and estimate their impact on the results of SUSY
searches at the LHC. As we have seen in this chapter the gravitino obtains a mass after the
breaking of supersymmetry and appears somewhere in the supersymmetric spectrum. In the
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next section we discuss the massive gravitino and review the implications of the presence of
the gravitino in the early universe.

2.5 The massive Gravitino

The massive gravitino in the flat limit is described by the following Lagrangian which can be
inferred from eq. (2.75):

L35 = =Pl 5,000 + img o (ot by + L6 Ph) + Lin. (2.90)

Translated into the four-component notation with ¥, = (v, ¢L)T using the notation from
reference [111], we obtain the Lagrangian [51]:

1 - 1 _
[,3/2 = 756””””\1'#75%8,0\110 — Zm3/2(\11u[’y“,7”]‘111,) + Lint. (2.91)

In this section we will make a number of comparisons with the four-component notation used
in other works for calculations involving gravitinos in order to check our results. However,
we will perform all calculations directly in the two-component notation as in the rest of this
work.

From eq. (2.90) we obtain following equation of motion for the free gravitino:

— P75, 0,05 + 2img o (5" Y]) = 0. (2.92)
Differentiating both sides of the equation with d,, we obtain

- %mg 2 [(00)5" 0] — 0¥ (96)uf] = 0. (2.93)

Equation (2.92) can be further modified using the relations

PTG, = i (G1P57 — gMPET + ¢TGP — PTG, (2.94)
and . . _
2i(5*)% ; = g8%, — (6"0")%,, (2.95)
leading to
— 16" Dby, — 1010 T Yy 4 10,57 Yy + 1510 P, = —mapl, + mat oV ). (2.96)

Equations (2.93) and (2.96) lead to the Rarita-Schwinger equations [112]:

5 () = 0, (2.97)
"yl (x) =0, (2.98)
oM, (r) =0, (2.99)
10”0y (x) = mi/)l(;v), (2.100)

which read in the four-component notation:
YU, (z) =0 and (i —mgz0) ¥, (x) = 0. (2.101)
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The Rarita-Schwinger equations can be solved, as usual, in the momentum space and one
obtains the positive and negative frequency solutions

3 1
+ - : _
Y, (p,s), and ¢, (p,s), with s= :|:§, :|:§, (2.102)

which in turn obey similar constraints as the position space wave-functions. A detailed
field-theoretical treatment of massive gravitino in the four-component notation can be found
in [107,113,114]. For the calculation of unpolarized matrix elements we will need the gravitino
polarization tensors

PE(p) = viE(p, s)viE(p 9), (2.103)
P 0) =S of (ps)uit (p, 9), (2.104)

where the sum is performed over the four helicity states. The polarization tensors for a
gravitino with four-momentum p are given by

Pu(p) = —(op)®.(p) (2.105)

for both the positive and negative frequency mode functions. For the conjugate tensor we
obtain

P, (p) = —(3p) @ (p)- (2.106)
In the above expressions we use
Pubv
H,uu(p) = (g,uz/ - ﬂ2 ) s (2107)
M3 /9
and
1 —o
P (p) = Ty (p) = 3Ty ()T ()77 0, (2.108)
~ 1
P (p) = Ty (p) = 3T ()T (p) 0" 5™ (2.109)

These expressions are derived in Section A.5. The interaction part of the gravitino Lagrangian
will be considered in Chapter 4.

2.5.1 Gravitino Cosmology

If local supersymmetry is realized in nature, violent conditions in the early universe will create
gravitinos. The presence of gravitinos, in general, poses a number of intertwined constraints
on several mechanisms operating during different epochs in the history of the universe. Many
of these are not welcomed and therefore the network of constraints is usually summarized by
the term the cosmological gravitino problem.

In the universe without inflation, the gravitino would reach thermal equilibrium and have
very high abundance, which would lead to an energy density larger than the critical density, for
stable gravitinos not lighter than O(eV) [46]. If the gravitino is very light, its energy density
is simply negligible for the energy budget of the universe, however, the theory possesses then
no dark matter candidates, since all other supersymmetric particles are unstable.
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Inflation solves these problems by diluting any initial abundance of gravitinos during the
exponential expansion of the universe [115]. It is assumed that the gravitino does not enter
thermal equilibrium after inflationary phase. Nevertheless, gravitinos are produced from the
thermal bath via supersymmetric QCD reactions of the form G + G — g +1,. The gravitino
relic density is then proportional to the reheating temperature Tr [116,117] and is given

by [51,118-120]
Tr 100 GeV My \2
Q3 /5h% ~ 0. g 2.11
3/2h” =05 <1010 GeV) ( ms /o ) <1TeV) ’ (2.110)

where my is the gluino mass. Depending on the reheating temperature of the universe the
gravitinos can have again significant impact on cosmology. Thus, the gravitino problem is
recreated after inflation.

We have seen in the previous sections, that the gravitino mass depends on the unknown
nature of supersymmetry breaking. Gravitino can, therefore, be either an unstable particle
somewhere in the supersymmetric spectrum or the lightest supersymmetric particle and hence
stable if one assumes R-parity conservation.

If gravitino is not the LSP, it will decay via interactions suppressed by the Planck scale
with a lifetime [53]

2

T30 ~ m3P ~ 3 years (
3/2

3
100Gev> . (2.111)

ms/2

Clearly, in general the lifetime is longer than couple of seconds and therefore gravitino decays
take also place during BBN. The electromagnetic and/or hadronic cascades from gravitino
decays can significantly alter the predictions of light element abundances and spoil the suc-
cessful predictions of big bang nucleosynthesis. If one requires that the density of gravitinos is
small enough to let the predictions of nucleosynthesis unchanged, one has to assume that the
reheating temperature of the universe was at most 106 GeV [121-126]. Unfortunately, lepto-
genesis cannot happen for such low temperatures and one has to look for other explanations
for matter-antimatter asymmetry in the universe.

However, the gravitino decays early enough if its mass is larger than O(10) TeV, cf.
eq. (2.111). As we have seen in Section 2.4 , such heavy gravitinos can appear in scenarios
where anomaly mediated contributions to the soft masses are significant. If there is significant
amount of gravitino decays after the freeze-out of the LSP, they will give rise to a non-thermal
component of the LSP energy-density, assuming R-parity conservation. It turns out, that
such non-thermal production of pure wino- or higgsino-like neutralino LSP in heavy gravitino
decays can account for the observed amount of dark matter and simultaneously fulfill the
constraints from BBN, while allowing for reheating temperatures needed for leptogenesis [56].
In the case of higgsino LSP, the usual SUSY searches at the LHC may be insufficient for
the discovery. We will investigate the consequences of higgsino LSP (NLSP) for the LHC
phenomenology in Section 5.1. An alternative solution to the unstable gravitino case, is a
supersymmetric particle spectrum that allows only for decays into particle species decoupled
from the thermal bath [127].

If the gravitino is the LSP, and R-parity is conserved, it is stable and there are no dangerous
gravitino decays. In this case the gravitino relic density eq.( 2.110) can explain the observed
dark matter density for reasonable values of gluino mass, the gravitino mass in the O(100)
GeV range and Tr ~ O(10'%) GeV allowing for leptogenesis. If the gravitino is too light,
the gravitino relic density, however, may exceed the critical density of the universe for high
reheating temperatures needed for leptogenesis. A very light gravitino with a mass of O(1)
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keV which can enter thermal equilibrium and allow for arbitrary reheating temperature is
excluded by warm dark matter constraints [128].

In case of gravitino LSP, one has also to take care of the NLSP? decays, since the coupling
of the NLSP to the gravitino is also suppressed by the Planck scale. The NLSP lifetime is
given by

5
) < 1s~ tppn, (2.112)

m 2 /9
TNLsp < 2 months ( 3/2 ) < 00 GeV

100 GeV MNLSP

and one once again recovers potential tension with the predictions of the BBN [129]. Whether
the NLSP decay problem truly occurs or not, depends on the nature of the NLSP. The hadronic
decays of a neutralino NLSP typically dissociate the primordial light elements [130-132] and
also the stop NLSP is strongly constrained [133,134]. A long lived stau NLSP can form a
bound state with “He and catalyze the production of °Li [135-138] but it is possible to obtain
a consistent cosmology with leptogenesis in some corners of its parameter space [139-141].
Also a sneutrino NLSP can allow for consistent cosmological scenarios due to its invisible
decays [142-144].

Although there are some regions in the parameter space of the theories allowing for con-
sistent cosmology, as presented above, there are also other mechanisms which can circumvent
the NLSP problem and lead to interesting consequences. The gravitino may be degenerate
in mass with the NLSP, so that its decay products are low-energetic and do not change the
predictions of BBN [141]. The gravitino could also have additional decay channels to hidden
sector particles and decay before the BBN [145,146]. Also a light gravitino with a super-light
neutralino is a possible spectrum solving all problems [147]. Furthermore, the number density
of the NLSPs can be diluted by late-time entropy production before the BBN [76,137,148].
A recent work exploring some of this ideas is [149].

In the present work we will mainly pursue another line of thought: Small violation of
R-parity is sufficient to cause the NLSP to decay into the SM particles before the onset of
BBN. In the next chapter we will extensively review R-parity violation and introduce the R-
parity violating couplings. In general, a gravitino coupling to the SM particles of the order of
10713 is sufficient to solve the NLSP decay problem [57]. We will review the upper bounds on
R-parity violating couplings from cosmology in Chapter 4, but we can state already here that
there is a several orders of magnitude wide range for the couplings allowed by all constraints.
The gravitino will also decay into SM particles but its decay is double suppressed due to
the Planck scale and the tiny R-parity violating couplings, and it therefore remains a viable
(decaying) dark matter candidate with a life-time exceeding the age of the universe [58].
The gravitino abundance in such scenario is determined only by the thermal production rate
and can explain the abundance of dark matter. Thus, small amount of R-parity breaking
renders supersymmetric cosmology consistent and allows additionally for interesting LHC
phenomenology involving long lived particles. In some cases the presence of R-parity violation
can significantly change supersymmetric signatures and hide SUSY from LHC searches. This
will be investigated in Section 5.2. Additionally, small violation of R-parity may also relax
cosmological constraints on the axion multiplet and therefore be connected with the solution
to the strong CP problem [150].

Summing up, we note that the presence of gravitino in the supersymmetric spectrum can
significantly change the course of the history of the universe. In order to achieve consistent

In the context of gravitino LSP, the NLSP is sometimes called LOSP - lightest ordinary supersymmetric
particle.
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cosmology involving generation of light elements via big bang nucleosynthesis and generation
of the matter-antimatter asymmetry via leptogenesis, one has to change the usual supersym-
metric scenarios. These changes can in turn have an impact on the signatures at the LHC,
along the lines of our motto - as above so below. In this work we will focus on consistent
cosmological scenarios involving i) a higgsino LSP, NLSP in models with super-heavy grav-
itino, gravitino dark matter and late time entropy production, respectively, ii) a higgsino,
bino, or stau NLSP in models with gravitino dark matter and R-parity violation. In both
cases supersymmetry can escape searches at the LHC largely relying on missing transverse
energy signature.

In the next chapter we will review the ideas behind R-parity and investigate in detail
bilinear pattern of R-parity breaking. In the following chapters we will then explore the
connection between gravitinos and the LHC phenomenology.
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Chapter 3
R-parity Breaking

R-parity [151-156] is a discrete remnant of a group of continuous U(1l)r transformations
acting on the supersymmetry generators. It is closely connected with the baryon and lepton
numbers and its conservation naturally allows for conserved baryon and lepton numbers in
supersymmetric theories. The inverse statement is also true and the violation of R-parity
requires violation of B or L conservation laws. We have seen in the previous chapter that the
MSSM is defined as the theory with minimal number of interactions without possible terms
violating L or B, which are otherwise allowed by renormalizability and gauge invariance. Since
these terms would lead to possible rapid proton decay, it seems rational to impose conservation
of R-parity. Furthermore, as it will be shown, conservation of R-parity ensures the stability
of the lightest supersymmetric particle, making it a natural dark matter candidate. On the
other hand, we know that at some stage in the history of the universe the baryon number
conservation law had to be violated, in order to allow for the creation of the matter anti-matter
asymmetry. This observation follows the general pattern, introduced in the last chapter,
stating that most symmetries are either approximative, slightly broken or do not hold at all
scales, in order to allow for the diverse phenomenology of the observed world. Therefore, it is
possible that a slight violation of R-parity can be present in nature, leading to new phenomena.
As stated in the previous chapter, small amount of R-parity breaking not only preserves the
successful predictions of the MSSM, but leads to a consistent cosmological picture including
neutrino masses, leptogenesis, and gravitino dark matter. From the experimental point of
view, it on the one hand can shed light on the ethereal gravitino dark matter, and on the
other hand possibly hide the next-to-lightest supersymmetric particle from a fast discovery
at the LHC. We will discuss these topics in the following chapters.

This chapter introduces the continuous R-symmetry and its descendant R-parity, as well
as possible patterns of R-parity breaking. Since the breaking of R-parity can be connected
with the breaking of the lepton number leading to a model with bilinear R-parity breaking,
we investigate, in detail, the general Lagrangian for this breaking pattern. We choose a
particular basis of scalar SU(2) doublets where all bilinear mixing terms vanish. This leads
to new Yukawa and gaugino couplings, one of which was previously not discussed in the
literature. Some parts of the presentation follow [89,103] and the extensive review [157],
which includes also historical introduction.
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3.1 R-symmetry

It turns out that the super Poincaré algebra presented in the previous chapter can be enlarged
by the introduction of a global internal U(1) symmetry group acting on the supersymmetry
charges. This group is unique and is called R-symmetry. Its generators satisfy the following
relations:

[Qa; R] = Qa, (3.1)
QL R = -Ql. (3.2)

In the linear realization of supersymmetry the action of the group can be understood geo-
metrically as a phase rotation of the complex coordinates 6 and 6':

RO=¢0, RO =e 0" (3.3)

where a parametrizes R-transformations. The different charges of the coordinates give rise
to the different transformation properties of the component fields, which can be anticipated
since R-symmetry does not commute with supersymmetry. The action of R-symmetry on the
chiral superfield reads:

R®(y,0) = ™ d(y, e'0), (3.4)
R(I)*(y*,eT) _ e—iraq)*(y*’eiae‘r)’

where y# = z# — ifo#" and r is by definition the R-charge of the supermultiplet. In terms
of the component fields this reads:

Ro(x) = e ¢(x),
Ry(x) = D% (a),
RF(z) = 2p (). (3.8)

Vector superfields are real and therefore have charge 0. It follows that their components
transform as:

R A*(z) = A¥(z), (3.9)
R\(z) = e \(x), (3.10)
RD(z) = D(z), (3.11)

while the chiral field-strength superfield W, has R-charge +1. The full superspace integra-
tion measure is invariant under the R-symmetry, while the integration measure d?6 becomes
e?d%0 if § goes to e**?. As a consequence, all terms in the SUSY Lagrangian coming from
vector superfields are R-symmetric, as well as all terms coming from renormalizable Kéahler
potential. However, the full Lagrangian exhibits this symmetry only if the superpotential has
the charge 42, which is not always the case.

The historical introduction of R-symmetry is connected with the question of how to define
conserved fermionic quantum numbers, like B or L in supersymmetric theories [94,157]. The
original idea was to unify the known fermions with gauge bosons inside the vector super-
multiplet. Fermionic Majorana components could be then combined into Dirac fermions, cf.
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Superfield | Q U D L E H, Hi G W B
R-charge |1 1 1 1 1 0 0 0 0 0

Table 3.1: R-charges of the superfields in the Minimal Supersymmetric Standard Model. The
scalar components have the charges r of the superfields, while the fermionic components have
charges r — 1.

Section A.3, and the R-symmetry might be tentatively identified as lepton number. However
it turned out that such models are untenable for various reasons. The modern solution to the
problem of fermionic quantum numbers is the attribution of the latter to the scalar partners
of the fermions inside of chiral superfields, an approach which had earlier been viewed as a
rather heretic idea.

R-symmetry reappears in modern approaches to SUSY, since the Nelson-Seiberg theorem
[158] enforces exact U(1)r symmetry upon a theory with generic superpotential which breaks
SUSY by a non-zero F-term. This conclusion can be avoided if the SUSY-breaking vacuum
is only metastable, which seems to be the case in our universe, since exact R-symmetry is
associated with phenomenological problems, see [103] and the following discussion.

3.2 From R-symmetry to R-parity

As we have seen in the previous section, most terms in the Lagrangian of a supersymmetric
theory are naturally also R-symmetric. The only care has to be taken in the superpotential,
in order to ensure that it has the charge 2. Considering the minimal extension of the standard
model, it is desirable to have the trilinear terms of the MSSM, in order to give masses to the
fermions via the Higgs mechanism. Furthermore, it is possible to attribute charge 0 to all
SM particles, including the Higgs boson, while giving the superpartners charges +1. These
requirements fix the charges of the squark and lepton superfields to 1 and the charges of the
Higgs superfields to 0 as shown in table 3.1. It turns out, that some terms of the MSSM
cannot be recovered in the theory with R-invariance. First, the supersymmetric mass term
for the Higgs bosons has charge 0 and is therefore forbidden. This is not a big drawback,
since it is possible to replace the p term by a trilinear coupling involving an extra chiral
singlet field with R-charge 2, as in the Next-to Minimal Supersymmetric Standard Model
(NMSSM) which then spontaneously breaks R-symmetry. However, R-symmetry also forbids
the Majorana mass terms of the gauginos which correspond to a change in R of AR = £2
after a R-transformation, and it is very difficult to create a model generating this terms
by spontaneous R-symmetry breaking. Massless Majorana fermions are phenomenologically
untenable, since massless gluinos would lead to the existence of R-hadrons, while massless
winos and higgsinos would lead to a chargino lighter than the W-boson, all phenomena which
have not been observed, see [157] and references therein. Additionally, unbroken U(1)gr
prevents supersymmetry from being spontaneously broken in context of supergravity theories,
because it forces also the gravitino to stay massless.

Consequently, one has to abandon the continuous R-invariance. However, having excluded
the R-symmetry from the constraints on a supersymmetric theory, one is faced with potentially
dangerous interaction mediated not by gauge bosons, but by new scalars carrying B or L. A
natural solution to this problem, which is also compatible with the experimental constraints, is

41



CHAPTER 3. R-PARITY BREAKING

the introduction of a discrete R-parity. The gravitino mass term appearing after the breaking
of supersymmetry breaks itself the U(1)g into a discrete Zy subgroup, since it is invariant
under a U(1)pg transformation with angle av = 7r:

2™, a1, = oMb, = (=1)% hatip,. (3.12)

As a result, one no longer distinguishes between the value +1 and —1 of the additive quantum
number R, but only between R-odd particles having Rp = —1 and R-even ones having Rp = 1.
In the superspace picture the R-parity symmetry operator is a reflection of the anticommuting
fermionic Grassmann coordinate § — —6. R-parity allows the gaugino mass terms as well
as the p term in the superpotential. The size of the p term appears now to be connected
with the scale of the U(1)g breaking which is also the scale of SUSY breaking - the gravitino
mass mg /. Thus, the solution of the y problem is connected with the breaking of U(1)g into
R-parity. We will see this in more detail in the Section 3.5.

Imposing R-parity (allowing only terms having Rp = +1) one forbids dangerous B- and
L-violating terms in the Lagrangian. In order to see this, one first notes that R-even particles
are precisely the particles of the SM, while R-odd particles are their superpartners:

1 SM particl
Rp = (71)3 _ {—i— particles, (3.13)

—1 superpartners,

where we write now the U(1)g charge r as R. In the next step R-parity can be re-expressed
in terms of the spin S and matter-parity (—1)3B=L) [156] as

Rp = (—1)%9(-1)3B-D), (3.14)

Both definitions coincide because, as we noted in the previous section, B and L are purely
fermionic quantum numbers in the SM. Matter parity is a remainder of the continuous
U(1)p—r, [159-161], the difference between the baryon and lepton number. Global B — L
is an accidental symmetry of the SM without neutrino masses conserved classically and at
the quantum level. This is not the case for B or L symmetries alone because they are violated
by non-perturbative effects [162]. The U(1)p_7, is often gauged and broken in models beyond
SM in order to allow for Majorana neutrino masses needed for the see-saw mechanism. We
will connect the breaking of B — L to the breaking of R-parity in Section 3.5. Note that some
authors define the R-parity directly as descendant of matter parity [103].
Summing up, the consequences of exact R-parity are:

e Conservation of B and L at each vertex.
e Stability of the lightest supersymmetric particle.

e Each supersymmetric particle other than the LSP will decay in a cascade into an odd
number of LSPs.

e In collider experiments, supersymmetric particles can only be produced in even numbers.

MSSM is defined to conserve R-parity, see section 2.2, because of the desirable phenomeno-
logical consequences. Nevertheless, there is no a priori reason for R-parity conservation. Its
breaking is possible as long as it is not in conflict with experimental results. As stated in the
introduction to this chapter, R-parity breaking can even render gravitino dark matter com-
patible with leptogenesis. Therefore, we will investigate R-parity breaking in the following
sections.
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3.3 Patterns of R-parity Breaking

In the absence of R-parity, R-parity odd terms allowed by renormalizability and gauge invari-
ance have to be included in the superpotential of the MSSM :

" UiD; Dy, (3.15)

1 1
W = Wnssn + piHy Ly + §>\ijkLiLjEk + X LiQ;j Dy + §>\”

where we have suppressed the summation over the gauge indices. Gauge invariance enforces
the antisymmetry of the A;;, couplings with respect to their first two indices, and antisymme-
try of )\;’jk couplings with respect to their last two indices. As expected, first three additional
terms of the superpotential break lepton number conservation, while the last term breaks
baryon number. Altogether eq. 3.15 involves 48 complex parameters: 3 dimensionful parame-
ters p; mixing the lepton and down-type Higgs superfields, and 45 dimensionless Yukawa-type
couplings.

After the breaking of supersymmetry one must also allow for R-parity violating soft terms
which have to be added to the soft-terms of the MSSM:

1 ~~ o ~ = 1 ~ =
—Lgoft = *E%ﬁSM + iaijkliljék + ajliqidy + §a§’jkuz'djdk
+ BiH,l; +m2l Hy + h.c. (3.16)

The new soft terms in eq. 3.16 introduce 51 new complex parameters: 45 a-terms with the
same antisymmetry properties as the corresponding trilinear superpotential couplings, 3 B;
associated with the bilinear superpotential terms, and 3 R-parity violating soft mass param-
eters mfd mixing the down-type Higgs boson with the slepton fields.

Depending on the model of R-parity breaking not all of these terms will be present in the
theory. A priori, one can try to investigate the effects of some particular R-parity breaking
terms added to the MSSM. However, in order to be consistent at the quantum level, one has to
include all terms at the tree-level, which could otherwise be created by radiative corrections.
The consistent patterns of R-parity breaking can be classified in the following way:

e General R-parity breaking. This is the most general possibility involving all terms
defined in this section. It corresponds to the introduction of dimension 2, 3, and 4
operators breaking Rp. This pattern introduces 96 physically meaningful Rp breaking
parameters.

e R-parity breaking through d = 2 and d = 3 operators. This pattern consist of
the bilinear breaking terms from the superpotential augmented by all Rp-breaking soft
terms. It introduces 54 new parameters.

e R-parity breaking through d = 2 operators. This pattern contains only bilinear
soft terms and can be parametrized by 6 parameters.

e Bilinear R-parity breaking. In this scenario the R-parity is broken only by bilinear
terms coming both from the superpotential and the soft Lagrangian. Although, it leaves
out d = 3 a-terms, the scenario is consistent, since these terms are not generated from
quantum corrections. This pattern introduces 9 new parameters.

Note, that the popular scenario of explicit trilinear R-parity breaking is not included in
this list, since bilinear Rp violating couplings in this scenario cannot be completely absent.
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They are generated through one-loop diagrams involving lepton-number violating trilinear
Rp-breaking interactions. The only consistent possibility is then R-parity breaking solely by
the UDD operator. As an example, the d = 4 operators, which are the fermion-fermion-
scalar terms from the superpotential would induce the d = 3 higgsino-lepton mixing terms
pihyli and d = 2 Higgs-slepton mixing mass terms B;H,l; and mfdled [163-165]. In the
following we will investigate in detail bilinear R-parity breaking. We are interested in this
pattern, because it does not lead to proton decay (due to the absence of B-violating terms), is
described by only 9 parameters, and can lead to consistent gravitino dark matter cosmology.

3.4 Bilinear R-parity Breaking

The minimal supersymmetric standard model including bilinear R-parity breaking [166] is
described by the following superpotential:

W = i HyLi + pH, Hy + hQiH U + b QiHyDj + b, L HyE;. (3.17)
After supersymmetry breaking, soft SUSY breaking terms have to be added to the Lagrangian:

—£=m2 g+ m} T+ m2, i+ m3 dd+m? é'é

+m2 HiH, + m2H Hy + (BHqu + BiH, I + m2I Hy + h.c.) , (3.18)
where we show only the scalar mass terms from the usual E%}%SM . For simplicity, we have

assumed flavor diagonal mass matrices.

Electroweak symmetry breaking Contrary to the case of pure MSSM, cf. Section 2.2.1,
the electroweak symmetry is broken by vacuum expectation values of all scalar SU(2) doublets
(for a generic choice of parameters):

(H) =v,, (H)=va, () =uv. (3.19)

In order to find the value of the sneutrino VEV, one has to minimize the full scalar
potential. Having replaced the neutral components of the scalar SU(2) doublets with their
VEVs, we obtain the following expression for the minimum of the potential:

Vinin = D |f* (03 + 02) + (g + popsa)vgvi + |il” (v2 + 0F) + m3og + m2v?
7

— (B4 B*)oyvg + miv; — (B; + By )uuvi + (miy + mZ;)vgv;
1

+ 5 (6" +97) (vi = vg =)’ (3.20)
The parameters B and B; can always be chosen real by a suitable choice of the phases of the
slepton and Higgs fields, see [167] and references therein. We will assume that the parameters
governing the R-parity violation are small. In the next section we will present a model which
gives us such parameters. In this case, the vacuum expectation values of the Higgs fields are
not changed by the effects or R-parity violation. The VEVs of the sneutrino fields can then
be found by investigation of the minimum of the scalar potential in the sneutrino directions:

1 oV _
0=——| = pRepm)vg+ |mil* v +mivi — Bivy +migva
ayi min '
1
+ 2 (g2 + g'2) (vg — vfl + v?)vi. (3.21)

44



3.4. BILINEAR R-PARITY BREAKING

Neglecting all terms which are cubic or higher in the small parameters p; and/or v;, one
obtains the following expression for the VEVs of the sneutrino fields:

o _ Ui _ Bitan 8 —m?2; — p(Re ;)
T g mZ + %mQZ cos 2(3 '

(3.22)
Choice of the Weak Interaction Basis In the absence of R-parity and, therefore, in
the absence of lepton number conservation there is no distinction between the Hy; and L;
superfields, which have the same gauge quantum numbers, cf. Table 2.1. Appealing to the
Leibnizean principle of the identity of indiscernibles we conclude that all these objects are
different degrees of freedom of the same entity, and one can therefore freely rotate the weak
eigenstate basis by a unitary transformation:

/
()= () =v (1), (3.23)
where U is an SU(4) matrix.

The p and the Rp violating u; terms can now be written in compact form in the super-
potential
W D poHyH,, (3.24)

where 1o = (1, j15), and H, = (Hy, L;)T. The same expression can be rewritten in another
basis:
paHuHa = paHy (U, 5 Hp. (3.25)

We are interested in a infinitesimal transformation U = 1 + T, with 7T = —T and neglecting
O(T?) terms. Using it, we can find the expressions for the y and p; terms in the Lagrangian
in the new (primed) basis.

W= o+ Toip, (3.26)
pi; = =Toip + pi + T p5- (3.27)

Similar expressions can be found for the other parameters. The equations above make it
clear that the values of lepton number violating couplings are basis dependent. Therefore,
it is crucial for the discussion of the effects of Rp breaking to specify the basis one is using.
Another option, pursued by some authors, is to define a complete set of basis-independent
quantities parameterizing the effects of R-parity breaking, see [157] and references therein.

We will discuss the predictions of the model in a basis of SU(2) doublets where the mass
mixings p;, B; and m2,; in eqs. (3.17) and (3.18) are traded for R-parity breaking Yukawa
couplings. This basis simplifies the discussion of the phenomenological consequences. First,
we go into a basis in which the yu; term vanishes. Looking at eq. (3.27), we find the following
transformation:

The full transformation matrix then has the following form:

Ul = <1 e ) , (3.29)

€; l3x3

45



CHAPTER 3. R-PARITY BREAKING

and the transformations of the superfields read:
H; = Hcll — eng , L;j= L; + €ZH(,1 , (330)

where we have assumed that the p; are real. Note that the assumption p; < p makes the
whole procedure consistent. As wanted, the bilinear term (3.17) vanishes for the new fields,
i.e., u; =0, and one obtains instead the cubic R-parity violating terms
1
where
d

The new R-parity breaking mass mixings are given by:
B} =B; — Be; , mi=mZ;+e(mj, —m]) . (3.33)

The corrections for R-parity conserving mass terms are negligible. In this basis the sneutrino
VEVs are given by:

B't —m?
U alf52 Mid__ (3.34)
my; + 3m7, cos 23

For the second step, we note that after the breaking of supersymmetry we are not forced
to perform basis changes or field redefinitions simultaneously in bosonic and fermionic sectors.
The up-type Higgs field e H;; has the same quantum numbers as the down-type Higgs field H;
and the scalar lepton field /;, with £ = io? cf. eq. (A.40). Therefore, it is possible to arrange
them in a vector and write all quadratic terms as a multiplication with a matrix:

-m2 B B!\ [eH}
~Lquarasie = (HI HY ) (B w2 w2 | 1y ). (3.35)
p ol wd) \

Then one can perform a non-supersymmetric infinitesimal SU(5) rotation among all scalar

SU(2) doublets:

H),=H! €l , eH =cH}—¢€l , I =1'+¢H)+cH, (3.36)
H' =H" - ell" . Hle=H e+l , I =" +H" —/H e . (3.37)

The R-parity conserving parameters change by a negligible amount, while the bilinear R-
parity breaking terms become:

B! = B} — €;B + (m_ — mj e} (3.38)
m2 =m2 4+ ¢/ B + (771127 —m2)é, (3.39)
Choosing
B!B +m?, (m? —m?
6; — 7 id ( l; u) ’ (340)
(mi - m%) (7%12 — mfi) — B?
6;:/ ) ( l d) id (341)
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the HUZNZ and ﬁHd mixing terms vanish in the new basis of doublets:
B!'=0, m?/=0. (3.42)

According to (3.34) also the scalar lepton VEVs (#;) vanish in this basis. In the discussion
above, the Higgs mass terms m? and mg already contain the contributions | ,u|2 from the
superpotential (3.17), which are invariant under the redefinitions in the scalar sector.

Rp violating Couplings and Mixings It is straightforward to work out the R-parity
violating Yukawa couplings which are induced by the rotation (3.36). We are particularly
interested in the terms containing one light superparticle, i.e, a scalar lepton, bino, wino or
higgsino. The corresponding couplings read, after dropping prime and double-prime super-
scripts on all fields:

1 > 7.7 3 7 3 Tx
—ALD 5)\ijkliéjlk + )\;jkdinlk + Aijkliéjlk + )\;jkqiﬁjdk
+ hfj(eng + 62’€HZ)éjhd

g i 1T 9 /1t T N\ a7 . a
— “=(H,; — e Hy e)l;b + —=(;H; — €; H, €)ol;w® + h.c. , (3.43)
V2 V2

where the Yukawa couplings are given by

Nije = —hjen + hijei s N = —hi(en +€;) (3.44)

Nijk = —hj(ex + €) + hijei , Nig, = hijel, . (3.45)

Since the field transformations are non-supersymmetric, the couplings \;j; and S\ijk are no
longer equal as in eq. (3.32). Furthermore, a new coupling of right-handed up-quarks, )\;jk,
has been generated.

After electroweak symmetry breaking one obtains new mass mixings between higgsinos,

gauginos and leptons,

ALy D mfjf;éjh‘d — mzsy,( Vb + mzcwCi*l/iwg + \/ﬁrnzcwg*eiw'F + h.c., (3.46)

where we have defined

/ "
G = €iVd T € Vu 7 (3.47)

v
mi; = hijvd (3.48)

and used the definition of the Z-boson mass eq. (2.28).
Additionally, one also obtains couplings of the bino and wino to lepton doublets and Higgs:

/
g R g
~AL = -5 (e;HY v + €/ HJv;) b+ 7 (e;HY*vi + €] HIv;) w® + hec. (3.49)

where we have shown only the couplings to the neutral Higgs states. The neutral higgsino, on
the other hand, only couples to charged Higgs. Introducing the physical Higgs fields in the
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unitary gauge, see eq. (2.32), and taking only the coupling to the lightest Higgs into account
one obtains:

1 1
—AL = —§g/ﬁihljib + ig’fihyiw?) + h.c. (3'50)

where
ki = €;sin(—a) + € cos(a). (3.51)

In the Higgs decoupling limit, cf. Section 2.2.1, « ~  — 7/2 and therefore x; ~ (;. We will
show that all models considered in the present work satisfy the decoupling limit.

Given the Yukawa couplings hij, hglj and hf;, the Lagrangian (3.43) predicts 108 R-parity
breaking Yukawa couplings in terms of 9 independent parameters which may be chosen as

Wi, Bi, m3 or ¢,¢€, €. (3.52)
These parameters determine the lepton-gaugino mass mixings, lepton-slepton, and quark-
slepton Yukawa couplings as well as couplings of the Higgs fields to gauginos and leptons,
and therefore the low-energy phenomenology. The values of these parameters depend on the
pattern of supersymmetry breaking and the flavor structure of the supersymmetric standard
model.

3.4.1 Neutralinos and Charginos

The R-parity breaking described in the previous section leads to mass mixings between the
neutralinos b, w?, hY hg with the neutrinos v;, and the charginos w*, k7, w™, h; with the
charged leptons ¢€;, e;, respectively.

The 7 x 7 neutralino mass matrix reads in the gauge eigenbasis

My 0 Mz835w —MzCSw —(iMzSy
0 Mo —Mz83Cy  MZCRCy Gmzcey
MY = MzSESw  —MzZSECy 0 —l 0 , (3.53)
—MzC38w  MZCRCy —u 0 0
—Gimzsw  GMmzcy 0 0 0

where we have neglected neutrino masses. All effects of R-parity violation in the neutralino
sector are parametrized by the three parameters ;. As is in the case of the MSSM, cf.
Section 2.2.2; the neutralino mass matrix can be perturbatively diagonalized, which we will
do explicitly in Chapter 4 for the case of bino- and higgsino-like neutralino LOSP (LSP).

The 5 x 5 chargino mass matrix which connects the states (w™,h;,e;) and (w™, b, €f) is
given by

My V2mzsgey 0 0 0
ﬂmZCﬂCw 2 Chiipn ChSop  C3hisu
MC = V2Cimygey 0 h$,ves 0 0 , (3.54)
\@Cgmzcw 0 0 hSqves 0
\@Cgmzcw 0 0 0 h§sveg

and will also be diagonalized in Chapter 4.
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3.5. SPONTANEOUS R-PARITY BREAKING

3.4.2 Gravitino Interactions

In addition to the effects in the slepton and gaugino sectors, bilinear R-parity breaking will
also affect the gravitino interactions eq. (2.77). On the one hand, the basis transformations
discussed in the previous section cause various mixings between gauginos and leptons, which
are discussed in Chapter 4. On the other hand, the non-supersymmetric rotation will directly
change the interactions of the gravitino with scalars fermions and gauge-bosons:

1 i L
Lipy = NI {(eg(Dde) + €/ (DyeHY)) llgto Wl

- (e;(D,,z})hj, v e;’(DVZj)ehL) Fhovf, + h.c.} , (3.55)

where we have assumed flat spacetime. Having evaluated the covariant derivative in terms of
mass eigenstate fields (cf. Appendix B) we obtain following interaction terms:

Laps = = { (€0 + @] + (€l @u17) - 0,11
GG ARG A U R CICRA s CRA M)

+ (et = W] - (e + ntiol)) W

+ (€l H el = (€ = ) ) W

b o ((GHS + HEW] - (GHy - dHE)]

(2 1T U

—(eiﬁihST — e’-’ﬂThOT) + (egéih;T + e’-’éThH)) Z,
+2%0#@4Mﬂé@@¢+4@ﬂ0a

+ie (—(egH; — hEyel + (deingt + e;'éjh;ﬁ)) A, ] o + h.c.} (3.56)
After electroweak symmetry breaking we obtain inter alia the following trilinear interactions:

1
(4 . REY fam . T\ St 7T
LRpy D ST (2 (nguz Z, + \/szcw(zel W, ) + m(@,,h)uz> oo’y + h.c. . (3.57)

The interactions in the equations above, together with the Rp violating interactions mediated
via the mixing terms, cover all R-parity violating interactions of the gravitino found in the
literature, see [72] and references therein. Nota bene that we also find new R-parity violating
four-vertex interactions, for example of the form v, — hi; W (hv; Z), which have to be
taken into account for the computation of the three body decays of heavy gravitinos. Note
also that our approach allows for a transparent identification of all relevant terms without
the need to use sneutrino VEVs or mass-insertion techniques.

3.5 Spontaneous R-parity Breaking

In this section we compute the parameters ¢;, €, and €/ in a specific example where the spon-
taneous breaking of R-parity is related to the spontaneous breaking of B — L, the difference
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Superfield | ¢ H, Hy; S S @® X Z
Rp-charge [ 1 0 0 0 -2 -1 4 0

Table 3.2: Rp-charges of matter superfields ¥ = Q, U, D, E, L, N, Higgs superfields and gauge
singlet superfields.

of baryon and lepton number [57]!.
We consider a supersymmetric extension of the standard model with the symmetry group

G = SU(3) X SU(2) X U(l)y X U(l)B_L X U(I)R . (3.58)

In addition to three quark-lepton generations and the Higgs fields H, and Hy the model
contains three right-handed neutrinos IV;, two non-Abelian singlets S and S, which transform
as N and its complex conjugate, respectively, and three gauge singlets X, ® and Z. The part
of the superpotential responsible for neutrino masses has the usual form:

_ 1 _
W, = h¥;L;N;H, + M—Ph%NiNjSQ : (3.59)

The expectation value of H, generates Dirac neutrino masses, whereas the expectation value
of the singlet Higgs field S generates the Majorana mass matrix of the right-handed neutrinos
N;. The superpotential responsible for B — L breaking is chosen as:

Wp_ = X(585 — ®?) | (3.60)

where unknown Yukawa couplings have been set equal to one. ® plays the role of a spectator
field, which will finally be replaced by its expectation value, (®) = vp_r. Similarly, Z is a
spectator field which breaks supersymmetry (Z) = Fz6060 and the continuous U(1)g down to
Rp, since its F-term causes change in R of AR = —2, cf. Section 3.2. The superpotential in
egs. (3.59) and (3.60) is the most general one consistent with the R-charges listed in Table 3.2,
up to nonrenormalizable terms which are irrelevant for our discussion.

The expectation value of ® leads to the breaking of B — L. The scalar potential reads :

- - 1 ~
Vi-r = [35 —vh_p|” + EPI5P + 2151 + S (3P — 3%)°, (3.61)

where ¢” is the coupling of U(1)p_, and f denotes the scalar component of the superfield
F'. Minimizing the potential, we find:

(S) = (S) =(®) =vp-1, (3.62)

where the first equality is a consequence of the U(1)p_; D-term. The VEV of the S field
generates a Majorana mass matrix M for the right-handed neutrinos with three large eigen-
values M3 > My > M. If the largest eigenvalue of " is O(1), one has M3 ~ v%_; /Mp, c.f
eq. (3.59). Integrating out the heavy Majorana neutrinos one obtains the familiar dimension-5

!The connection between B — L breaking and R-parity breaking in the context of string compactifications
is discussed in [168,169].
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3.5. SPONTANEOUS R-PARITY BREAKING

seesaw operator which yields the light neutrino masses. Note that we will treat neutrinos as
massless in phenomenological discussions.

Since the field ® carries R-charge —1, the VEV (®) breaks R-parity, which is conserved
by the VEV (Z). Thus, the breaking of B — L is tied to the breaking of R-parity, which is
then transmitted to the low-energy degrees of freedom via higher-dimensional operators in
the superpotential and the Kéhler potential. Bilinear R-parity breaking, as discussed in the
previous section, is obtained from a correction to the Kéhler potential,

1 _
AK = (a; Z*®*SH,L; + a;Z*®S*H,L;)
P
1 _
+7 (0229 SH, Li+ b2 205" H, Ly
P
+¢; 2" Z®*SL;Hy + ¢, Z* Z®S*L; Hy) + h.c. . (3.63)

Note that the products Z*Z of the SUSY breaking fields are proportional to 876706 after the
breaking and the operators involving these products therefore solely give rise to products of
scalars in the Lagrangian. Replacing the spectator fields Z and ®, as well as S and S by their
expectation values, one obtains the correction to the superpotential

with

2
Vg Ms
M2 T Mp

Wi = \/é(az + a;)m?,/z@ , 6= (364)
where mg/o = Fz/(v/3Mp) is the gravitino mass. Note that © can be increased or decreased
by including appropriate Yukawa couplings in egs. (3.59) and (3.60). The corresponding
corrections to the scalar potential are given by

— AL = BiH ;i + mAl Hy + hec. ,

where
B; = 3(bi + b))m3 00 ,  miy = 3(c; + ¢})m3 O . (3.65)

The neutrino mass scale m, ~ 0.01 eV implies for the heaviest right-handed neutrinos
My ~ M3 ~ 10'2 GeV. The corresponding scales for B — L breaking and R-parity breaking

are 9
v
vp_ ~ 10 GeV, ©= ]@—; ~ 1079 . (3.66)
P

As desired, the model produces tiny R-parity violation. The estimation of parameters is
self-consistent, since the neutrino masses generated by R-parity violation are quadratic in
R-parity breaking couplings (cf. eq. (4.21)) and are therefore negligible compared to the see-
saw contribution, for the size of the R-parity violating couplings predicted by our model, cf.
eq. (3.73).

The R-parity conserving terms are generated by the Giudice Masiero mechanism, cf.
Section 2.2:

ao « . bo .
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Superfield | 103 10, 10, 55 55 5/ N3 No Ny H, Hy ® X Z
Charge | 00 1 2 1 1 2 0 0 1 0 0 0 0 0

Table 3.3: Froggatt-Nielsen charges of the superfields of our model. The MSSM fields are
combined in representations of SU(5): 10; = (Q;, U, E;), 57 = (D;, L), i =1...3.

which yields

W D uH,Hy | = V3agms s , (3.68)
—L D> BH,Hy+ h.c., B=3bymy, . (3.69)

Higher dimensional operators yield further R-parity violating couplings between scalars
and fermions. However, the cubic couplings allowed by the symmetries of our model are
suppressed by one power of Mp compared to ordinary Yukawa couplings and cubic soft
supersymmetry breaking terms. Note that the coefficients of the nonrenormalizable operators
are free parameters, which are only fixed in specific models of supersymmetry breaking. In
particular, one may have p%, m? > m§ o and hence a gravitino LSP. All parameters are defined
at the GUT scale and have to be evolved to the electroweak scale by the renormalization group
equations.

The phenomenological viability of the model depends on the size of R-parity breaking
mass mixings and therefore on the scale vp_1, as well as the parameters a; ..., in eq. (3.63).
Any model of flavor physics, which predicts Yukawa couplings, will generically also predict

/

the parameters a; ... c;.

3.5.1 Hierarchy of R-parity violating Couplings

As a typical example, we use a model [170] for quark and lepton mass hierarchies based on a
Froggatt-Nielsen U(1) flavor symmetry, which is consistent with thermal leptogenesis and all
constraints from flavor changing processes [171].

Froggatt-Nielsen Mechanism The Froggatt-Nielsen mechanism [172] explains the emer-
gence of flavor from an underlying symmetry. In general, flavor assignment means that some
particles having the same transformation properties under all symmetry groups have different
masses. This situation needs an explanation because the appearance of three identical families
contradicts the idea that differences in masses should follow from other different properties.
In other words the hierarchy in Yukawa matrices is unexplained in the MSSM or SM. The idea
of Froggatt and Nielsen follows the pattern seen in various discussions of this and the previous
chapter: The families are considered not to be identical but to differ by a charge under a new
U(1) symmetry. This symmetry gets broken above the GUT scale by an expectation value
of some field ¢ called flavon which is otherwise a gauge singlet. The charge of ¢ is —1 while
other particles have positive or zero charges. Besides the particles of the MSSM the theory
possesses a number of heavy states which appear in “spaghetti”-like diagrams [173] between
the MSSM fields, see figure 3.1. All the heavy states have the same mass of the order of
the flavor scale A. The Yukawa couplings as well as other family-dependent couplings arise
from this non-renormalizable interactions (“spaghetti-diagrams”) after the flavon acquires
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Q3 T dy3
|
Y
|
|
H(Z Cb

Figure 3.1: An example interaction between the Froggatt-Nielsen fields Fj;, the flavon ¢ and
the MSSM fields which will give rise to a Yukawa coupling hg(Q 3)" The diagram follows the
rules presented in Section A.4.

vacuum expectation value. The entries of the Yukawa couplings depend on the number of
flavon-tadpoles needed to cancel the charges of MSSM fields in the interactions, each tadpole
contributing n ~ (¢)/A.

In the models we consider the scale A is given by A = (¢)/n > Agur, n ~ 0.06. The
n-dependence of Yukawa couplings and bilinear mixing terms for multiplets v; with charges
Q; is given by

hij o n@tQi i oen@ Bioon@, m2 o n@i. (3.70)

The charges @; for quarks, leptons, Higgs fields and singlets are listed in table 3.3.

The R-parity breaking parameters u;, B; and m?d strongly depend on the mechanism of
supersymmetry breaking. In the example considered in this section all mass parameters are
O(mg/3), which corresponds to gravity or gaugino mediation. From egs. (3.64),(3.65) and
(3.70) one reads off

pi =an®imzp0 , B = l;nQim?Q)/z@ ;M = é7762"7”%/2@ ; (3.711)
with a,b,¢é = O(1). Correspondingly, one obtains for e-parameters (cf. (3.40),(3.41))
¢ =an?®0, =m0, € =wn%0, (3.72)
with a,b,¢ = O(1). Thus, the predicted size of R-parity breaking coupling is
" -8
~e ~(~nO~6x107°. (3.73)
Our phenomenological analysis of stau decays in Chapter 4 will be based on this parametriza-
tion of bilinear R-parity breaking.
Depending on the mechanism of supersymmetry breaking, the R-parity breaking soft terms
may vanish at the GUT scale [157,174,175],

Bi(Acur) = miy(Acur) =0 . (3.74)

Non-zero values of these parameters at the electroweak scale are then induced by radiative
corrections. The renormalization group equations for the bilinear R-parity breaking mass
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terms read (cf. [157,174,175], t = In A):

dp; 1
165224 gy, < Jehii — 291 = g%) o phighis — o (Agkhiy + 3Nkl ) L (3.75)
dB; 1 1
167°——* = 3B; | hijyhlit — g7 — g5 ) + 6pi | Zgi M1 + g5 My
dt 5 5
+ Byh$hi: — B (Aijkh;’; + 3A§€jihzj> , (3.76)
Qdmzzd*eQ 2 1e pex ropd 2 e pex, 2
167 dt::Amimmu—"%ﬁm@k—3thmmd+hwhmmm
+ 3hishiymzy + M A hg — 3ME A he
+ 2Np i AR+ 2Nk e — G Ry, — 6X e (3.77)

In bilinear R-parity breaking, the R-parity violating Yukawa couplings vanish at the GUT
scale. One-loop radiative corrections then yield the following soft terms at the electroweak
scale (cf. eqs. (3.75),(3.76); €; = p;/1):

pi (6 Agur
Bi(Agw) = 16;2 <5g’2M1 —|—6g2M2) In Ay m2,(Agw) =0 . (3.78)

This illustrates that the bilinear R-parity breaking terms u?, B; and mfd are not necessarily
of the same order of magnitude at the electroweak scale.
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Chapter 4

Broken R-parity: From the Sky to
the LHC

Supersymmetric extensions of the Standard Model with broken R-parity have a rich phe-
nomenology [166,174,176,177]. In most models rather large R-parity violating couplings are
considered, which lead to prompt decays of the lightest superparticle in the detector. In
models where small R-parity violating interactions generate neutrino masses, macroscopic
decay lengths up to 1 mm are obtained [175]. In the case of gauge mediated supersymmetry
breaking, R-parity violating decays then compete with R-parity conserving decays where the
final state contains a gravitino [178].

In the present work we are interested in the case of very small R-parity breaking couplings,
as they occur if R-parity is spontaneously broken at the grand unification scale, since they
lead to a consistent cosmology including primordial nucleosynthesis, thermal leptogenesis and
gravitino dark matter, cf. Section 2.5.

The introduction of such small couplings, leads to decays of the gravitino LSP and the
NLSP into particles of the Standard Model, while all other particles of the supersymmetric
spectrum decay via the usual R-parity conserving interactions. In the following sections we
first obtain R-parity breaking matrix elements of neutral current, charged current, and su-
percurrent assuming bilinear R-parity violation as presented in the previous chapter. Then,
using these matrix elements and the trilinear R-parity breaking couplings, we compute grav-
itino, neutralino, and stau decays. Having the analytical formulas for the decay lengths, we
review the constraints on the strength of R-parity violation from cosmology and verify our
initial assumptions. In the next step we summarize the constraints on the R-parity breaking
couplings from direct and indirect searches, and finally establish a direct connection between
the expected gamma-ray flux from gravitino decays and the decay length of the neutralino
NLSP at the LHC. This connection will lead to a lower bound on the neutralino NLSP decay
length from the results of the indirect searches for decaying gravitino dark matter. If the
NLSP is a stau, we obtain a lower bound on the stau decay length from the requirement that
the baryon asymmetry is not washed out.

4.1 Neutral, Charged and Supercurrents

In Section 3.4 we have discussed R-parity violating Yukawa couplings as well as R-parity
violating couplings of the Higgs field in our model. For a phenomenological analysis we also
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need the couplings of the gauge fields, i.e., photon, W-bosons and gravitino, to charged and
neutral matter,

— g [ E——— g 1
L J. AH J7 JH — = W e W - '+ h.c) . 4.1
Cen Cw g \fQJ \[2J 27\1[: (djﬂs C) ( )

The corresponding currents are derived in Appendix B and read

Jen =Ty + I3
= wH&Mer - UFT&MUF - e;rﬁuei + é;r&uéi - h;T5uh; + hf{T5uh:{ ,
1 1 1
Jgu =— ihgh‘r“hg + 5hg%uhg + 51/3(3“%-

)

1 1. _ 1
+wg,wt —w W™ — §€T5uei - §hd Té'”h; + §hﬁ6/‘h:§ - siJflf )

Jr =2 (wSTEruw_ - wH&uw?’) +vla,ei+ b 5T + hiTa,hl

3
J:[ =2 (w*TﬁuwS — wSTﬁuuﬁ) - ej&uyi - h;Tﬁuhg — h?LT&th ,
St = gPPat (bTBpg + wTang)

+o"a" ((cos ahl —sina h)(9,h) —iv2mzey, (cos W,y + sin BW, h})

— % (cosa W, hf —sina W, hy) h —imy (cosﬁh?l — sinﬁhg) Z,

+ 9 (sina hY + cosa hg) hz,
2¢y

—imyCivi 2y, — iﬁmzcwgeiWJ + /i,-ui(ayh)> ) (4.2)

The upper indices of the electromagnetic currents indicate the transformation properties of
the fields in the current under SU(2)y.

In eq. (4.2) we have only listed contributions to the currents which will be relevant in our
phenomenological analysis.

As stated in the previous chapter, the R-parity breaking leads to mass mixings between
the neutralinos b, w3, hY, h?l with the neutrinos v;, and the charginos w*, ht, w™, h, with
the charged leptons €;, e;, respectively. The 7 x 7 neutralino mass matrix reads in the gauge
eigenbasis

My 0 Mz885w —MzCBSw —CiMzSy
0 Mo —Mz83Cy  MZCRCy Gmgcey
MY = MzSESw  —MzSECy 0 — 0 , (4.3)
—MzZC3S8w  MZCRCy —u 0 0
—Gmzsw  Gimzcy 0 0 0

where we have neglected neutrino masses induced by the see-saw mechanism. Correspond-
ingly, the 5 x 5 chargino mass matrix which connects the states (w™, h;, e;) and (w™, b, €f)
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Figure 4.1: The parameters p and B of egs. (3.17) and (3.18), respectively, as functions of the
bino mass M; in mSUGRA models. The plot has been obtained by means of SOFTSUSY [110].

is given by
My V2mgsgew, 0 0 0
ﬂmZCBCw 2 Chiip  ChSop  C3hisp
M =1 V2&mzey 0 hSveg 0 0 : (4.4)
\/iCQTTLch 0 0 hSyveg 0
V2 Gmzcey 0 0 0 33vC3

Note that all gaugino and higgsino mixings with neutrinos and charged leptons are governed
by the three parameters ;.

In the following sections we shall need the couplings of gravitino, W and Z bosons to
neutralino and chargino mass eigenstates. Since (; < 1, diagonalization of the mass matrices
to first order in (; is obviously sufficient. Moreover, similar to the MSSM case, we consider
only models where the effects of electroweak symmetry breaking are small perturbations on
the mass matrix. In the case of mSUGRA models (cf. Section 2.4.1) the supersymmetry
breaking parameters satisfy the inequalities (cf. Figure 4.1):

mz < Mo <p, (4.5)

while in the case of hybrid gauge-gravity mediation or AMSB (cf. Sections 2.4.2 and 2.4.3)
the inequalities are:
my < pu < MLQ. (4.6)

The gaugino-higgsino mixings are O(myz/u) or O(myz/Mi2), and therefore suppressed, and
XY, the lightest neutralino, is either bino or higgsino-like.

The mass matrices MY and M are diagonalized by Takagi diagonalization and singular
value decomposition, respectively,

T pqN7(n) — Méviag . U9t pMCTD = MdCiag 7 (4.7)
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where UMTU™M = p@iyl) = g@Ig© = 1. These unitary transformations relate the
neutral and charged gauge eigenstates to the mass eigenstates (x2,7/) (¢ = 1,...,4) and

(xa,€), (xt.&) (a = 1,2), respectively. Inserting these transformations in egs. (4.2) and

dropping prime superscripts, one obtains electromagnetic current , neutral current , charged

current and supercurrent in the mass eigenstate basis:

Jeu = Xa qu(g )Xg + XZCT%VOEﬁ )X,B + 635M‘/i§e)€j + égﬁu‘/ige)éj (4.8)
+ (X 5,V e+ xito Vof;‘ e +h.c.) :

Jzu = Xo O-,UVa(g( )xb + Xo O'MV(X )xg + X;Tﬁuv(ﬂ )X/g +y; O'MV( )1/] +e; auV( °) (4.9)
+ GTO'MV( )ej + (X?jo—uvjj ’ )Vj + x;Tr?MVOE;( ’e)ej + x5 5MV68-< e, ;i + h. c) —s2 Spden

Ty = 5,V G +xda v 08 + x3e, v e + ela, VO xd (4.10)

aj

v
5t = o7t (WU + U Fpy — (xHUE0 + ufoZ’”’) Zr (.11

+ (O + el Tl ) wi + (Ul +eluf ) wi)
+ oV ((Uéxovh) X+ Ut 14;) (8,h)
= iv2mgey (eaW (U5 e + US Ver) + 5wy (0% + 05 ) )

- \Z/% (caW (Uéa It + T e ) sa Wi (U2(X g + U9 )) h

—imy (Uéxo,Z) 0 4 U(V Z) ) 7, + % (Uéxovhvz)xg + Ui(y’h’Z)l/7;> hZz,

—imzCviZ, — iV 2mgeuCieiW, + Kz‘l/z'(auh)> ,

+ ! O-/J,V( 7X)X + X+T V(] X)VJ + I/TO—I_LV( )e‘] + e O—MV(V )

where we have defined the following matrix elements:

U0 = U0+ U et LUy )
U = s, U + e, U U = s, U e, US™, (413)
UM = U — soUSS) UM = U™ — soUE™ (4.14)
UX"?) = Ul — 55U U = caUl) — s (4.15)
XD = sollfy) 4 eallly . UMD = U el (4a6)
and abbreviations for the mixing angles:
Sq =sina , Cq =COSQ, (4.17)
sg=sinf, cg =cosf3. (4.18)

The unitary transformations between gauge and mass eigenstates and the resulting matrix el-
ements of neutral and charged currents are given to next-to-leading order in myz/u (mz/M; 2)
in Appendix B. As we shall see, that expansion converges remarkably well.
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The explicit expressions for the couplings as well as for the mass eigenvalues depend on
the nature of the neutralino wave function. In this work we will consider only bino- and
higgsino-like neutralinos. We will give the couplings for these cases in the later discussion,
but provide here the masses of the neutralino states for both cases. Additionally, we discuss
the generation of neutrino masses induced by R-parity breaking.

Bino-like Neutralino As shown above, we can treat the breaking of electroweak symmetry
as a small perturbation of the neutralino and chargino mass matrices, and perturbatively
diagonalize them to first order in ¢; and to second order in myz/u. The neutralino mass
eigenstates read:

)]
2
myg = My — ch( (M2]\Zj;825) (1 +0 (mf)>
g = s 220 _<82i)(A/21+><M1+C 7 e <1 O (n/j ) >
g = PRSI (10 (5)).

m, = 0. (4.19)

Obviously, the mass eigenstates at this order in (; are precisely the same as in R-parity
conserving SUSY, cf. eq. (2.48). The effects of R-parity violation first appear at the order
(2, in particularly R-parity violation generates one neutrino mass at tree-level which will be
considered in the following. We have numerically checked that varying M; between 120 and
500 GeV, the relative correction to the lightest neutralino mass is less than 10%.

Higgsino-like Neutralino The diagonalization of the mass matrices in the case of a
higgsino-like neutralino is very similar to the bino-like case. We expand to first order in
¢ and to second order in myz/M; and obtain the following neutralino masses:

Moo = i — mQZ(l —l—Sgﬁ)(Mlc%U +M23%u _N) <1 Lo <m2 ))
! 2(My — p) (M — p) M2))’

2 1— M 2 M. 2 2

X2 2(pu+ My)(p + M) 2\412
mzs 2 (My + 1s23) m2Z
My, My = My + (M2 122) 1+0 M2))
m%c2 (Ms + p1s23) < (m2Z>>
=My +—%2 1+0 (2],
(M3 — pu?) M7
my, =0, (4.20)

where we have not specified the hierarchy between M; and M,. We have numerically checked
that at the points of interest, the relative correction to the masses is less than 5%.
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Neutrino Masses Irrespectively of the neutralino wave function, the neutralino-neutrino
mixing generates tree-level neutrino mass at the order ¢?:

2 2 2
—2m2 ( Sw oy Cw mz
mV—CmZ<M1+M2> (1+0<M2>>’ (4.21)

=3¢, (4.22)

and we have assumed a bino-like neutralino for the calculation. The appearance of the
neutrino mass can be understood as a kind of seesaw mechanism due to the strong hierarchy
between the gaugino-higgsino 4 x 4 block M, and the off-diagonal 3 x 4 block m in the

neutralino mass matrix: .
M. m
MY =X ) . 4.23
( m O3x3 (423)

where

The effective mass matrix is obtained by integrating out the neutralinos and is given by:

Mo ~ —m M 'm". (4.24)

tree -

Using our parametrization of M we can exactly diagonalize the neutrino mass matrix. As
expected, we obtain two zero eigenvalues and one neutrino mass :
Mlc + MQS
C mZ 2 2
MMy — mZ/,u SQﬁ(MlC + M25 )

m, = (4.25)
Note that our expression is equal to the result obtained in [179] up to the effect of the second
basis transformation, see Section 3.4. Without the non-supersymmetric rotation the coupling
between gauginos and neutrinos is given by:

G=r _Fiss (4.26)
K H

Neutrino masses also receive loop contributions from R-parity violating couplings, see [157]
and references therein, and, therefore, are lifted from zero. For our choice of the parameters
G ~ 1078, the tree-level mass, and consequently the loop induced masses are much smaller
than the contributions from the usual see-saw mechanism, assuming a neutrino mass scale
of 0.01 eV, cf. eq. (3.66). Thus, they can be safely neglected, as stated in Section 3.5. On
the other hand, if one takes our parametrization of bilinear R-parity violation and disregards
cosmological implications, one can fix the size of R-parity violation demanding that m, < 1 eV
for some supersymmetric model. For example, choosing M; = 100 GeV and M> = 200 GeV
one obtains ¢ < 4.5 x 1075, However, it would be also necessary to fix the other parameters
of the model, in order to explain all neutrino oscillation data.

Chargino Masses Although we will not use them in the following work, we also show the
chargino mass eigenvalues:

2
My = M <w(2 %82‘3) (1+0(Gs)),
+ M.
g = R (406,
me, = hiveg (14O ((263)) - (4.27)
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The masses of the charginos at this order in (; coincide with the results in the R-parity
conserving SUSY, cf. eq. (2.52).

4.2 R-parity violating Decays

Various mass mixings induced by R-parity violation as well as direct trilinear R-parity violat-
ing couplings lead to decays of the supersymmetric particles into the particles of the Standard
Model. We are interested in the decays of the gravitino LSP, stau NLSP, and neutralino NLSP.

4.2.1 Gravitino Decays

The gravitino decay channels can be found from the supercurrent in the mass eigenstate basis,
cf. eq (4.11). The two-body decays are

Yy = vy, Yy —=vZ, Y, —vh, Y, — et W, (4.28)
whereas the three-body decays are
Y= e W h, Yy —vZh. (4.29)

To the best of our knowledge the three body decays presented above have not been considered
in the literature. However, they are suppressed and can only play a role for a sufficient heavy
gravitino. If the gravitino is lighter than the gauge bosons, it will decay into photon and
neutrino and also into trilepton final states via virtual gauge bosons. Above the threshold
for the production of W and Z bosons the gravitino will predominantly decay into W boson
and charged lepton and Z boson and neutrino. These decays were first discussed in [60],
however, a part of the contribution was omitted. Two additionally diagrams were taken into
account in [61], and finally two more diagrams were discussed in [72]. We refer the reader
to the work [72] for the calculations and results. Note that in our approach we recover all
contributions in a transparent way. The interaction Lagrangian responsible for the decay into
7 boson and neutrino is given by

Ele/ =

7

qu (JpUU“VJUi(Z’V)ZpJ + 30" my (U(V’Z) + CZ> Z/iZ,,> + h.c. (4.30)
P

and the interaction Lagrangian responsible for the decay into W boson and charged lepton is
given by:

Lywi = — Yy (ap”a“é;fﬁl(f’é)wgg — V20" my ey (c[aUQ(i(’e) + C@) 61’Wj>

2Mp

1 e T €)
— 71% <6p06“eiU1(ZX ’ )W;f, + iﬁ&”a”mzcw35U2(§<+’ )eZTWJrl/) + h.c. . (4.31)

If the gravitino is heavy enough to decay into the Higgs bosons, the branching ration into
photon and neutrino is even more suppressed. This leads to the reduction of the strength of a
monoenergetic signal of gamma rays from gravitino decays in indirect detection experiments.
Neglecting threshold effects, the decay into the Higgs boson has the same strength as the decay
into the Z boson and neutrino. The reader is referred to [72,114] for a detailed discussion.
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Yy

Vi

Figure 4.2: Gravitino decay into photon and neutrino.

The interaction Lagrangian which gives rise to the decay into the Higgs boson and neutrino
reads

1

g (70 (U0 4 ) @) + hc. (4.32)

Lphy =
In the present work we are primarily interested in the decay of the gravitino into photon and
neutrino, which we shall compute in the two component spinor formalism in the next section.

Gravitino Decay v, — yv
The interaction Lagrangian responsible for this decay is given by

1 ~

wayu = —M@ZJMO‘pUO'HVJUi(%V)Fpg . (433)
The decay is shown in Figure 4.2 and was computed first in [58]. Here we will compute
this decay using the two component formalism in order to show the assets of this method.
The Feynman rules can be directly read off from the Lagrangian following the general rules
presented in Appendix A. If the photon has the momentum k, the gravitino the momentum
q, and neutrino the momentum p, the gravitino-photon-neutrino coupling reads
L G (om5oan | (4.34)
2Mp *
for the appropriate choice of the spinor index structure. The matrix elements are then given
by

; _L ), + —o _u, .t *
M= 2MpUi Y, (q)(ok)a%c"z;(p)e, (k)

LiM* = gt () (k)0 i (p)es () (4.35)
oMy

The matrix element squared reads

1

IM|? =
4ME

|Ui(7y,z/)|2 (ee,) (xTE”UU(ﬁkW’:) ( jT(ﬁk)cr'yﬁl’a:) 7 (4.36)

where we have dropped the momentum dependence of the wave functions. We have rewritten
the matrix elements in the form appropriate for the computation using the spinor algebra
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rules from Appendix A. Summing over the spins of the final states and averaging over the
gravitino spin states ,we obtain

1 1 y,v —u o= — —v
T IMP= —M\Uﬁ’ 'PTr [6%07 (ak) Py (ak)006" (0p)] (4.37)

(A AvsAq)

where P;:, is the gravitino polarization tensor given in eq. (2.108). Using the explicit expres-
sion for P, we finally obtain

1 1
1 MP= e U (4.38)
(A v, Ay) P
(= 4quq 1_ 1_ w(oq)  lqu(oq)oy | _
x Tr |g#0? (ak)(0oq) {gw - 37: gUuUV 20u ( ) + 3 Mr(n2) } (ck)oso (Up)] :

3/2 3/2 3/2

Each summand in the trace can be computed separately using egs. (A.52), (A.53) and
egs. (A.56) - (A.58), as well as the relation (51)(cl) = I? for some momentum [. Note
that (ok)(ok) is equal to zero for the photon momentum k. The results of the traces are

Tr [0 () (00) (7)o 0™ ()] = 16(k - ) - ) , (4.39)
Tt [0 (0k) (00) 0 (7K) 750" (op)] = =8(k - ) |2(k - a) (@~ p) = m3 (k- p)] , (4.40)
Tr [6%07 (6k) ()5 ,0, (6k) 045" (op)] = 0, (4.41)
Tt [6%07 (5k) (00)7uu(0) (7k) 700" (op)] = ~16(k - ) |2(k - a)(a - p) — m3 (k- p)] , (4.42)
Tr[6"07(ck)(0q)qu(Fq)ow(ak)os6" (0p)] =0 . (4.43)

Therefore, we obtain the following result for the unpolarized matrix element squared:

1 ()2
4 Z M = 16M2|U i

(A AwsAy)
x| 160k - @)k p) + 55— (k- a) [2(k - 0)(q - p) = (k)|
M3/
— =y : 20lk-q)(k-p)) . 4.44
MﬁgA 2 (k- 0)(a-p) +m(k - ) (k- p) (4.44)
The products of the momenta can be evaluated in the center-of-mass system of the reaction:
2 2
msg,, —m;,
(k-p) = = (4.45)
2 2
ms,, —m;,
(k-q) = —2— (4.46)
2 2
mz o +m,
(q-p)= L 5 (4.47)
Using them, we obtain the following result:
1 1 1 G2 (2 2\ ( 2 2
1 Z IM|? = M2Zm2 - U " (m3/2 - mu) (my + 3m3/2> : (4.48)

A sAy) P 3/2
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We will neglect the neutrino mass hereafter.
The total decay width of a two body decay process is given by [4]

M ||
8t M2’

(4.49)

where M is the mass of the decaying particle, M is the unpolarized matrix element squared
and [p1] is the final state momentum given in the center of mass frame by

1
2M

1] = (M? — (m1 +m2)?) (M? — (m1 —m2)?) , (4.50)
where m1, mg are masses of the final-state particles.
It follows that the total rate for gravitino decay into photon and neutrino is given by

T3/5(yv) Z! U™ 3/2, (4.51)

where we also took into account the decay rate into photon and antineutrino.

So far, we have obtained the gravitino decay rate as a function of an unspecified photino-
neutrino matrix element. In general, such matrices depend on the nature of the NLSP.
However, it turns out that the photino-neutrino mixing needed for the gravitino decay is
independent of the neutralino wave function as long as the parameters of the mass matrix are
hierarchical. In both bino and higgsino-like neutralino case the matrix element is given by!:

_ 2
U('y,u) ¢ 25wl (Mo — My) <1+O(32ﬂTZQZ>> , (4.52)

My Mo

Inserting the matrix element (4.52) into the gravitino decay width (4.51) one obtains the
gravitino lifetime

32V2GrM3  MEMZ ( < m2z)>
T3/0(YV) = 1+ 0| syp—% , (4.53)
3/2 ac? mg/g (Ms — M1)2 8 112

where « is the electromagnetic fine-structure constant evaluated at the Fermi scale. The
corrections to the leading order expression in (4.53) are less than 10%.
4.2.2 Neutralino Decays

The neutralino decay channels follow from the neutral and charge currents, cf. eqgs. (4.9),

and (4.10), and also directly from the R-parity violating coupling of the gauginos to the

Higgs boson, cf. eq. (3.50), after both have been evaluated in the mass eigenstate basis.
Thus, we obtain following decay channels, c.f Fig. 4.3.

X\ —=vZ, X\ —=vh, =Wt (4.54)

The interaction Lagrangian responsible for the neutralino decay into neutrino and Z boson

'The matrix element Ui(;”y) agrees with the one used in [60,114] for M2 — My < M;. Note that this
assumption is unjustified in models assuming grand unification.
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X! X! X! AN
V; €; f

Figure 4.3: Neutralino decays into neutrino and Z boson, charged lepton and W boson, and
neutrino and the lightest Higgs boson.

is given by
Loz = =00V 2 4 he. (455)
w

while the interaction Lagrangian responsible for the neutralino decay into charged lepton and
W boson reads

VX 4 he. (4.56)

r _ g
X(l)eiVV - \/§X10-,U« 17

The interaction Lagrangian responsible for the neutralino decay into neutrino and the lightest
Higgs boson is given by

1 (v
ngZ-Vi(l ’X)X(l)h + h.c. (4.57)

Ex?uh = 9

where we have defined the matrix element

(v, R g v v v,xY v 0
Vz(1 Y= Zﬁj (tan9 (U1(X )Uz(l g Ui(j )lel ) — (U2(X )Ui(Q )+ Ui(j )UQXI )> . (4.58)
J

V) are defined in Appendix B, and will be

The transformation matrices appearing in V-
evaluated in the following sections.
Let us first compute the decay into charged lepton and W boson. The matrix element

reads

iM = —\%gV&ZmIa“xj , (4.59)

where the neutralino has momentum p;, the lepton has momentum k;, the W boson has
yt (ks \;), and
is represented in the calculation by V. The

momentum ky, and the external wave functions are z; = y(pj, \j), zl =

(2
e, = e,(kw,Ag). The mixing matrix Vl(ix’e)

square of the matrix element gives:

IM|? = V) —5 = (a:l&“ag) (w}&”x» . (4.60)

Performing the sum over the polarizations of the W boson and the lepton and averaging over
the neutralino polarizations we obtain

3 3 WP = WL (g Y (k4 — )

spins w

Q(kwk'j)Q(kWpi)> ’ (4.61)

2 myy,
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The momentum contractions are completely similar to the gravitino case, and we are led to
the following result:

1 2 s g
3 > IMP =1V %V(mi(l)—m%v)@m%v—i—mi?). (4.62)

4m
(AX 7)‘6 7)‘W)

Now we introduce Fermi’s constant using the relation:

2
8Gr _ I (4.63)
V2 myy
and obtain
1
3 Yo IMP =IVPV2GR(m,y — miy)(2miy +m) - (4.64)
()\X’)\ey)\W)

The total decay rate follows the general two body decay formula introduced in the previous

section and reads
m? ? m2
mio ([1— =) [1+2— | . (4.65)
X1 m_o mo
X1 X1

The computation of the neutralino decay into Z boson and neutrino is completely similar,
(xv)

D(af s wer) = 0y

87r\[

and the coupling g/c,,. The result reads

m2 ? m2
1- —Z 1+2—£ | . (4.66)

m? 0 m2,

X1 X1

Finally, we have to compute the decay of the neutralino into neutrino and the lightest Higgs
boson. The matrix element for this decay is given by

the only change being the mixing matrix V/;

r (X(l) — ZVZ') = ‘th »?

. 2 ~(v,x°
iMp = 59‘/}(1 Ny (4.67)

where the neutralino has momentum p;, the antineutrino has momentum k; and the external
wave functions are x; = x(p;, \i), yj; = y(kj, Aj). The square of the matrix element reads

M= 12 ‘ZSV’XO))Q (xyjyjﬂ) : (4.68)

and the unpolarized matrix element squared is given by

1 1 o~ (uy0)|2 _
5 O IMP = o VO] (Trkjopia)

2
()‘X7>‘V)
1 (v
=~ VO (o ky)
1 5502
= §g2 Vz(1 X7) (mi? —m%) . (4.69)
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Thus, the decay rate is given by

2
1 a |~wy0)|2 m?2
0 v, h
TG =) = o5 VA g (1 o2 ) ) (4.70)
w X(l)
where we have used the following relation:
2
g o
== (4.71)
AT s2

Neutralino-Higgs Coupling

So far, the coupling of the neutralino to the neutrino and the lightest Higgs boson is governed
by the R-parity breaking parameter x; and not by ¢; which governs the other channels. As
stated before, x; >~ (; in the Higgs decoupling limit. In this section we show that the Higgs
decoupling limit is satisfied in all models considered in the present work.

The R-parity violating coupling of the lightest Higgs boson

ki = €;sin(—a) + €] cos(a) , (4.72)

depends on the Higgs mixing angle «, which is connected with the mass of the CP-odd Higgs
scalar AY and tan 3:

tan 2a _ mio +m% (4.73)
tan 203 mio - m2Z

The so-called decoupling limit occurs when m 40 >> mz. Then, the lightest CP-even Higgs h
saturates the upper bound on the Higgs mass with m,% o~ m2Z cos?(2f3) + loop corrections. In
this case the angle « is very nearly 5 —m/2 and h has the same couplings to the particles of the
Standard Model as would the ordinary Higgs boson without supersymmetry. The bino-like
neutralino is the NLSP if we choose the following boundary conditions for the supersymmetry
breaking parameters of the MSSM at the grand unification scale:

mo = my/g , Ag=0, tan 8 =10 . (4.74)

Now we can evaluate the mass of the CP-odd Higgs for different values of my /5. Since the
neutralino mass also depends on the gaugino mass parameter, we can evaluate the A° mass
for every value of the neutralino mass. Figure 4.4a shows the mass of the CP-odd Higgs A°
as a function of the neutralino mass m,o. It is obvious that the condition for the decoupling
limit is satisfied even for small neutralino masses. In order to further quantify this relation,
we show the difference between « and 5—7/2 as a function of the neutralino mass in Fig. 4.4b,
where we have defined

Aaz’a—ﬂ—i—%‘ . (4.75)

For neutralino masses around 100 GeV, A« < 0.01 and the decoupling limit is satisfied.

In the case of a higgsino-like neutralino NLSP we are in the extreme decoupling limit [74],
since we start with very large parameters mi 4 and small parameter p at the GUT scale. The
mass of the Z boson at the electroweak scale can be approximated by

2

m
~ T2 (4.76)
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(a) The mass of the CP-odd Higgs A°. (b) The difference between the Higgs mixing angle «

and Higgs VEV angle 8 — 7/2.

Figure 4.4: Two functions of the neutralino mass M0 which demonstrate that the decoupling
limit is satisfied for the boundary conditions giving bino-like neutralino NLSP.

for tan 8 > 5, while the mass of the CP-odd Higgs, cf. eq. (2.36) is then given by
m2o =~ m% +m3 . (4.77)

The parameter m?l stays large after the evolution from the GUT scale to the electroweak scale
and therefore mz << m 4o.

Since the decoupling limit is satisfied in all cases considered in the present work, we will
replace k; by (; in all relevant expressions. In particular, the coupling of the neutralino to
neutrino and the lightest Higgs boson is given by

1% 0 )4 (v,X° v 0 0y v 0
V=Yg (tan@w(Ul(;‘ W uOU) - WU + ooy, )). (4.78)
J

Total Neutralino Decay Width

Let us first inspect the phase space factors of the various decay channels:

2 2 2
m m
fwz(mxo) = (1 — MQ/’Z> (1 + 2 V;/’Z> ,
’ 1 me, m*,
X1 X1
2

2
fh(mxtl)) = ( m2h ) . (4.79)

m
XY

One sees immediately that the decay into the Higgs is suppressed compared to the decay
into the gauge bosons which have three degrees of freedom instead of one. Additionally, the
longitudinal mode of the gauge boson has a larger contribution than each transversal mode.
This fact is called the Nambu-Goldstone enhancement [180].

The total neutralino decay width including decays into the antiparticles is given by:

_ Gr 3 xe) |2 2

b =0 a™ p ( ‘V“ Ta(mg)
1 «

+176£m0

X1

fw(m 0) + ’Vl(ix’y)

”X)( Fu(myo) (4.80)
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For further evaluation of the decay width we need the various matrix elements appearing
in the expression above . Since they depend on the neutralino wave function, they have to be
given separately for both cases considered in the present work.

Bino-like Neutralino After the diagonalization of the mass matrices the charged and
neutral current couplings are given by

2

o) _ Mmzsw mz
Vlix =—G oA, (1 + 0 (525 2 )) , (4.81)

2
(xe) _ _ Mz5% (4 Mz 4.82
v Gy ( +0(325 u2>) . (4.82)

Note that they agree up to the isospin factor at leading order in m%/u?, i.e., Vl(i V) — Vl(ix’e) /2.
The coupling of the neutralino to the lightest Higgs boson and the neutrino is given at the
leading order by

~ 2
Vi(lu,x) — ¢ tanfy, + O <7ZQZ> ) (4.83)
The neutralino decay width reads
1« 1 1 1
PX? = Z%CQmX? <2fw(mx(1)) + ZfZ(mX(l)) + 4fh(mx(1))> , (4.84)

where we have used M ~ myo.

Higgsino-like Neutralino The charged and neutral current couplings in the higgsino-like
neutralino case have a more complicated form:

2 2 2 2 2 2
() Cmy <<5w Cw) Micy + Masy, — p )( <mz)>
Vit = o= (S ) (35 —cp) — sst+es)) (1+0(22))
1 2v2u \\M; ' My (55 = ¢5) (M — )(Ms —u)( 8 +cs) i

Mic2 + Mss? — 2
_gw 4.86
(Ml—M)(M2—M)(SB+Cﬁ) o, (4.86)

2 2

(ve) _ Cmy < HCy

Vi = 2 sg+cg) —
b V2p \ Ma(M;y — ,u)( 5+ )

The neutralino-neutrino-Higgs coupling reads

(X% Gimz < Cw Swlw > ( <m2z>>
V. = + sg+c 1+0(—5 . 4.87

The calculation of the total decay width of the neutralino gives a lengthy expression:

_ 2
1 o tw t1 9
Py = g5 amzmyg [fho(mxg) <M1 —t M;”_ . (s5+cs) (4.88)
2 pc? Mic2 + Mys? — c? )2
+ myo) | 2———2—(sg+cg) — w w sg+cg) —2-%Ls
S%UC%UfW< X)< Mz(MQ_H)(ﬁ 5) (Ml_,U/)(MQ_,u)<B ﬁ) M2 B

1 82 Mic2 + Mas? — u 2
=g (3 + ) 00 =00 = G vt =30+ ) ] |

where we have used M0 > L.
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4.2.3 Stau Decays

Contrary to the neutralino NLSP decay, which will be connected to the gravitino decay in
the last section, the R-parity violating decays of a 7{-NLSP strongly depend on the flavor
structure and the supersymmetry breaking parameters, because they arise due to the direct
R-parity violating trilinear couplings, cf. eqs. (3.44), (3.45). Since the R-parity breaking
Yukawa couplings are proportional to the ordinary Yukawa couplings, decays into fermions
of the second and third generation dominate. The leading partial decay widths of left- and
right-handed 7-leptons, ignoring the masses of the final state particles, are (cf. eq. (3.43))

1 A
(AT Ty = | 207 =
FT(T v ) - 167 Z |)‘233‘ msz, (489)
= _ 3
Ls(t707) = Tx(t157) = ﬁ|)\§33|2m% ; (4.90)
~ 3 .
Iz(t ) = 1677T|>\é33|2m% ; (4.91)
1 2
D1 (rv) = Do () = 75— Z | iss|*ms . (4.92)

Note that in the usual notation 7! = 75. In the flavor model discussed in section 3.5.1, the
order of magnitude of the various decay widths is determined by the power of the hierarchy
parameter 1 (n? ~ 1/300),

D+(710h) ~ Ta(rv) = Tzt ()

~ Tx(tT01) ~ Dx(t75") ~ i0%m= | (4.93)
T=(t b) ~ n?0*ms; . (4.94)
The lightest mass eigenstate 71 is a linear combination of 7 and 71, cf. Section 2.2.3,
71 = sin 0,7 + cos 0,71 . (4.95)
From the above equations we obtain the 7-decay width
I: = sin?6, (I‘.;(fTZ/T) + 20 (t101) + TH(F b)) +2c0s2 0, = (1) . (4.96)
The total width is dominated by the contributions 7' — 7v, uv and 7 — £ b, respectively,
Tz =sin® 0,Tz(f b) + 2cos? 0, Tz (1v) (4.97)
and it can be directly expressed in terms of the 7-lepton and top-quark masses,
Iz = 1667;27:551 sin? 6, (mg1 - mf)2 + 21667;2 nn;?i tan? (3 cos? (mg1 - mZ)2 . (4.98)
where we have restored the dependence on the final state masses, used
h§s = m./(vcos ) ~ m,tan B /v (4.99)
for tan = 10, and assumed
€3 =€y3=€z=¢€. (4.100)

This corresponds to the parameter choice a = b = ¢ = 1 in Eq. (3.72). Note that the 7-
decay width and branching ratios are affected with a considerable uncertainty since these
parameters depend on the unspecified mechanism of supersymmetry breaking.
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4.3 Bounds on R-parity violating Couplings

The assumption of broken R-parity in general introduces a number of new interactions be-
tween ordinary and supersymmetric particles, which can contribute to a variety of low-,
intermediate- and high-energy processes. The range of R-parity violating couplings consid-
ered in the present work is set by the requirement of obtaining a consistent cosmology. It
turns out that in order to satisfy the cosmological bounds, the R-parity violating couplings
must be small, a fact which was assumed throughout the present work. Such couplings could
for example arise via a model presented in Section 3.5. Assuming such small couplings, the
only relevant phenomenological effects should be the decays of the gravitino LSP and the
NLSP, as stressed in the introduction to this chapter. Nevertheless, we shall briefly summa-
rize general indirect bounds on the R-parity odd interactions, and present direct searches for
R-parity violation at colliders. Finally, we obtain limits on the gravitino lifetime from the
analysis of cosmic rays. Using these limits we are able to reduce the allowed range of the
R-parity violating couplings, and make predictions for LHC phenomenology.

4.3.1 Bounds from Cosmology

The desire for a consistent cosmology is the main motivation for the present work. As pointed
out in Section 2.5.1, the presence of the gravitino in the spectrum can cause a number of
problems for the presumed mechanisms operating in the early universe, for example for BBN.
It was stated that these problems can be solved by the introduction of a small amount of
R-parity violation. In this section we shall determine the range of the R-parity breaking
couplings which leads to a consistent cosmological picture.

Assuming gravitino dark matter, we first obtain a lower bound on the R-parity violating
couplings by demanding that the NLSP decays take place before the BBN. In the case of
a charged NLSP, like a scalar tau lepton, its lifetime has to be 7z < (10° — 10%) s [135,
136]. In case of a neutralino, BBN excludes lifetimes longer than 10 s due to the strong
constraints from hadronic showers [130, 181, 182]. The NLSP lifetime becomes sufficiently
short for ¢ >4 x 10713, X\ > 2 x 107! in case of a neutralino and stau NLSP

C —2 mXO —1
~ 10? — —=
T = 1075 (4 x 1013 100 Gev )

A —2 ﬁ?/ -1
~ 3
TNLSP = 10° s <10_14> <100(}e\/> 5 (4101)

where in the second equation we have assumed a generic charged NLSP decaying via a trilinear
R-parity breaking coupling.

The upper bound on the size of the R-parity breaking can be obtained from the re-
quirement that the baryon asymmetry of the universe survives in the presence of R-parity
violating interactions, which also violate B — L. Above the critical temperature of T ~ 100
GeV and up to very high temperatures of O(10'2) GeV, sphaleron processes are in thermal
equilibrium [162,183]. These processes correspond to level crossing [184,185] of all SU(2) dou-
blets in the bosonic background of a topologically non-trivial gauge field configuration (the
sphaleron) leading to the simultaneous creation or disappearance of 9 quarks and 3 leptons,
one lepton and three quarks from each generation. Thus, each combination

B
> -La (4.102)
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is conserved in sphaleron processes although the baryon number B and the individual lepton
numbers L., a = 1,2,3 are violated. The baryon asymmetry of the universe can, therefore,
be generated above the Fermi scale only in the form of B — L. The presence of additional
baryon or lepton number violating interactions (which obviously break B — L) in thermal
equilibrium would wash out any generated B — L asymmetry and hence spoil the predictions
of otherwise successful theories of baryogenesis like leptogenesis [186-190]. This problem can
be circumvented if the R-parity breaking interactions are out of equilibrium. This means that
their rate is smaller than the Hubble parameter, i.e. their characteristic timescale is longer
than the age of the universe at a given epoch.

The best bounds on trilinear couplings are obtained from the decays of squarks and
sleptons in two fermions, and the corresponding rate is given by [187,191]:

Ty~ 1.4 x 1072 |A]? % : (4.103)

where m is the mass of the decaying sfermion, and A stands for any trilinear R-parity violating
coupling. Since

T2
H = 1.66\/g7 1 . (4.104)
P

where ¢g* is the number of the effectively massless degrees of freedom at the temperature T',
and we demand I'y < H, the best bound is obtained at the critical (the lowest) temperature.
Assuming m ~ T ~ 100 GeV, one obtains [191] the rather generic prediction

Nijel s | AGe] o [AGe] S 1077 (4.105)

However, its often argued [190] that the above cosmological constraints can be circumvented
if the baryon number and one of the lepton flavor numbers are sufficiently conserved. That
means it should be sufficient that only the processes violating one particular combination in

q. (4.102) are out of equilibrium, even if the other two combinations are violated by processes

<1077 is satisfied, then it is often assumed that

in thermal equilibrium. For example, if \], . ik S

)\ijan /\3jk can be much larger.

In a recent study Endo, Hamaguchi and Iwamoto [192] have shown that the conclusion
above becomes unjustified in all models with tiny lepton flavor violation (LVF). They stated
that LVF is a rather generic prediction of SUSY models, and appears, for example, in see-saw
models with gravity mediated SUSY breaking with a typical size which is large enough to
erase the flavor dependence of B/3 — L,. Under the assumption of small LVF they obtained
the following bounds:

2

DI Sa=5)x1077, (4.106)
ijk

2 7
> ”k‘ <(3-6)x 10" (4.107)

ijk
/Z Aijr? < (0.6 —1) x 1079, (4.108)
ijk

2
S 1E sa-2) <107, (4.109)
7

I
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for mg ~ 200 — 1200 GeV, and m; ~ 100 — 400 GeV. We use these bounds in the present
work.

Let us finally check that the gravitino is still a viable dark matter candidate. The gravitino
lifetime is given by

T32(w) = 1 x 10% s ( ¢ >_2< My >2( Mha/2 )_3 : (4.110)

106 100 GeV 10 GeV

assuming a SUSY breaking scenario where Ms ~ 2M; at the electroweak scale. Thus, we
are led to the conclusion that for the allowed values of R-parity breaking parameters, the
gravitino is still a viable dark matter candidate and, therefore, all cosmological constraints
can be satisfied at once. Nevertheless, the gravitino will decay, and its decays taking place
in the galactic halo or extragalactic structures will produce additional contributions to the
spectra of cosmic rays which might be observable on top of the astrophysical background.
The limits on the gravitino lifetime from searches for decaying dark matter will be the topic
of the last part of this section.
Having established the parameter range of R-parity violation of interest to us

1078 <¢eg107t, 10 <a<i07, (4.111)

(where we have assumed e ~ (, which follows from our model of R-parity breaking, and A is
a generic R-parity violating trilinear coupling) we note that the amount of R-parity violation
produced in the model of Section 3.5 falls exactly within this range. In the next step we
can check whether some parts of this parameter space have already been excluded by various
direct and indirect searches for new physics.

It is not possible to summarize all of the present direct and indirect bounds within the
scope of this work, and we will, therefore, present an assortment of results and refer the reader
to the review [157] for a detailed account. Note that since the authors of [157] are interested
in bilinear R-parity violation as source of the neutrino masses, their conclusion concerning
the use of R-parity violation for consistent gravitino cosmology is diametrically opposed to
the one put forward in the present work.

4.3.2 Indirect Bounds

The requirement that R-parity violating contributions do not spoil the successful predictions of
the Standard Model for various observables, or do not exceed experimental upper limits on rare
processes, allows us to put constraints on the size of the R-parity violation. Additionally, it is
possible to provide some weak constraints by requiring that the R-parity violating couplings
stay perturbative up to the scale of the unification, i.e.

Aip(Maur)

@y <L (4.112)

where \;ji, is a generic trilinear coupling.

It is interesting to note that all indirect bounds are obtained directly for the trilinear
R-parity violating couplings (often assuming the trilinear breaking scenario). If the trilinear
couplings are generated from bilinear R-parity violation, their properties, however, can be
different compared to the pure trilinear case, cf. eqs.(3.44), (3.45). Furthermore, most of
the established indirect bounds have been derived under the hypothesis that one particular
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Coupling Bound Origin
Aok 0.05 & Viud
Aok 0.07 & R,
A233 0.9 RGE

‘i 3.3 x 10—4:(1291/2 BB0v

- 0.32 bf B — tvX
P 4x 1074 om~Y2  m, <1eV

¢ 44%x10°6 4" m, <1leV

Table 4.1: Single (indirect) bounds on the R-parity violating couplings at the 20 level. The
abbreviations in the last column refer to the processes explained in the text. The indices
i, J, k run over the three generations. The dependence on the (super)particle mass is noted as
p?, which stands for (lognﬁ)q, where m,, is the mass of the particle p; m is an average mass
scale of superparticles. Parts of the table are extracted from [157].

coupling dominates over all other contributions. This assumption is called the single coupling
dominance hypothesis. The bounds derived under this hypothesis are in general moderately
strong and involve a linear dependence on the superparticle mass [157]:

m

100 GeV ’

where A\, ', )" denote the trilinear couplings and m is the superparticle mass scale. Some of
the indirect bound chosen to demonstrate different sources of constraints are summarized in
Table 4.1. We omit the bounds on the baryon number violating coupling, since this coupling
is not generated by bilinear R-parity violation. The absence of this coupling ensures the
stability of the proton. In the last column of the table we indicate via which process the
bound in question was obtained. There the abbreviation RGE stands for bounds obtained
from the perturbativity requirement, cf. eq (4.112). The abbreviation V4 indicates that the
bound was obtained from the measurement of the CKM matrix elements. The experimental
value of V,,4 is determined from comparison between the nuclear 8 decay and the muon decay,
and is changed if R-parity violating interactions are present. R, stands for the ration of the
leptonic 7-lepton decay widths

AN, N < (1072 =107 (4.113)

R - I(r = vivy) ’ (4.114)
I'(r— ;w);)l/T

which is affected by the decays mediated by the scalars. The abbreviation 550v refers to the
bounds obtained from the neutrinoless double beta decay. The bound quoted here is obtained
in the minimal supergravity framework from the lower limit on the half-life of "°Ge measured
by the Heidelberg-Moscow experiment [193]. B — 7vX indicates that the corresponding limit
was derived from the inclusive semileptonic B meson decay process B~ — XqT_l/T which
can be expressed solely in terms of the single coupling constant A4 assuming the single
coupling constant dominance hypothesis. The limit on A55 can be, furthermore, derived from
the loop-induced neutrino masses, since, as we have seen in this chapter, R-parity violation
generates one neutrino mass at tree-level, while other masses are generated via loops. This
limit is indicated by m, < 1 eV . The trilinear couplings A, \’ contribute to each entry of
the neutrino mass matrix M{} through the lepton-slepton and quark-squark loops. Assuming
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Figure 4.5: Sample Feynman diagram for the single resonant s-channel production of the

d squark in e — p collisions with subsequent decay into SM particles via the Ny, Yukawa
coupling.

degenerate scalar masses, A-terms proportional to the Yukawa couplings of the MSSM, and
a flavor hierarchy of the trilinear R-parity violating couplings linked to the one found in the
Yukawa couplings of the MSSM, which is natural if both are generated by the Froggatt-Nielsen
mechanism (cf. Section 3.5.1), one obtains

2 /100 GeV
MY ,NA;33A;33(7.7x106eV)( A ) ( C ) , (4.115)

ij

A 4.5 GeV m
where m is the average scalar mass. Demanding that the neutrino mass scale stays below
1 eV one can set limits on the couplings. Note that no bounds have been derived so far on
the coupling of right-handed up-quarks, 5\; Jk introduced in Section 3.4.

We can also obtain a bound on ( from the requirement that the tree-level neutrino mass,
eq. (4.21), generated by bilinear R-parity violation is smaller than the experimental bound of
1eV:

¢ <4.5x 107 M =100GeV , My = 200CeV (4.116)
¢ <2x1075 My = 2000GeV , My = 4000 GeV . (4.117)

We assumed in both cases hierarchical spectra a with bino-like neutralino and large p in
the first case and a higgsino-like neutralino in the second case. Note that in this case the
model for the spontaneous R-parity breaking, cf. Section 3.5, is not consistent, since it uses a
neutrino mass scale of 0.01 eV which is dominated by the see-saw contribution. Demanding
its validity, i.e. m, < 0.01 eV, lowers both limits exactly by one order of magnitude.

Let us now look at some of the recent results from the direct searches for R-parity violation
at colliders.

4.3.3 Bounds from direct Searches

First, we quote part of the results from the search for squarks in supersymmetric models
with R-parity violation at the HERA accelerator in Hamburg [194]. Being a hadron-electron
storage ring, HERA allows for resonant single squark production via the LQD operator, cf.
eq. (3.15). A non-zero coupling X} ik leads to the production of squarks which then decay into
SM particles, via cascades of neutralinos, charginos, gluinos and possibly lighter squarks and
sleptons. Figure 4.5 shows one possible Feynman diagram for such process.
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Figure 4.6: 95% C.L. exclusion limits on A5 for (a) tan § = 2 and (b) tan 8 = 6 as a function
of the squark mass derived from a scan of the MSSM parameter space, as indicated in the
figures using 183pb~! of e — p collision data. The dark shaded region indicates values of
the coupling \j;5 excluded in all investigated scenarios, whereas the light shaded region is
excluded only in part of the scenarios. Indirect limits from neutrinoless double beta decay
experiments (S80v) and tests of charged current universality (CCU) are also shown, as well
as previous results of the H1 collaboration. Both figures are taken from [194].

No significant deviation from the SM predictions could be observed in the analysis of
the data sets of the H1 experiment corresponding to integrated luminosities of 183 pb~! of
electron-proton, and 255 pb~! of positron-proton collision data collected at a center-of-mass
energy of /s = 319 GeV. The non-observation of a signal was interpreted in a phenomeno-
logical version of the MSSM. The masses of squarks and sleptons were set to fixed values and
the gaugino masses were determined via the set of parameters p, Ms, and tan 5. The gluino
mass was set to a large value M, ~ M3 < M. Mixing effects in the sfermion sector were
neglected for the first two squark generations, and sleptons were considered to be degenerate
in mass. Their masses were set to 90 GeV. Furthermore, as in the case of indirect limits, the
single coupling dominance hypothesis was assumed.

Figure 4.6 shows exclusion limits on the strength of the R-parity violating coupling \};3
depending on the squark mass hypothesis. The limits were derived in the MSSM by a scan
of the supersymmetric parameters 70 GeV < My < 350 GeV and —300 GeV < p < 300 GeV
at tan § = 2 and 6. The limits exclude the coupling A}, at the level

Tk < 0.5 x 1072 | at M = 100GeV , (4.118)
11 <05, at Mz =290 GeV (4.119)

for all three squark generations k = 1,2,3. A similar result was also obtained for the coupling
/
151
After the shutdown of HERA and Tevatron, LHC is the only running particle physics
experiment which could possibly look for direct R-parity violating production and decays
of supersymmetric particles. The LHC collaborations now put great effort into the analysis
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Figure 4.7: Feynman diagrams for the two R-parity violating processes under consideration
by the ATLAS collaboration. LH: Production of a single tau sneutrino at the LHC with
subsequent decay into oppositely charged electron and muon pairs. RH: Neutralino decaying
into a muon and two jets, via a virtual smuon possibly leading to a displaced vertex.

of the LHC data searching primarily for R-parity conserving supersymmetry. However, also
some results concerning the R-parity violating SUSY have been published. The ATLAS
collaboration has searched for resonant single slepton production with a subsequent R-parity
violating decay into oppositely charged electron and muon pairs and also for displaced vertices
from neutralino decays, see [195] and references therein. Figure 4.7 shows the processes under
consideration.

In the search for the electron-muon resonance the collaboration assumed that all R-parity
violating couplings except A;;; and Asja are zero. Furthermore, it was assumed that the
tau sneutrino is the LSP, because in this case the only contribution to the e p final state
originates from .. The collaboration analyzed 1.07 + 0.04fb™! of data collected in 2011 and
observed 4053 e u candidates, while 4150 + 250 events were expected from Standard Model
processes. Since no evidence for a signal was observed, the collaboration set an upper limit
on o(pp — 1) X BR(DT — en) using a Bayesian method with a uniform prior for the signal
cross section. Figure 4.8a shows the 95% C.L. upper limits on the \5;; coupling as a function
of the tau sneutrino mass for four values of A3z12. The regions above the curves are excluded
in each case.

The ATLAS collaboration also searched for a heavy particle decaying into multiple charged
particles at distances between 4 mm and 180 mm from the primary vertex in events containing
a muon with high transverse momentum. It was assumed that the neutralino decays into this
final state due to a non-zero X%j coupling, cf. right hand side of Fig. 4.7. Note that the ATLAS
collaboration assumed an explicit trilinear R-parity breaking scenario with a dominant LQD
operator, a scenario which is not consistent at the quantum level since bilinear R-parity
violating couplings would be generated via loops. In the case of bilinear R-parity violation,
the neutralino would predominantly decay via two body decays presented in this work, cf.
Section 4.2.2. Events were selected from a data sample of 33 pb™! collected in 2010 and had to
pass the pr > 40 GeV single-muon trigger requirement. A primary vertex (PV) originating
from the pp collision was required to contain a minimum of five tracks and a z position
within 200 mm. A displaced vertex was reconstructed by selecting only tracks with pr > 1
GeV. A large impact parameter (> 2 mm), with respect to the transverse position of the PV
was required, rejecting 98% of all tracks originating from the primary pp interaction. The
discriminating variables for the search were the mass of the reconstructed vertex (mpy) and
the number of reconstructed charged tracks (Ngvk). A vertex satisfied the selection criteria if
mpy > 10 GeV and Ng’\’ﬁ > 4. No vertices were found in the signal region. The collaboration
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Figure 4.8: Exclusion limits on R-parity violating couplings from the ATLAS experiment
at LHC. (a) 95% C.L. upper limits on the \j;; coupling as a function of the tau sneutrino
mass. (b) 95% C.L. upper limits on the production cross section times branching fraction
vs. the neutralino lifetime times the speed of light for different combinations of squark and
neutralino masses, based on the observation of zero events in a 33 pb~! data sample. The
horizontal lines show the cross sections for squark masses of 700 GeV and 150 GeV. Note
that the model under consideration in the present work is beyond the scope of the presented
search for displaced vertices. Both figures are taken from [195].

set upper limits on the supersymmetry production cross section times the branching fraction
of the simulated signal decays for different combinations of squark and neutralino masses,
and for different values of the theoretical decay length c7, where c is the speed of light and 7
the neutralino lifetime. The observed limit is shown in Fig. 4.8b.

Using their result, we can set limits on the models presented in this work. Assuming a
bino-like neutralino with a mass of 100 GeV, which as we will see is the lower mass limit, a ¢
of 6.9 x 1078 is required in oder to have a decay length of one meter, which is the upper bound
in the plot. Then, we can exclude models with such value of ( if they have a production cross
section of approximately 12 pb, since the neutralino will decay into W boson and muon with
a branching ratio of 1/3, cf. Section 4.4.1. Note that the models which will be intensively
studied in the present work are beyond the scope of this search, due to small cross sections
and small R-parity violating couplings. However, the situation could change in the future if
this search was performed with new data.

Finally, the ATLAS collaboration has interpreted a generic search in terms of bounds on
SUSY with bilinear R-parity violation [196]. They assumed an mSUGRA/CMSSM SUSY
production model, with bilinear R-parity breaking parameters fitted to the neutrino oscilla-
tions data as described in [197] under the assumption that the tree-level contribution domi-
nates [198]. The neutralino LSP is unstable and decays through modes including neutrinos,
cf. Section 4.2.2. It was assumed that such decays, along with the presence of neutrinos in
SUSY decay chains such as y* — vx{, would lead to a significant missing transverse momen-
tum signature. The observed number of events in the data was consistent with the Standard
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Figure 4.9: Observed and expected 95% CL exclusion limits, as well as the +1¢ variation on
the expected limit, from ATLAS experiment for the bilinear R-parity violation model fitted
to neutrino mass parameters in mSUGRA parameter space using the tight four-jet selection
in the muon channel. The region with LSP lifetimes ¢r > 15 mm is not shown. The figure is
taken from [196].

Model expectation, and the collaboration set 95% C.L. exclusion limits in the mSUGRA
parameter space using tight four-jet selection in events with exactly one muon. The tight
selection demanded four jets with at least 40 GeV transverse momentum. The leading jet
was required to have pr > 60 GeV. Additionally, the missing transverse energy E?iss was
required to be larger than 200 GeV, EXS /meg > 0.15, meg > 500 GeV, where

Mot = Py + Y Pt + EP (4.120)
)

the sum is taken over the four leading jets, and plT is the muon transverse momentum. The
exclusion limits are shown in Figure 4.9. The ATLAS collaboration states that the model was
not tested for regions of parameter space where c¢7 of the LSP exceeds about 15 mm. Within
the context of the model considered by ATLAS , and for equal squark and gluino masses,
masses below 760 GeV are excluded.

We note that the authors of [196] do not describe how exactly the neutralino lifetime
affects the limits. If the lifetime becomes larger, more of the neutralinos should decay outside
of the detector, leading to more missing transverse energy creating signatures similar to R-
parity conserving SUSY. The difficulties probably arise in the intermediate regime where most
of the decays happen inside of the detector volume but outside of the inner tracking system.
It would be very helpful if the collaborations would shed more light on the difficulties and
prospects for discovery in such cases, since this is the prediction of the model put forward in
the present work.

Furthermore, the assumption that significant amount of missing energy is created if neu-
tralinos decay in the inner parts of the detector is not model independent. We will show in
the later discussion that, assuming that all R-parity violating parameters (; are equal, the

79



CHAPTER 4. BROKEN R-PARITY: FROM THE SKY TO THE LHC

ATLAS, 1.0 fb~' CMS, 1.0 fb~!
1 = 1 ¥ ¥ -
— /‘ 7 ." — «'
= - — e ) ~ S
A e ; P 3
T 5 . A T O
. sz ¥ ¥ S ,’ K
& P S £ ; 4
< o1 ~ : < 01 A
= : ——— Q - =
X , e s X Vgl ;
2 N hd ¥, 2 - e -
= e * . e =<
=] 7 Ao ¥ v g -~ -t
3 A - 3 L s -
= 001 porir - —— Al | = 001 B 2 - —— Al |4
g : ¥ = S —
8 . g AN e Ay | o B * i s e R #ees Al
: | —ll oz T
= & Pl ,
jom) i ) = === Ao
0.001 T 0.001 T T
1000 1200 1400 1600 1800 2000 2200 2400 1000 1200 1400 1600 1800 2000 2200 2400
Slepton mass [GeV] Slepton mass [GeV]

(a) (b)

Figure 4.10: Upper bounds on \? x BR(é;, /U; — jj) derived from the (a) ATLAS and (b)
CMS dijet resonance searches with 1 fb™! of data. Both figures are taken from [199].

cut on E%ﬁss > 200 GeV is too severe even for ¢ = 3 x 1078 . The requirement to explain
neutrino masses with R-parity violation sets in our model ¢ = 4.5 x 107%, and therefore most
of the neutralinos would decay inside of the inner part of the detector, leading to a much
smaller amount of missing transverse energy compared to the R-parity conserving case or to
the scenario with ¢ = 3 x 10~®. However, in order to explain all of the measured properties
of neutrino oscillations, more parameters of the model have to be fitted to the data and,
therefore, more neutrinos could be in principle produced.

For values of the R-parity violating parameter considered in the present work, the neu-
tralino decay length is much larger than 15 mm and thus all models are not affected by the
presented constraints. Even if one does note take the restriction on the lifetime into account,
the distribution of E%‘iss in our models is sufficiently different and we assume that even the
lightest supersymmetric spectrum in the present work is not excluded. This topic will be
central to our discussion in Section 5.2.

Recently, Dreiner and Stefaniak [199] reinterpreted the ATLAS and CMS searches for dijet
resonances, as well as the ATLAS search for like-sign dimuon pairs in terms of bounds on the
N coupling. They investigated resonant slepton production at the LHC via the LQD operator
followed by decays either via the same operator resulting in resonant dijet production, or via
a neutralino leading to a signature with same-sign dileptons due to the Majorana nature of
neutralinos.

Figure 4.10 shows upper limits on the R-parity violating couplings (X1, Aijgs Nigy 5 Moo,
i = 1,2,3) squared times the branching ratio to dijets of the resonant slepton, for a given
resonant slepton mass m. The limits were derived (a) from the ATLAS and (b) from the CMS
searches for dijet resonances. In the case of an intermediate third generation slepton (i = 3),
the limit has to be multiplied by cos? @, to account for possible mixing in the stau sector. The
strictest limits were obtained from the CMS searches. Assuming BR(é;, /v; — jj) ~ 100%
the upper bounds obtained are

‘11 <0.03 (0.05) , (4.121)
fa < 0.18 (0.37) , (4.122)
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Figure 4.11: Upper limits on the couplings (a) Ay;; and (b) Ay, derived from the ATLAS
search for anomalous production of prompt like-sign muon pairs assuming a bino-like neu-
tralino. Both figures are taken from [199].

for a slepton mass m = 1000 (1500) GeV.

Figure 4.11 shows the upper limits on the couplings (a) Ay, and (b) Ay, derived from
the ATLAS search for anomalous production of prompt like-sign muon pairs in models with
a bino-like neutralino. The authors of [199] assumed resonant production of a smuon fi with
a following decay into the lightest neutralino and muon. The neutralino can then decay to
a muon with the same charge. The bounds are presented as contours in the (mxg,ﬁz) mass
plane, where m is the smuon mass. The green striped region indicates the LEP lower mass
limit on the lightest neutralino myo > 39 GeV. The derived upper bounds on )\ range from
0.001 (dark) to 0.0065 (bright) and are displayed in steps of 0.0005 in grayscale. Since the
single slepton production cross section decreases with the slepton mass, the bounds become
weaker for heavier smuons. Also due to the insensitivity of the like-sign dimuon search in the
regions of low neutralino mass and low mass difference between the smuon and neutralino,
upper bounds on )\ could not be obtained in these regions.

We have chosen to show the upper limits on A5y, and M)y, since these couplings were the
two extreme cases in the study under consideration. The most stringent limits were obtained
on A5, due to the large cross section. For a roughly elliptic region with myo ~ m—100 GeV
and m ~ (150 — 300) GeV they obtained

511 < 0.001. (4.123)

The weakest bounds were set on Aj,,, ranging from 0.002 for (m,o,m) ~ (100,200) GeV to
0.0065 for smuon masses m < 550 GeV.

It is important to note that the presented analysis has improved the existing bounds.
For instance, the bound on A, for a slepton mass of 300 (400) GeV and neutralino mass
of 150 (200) GeV was improved from the DO result at the Tevatron M\,; < 0.04 (0.08)
to Ay;; < 0.001 (0.0015). Figure 4.2 summarizes the recent bounds on R-parity violating
couplings from direct searches.
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Coupling Bound Condition Origin

m 5x 1073 q HERA resonant single squark
b11 1x1072 ¥ mz =200 GeV  ATLAS like-sign muon (D.S.)
ho9 2x 1073 x{ mz =200 GeV  ATLAS like-sign muon (D.S.)

Asqq 2.5 x 1073 A312 = 0.07 ATLAS resonant single slepton

PV 0.03 m; =1 TeV CMS dijet resonance (D.S.)
Lo 0.18 mj =1 TeV CMS dijet resonance (D.S.)
¢ 6.9 x 1078 X(l)fl o >12pb ATLAS secondary vertex

Table 4.2: Bounds on the R-parity violating couplings from direct searches. The abbreviations
in the last column refer to the collaboration and search strategy mentioned in the text. The
indices 4, 7, k run over the three generations. The dependence on the (super)particle mass is
noted as p?, which stands for (wgnﬁ)q, where m,, is the mass of the particle p if not stated
otherwise. (D.S.) refers to the independent interpretation of the LHC results in [199].

4.3.4 Searches for decaying Dark Matter

The indirect detection of dark matter is an active research topic and we refer the reader to
the recent work by Grefe [72] for an extensive discussion of prospects of indirect detection of
gravitino dark matter. In this section we shortly summarize the results needed for the present
work. The obtained limits are given as bounds on the gravitino lifetime vs. the gravitino
mass. The interpretation of these limits in terms of the R-parity breaking parameters is model
dependent, since the gravitino lifetime depends on the gaugino mass parameters M and Mo.
We will present such interpretations in the following section. The R-parity violating gravitino
decays will lead to the production of intermediate SM particles that eventually hadronize
or decay further into a set of stable particles: electrons, protons, deuterons, neutrinos and
photons. These secondary particles propagate through the intergalactic medium and can be
observed in the fluxes of cosmic rays by ground-based and spaceborne experiments. While
charged cosmic rays are affected by magnetic fields, photons and neutrinos propagate on
straight paths.

Let us begin with the lower limits on the gravitino lifetime derived from charged cosmic
rays. They are obtained from the requirement that the contribution of the gravitino signal to
the flux stays below the error bars of the measurements. We refer the reader to Ref. [72] and
references therein for a detailed discussion. Figure 4.12 shows the bounds obtained from the
PAMELA measurement of the positron fraction [200], the measurements of the total electron
+ positron flux by Fermi LAT [201] and H.E.S.S. [202,203], and the PAMELA measurement
of the antiproton flux [204].The best bounds are obtained from antimatter particles, since it is
usually assumed that the only astrophysical process contributing to the creation of antimatter
is spallation involving high energetic cosmic rays impinging on the interstellar medium. The
best limits are obtained from antiprotons, due to the famous excess above the astrophysical
background in the PAMELA measurement of the positron fraction. A gravitino lifetime of
the order of 1026 seconds could explain the rise of the positron fraction in the data. However,
this possibility is ruled out by the constraints from the antiproton channel. Figure 4.12 shows,
additionally, an estimate of the sensitivity of the forthcoming antideuteron experiments to the
gravitino parameter space. The experiments which were taken into account are: The Gaseous
Antiparticle Spectrometer (GAPS) [205], and the recently launched AMS-02 experiment on
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Figure 4.12: Bounds on the gravitino lifetime from observations of charged cosmic rays and
sensitivity of forthcoming experiments. The figure is taken from [72].

the International Space Station [206].

The most important limits on the gravitino lifetime can be obtained from the photon
(gamma-ray) signal which contains spectral and directional information [72]. Decaying grav-
itinos will produce a diffuse flux from all directions with only mild angular dependence con-
tributing to the isotropic diffuse gamma-ray background This background is a diffuse flux of
high-energetic photons that is thought to have its origin in unresolved astrophysical sources.
Demanding that the gravitino decays do not produce an excess of photons incompatible with
the observations one can constrain the gravitino lifetime. Additionally, it is possible to search
for a monochromatic signal in the photon spectrum. Such signal is an unambiguous signature
for non-astrophysical processes creating photons, since gamma rays of astrophysical origin are
expected to have a power-law spectrum. The observation of such a gamma-ray line would,
thus, be of paramount interest for the understanding of dark matter in the Universe. So far
no gamma-ray lines have been observed? and limits on the partial lifetime of gravitino dark
matter decaying via a two-body decay into at least one photon have been derived.

Figure 4.13 shows the results of the conservative lifetime estimate from the diffuse flux
and the photon line searches. The data on isotropic diffuse gamma-ray flux was taken from
the observations of Fermi-LAT [208], the bounds from photon-lines were obtained also by the
Fermi-LAT collaboration [209] shown in black, and independently in a larger energy range by
Vertongen and Weniger [210] from the available Fermi-LAT data. The sharp fall-off of the
bound in the region where the gravitino mass becomes compatible with the W boson mass

2 A recent independent analysis of the Fermi-LAT data [207] claims to have found an evidence for a gamma
ray line at 130 GeV with a significance of 3.30.
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Figure 4.13: Bounds on the gravitino lifetime from observations of the diffuse extragalactic
gamma-ray background and from photon line searches. The figure is taken from [72].

is caused by the drop of the branching ration of gravitino into photon and neutrino after the
decay into the W boson becomes available, cf. Section 4.2.1. Thus, we obtain the following
limits on the gravitino lifetime:

T32 25 % 10°%° 5, mg)y <80 GeV (4.124)
T390 23 x 10% s, my/p > 100 GeV . (4.125)

We refer the reader to the reference [72] for more details on the calculation.

Summing up, we conclude that searches for gamma-ray lines provide the best limit on the
gravitino lifetime for light gravitinos, while bounds from charged cosmic rays become more
important for gravitino masses above 100 GeV. In that region the lifetime should be larger

than 6 x 10% seconds.
Assuming a bino-like neutralino NLSP My ~ 2M; ~ QmX(l), we can translate the limit on

the gravitino lifetime into limit on the R-parity breaking parameter (,

(<2x1077, mgjpp =60 GeV , myo =203 GeV (4.126)
(<1.4x107°%, myp =10 GeV , myo =100 GeV (4.127)

where the parameters where chosen such as to obtain a conservative limit, see next section
for details and limits on other parameter regions.
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4.3.5 Summary

We have to conclude that the region of the R-parity violating parameters set by cosmology
and considered in the present work has been tested so far only by searches for decaying
dark matter. The best indirect bound was obtained on the coupling ¢, ¢ < 107, from the
requirement that the tree-level neutrino mass generated by R-parity violation does not exceed
the experimental limits. However, this bound coincides with the cosmological constraints.
The most promising study for the detection of R-parity violation at the LHC seems to us
the search for secondary vertices [211]. It is desirable to repeat the search with more data
looking for secondary vertices farther away from the primary interaction point. So far this
study could only set limit on ¢, ¢ < 6.9 x 1078 for very light squarks and gluino. Furthermore,
it is essential to see the reinterpretation of the usual searches for R-parity conserving SUSY
in bilinear R-parity breaking scenarios without fitting the scenario to the neutrino data, since
is unclear how the bounds on gluino and squark masses would change. Additionally, it is
important to understand the limitation on the obtained bounds coming from the neutralino
decay length. In the next section we will explore the implications of the searches for decaying
gravitino dark matter for LHC phenomenology.

4.4 NLSP Decays at the LHC

We are now ready to evaluate the implications of the Fermi-LAT data and cosmological
constraints for signatures of decaying dark matter at the LHC. We shall first discuss the
parameter ranges for gravitino and neutralino masses which are consistent with electroweak
precision tests, gravitino dark matter as well as leptogenesis, and then analyze the implications
for a neutralino and a 7-NLSP, respectively.

We will consider two SUSY scenarios with gravitino dark matter:

e Hybrid gauge-gravity mediation, cf. Section 2.4.2; leading to a higgsino-like neutralino
NLSP, and

e The CMSSM (mSUGRA), cf. Section 2.4.1.

In case of the CMSSM we will, furthermore, consider two typical boundary conditions for the
supersymmetry breaking parameters at the grand unification scale,

(A) mog=my, Ag=0, tang =10, (4.128)

with equal universal scalar and gaugino masses, mo and my 9, respectively; in this case a
bino-like neutralino is the NLSP. The second boundary condition corresponds to no-scale
models or gaugino mediation,

(B) mo=0, myp, Ag=0, tanf =10, (4.129)

which yields the right-handed stau (7 = 71) as the NLSP. In both cases, the trilinear scalar
coupling Ap is put to zero for simplicity. Choosing tan 3 = 10 as a representative value
of Higgs vacuum expectation values, only the gaugino mass parameter m,/, remains as an
independent variable. For both boundary conditions (4.128) and (4.129), the gaugino masses
at the electroweak scale satisfy the familiar relations

Ms Mo

3~ ~19. 4.130
ar, =60 9 (4.130)

My~
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In case of hybrid gauge-gravity mediation we will consider a particular model (the (17,23,9)
model [75]) giving rise to a Higgs mass close to the tentative LHC result.

Let us first discuss the bounds on gravitino and NLSP masses in the CMSSM models.
Electroweak precision tests (EWPT) yield important lower bounds on the superparticle mass
spectrum [120]. In case of scenario (A) and ignoring the latest LHC hints, the universal
gaugino mass my /; is required to be high enough in order for the Higgs mass to fulfill the
recent LHC lower bound mj, > 115.5 GeV [10]. This implies the lower limit myo > 190 GeV.
This limit was obtained by means of SOFTSUSY [110]. However, allowing large negative Ay
or scalar masses much larger than m;/, at the GUT scale would weaken this limit, and we
will take m,o0 > 100 GeV as a lower bound for the neutralino mass subsequently. In the stau
NLSP case, the lower bound comes from the absence of pair production of heavy charged
particles at LEP and reads mz > 100 GeV [4].

Requiring successful thermal leptogenesis and assuming a typical effective neutrino mass
m1 = 1072 eV3, we obtain a minimal reheating temperature of T ~ 10° GeV [49]. Using
eq. (2.110) together with a lower bound on the gluino mass my > 1.2 TeV from the LHC [42]
and demanding the observed dark matter density, we obtain a lower bound for the gravitino
mass mgjp > 60 GeV. Nota bene that the LHC bound was obtained assuming R-parity
conservation. This bound is weakened if one allows for R-parity violation, due to changes in
the distribution of missing transverse energy.

In addition to the lower limits, NLSP mass upper limits follow from the requirement that
the gravitino does not overclose the Universe. Indeed by rewriting eq. (2.110) one obtains the

constraint .
13 mzy \z (10° GeV' 2

~ 31 — 4.131

mNLsp = 310 GeV <0.2 (100 Gev> Tk ’ (4.131)

where & = mnrsp/my is implicitly fixed by the supersymmetry breaking boundary condi-
tions [120]. For each gravitino mass and reheating temperature, eq. (4.131) then gives the
NLSP mass for which the observed dark matter density is obtained. The absolute bound
on the NLSP mass can be obtained by requiring myrsp = ms /2- In case of scenario (A)
eq. (4.131) implies myo < 690 GeV for £ = 1/5.9 and is essentially independent of mgy and
tan 8. For the stau NLSP, tan 5 = 10 yields £ = 1/6.2, which consequently leads to the more
stringent bound mz < 615 GeV. Note that there is a strong dependence on tan 8 in that
case [120], and that £ decreases with increasing tan /3.

In the case of a higgsino NLSP, the neutralino mass is given by myo = 205 GeV, while
the gluino mass is 3800 GeV [75]. Computing the gravitino mass with eq. (2.110) we obtain
a value larger than the neutralino mass. Therefore, thermal leptogenesis is not viable in
this case. Instead, we will assume that the hot phase of the universe was created in the
decay of the false vacuum of unbroken B — L [212,213]. Since right-handed neutrinos are
created from inflaton decays, this scenario allows for gravitino dark matter, leptogenesis and
correct neutrino mass parameters while requiring lower reheating temperatures compared to
the thermal leptogenesis case. The lower bound on the gravitino mass obtained in [213] for
mg =1 TeV is 10 GeV. It is possible to scale this bound for other gluino masses using [212]

0 ( Mg )2 (4.132)
m =m — .
327 73/2X1000 GeV/

3Note that we assumed a neutrino mass scale of 0.01 eV for our model of spontaneous R-parity breaking;
using m, = 107 one would slightly increase the scale of R-parity breaking without changes to the couplings
due to the unknown mechanism of SUSY breaking.
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where mg , is the original mass, and we obtain mgz,, > 144 GeV for my; = 3800 GeV.
Therefore, we can have a higgsino-like neutralino NLSP and gravitino dark matter. Note
that it is an interesting task to intertwine the breaking of R-parity with the begin of the hot
phase, since both models are based on the breaking of B — L.

Summing up, we obtain following bounds on the NLSP and gravitino masses:

CMSSM (A) 60 GeV < mg/y < 690 GeV , 100 GeV < myo < 690 GeV , (4.133)
CMSSM (B) 60 GeV < mg/s < 615 GeV , 100 GeV < mz < 615 GeV (4.134)
Hybrid 144 GeV < mgjs < 205 GeV , mo = 205 GeV . (4.135)

Using these bounds as well as the constraints on the R-parity breaking parameters, we can
make predictions for the NLSP decays at the LHC. In the case of the neutralino NLSP we
have to distinguish the bino-like and the higgsino-like case.

4.4.1 Bino-like Neutralino

First, we have to translate the bound on the gravitino lifetime into the bound on R-parity
violation. On the one hand, since according to the gravitino dark matter constraint the
largest allowed bino mass scales like M{"** o m;’/ ;, the largest lifetime (4.110), and therefore
the most conservative bound on ¢, is obtained for the smallest value of m3,,. On the other
hand, the limit on the gravitino lifetime becomes more severe for lighter gravitinos. Assuming
a gravitino mass of 100 GeV, the bound on the lifetime from the Fermi-LAT data becomes

T3/2(7v) 2 1 % 10%" s. Therefore, we obtain

¢(<9%x107?, (4.136)

for a gravitino mass of 100 GeV. However, if one would ignore the LHC bound on gluinos or
assume non-thermal leptogenesis [212,213], and therefore allow for gravitino masses around
10 GeV, the bound on ¢ would change to

(<1.4x1078 . (4.137)

We will use the LHC bound on gluinos in the discussion of this section, but allow for larger
values of ¢ in the LHC study presented in the following chapter.

Furthermore, the observation of a photon line corresponding to a gravitino lifetime close
to the present bound would determine the parameter ¢ as

5% 108\ 2 /My mas |32
=107 ——~ . 41
abe = 10 <73/2(w) > (200 Gev> (100 GeV) (4.138)

Note the strong dependence of (,ps on the gravitino mass. In (4.138) we have normalized
these masses to the central values suggested by thermal leptogenesis, electroweak precision
tests and gravitino dark matter [120].

Let us now examine the neutralino decays. The neutralino decay length is given by
eq. (4.84). Figure 4.14 shows phase space suppression factors and neutralino branching ratios
as a function of neutralino mass. We assumed a very light Higgs beyond the present LHC
bound, in order to investigate the impact of this channel on the decay length. Furthermore,
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Figure 4.14: Phase space suppression factors (a) and branching ratios (b) of a bino-like
neutralino as functions of the neutralino mass. The decays into W boson, Z boson, and Higgs
are shown in black, red, and blue, respectively. A Higgs mass of 113 GeV and the validity of
the Higgs decoupling limit are assumed. A total phase space suppression factor is shown in
green.

we assumed the validity of the Higgs decoupling limit and set (; = (2 = (3. For large NLSP
masses, 1m,o > mp, one has

BR (x} - W*eF) ~2 BR (x! = Zv) ~2 BR(\{ — hv) , (4.139)
whereas in the region My 100 GeV
BR (x] = W*eF) ~5 BR (\} — Zv) , (4.140)

and the decay into Higgs is not present. The Higgs channel becomes important only for heavy
neutralinos and then contributes nearly with the same strength as the Z channel. We will
return to this topic in the following discussion.

Note that both the gravitino and the neutralino NLSP lifetimes are functions just of { and
the masses, without any further parameters. This direct connection between the gravitino and
NLSP lifetimes is the basis of the LHC study in the next chapter. Thus, using the expressions
for the neutralino decay width (4.84) and the gravitino decay length (4.53), we can express
the neutralino lifetime directly in terms of the gravitino lifetime:

3
1 & (My—My)* Mg

- 4.141
T RaGe My MEm2, Y 2(70) (4.141)
1
1 1 1 -1 m2
<2fW(mX(1)) + Zfz(mx(f) + 4fh(mx(1))) <1 + O <82I3M2Z>> . (4.142)

Additionally, we are able to make a prediction for the minimal neutralino decay length at the
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LHC:
myo \TP o mg \3 [ T3()
> 4 X1 / /
B (260 GeV) (100 GeV) <1 x 1027 s>

—1 2
X <;fw(mxg>) + ifz(mxg) + ifh(mxtl))> (1 +0 <3257ZQZ>> . (4.143)

where we have used m,o ~ My, My = 1.9M;. In egs. (4.141) and (4.143) the corrections to
the leading order expressions are less than 10%. Evaluating the phase space factors, assuming
a 115 GeV Higgs, we obtain CTy0 2 4.6 m.

The neutralino lifetime depends, in general, strongly on the neutralino and gravitino
masses. However, the obtained bound is robust, since assuming a gravitino of 10 GeV, a
neutralino of 100 GeV and taking the gravitino lifetime bound of 5 x 10?® from Fermi-LAT,
we obtain a decay length of 21 m, due to phase space suppression factors.

In the last step, we evaluate the impact of the Higgs channel on the decay length. Since
the minimal decay length is obtained for a neutralino mass of 260 GeV, it is not changed by
taking the Higgs to have a mass of 125 GeV. Taking the Higgs channel not into account one
would predict a minimal decay length of 5.6 meters. The maximal error on the decay length
can be read off directly from the phase space suppression factors, cf. Fig. 4.14a. In the limit
of a very heavy neutralino all functions fy 7/, tend to 1. Thus, not taking the Higgs into
account one overestimates the decay length by 33%.

In the next chapter we will be using the neutralino decays into the Z boson and neutrino
for a phenomenological study and neglect the decay into the Higgs. Therefore, we will over-
estimate the neutralino branching ratio into Z and neutrino. In the heavy neutralino limit
the error also amounts to 33%. However, the maximal neutralino mass considered by us will
be around 300 GeV, in which case the error is only =~ 25%.

We conclude that, given the current bounds on the gravitino lifetime, a bino-like neu-
tralino NLSP may still decay into a gauge boson and a lepton inside the detector, yielding
a spectacular signature. The sensitivity of the LHC experiments to the R-parity breaking
parameter ( is investigated in detail for various gluino and squark masses in the next chapter.

4.4.2 Higgsino-like Neutralino

In the case of a higgsino-like neutralino the bound on ( is independent of the neutralino mass,
which is given by g but depends on the masses of the heavier bino wino-like neutralinos,
which are 1800 GeV and 3800 GeV, respectively. The minimal gravitino mass is 144 GeV,
and, therefore, the bound on the lifetime is given by 3 x 10?6 s and we obtain

¢<56x1078 . (4.144)

Inserting this value of ¢ in eq. (4.88) and taking into account tan § = 52 yields the minimal
neutralino decay length

cTyo 2 24 m. (4.145)

Note that this decay length is one order of magnitude larger than the minimal decay length
of the bino-like neutralino.

Figure 4.15 shows the branching ratios of the higgsino-like neutralino as functions of the
neutralino mass. Here, for illustration, we have varied the higgsino mass between 90 and 400
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Figure 4.15: Higgsino-like neutralino branching ratios as functions of the neutralino mass.

GeV, while keeping the other parameters fixed. The neutralino decays to ~ 100% into the W
boson and a charged lepton. The neutralino decays will take place everywhere in the detector,
distorting, like in the bino-like neutralino case, the distribution of missing transverse energy.
The expression for the neutralino decay length can be simplified, using the fact that decays
into the Z boson and Higgs are negligible. Expressing the neutralino lifetime in terms of the
gravitino lifetime using myo >~ i, tan B ~ 52, and making an expansion in u/M; we obtain

3 2
1 732 Mg)o c2s? 1 My — My I

~ 1+0 | — . 4.146
X 22 GrM3 M0 m? fW(mX(l)) 3Myc2 + Mss?, + M, ( )

The approximate formula gives 26 m for the minimal decay length in excellent agreement
with the exact result. Moreover, assuming that the ratio between My and M is fixed, the
unknown high scale vanishes from the result. Taking, for example, My ~ 2M; the last bracket
becomes close to 1/8. Using this approximation we obtain a decay length of 20 m, within
16% of the exact result.

Summing up, we expect the higgsino-like neutralino to decay within the range of the LHC
detectors. Under the assumption of gauge coupling unification, the higgsino-like neutralino
decay length can be deduced also directly from the gravitino lifetime. Additionally, since in
this model all squarks and the gluino are very heavy and, therefore, most neutralinos will be
produced directly via Drell-Yan processes, R-parity violation alleviates the detection at the
LHC. We will see in the next chapter that otherwise the detection of higgsino-like neutralinos
may become impossible.

4.4.3 Stau

As stated in Section 4.2.3 the R-parity violating decays of a 71-NLSP strongly depend on the
flavor structure and the supersymmetry breaking parameters. Since the decays are governed
by a priori independent parameters €, €, ¢/, we cannot connect them with gravitino decays.
Therefore, we estimate the size of R-parity breaking parameters directly from our model of
R-parity breaking, cf. Section 3.5. From Egs. (3.47), (3.64) and 1 ~ 0.06, one obtains for the
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R-parity breaking parameter
e~ (n®~6x107%, (4.147)

which is consistent with the present upper bound (4.137).

The dependence of the mixing angle 6, on ms is shown in Fig. 4.16 for the boundary
condition (4.129). For masses below the top-bottom threshold only leptonic 71-decays are
possible.  When the decay into top-bottom pairs becomes kinematically allowed, sin® 6, is
small. However, the suppression by a small mixing angle is compensated by the larger Yukawa
coupling compared to the leptonic decay mode. This is a direct consequence of the couplings
N which were not taken into account in previous analyses.

Due to the competition between the mixing angle suppression and the hierarchical Yukawa
couplings, the top-bottom threshold is clearly visible in the 7i-decay length as well as the
branching ratios into leptons and heavy quarks. This is illustrated in Figs. 4.17 and 4.18,
respectively, where these observables are plotted as functions of msz . Representative values
of the 71-decay lengths below and above the top-bottom threshold are

-2
€
msz <mg+my: CT# ’150 GeV — 1.4 m (5)(]_0_8> , (4148)

-2
€
msz >mg +my C7'7’11’250 GeV — 0.6 m <5>(]_0_8> . (4149)

Choosing for € the representative value (4.138) from gravitino decay, ¢ = (ops = 107, one
obtains ¢7z, = 4 km(1 km) for mz = 150 GeV (250 GeV). It is remarkable that such lifetimes
can be measured at the LHC [71,214,215].

Is it possible to avoid the severe constraint from gravitino decays on the 7-decay length?
In principle, both observables are independent, and the unknown constants in the definition of
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Figure 4.17: The 71 decay length as a function of mz . Above the top-bottom threshold
hadronic decays decrease the 71-lifetime.
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Figure 4.18: 7i-branching ratios as functions of mz . The dependence on the 7i-mass is
determined by the top-bottom threshold and the mass dependence of the 71-mixing angle.

92



4.4. NLSP DECAYS AT THE LHC

¢, € and €” can be adjusted such that ¢ = 0. However, this corresponds to a strong fine-tuning,
unrelated to an underlying symmetry. To illustrate this, consider the case where the soft R-
parity breaking parameters vanish at the GUT scale, B; = m%d = 0, which was discussed in
Section 3. In bilinear R-parity breaking, also the R-parity violating Yukawa couplings vanish
at the GUT scale. With the one-loop radiative corrections at the electroweak scale (cf. (3.78);

€ = i/ [t),

€; 6 A
Bz(AEW) = 1é7/:2 <5g 2M1 =+ 6g2M2> ln A(;[\;/T 5 m?d(AEW) = O 5

and M 2 ~ 1, one reads off from Egs. (3.33), (3.40) and (3.41)

e el =O(e;) . (4.150)

1) 1

Hence, all R-parity breaking parameters are naturally of the same order, unless the fine-tuning
also includes radiative corrections between the GUT scale and the electroweak scale.

Even if one accepts the fine-tuning ¢ = 0, one still has to satisfy the cosmological bounds
on R-parity violating couplings, which yield ¢; = p;/p < 1076 [192]. In the flavor model
discussed in Section 3 this corresponds to the choice a = 20 in Eq. (3.71). For the smaller
T1-mass, which is preferred by electroweak precision tests, one then obtains the lower bound
on the decay length

5 150 Gey = 4 mm . (4.151)

However, let us emphasize again that current constraints from Fermi-LAT on the diffuse
gamma-ray spectrum indicate decay lengths several orders of magnitude larger.

4.4.4 Planck Mass Measurement

It has been pointed out in [57] that, in principle, one can determine the Planck mass from the
decay properties of a 7-NLSP together with the observation of a photon line in the diffuse
gamma-ray flux, which is produced by gravitino decays. This is similar to the proposed
microscopic determination of the Planck mass based on decays of very long lived 7-NLSP’s
in the case of a stable gravitino [66].

From our analysis of NLSP decays in this section it is clear that bino-like neutralino
NLSP decays are particularly well suited for a measurement of the Planck mass, which does
not require any additional assumptions. Eq. (4.141) implies (Gr = v/2/(4v?)),

Mo — M 3/2 () 1/2
_ m T 1
Mp =cyv 2 1 ( 3/2> < 3/2\7Y )

MQ mx(l) T. Xfl)

< (2fwmg) + falmg) + fulmg)) " (140 (s5™2)) . s

As expected, for gravitino and neutralino masses of the same order of magnitude, the ratio
of the two-body lifetimes is determined by the ratio of the electroweak scale and the Planck
mass,
TX(I) N fU2
32(v) Mg

(4.153)
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Quantitatively, using the relation (4.130) for the gaugino masses, one finally obtains (v =
174 GeV),

3/2 1/2 —1/2
_ 18 mg o 73/2(7V) X9
w0 o (222 (oY (e

X

< (2fwmg) + folmg) + fuimg)) " (140 (s5™2)) . s

It is remarkable that the observation of a photon line in the diffuse gamma-ray flux, to-
gether with a measurement of the neutralino lifetime at the LHC, can provide a microscopic
determination of the Planck mass.
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Chapter 5

Hidden Supersymmetry at the LHC

We have seen in Chapter 2 that supersymmetry is the best motivated extension of the Stan-
dard Model. It provides a dark matter candidate, solves the hierarchy problem, and brings
us closer to the goal of unification of forces. Already in the eighties, the common opinion was
that SUSY is just around the corner [216], and yet it still has not been found so far. The
search for supersymmetry is one of the main quests of the Large Hadron Collider, and the
result of this search will have a profound impact on the field of particle physics. The idea of
supersymmetry itself cannot be falsified at the LHC, but if all phenomena stay beyond the
reach of any experiment, it not only loses some of its desired features, but also becomes merely
a question of mathematics. The upcoming criticisms of the string theory (cf. [217,218]), which
needs SUSY, and even of the whole field of cosmology and particle physics (cf. [219]) may be
misguided, but will attain more weight in the light of the negative results. Therefore, it seems
crucial to investigate all possible occurrences of SUSY models and to go beyond simplified
models like CMSSM, since the mechanism of SUSY breaking is still poorly understood.

In the present chapter we will show that possible models motivated by the aim of consistent
cosmology have features which impede a fast discovery at the LHC. Furthermore, we will
present phenomenological studies how these models could nevertheless be discovered. Taking
local supersymmetry seriously, we know that the gravitino must be present in the spectrum
and could potentially cause problems, cf. Section 2.5.1. The problems are absent if the
gravitino is very heavy, a situation arising in the AMSB models of SUSY breaking. cf.
Section 2.4.3. In these models almost all SUSY particles are very heavy, such that the colored
states cannot be produced at the LHC. The lightest states, which are produced via electroweak
processes, could be higgsino-like making a discovery at the LHC almost impossible. Similar
situation can arise in hybrid gauge-gravity mediation models with gravitino dark matter,
cf. Section 2.4.2, which need additional moderate entropy production before nucleosynthesis
for consistency with early universe cosmology.

Another solution to the NLSP decay problem present in models with gravitino dark matter,
is the introduction of a small amount of R-parity violation created in, for example, the
breaking of B — L, cf. Chapter 3. Even such tiny amount of R-parity violation distorts
the usual LHC signatures, especially the distribution of missing transverse energy. We shall
investigate the impact of R-parity breaking on the LHC phenomenology in Section 5.2. In
this chapter we will use in the text and in tables the usual particle naming convention, where
a bar over a particle name denotes the antiparticle, i.e. I standing for a generic antilepton
etc. .

95



CHAPTER 5. HIDDEN SUPERSYMMETRY AT THE LHC

5.1 Higgsino World

The most characteristic feature of the higgsino world scenario is a large separation between
the higgsino masses and the masses of the other superparticles. The particle content is that of
the MSSM. Two higgsino-like neutralinos and a higgsino-like chargino are light: Their masses
can be arbitrarily close to the direct chargino search bound from LEP, m 2 105 GeV. There
is also a light Standard Model-like Higgs around 120 GeV. The heavier Higgs bosons, as well
as the gaugino-like neutralinos and chargino, gluino, squarks and sleptons, have masses of
at least 500 GeV, and possibly ranging up to several TeV in case of hybrid gauge-gravity
mediation, while their masses are around 10* GeV in the AMSB case, cf. Section 2.4.

This kind of spectrum is naturally compatible with both LHC and LEP search bounds.
Concerning the LHC, the absence of any signals for supersymmetry in cascade decays of
first-generation squarks and gluinos points to them being rather heavy. On the other hand,
evading the new LHC bound on the lightest Higgs mass requires large loop corrections from
third-generation soft terms, at least within the MSSM. This points to large third-generation
squark masses (bringing with them the inevitable fine-tuning which is present in the remaining
parameter regions of the MSSM). Charginos and neutralinos, by contrast, can comfortably
have masses between around only 100 — 200 GeV.

The MSSM with light higgsinos and otherwise heavy superparticles has previously been
studied e.g. in [220]. Additionally to the AMSB scenario [73] and the hybrid gauge-gravity
mediation [74], other models have been constructed which predict precisely this pattern, such
as the “lopsided gauge mediation” models of [221,222].

In this section we are interested in the consequences of such scenario for SUSY searches at
the LHC, in case of R-parity conservation. Irrespectively of the dark matter candidate, which
is gravitino in the hybrid mediation case and higgsino in the AMSB case, the phenomenology
at colliders will be very similar due to otherwise similar spectra and suppressed gravitino
couplings. Therefore, we will closely examine the hybrid gauge-gravity mediation scenario
while pointing out the possible differences in the AMSB case.

5.1.1 Model Parameters

The precise details of the superparticle spectrum depend on the messenger content of the
model, on the exact choice of messenger scale and SUSY breaking scale, and on the assump-
tions about the gravity-mediated contributions to the soft terms. For our purposes of a first
tentative study of collider phenomenology, it is convenient to adopt a simplified parametriza-
tion: We fix the gravitino mass to be mgz,, = 100 GeV, and choose a common messenger mass
just below the GUT scale, My, = 5 x 10> GeV. Then the essential free parameters are the
gaugino masses My, Ma and M3, the Higgs soft mass mixing B,,, and the higgsino mass p.
At the GUT scale we expect |B,| ~ |u[? ~ mg/z and |Mj 23] 3> mg/s. Scalar soft masses are
dominated by the gauge-mediated contribution, which is completely fixed after prescribing
the gaugino masses. Explicitly, they are given by the standard minimal gauge mediation

formula
2 2
2 _ g F
m¢2<16W2) (Za C”)’Mm
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particle model
Spectrum I Spectrum II HH50 HH50" simplified
ho 116 123 115 117 117
XY 124 205 206 207 125
Xi 129 207 389 395
X5 134 206 389 395
X3 559 1788 635 771
X0 1059 3775 649 778
X5 1059 3775 648 779
Hy 641 1115 861 958
A 642 1120 861 958
H* 648 1123 865 962
g 1063 3808 1167 1167
t 665 2311 860 660 659
by 797 2490 1034 943
iy 1155 3513 1122 1130
dr 1065 3370 1119 1127
other squarks 1070 — 1500 3300 - 4500 1120 — 1160 990 — 1270
71 509 461 528 520
other sleptons 790 — 1160 1700 — 3200 530 — 600 530 — 600

Table 5.1: A light and a heavy spectrum, with a CMSSM point HH50, a CMSSM-like point
HH50" and a simplified model for comparison. The parameters defining these models are
listed in Table 5.2. Particle masses are in GeV.

where a = 1,2, 3 labels the Standard Model gauge factors, C; is the corresponding quadratic
Casimir of ®, the SUSY breaking scale F' is
F = V3mys Mpjanax = (2 x 102 GeV)? | (5.2)
and the effective messenger numbers n, are obtained by inverting the standard gaugino mass
formula )
g F
M, = —==n, — .
¢ 1672 My,
We are neglecting the running of the gauge couplings between My, and Mgyr, as well as the
subdominant gravity-mediated contributions. Trilinear terms are again dominated by gravity
mediation; for simplicity we choose them to be universal and set Ay = pu.

Having thus fixed the MSSM parameters at the messenger scale, we evolve them to the
weak scale by means of their renormalization group equations using SOFTSUSY [110]. Re-
producing the correct value of the Z mass further reduces the number of free parameters by
one. In the end, within our simplified ansatz the mass spectrum is entirely determined by
the five parameters M, Ma, M3, ;1 and B, at the messenger scale. These are subject to the
conditions that electroweak symmetry should be broken with mz = 91 GeV, and that there

(5.3)
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model no /By M, Mo Ms mg m(()g) Ap A(()g) tan 3
Spectrum I 150 200 1250 1250 428 46
Spectrum II 250 250 4080 4600 1800 52
HH50 500 500 500 500 500 0 0 10
HH50/ 500 500 500 500 300 0 —1000 10

Table 5.2: Defining parameters for a light and a heavy spectrum, with a CMSSM point and
a CMSSM-like point for comparison. Particle masses are in GeV. In HH50 third-generation

squarks and sleptons were given a universal soft mass m(()3) and a trilinear A-parameter A[()g).

should be a separation of mass scales according to
/LN\/BMng/Q <L My~ My~ Mj . (5.4)

Table 5.1 shows two examples for low-energy spectra. Spectrum I has pu = 150 GeV,
\/E = 200 GeV, My = My = 1250 GeV and M3 = 428 GeV; these parameters are chosen
such that the model is close to the present LHC exclusion limits. Spectrum II has u =
250 GeV, /B, = 250GeV M; = 4080 GeV, My = 4600 GeV and Mz = 1800 GeV, for
which the model would be invisible at the early LHC and almost impossible to find even at
14 TeV. Additionally, this spectrum has a Higgs mass close to the tentative LHC hint, and is
furthermore very similar to the spectrum (17,23, 9) from [75], which was used in the previous
chapter for the predictions of the higgsino decay length in case of R-parity violation. The
numbers in the spectrum name refer to the effective messenger numbers connected to the
gaugino mass parameters (eq. 5.3). Note that the spectrum in AMSB case would be even
more extreme, neutralinos and charginos being the only particles which could be produced at
present and future colliders. Our analysis in this section will be mostly concerned with the
phenomenology of Spectrum I at /s = 7TeV.

For comparison, we have also included a similar CMSSM benchmark point HH50 and
a CMSSM-like benchmark point HH50'. HH50 has mg = mysp = 500GeV, tanf = 10,
> 0and Ag = 0. HH50 is defined in the same way, but with the soft terms of the third
generation chosen differently: Third-generation squarks and sleptons were given a universal
soft mass méS) = 300 GeV and a trilinear A-parameter A[()3) = —1TeV. This choice was made
in order to have a reference spectrum whose flf’{ production cross section is comparable to
that of Spectrum I, while closely resembling the CMSSM. Finally, we also list a comparable
simplified model, containing only the #; and a bino-like neutralino LSP. The model definitions
are summarized in Table 5.2.

5.1.2 Signatures

The light higgsinos of the hybrid gauge-gravity mediation scenario (and also of the AMSB
scenario) will be produced in copious numbers in electroweak processes at the LHC. The
Drell-Yan process gives rise to Xfoa X{EX(I)Q and x93 final states, and W boson fusion can
give like-sign X%X{E pairs. The subsequent decays of Xg and xf into x{ will lead to events
with missing energy and soft jets or leptons.

Unfortunately, with the higgsino mass splittings in the range of only a few GeV, most of
these jets and leptons are too soft to even trigger on, and those events with high enough pr to
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Figure 5.1: Lepton transverse momentum and missing transverse energy distributions of lep-
tonic events from higgsino decays with Spectrum I. The higgsinos are produced in electroweak
processes; the numbers are scaled to 20 fb~!. For comparison, the SM background from WZ
production (which is just one of the several contributing processes) is also shown. See Section
5.1.3 for details of the event simulation.

be detected are completely swamped by the Standard Model background. Demanding large
missing transverse energy does not help much, since also the F; spectrum falls very rapidly.
For illustration, the lepton pr and F distributions for Spectrum I are shown in Figure 5.1.
We have also studied events with additional jets from initial-state gluon radiation, in order to
increase the number of events with larger pr and . While this somewhat enhances the tails
of the distributions, it also reduces the overall cross section, and the combined effect does very
little to improve the overall situation. In conclusion we confirm the findings of [223] that, in
order to find evidence for our scenario in electroweak processes, a linear collider would be far
better suited. For the LHC, a monojet or a monophoton (from initial-state gluon or photon
radiation) together with large missing F7 might be a useful signal, in combination with other
searches. This is probably the only possibility to detect SUSY if the AMSB-like scenario is
realized in nature. We will however not pursue this possibility in the present work because
of the difficulties in accurately estimating the background without a full detector simulation.
The experimental efforts in this direction [224-227] seem to be very promising. The results
are however interpreted so far only in terms of contact interactions or for theories involving
large extra dimensions. We will also not consider the possibility of searches for staus, since the
mass predictions depend strongly on the parameters: The model (17,23,9) from [75] being
very similar to Spectrum II predicts a lightest stau with a mass of 550 GeV, contrary to 461
GeV in our case. Furthermore, such search is not a viable possibility in the AMSB scenario.

We are therefore led to consider those regions of parameter space where some colored
superparticles are still light enough to be produced at the LHC. At this stage we ignore the
LHC hint for a 125 GeV Higgs. The lightest colored superparticle in our class of models is
always the lighter of the scalar top quarks #;. At the LHC it may be produced in pairs, or it
may appear in cascade decays of first-generation squarks and gluinos if these are kinematically
accessible. It turns out that processes involving the #; are particularly well suited to find
evidence for our scenario (or to constrain it), and also to distinguish it from more generic
incarnations of the MSSM! .

'For some recent related studies of stops at the LHC, see for example [77,228-231].
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Figure 5.2: An example for a stop pair production event, showing up as to two high-energetic
b-jets and missing energy.

For definiteness we will from now on focus on the Spectrum I benchmark point M; = My =
1250 GeV, M3 = 428 GeV, p = 150 GeV, \/FM = 200GeV. In a sense this is a maximally
optimistic set of parameters, chosen such that it is still marginally allowed by current search
limits.

With superparticle masses as in Spectrum I, the clearest signatures at the early LHC will
be jets with missing Fr. We will see that the cross sections for stop pair production on
the one hand and the more familiar ¢, ¢¢*, g and gg production (where ¢ stands for any
first-generation squark) on the other hand are comparable; all these processes contribute to
the signal.

More importantly, once there is evidence for supersymmetry in searches for jets plus
missing Fr, our model can also be distinguished experimentally from generic variants of the
MSSM which lack its characteristic features of light and near-degenerate higgsinos. This is
achieved by focusing on the stop pair production channel. In Spectrum I, stop decays do not
involve hard leptons, since possible leptons from X(Z) or Xf decays are too soft to be detected.
The signature of a 7 is therefore always a hard b-jet plus missing Fp; a typical stop pair
event is shown in Figure 5.2. By contrast, in generic supersymmetric models one usually
expects also events with jets, missing Fp and isolated leptons, be it from cascade decays of
squarks and gluinos or from ¢ decaying into charginos or non-LSP neutralinos. Once a signal
is found in the jets + MET channel, we could use the absence of signals with leptons to
severely constrain interpretations in terms of generic supersymmetry, thus providing further
indirect evidence for our scenario.

We may even be able to discriminate between our model and a “simplified model” com-
prising only a #; and a bino-like x!. In such a framework, likewise, no events with hard
isolated leptons are expected. However, because the only possible #; decay is then t; — tx)
with the ¢ decaying further into bW, the b-jet spectrum turns out to be significantly different
from that of our model, where about half of the stops decay directly into a b quark without
an intermediate top.

In the following sections we present the results of three simulated searches. The first is
for jets and large missing Ep, in order to show that early LHC will be able to find evidence
for our model. The second also includes leptons, to show that early LHC will, furthermore,
be able to distinguish our model from a comparable CMSSM-like model. More precisely,
our model will be compared both with the CMSSM point HH50, which has similar g and
¢ production cross sections, and with the CMSSM-like point HH50, which in addition has
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model 0(§g") o(qg)  o(@) o)  olgg) o(9q) oltot)
Spectrum I 0.388 3.83 5.61 0.6 2.9 845 21.78
HH 50 1.79 12 0.682 0.044 1 9.3 24.8
HH 50’ 1.65 11.5 5.96 0.136 0.979 8.9 29

Table 5.3: Production cross sections of different models in fb calculated with PROSPINO [232,
233]. The cross section for bb*-production is given at the lowest order, all other cross sections
are calculated at NLO.

sample o [pb] events

expected simulated
tt 163 3.3x 10 11.3x 106
single top 85.1 1.7 x 106 1.7 x 106
W + jet 826 1652 x 104 5 x 10%
WHw- 44.974 899 x 10> 1000 x 103
wtZz 11.580 3 3
-z 6310 } 358 x 105 400 x 10
A 6.195 124 x 103 150 x 10°
WHW-wW+t 4 x 1072 800 15000
WHw-Z2 3x 1072 600 15000
wtzz 9x 103 180 15000
7727 3x 1073 60 5629

Table 5.4: Cross sections and numbers of generated events of SM background used in the
present analysis. The single top production cross-section includes all LHC production chan-
nels. The cross sections for the tri-boson events are calculated at the Born level with
MADGRAPH, all other cross sections are taken from [234-236]

also a comparable ¢; pair production cross section. Finally, we present a search with the cuts
optimized to select events from ; pair production, and compare the result with the simplified
model mentioned above.

5.1.3 Simulation of Signal and Background

All Monte Carlo samples were generated with MADGRAPH 4.4 .44 [237| interfaced with PYTHIA
6.4.22 [238] using CTEQ6L1 parton distribution functions [239]. In order to generate signal
events, decay widths of supersymmetric particles were computed with SDECAY [240] from
spectra calculated with SOFTSUSY. The generic detector simulation DELPHES [241], tuned to
the CMS detector, was used in order to account for effects of event reconstruction at the
detector level.

The signal production cross sections are listed in Table 5.3. For Spectrum I 43 500 signal
events were simulated, to be compared with 435 events expected at the early LHC with an
assumed integrated luminosity yield of 20 fb~!. The number of signal events passing the cuts
should therefore eventually be divided by a normalization factor 100 for a realistic estimate.
For HH50 and HH50', we simulated 10000 events each, with respectively 496 and 580 events
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expected, so the normalization factors are 20 and 17 respectively.

The corresponding figures for Standard Model backgrounds are listed in Table 5.4. It
turns out that ¢t is the most important background. Since, consequently, the best statistics
is needed for this channel, we have simulated about three times more events than expected.
For the remaining backgrounds, the number of simulated events roughly matches the number
of expected events, or exceeds it in the case of tri-bosons (where the cross sections are small)
in order to avoid large Monte Carlo errors. An exception are background events with vector
bosons plus jets, where we have only simulated a small fraction of the expected events.
However, as will become clear when we present the cut flows, this background is very efficiently
removed by our cuts. Therefore, it can be safely neglected without having to simulate the
full sample.

5.1.4 Event Selection and Analysis

Discovery with all-hadronic Search

The first analysis serves to show that LHC will be able to find evidence for our model, i.e. to
distinguish its signatures from the Standard Model background.

In the first stage, candidate events with multiple high-energetic jets and missing transverse
energy are selected with the following pre-selection cuts at the level of the detector simulation:

e 1 <N(j)<5,where pr(j)>100GeV,
° ET > 50 GeV.

Furthermore, all events with an isolated lepton (electron or muon) with pp > 10GeV are
rejected in order to suppress events with genuine missing energy from neutrinos:

e N(I)=0.

After imposing these pre-selection cuts, we use a set of cuts optimized for discriminating
between signal and background. Events are required to satisfy

e HT' > 500GeV,

where HT’ is the sum of the transverse momenta of the two most energetic jets,

2

HT = pr(ji)- (5.5)

i=1

Following the experimental analyses, we use the ap variable [242-244] as the main discrimi-
nator against QCD multi-jet production, defined for di-jet events as:

ap — Er02) _ Er(j2)
i \/(Zle ET(jv:)>2 - (E?:lpr(ji))

where js denotes the next-to-leading jet. In our analysis we use pr of the jets provided by
DELPHES instead of Ep, and require the event to have

(5.6)

2

(=)

e ar > 0.55
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before pre-cuts

cuts N(j) Er N(I) HT'  ar Pr
qq* 720 569 555 420 401 86 78
= qq 7660 6416 6329 4788 4581 919 761
e tt* 11220 8909 8729 7690 5123 1074 864
8 bb* 1200 993 983 866 691 162 138
) g9 5800 4678 4622 3573 3250 809 631
gq 16 900 13425 13257 10237 9655 2080 1685
weighted events 42
HH50 10000 8892 8822 7119 6882 1888 1770
weighted events 88
HH50 10000 8778 8691 6850 6244 1582 1467
weighted events 84
tt 11.3 x 10° 3.2 x 105 930000 510000 59992 312 64
t 1.7 x 106 160197 23773 15089 2062 6 3
c% W + jet 50 000 120 5 2 0 0 0
di-bosons  1.55 x 106 36 862 3820 2281 404 4 3
tri-bosons 50629 9051 2763 1714 470 9 6
weighted events 25

Table 5.5: Cut flow of general all-hadronic analysis for different signals and backgrounds at
/s = TTeV. Figures are given for all events that were simulated. The bold numbers are the
events surviving all cuts, properly normalized to an integrated luminosity of 20 fb~!. The cut
flow for the Spectrum I is shown separately for each different production channel.

in order to pass the cut. In events with jet multiplicity N(j) > 2, two pseudo jets are formed
following the CMS strategy [244] and the az variable is constructed from the pseudojets.
Finally, in order to further suppress the t¢ background, we demand a very high value of
missing transverse energy:

o I > 400 GeV.

Because of the high J cut in combination with the selection based on ar, we can safely
neglect QCD di- and multi-jet background contributions. The resulting cut flow is shown in
Table 5.5.

Evidently, with this analysis it will be possible to discriminate between our model and the
Standard Model background. The same is true for the HH50 and HH50" models. This result
is of course unsurprising, since all these benchmark points were chosen to lie near the 1fb~!
exclusion bounds, and here we are assuming a data sample of 20 fb~!.

Model Discrimination: CMSSM-like Models

The more interesting question is that of model discrimination. For this a fully hadronic
search such as the one we just presented is not suitable, even though the number of events
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After ,
pre-cuts b-tag HT ar ET
qq* 420 78 7 0 0
= 44 4788 1153 1126 226 183
st 7690 3851 3268 834 562
g bb* 866 445 405 112 87
2 g9 3573 1843 1793 465 351
9q 10237 3940 3862 845 652
weighted events 18
HH50 7119 631 619 124 108
weighted events 5
HH50/ 6850 930 841 158 124
weighted events 7
= tt 51 x 10* 20 x 10* 48624 391 25
SE 15089 4798 656 3 2
weighted events 9

Table 5.6: Cut flow of the hadronic analysis with b-tagging for different signals and the
relevant backgrounds at /s = 7TeV. The remaining signal and background events, scaled to
an integrated luminosity of 20 fb~!, are printed in bold. The cut flow for Spectrum I is shown
separately for each different production channel.

passing the above cuts is significantly different between our model and HH50 / HH50'. This
difference could, after all, be accounted for by slightly different squark and gluino production
cross sections — for instance, the HH50 and HH50 spectra would just need to be slightly
heavier in order to reproduce the 42 events after cuts which we found for our model.

In fact, some information can be gained already by requesting, in addition to the cuts
of Section 5.1.4, that at least one jet should be b-tagged. We assume a pp-independent b-
tagging efficiency of 40 %, and a mistagging probability of 10 % as implemented in DELPHES.
The additional cut is then

o N(b-jets) > 1.

The cut flow is shown in Table 5.6. Note that the number of events from both HH50 and
HH50’ is dramatically reduced. This is partly because, in our model, a sizable fraction of
events was due to ¢ pair production, and the gluino can only decay into ¢; or by. By contrast,
in HH50 and HH50’ most events involve ¢ decays which do not necessarily lead to b-jets.
Moreover, by vetoing events with isolated leptons, fewer ¢; events in our model are cut away
than in HH50 and HH50' — these models tend to produce more leptonic events, which we will
now put to use in a separate semi-leptonic analysis.

More precisely, as explained in Section 5.1.2, #; decays in our model can give hard isolated
leptons at most from secondary top decays (which is, incidentally, also true for by and even
§ decays, since the gluino can only decay into #; or 51) In HH50 and HH50' many more
leptons are expected, jets with missing Er and isolated leptons being one of the hallmark
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before pre-cuts
cuts N(I) N(j) Pr N(j) mr Iso HT' Fr
qq* 720 238 233 229 26 17 6 6 1
= qq 7660 2690 2650 2622 380 271 129 123 74
£ tt* 11220 4063 3202 3135 2191 1701 230 90 40
3 bb* 1200 449 367 367 244 180 25 16 8
) qg 5800 2224 2202 2173 258 207 53 46 29
qq 16 900 6397 6 346 6261 690 536 170 142 76
events 2
HH50 10000 2432 2352 2330 615 438 242 225 147
events 7
HH50/ 10000 2699 2519 2496 796 576 308 246 147

events

9
SM tt  11x105 4x10% 1x10% 440000 350000 45584 29942 1266 3
1

events

Table 5.7: Cut flow of semi-leptonic analysis for different signals and relevant background at
/s = 7TeV. The remaining signal and background events, scaled to an integrated luminosity
of 20fb~!, are printed in bold. The cut flow for Spectrum I is shown separately for each
different production channel.

signatures for generic supersymmetry. This motivates a semi-leptonic search for better model
discrimination.

An event is selected for further analysis if it contains exactly one lepton (muon or electron)
candidate

e N()=1, pr()>15GeV.
Other than that, our pre-selection cuts are as before,
e N(j)>1, ppr(j)>100GeV,
o F'p >50GeV.
The actual cuts are now as follows. We select events with exactly two high-energetic jets,
e N(j)=2.

This criterion selects preferably the #£* production channel, since usually more than two jets
are expected to appear in channels involving ¢ or g. Furthermore, we employ the transverse
mass variable

mr = \/2pr () Er (1 - cos Ao (1, Er)) | (5.7)

where A¢(l, ) is the angle between missing transverse energy and the momentum of the
lepton in the transverse plane. This variable is bounded by the W boson mass if the lepton
and Jp originate in W boson decay. We select events with
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Figure 5.3: Jr distribution in the semi-leptonic analysis before the final 1 cut. SM events
are black, events in Spectrum I are blue and events in HH50" are red.

e mp > 100 GeV,

and ensure that the leptons in these events are isolated. Furthermore, as in the previous
analysis we demand that the two jets have high transverse momentum and high missing
transverse energy,

e HT' > 500GeV,
o Fp > 400GeV.

The resulting cut flow is displayed in Table 5.7. As advertised, the number of leptonic
events to survive the cuts is not significantly above the SM background, whereas a significant
number of events survive in HH50 and HH50' (cf. Figure 5.3). This set of cuts therefore serves
to discriminate between our model and CMSSM-like models.

Model Discrimination: A Simplified Model

The analysis of Section 5.1.4 relies on the presence of intermediate states (in the case of HH50
and HH50', the wino-like Xli and xJ) whose decay into the LSP produces isolated leptons. In
models with non-unified gaugino masses, the LSP could still be bino-like while all remaining
charginos and neutralinos are much heavier. Can we still distinguish our model from a generic
model with a comparably heavy #; and only a light bino LSP below it? It turns out that this
is rather more difficult, but still possible.

The simplified model in Table 5.1 has been designed to reproduce the relevant collider
signals. We use the production cross section of stop pairs taken from Spectrum I. The only
active states are a moderately heavy #; and a light bino-like x{. Stops that are produced in
pairs will decay as #; — tx{, with the ¢ further decaying into bWW. The signature is therefore
b-jets and missing energy. A similar decay chain is also open in our model (as in the lower
branch in Figure 5.2). However, in our model about 50 % of the stops will decay directly
into b quarks and missing energy (as in the upper branch). These latter events will produce
slightly harder b-jets than those involving an intermediate top.
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before pre-cuts
cuts N(j) Er  N(@) btag mj;, HT' A¢ Er N(I)
. qq* 720 569 555 71 12 3 3 2 2 2
= 49 7660 6416 6329 978 179 55 53 48 33 24
= ft:* 11220 8909 8729 6093 3158 1928 13781238 637 575
g bb* 1200 993 983 651 332 152 125 116 72 63
& g9 5800 6478 4622 658 348 144 115 104 78 58
g9q 16900 13425 13257 1803 684 243 201 178 121 7
events 8

simplified 11220 8179 7986 5328 2107 1339 782 666 316 243

events 2

= 1x 107 3x10% 1x10° 739752 290416 268 254 34062 8669 34 16
noog 1.7x 105 160197 23773 21234 6858 6330 907 176 6 3

events 8

Table 5.8: Cut flow of the analysis in which we examine the possibility to distinguish ¢
decays via bino-like neutralinos from decays via higgsino-like neutralinos at /s = 7 TeV. The
remaining signal and background events, scaled to an integrated luminosity of 20fb~!, are
printed in bold.

To select the stop pair production channel in our model, we impose a series of simple cuts.
At the pre-selection cut level, we select event with at least two and at most four high-energetic
jets with pp larger than 100 GeV, similar to the all-hadronic analysis:

e 1 <N(j)<5, where pr(j)>100GeV,
° ET > 50 GeV.

Heavy squarks and gluinos will decay via long decay chains, typically giving rise to a large
number of high-energetic jets. Therefore, we select events with exactly two high-energetic
jets in order to single out stop pair production. Furthermore, we demand that at least one of
these jets is a b-jet:

e N(j) =2, where pr(j) > 100GeV,
e N(b-jets) > 1.

The invariant mass of the 2-jet system originating in such decays is sensitive to the masses of
the parent particles. We select events with relatively small 2-jet transverse mass:

° mJT] = \/2pT(j1)pT(j2) (1 — cos Ap(j1,72)) < 500 GeV

In order to suppress the Standard Model background we employ following cuts:

e HT' > 400 GeV,

b A¢ (EijQ) > 17
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o Iy > 400 GeV,
o N(I)=0.

Missing transverse energy in QCD di- and multi-jet events can only appear due to the mis-
measurement of one of the jets. We assume that, in events with very large missing transverse
energy and exactly two high-energetic jets, the mismeasured jet is the next-to-leading one.
We therefore expect that no QCD event will survive the cuts on A¢ (ET , jg) and Fp. The
resulting cut flow is displayed in Table 5.8.

Evidently, these cuts can discriminate between Spectrum I and the simplified model. Of
course the latter is not a realistic scenario, and in a fully-fledged model cascade decays of
heavier states may also be relevant. However, since the cuts single out the stop pair production
channel in our model quite efficiently, it seems reasonable to expect that this remains true
for a generic full model which the simplified model is taken to represent here. The cuts are
even tight enough to remove almost all of the stop decay events in the simplified model, while
leaving a substantial excess above the Standard Model background in our model (presumably
coming from direct ¢; — bxli decays). Note, however, that this analysis will be rather
challenging with real data: Only few events survive, and the discrimination is not mainly due
to a single cut, but rather to the combined effects of all of them.

Having investigated the Higgsino World scenario, we now turn our attention to the case
of R-parity violation, leading also to veiled signatures.

5.2 R-parity Violation

The hybrid gauge-gravity mediation model can become cosmologically consistent not only
with the help of additional entropy production before the BBN, which leads to the LHC
signatures presented in the previous section, but also with the introduction of small R-parity
violation. This is also the case for mSUGRA models with gravitino dark matter, cf. Sec-
tion 2.4.1. Usually, the bulk of these models is viewed to be excluded by recent LHC data.
However, not taking into account the LHC hint for a Higgs boson with a mass of 125 GeV,
which is difficult to accommodate, a large region of mSUGRA parameter space becomes
untested in case of small R-parity violation.

While the hybrid mediation scenario leads to higgsino-like neutralino NLSP, the mSUGRA
scenario can have a bino-like neutralino or a stau as NLSP. In all cases, the decay lengths
of the particles are macroscopic, cf. Section 4.4. Large macroscopic decay lengths are of
great help in the search for decaying NLSPs. This remains true if the decay length is larger
than the size of the detector since a sizable fraction of NLSPs may still decay inside the
detector. This has been studied for neutral [214] as well as charged [215] NLSPs. Neutralino
decay lengths varying from 0.1mm to 100m also arise in models with generalized gauge
mediated supersymmetry breaking [245]. Alternatively, charged [246] and neutral [247] NLSP
decays have been studied for models where the decay lengths are so small that no displaced
vertices are observed and R-parity breaking Yukawa couplings determine the hierarchy of
decay channels. In this case multi-lepton events, and their flavor structure, are of crucial
importance.

The subject of this section is a quantitative analysis of bino-like neutralino NLSP decays
at the LHC in the case of very small R-parity breaking. The goal is the determination of the
sensitivity in the R-parity breaking parameter  for varying gluino and squark masses. We
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Figure 5.4: Typical R-parity violating decay chain involving higgsino-like neutralino at the
LHC. The primary vertex and the secondary vertices are highlighted.

shall focus on events with a clean signature: cascade processes with jets where one of the
produced neutralino NLSPs decays into Z boson and neutrino, with the subsequent decay of
the Z boson into a muon pair, cf. Section 4.4.1. This allows us to determine a conservative
50 discovery range. Finally, we estimate the discovery reach of the LHC if all NLSP decays
are taken into account. Note that we will neglect the neutralino decay channel into the Higgs
boson and neutrino, which is either absent for low neutralino masses or is suppressed. We shall
point out the differences to the higgsino-like neutralino NLSP case, which has a branching
ratio of order 1 into the W boson and charged lepton, cf. Section 4.4.2. A full quantitative
analysis of this case is work in progress.

5.2.1 Decay Signatures of the higgsino-like Neutralino

Taking into account the LHC hint for the mass of the Higgs boson, we can assume that even the
third generation squarks are fairly heavy and may be not accessible at the LHC, cf. Spectrum
IT in Tab. 5.1. Thus, the neutralinos will be produced in electroweak processes. While in the
case of R-parity conservation, cf. Section 5.1, the only signal at the LHC would be a monojet
(monophoton) signature, R-parity violation opens up new possibilities for detection. Nota
bene that the final states will always look similar to the case of pure neutralino production
even if charginos have been produced, due to small mass separation between the charged and
neutral higgsino states.

The final state neutralinos decay in a secondary vertex into W bosons and leptons almost
in 100% of decays. Fig. 5.4 shows an example of a decay cascade with muons in the final
state. The distance between the collision point and the secondary vertex depends on the
decay width of the neutralino (4.88), and hence on the R-parity breaking parameter (.

Table 5.9 summarizes all possible LHC signatures if the NLSP is higgsino-like neutralino
for sufficiently large values of ¢ such that it is probable that both neutralinos decay inside
of the tracker volume. The signatures are classified according to the final states in the neu-
tralino decays; amazingly there are only two type of signatures: leptonic signatures involving
only leptons in the final state, and semi-leptonic signatures involving at least two charged
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category x) decays LHC signature
leptonic WHw-ll — lzll_uy )
WHWIl — vy 2+ 20+ Fr

W-W-Il — lllvv
semi-leptonic  WHW ™Il — jjlllv 25+ 20+ 1+ Er
WHWHil — jjlllv
WHW=Il — jjlllv - 2j+ 1+ 20+ Er
W-W-ll — jjlllv
WHW=lUl — jjjjll 45+ 11+ 11
(same sign, ~ WHIW™Il — jjjjll 45 +21
no Br) W-W=Il — jjjjll 45 + 21

Table 5.9: All possible final states in higgsino-like neutralino case if both neutralinos decay
inside the tracking volume.

category xY decays  LHC signature

leptonic WHl = v 1+1+ Er
(opposite sign) W1 — llv

single lepton Wl — il 25+ 11+ Fr
Wl —jjl 2+ 1+ Fp

Table 5.10: All possible final states in higgsino-like neutralino case if one of the neutralinos
decays outside the tracking volume.

leptons and jets. Note that all channels have only small amount of missing transverse energy
FEr, and therefore they are not considered in the usual searches (cf. [248,249]). Neutralino
decays lead also to signatures containing same-sign lepton pairs but since no F is present
in these channels they are usually discarded in order to suppress various backgrounds [250].
Additionally, the leptonic signatures involve no jets in the final state from the hard process.
Therefore, a possible search strategy would be a search for events without jets.

If the value of { is rather small one of the neutralinos will decay outside of the detector
leading to signatures with larger amount of J; as shown in Table 5.10. The leptonic decays
of one of the neutralinos inside the detector lead to a perfect opposite-sign signature. Further-
more, one could also search for single lepton events with large amount of missing transverse
energy.

Let us now look at the decays of the bino-like neutralino and compare the results with
the ones obtained in this section.

5.2.2 Decay Signatures of the bino-like Neutralino
Consider for simplicity, the following cascade process:
Gq — g4 — jiixixy , (5-8)
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Figure 5.5: Typical R-parity violating decay chain involving bino-like neutralino at the LHC.
The primary vertex and the secondary vertices are highlighted.

possible in mSUGRA scenarios with bino-like neutralino, where j denotes a jet. The final
state neutralinos decay in a secondary vertex into W bosons and leptons as well as into Z
bosons and neutrinos. Fig. 5.5 shows an example of a decay cascade with muons in final
state. The distance between the collision point and the secondary vertex depends on the
decay width of the neutralino (4.84), and hence on the R-parity breaking parameter (.

Table 5.11 summarizes the LHC signatures of the process (5.8) for sufficiently large values
of ¢ such that it is probable that both neutralinos decay inside of the tracker volume. All
signatures contain at least three jets from the antecedent supersymmetric decays, contrary
to the higgsino-like case. In general more complicated signatures can arise. Intermediate
chargino decays can lead to additional gauge bosons in the final state, which then produce
more jets or leptons. These decay chains as well as all production processes were taken into
account in the simulation of the signal.

The signatures are classified similar to the higgsino-like case according to the final states
in the neutralino decays: leptonic signatures involving only leptons in the final state, semi-
leptonic signatures involving at least two charged leptons and jets, single lepton signatures
containing only one lepton, all-hadronic signatures where only jets accompanied by neutrinos
are present, and finally invisible channels where both neutralinos decay solely to neutrinos.
Additionally, we single out channels having a considerable amount of missing transverse energy
Fp from Z boson decays, since Fp is one of the main features searched for in usual searches for
new physics. Such channels are not present in higgsino-like neutralino decays. The channels
labeled as opposite sign could be found in usual supersymmetry (SUSY) searches as they
include a considerable amount of [, many jets and one isolated lepton pair with different
signs. However, some searches remove events with muon pairs having invariant mass around
the Z pole in order to dispose of Drell-Yan Z/v* — Il processes. Note that in the model
presented in this section this cut would lead to a suppression of the signal. Other channels
presented above are similar to the higgsino-like neutralino case, up to the number of jets in
the final state.

If the value of { is rather small one of the neutralinos will decay outside of the detector
leading to signatures with larger amount of J; as shown in Table 5.12. The leptonic decays
of one of the neutralinos inside the detector lead to a perfect opposite-sign signature. As
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category

XY decays

LHC signature

leptonic

(opposite sign,

Er from Z)

WHW—ll — vy
WHW+il — vy
W-W-ll — lllvy
ZW=lv — vy
ZWtlv — Ullvy
ZZvv — vy

35+ 20+ 20+ By

Wy — vvllvy
Wl — vvllvy
ZZvv — vvllvy

3j+ U+ 1+ Fr

semi-leptonic

WHW Il — jjlllv
WHWHI — jjlllv
ZW Ty — lljjlv

55+ 204+ 1+ Fr

WHW Il — jjlllv
WWIl — jjllly
ZW ™ lv — lljjlv

55 + 1+ 20+ Er

ZWHlv — jjllvy
ZW™lv — jjllvy
ZZvv — jjllvy

57+ 1+ 1+ Ep

WHW=ll — jjjjll  7j+1+11
(same sign, WHWHI — jjjjll 7j+20
no Fr) W-W-Il — jjjjll 75 + 21
single lepton ZW v — jjjjlv i+ 1+ Er
(Er from Z) ZW-lv — jjjjlv 7i+ 1+ Er
ZWHlv — vujjlv 57+ 1+ Er
W=l — vvjjlv 5j+ 1+ Frp
all-hadronic ZZvv — jijjvv 75+ Er
(Er from Z) ZZvv — vvjjuv 5j + Er
invisible Z vy — vvvvvy 3i+ Fr
(Er from 2 Z)

Table 5.11: Possible final states assuming process (5.8) if both neutralinos decay inside the
tracking volume. In general more complicated signatures can arise.

mentioned above this signature can be hidden if one rejects events where the invariant mass
distribution of the lepton pair is in the range of the Z boson mass. A universally working
strategy is the search for single lepton events with large amount of missing transverse energy.

In general, the applicability and the reach of the usual SUSY searches applied to the
models presented in this work depends crucially on the size of R-parity breaking. In order
to further evaluate this statement, we investigated a number of characteristic variables in
supersymmetric events for the case of bino-like neutralino. The situation in higgsino-like
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category XY decays LHC signature

leptonic W+l — l_lJ/ )

(opposite sign) W~™I — v 3j+ 1+ 1+ Er

Zv — llv

single lepton Wl — jjl 5j + 1+ Er
W1l — jjl 55+ 1+ Er

all-hadronic Zv — jjv 5j + Er

invisible Zv — vvv 3j+ Er

Table 5.12: Possible final states assuming process (5.8) if one of the neutralinos decays outside
the tracking volume. In general more complicated signatures can arise.
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Figure 5.6: 8~ distribution of neutralinos at generator level for benchmark point HH27 (see
Table 5.14). The number of neutralinos corresponds to twice the number of the events scaled
to 10fb=! at /s = 7TeV.

case should be comparable or even worse, since there is no £, from Z decays. The events
were generated with PYTHIA as described in the next section, with the mSUGRA boundary
conditions my 5 = mgy = 270, tan 8 = 10, A9 = 0, and p > 0. R-parity violating neutralino
decays were taken into account.

Fig. 5.6 shows the distribution of the v factors of the neutralinos. This factor enters the
formula for the neutralino decay length and one sees from the plot that analytic results in the
literature, which have been computed with 5+ = 1, are correct within one order of magnitude.
The most important kinematic property connected with the neutralino decay length is the
amount of missing transverse momentum p,, which is shown in Fig. 5.7 for different values of
the R-parity violation parameter . The missing transverse momentum was computed as the
sum of the transverse momenta of all neutrinos produced in the detector before the hadronic
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Figure 5.7: p,. distribution at generator level for benchmark point HH27 (see Table 5.14)
and different values of the R-parity breaking parameter ¢. Generator level p,, is defined as
sum over the pr of i) neutralinos decaying outside of the detector (see Section 5.2.4) and ii)
all neutrinos produced inside of the detector. The number of events is scaled to 10fb~! at

Vs =TTeV.

particle transverse momentum pseudorapidity vertex position
electron pr > 7GeV In| < 2.5 r <400mm |z| < 1300 mm
muon pr > 6GeV In| < 2.5 r <4000mm |z < 6000 mm

Table 5.13: Cuts for the generator level particle selection for the study of particle multiplicity.

calorimeter (r < 1800mm, |z| < 3700 mm) and the transverse momenta of the neutralinos
decaying outside the hadronic calorimeter. The p,, distribution of the R-parity conserving
model ¢ = 0 cannot be distinguished from the model with ¢ = 1 x 107%. However, the
distribution is significantly different for ¢ = 3 x 10~® since in this case most events have
only very little missing transverse momentum due to early neutralino decays. This suggests
that our model could only hardly be discovered in usual searches relying on £, in both bino
and higgsino-like neutralino cases. Thus, it is crucial to reinterpret the usual SUSY searches
at the LHC assuming now small R-parity violation as advocated in the present work, cf.
Section 4.3.3.

Another general feature of models with relatively large ( is the large possible number of
leptons in the final state, illustrated in Fig. 5.8. The generator level particles selected for this
plot had to fulfill the criteria shown in Table 5.13 imposed in order to select leptons from
hard processes which could be reconstructed in a realistic detector. The cuts on the vertex
position represent a pessimistic estimate of the reconstruction efficiency (see Section 5.2.4).
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Figure 5.8: The number of generated particles per event for the benchmark point HH27 after
selection cuts described in Table 5.13. The color code for the curves in both plots is given in
Fig. 5.8b. The number of events is scaled to 10fb~! at /s = 7TeV.

5.2.3 Search Strategies

As mentioned in the previous section, one of the striking features of the presented model are
events with secondary vertices and possibly many leptons in the final state. The search for
a secondary vertex is crucial in order to ensure the R-parity violating nature of the decays.
Possible search strategies can be optimized in order to find some of the channels described
in Tables 5.9, 5.10, 5.11, and 5.12. It is remarkable that many channels allow for the full
reconstruction of the neutralino mass: all decay chains including Z bosons in case of bino-like
neutralino or decay chains with hadronically decaying W bosons in both bino and higgsino-
like neutralino case. The reconstruction of the neutralino mass from the particles produced in
the Z boson decay depends crucially on the full reconstruction of the secondary vertex, which
is beyond the scope of this work?. This method of neutralino mass reconstruction works also
in R-parity conserving models where the neutralino decays into Z boson and gravitino [245].

For example, one promising strategy in case of higgsino-like neutralino is based on events
with zero jets and four leptons in the final state. Another strategy working for all  values
considered in this work and for both higgsino and bino-like neutralino is based on single lepton
events with some number of hard jets and missing transverse energy larger than 90 GeV. After
the preselection one could look for events where the lepton is coming from a secondary vertex
and try to reconstruct the W boson mass from a jet pair. In the final step one could try to
reconstruct the neutralino mass from the jets selected in the previous step and the lepton.
This search can be easily accommodated within the existing ATLAS search for secondary
vertices [211], cf. Section 4.3.3. However, such study depends crucially on the knowledge
of the detector response in the case of late decaying particles. A neutralino can decay in
various detector components and lead to unusual signals. Furthermore, for such values of ¢
where most decays take place not in the tracker this search would be successful only after the

2The four-vector pointing to the secondary vertex and the three-momenta of the leptons or jets from the Z
boson provide sufficient information for the reconstruction of the neutralino mass.
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experiments have gathered a very large number of inverse femtobarns of data. Additionally,
the mass resolution is limited by the uncertainty in the jet energy scale and by the uncertainty
in the determination of the jet momentum direction.

We will focus our study on leptonic final states from bino-like neutralino decays, which
have a particularly clean signature, and reconstruct the Z boson coming from a secondary
vertex. We will use only muon and track objects for which we assume to have modeled
a realistic detector response (see Section 5.2.4). A possible background for this search are
cosmic muons leaving no track in the detector. It is important to note that one would miss the
signal in this channel entirely if one imposes a cosmic muon veto which rejects all events with
muon pairs having no associated tracks (cf. [248]). While the search for secondary vertices in
singe lepton events can be used for the discovery of decaying neutralinos, our study presented
in the following section can be used for the determination of the neutralino wave function,
since it is expected to fail in the case of the higgsino-like neutralino. Additionally, this search
can be performed without the use of the tracker for the detection of secondary vertices, and
hence it can lead faster to a discovery in case of the bino-like neutralino.

5.2.4 Simulation of Signal and Background
Benchmark Points

A typical set of boundary conditions for the supersymmetry breaking parameters of the MSSM
at the grand unification scale is given by equal scalar and gaugino masses, mg = my /. These
boundary conditions lead to a bino-like neutralino x! as NLSP. We choose a representative
value of tan 8 and set the scalar trilinear couplings to zero,

Ap=0, tanf=10. (5.9)

Thus, the universal gaugino mass remains the only independent supersymmetry breaking
parameter which will be varied in the present study. These boundary conditions correspond
to the CMSSM choice (A) in Section 4.4.

We will ignore at this stage the recent LHC exclusion limits for the Higgs boson mass, since
they can be accommodated by changing the values of mg and Ag, cf. Section 4.4. Furthermore,
we will neglect the LHC hint for a Higgs boson with a mass of 125 GeV. On the other hand,
we chose the parameter points to be still allowed after the ATLAS search for secondary
vertices (cf. [211], Section 4.3.3 and Tab. 5.15), and to be consistent with our analysis in
Section 4.4 . In the present study the lightest superparticle spectrum corresponds to the
choice mg = my/, = 270GeV (HH27). At this benchmark point the NLSP is a neutralino
with mass myo = 105.8 GeV and the lightest Higgs boson has a mass mj = 110.4 GeV.

In order to probe the region of gluino and squark masses accessible at the LHC [251], we
increase the gaugino mass parameter in four steps: my,, = 350, 500, 650, 800 GeV. Some
particle masses at these points are shown in Table 5.14. For the different benchmark points the
production cross sections, calculated with PROSPINO at /s = 7 TeV, are given in Table 5.15.

For the R-parity breaking parameter ¢ we choose the following values: ¢ = 3 x 1078,
(=2x10"81x107% 5x1072,1x 1079 5x 10719 and 1 x 10719, Thus, we are probing
the wide range of the R-parity breaking coupling starting right above the lower bound of
¢ 1.4 x 1078, cf. Section 4.4.1.
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GUT masses particle masses

mo My my mp, my my
HH27 270 270 105.8 110.5 662.4 653.4
HH35 350 350 140.5 112.5 841.7 831.8
HH50 500 500 205.7 115.1 1170 1160
HH65 650 650 271.5 116.7 1492 1481
HH80 800 800 337.8 1179 1809 1798

Table 5.14: Definition of the benchmark points together with some particle masses; all masses

are in GeV.
partial crosssections [fb]
o(qg)  o(qq) o(qq) o(g9) o(tot) [fb]
1090 682 256 208 2236
HH2T 739y (570) (174) (83) (1566)
172 149 38 26 385
HH35 o5y (126) (25.2) (8.47) (265)
8.91 11.8 1.7 0.95 23.36
HHSO y36) (101 (1.02) (0.206) (15.7)
ames 0579 1.01 0.0943 0.0466 1.73
(0.216)  (0.877) (0.0458) (6.37 x 1073) (1.145)
quso 00379 0.0805 537 x 1073 2.44 x 1073 0.126
(0.0109)  (0.0723) (1.98 x 1073) (0.203 x 1073)  (0.0854)

Table 5.15: Production cross sections at NLO (LO) at the benchmark points calculated with

PROSPINO.

Major Backgrounds

Bino-like neutralino decays always have W and Z bosons in the final state (cf. Fig. 4.3) if one
neglects the decays into the Higgs boson, as it is done in the present analysis. We focus on the
reconstruction of Z boson decays to muon pairs. Therefore, we only consider SM backgrounds
which lead to at least two muons in the final state originating from W or Z bosons:

e tt production: W bosons from top quark decays.

e 7 production

e Di-boson production (WW, WZ, ZZ)

e Tri-boson production (WWW, WWZ, ZZW, Z77)

Table 5.16a gives an overview of the background samples used in our analysis. We have
simulated 10 times more signal events for small values of ¢ than for large values of ( in
order to improve the statistics. The numbers then correspond to 100, 10 fb!, respectively.
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sample o [phb] events ¢ events
. > _9
expected  simulated HH27 5 i) X 18_9 2;;2538
tt 163 1.6 x10° 11.3 x 10° SX
Z 977 9.7 x 105 7 x 105 Huss 20X 10=2 10000
wWHtw-— 44.974 4.5 x 104 1000 x 103 <1x10™2 100000
Wtz 11.580 } >5x%x 1072 10000
_ 17775 400 x 103 Z o X
W=z 6.342 \ HH50 <1x1079 100000
77 6.195 6195 150 x 10
> —10
WHW-W* 4 x 102 40 15000 HH65 = f i 18_10 138888
WHWw—Z 3 x 102 30 15000
W+tzZ 9 x 1073 9 15000 HH80 all ¢ 10000
A 3x1073 3 5629 (b) Samples of signal events for different

| Samples of SM back 1 Th o for the i benchmark points (see Table 5.14) and
(a) Samples o ackground. The cross sections for the tri- _ 109 (o = 0.1, 0.5, 1,5, 10, 20,

boson events are calculated at the Born level with MADGRAPH, all 30).
other cross sections are taken from [234,235,253]. The number

of expected events corresponds to an integrated luminosity of
bt

Table 5.16: Monte Carlo samples of SM background and signal events used for our analysis.

We assume that pure QCD background can be efficiently suppressed in multi-lepton final
states with high transverse momentum (cf. [249,252]). It turns out that ¢t is the most
important background. Since, consequently, the best statistics is needed for this channel,
we have simulated about hundred times more events than expected at 1 fb~!. This is also
roughly true for all other backgrounds, except for the Z boson production where the number
of simulated events corresponds to the number of expected events at 1 fb™*.

Event Simulation

All Monte Carlo samples were generated using CTEQ6L1 parton distribution functions. For
the simulation of the background we used MADGRAPH 4.4.44 interfaced with PYTHIA 6.4.22.

Our simulation of the signal events relied on the following procedure. First, supersym-
metric mass spectra were calculated with a modified version of SOFTSUSY assuming mSUGRA
boundary conditions and R-parity conservation. The latter assumption is justified due to the
tiny amount of R-parity breaking in our model. The SOFTSUSY version was modified in order
to produce additionally to the spectrum, the R-parity violating neutralino decay width and
branching ratios according to eq. (4.84), except for the decay channel into the Higgs boson and
neutrino. The SOFTSUSY mass spectra were fed into SDECAY via the MADGRAPH homepage [254]
in order to calculate the decay widths of the SUSY particles (besides the neutralino LSP). In
the next step neutralino decay information was included into the SDECAY output. The signal
process (production of gg, ¢, gg and gq) was simulated with MADGRAPH and then given to
PYTHIA for computation of all subsequent decays according to the SDECAY output as well as
for parton showering and hadronization. Table 5.16b shows the signal samples used in our
analysis.

The generic detector simulation DELPHES, tuned to the CMS detector, was used in order to
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Figure 5.9: Layout of one quarter of the generic detector used for particle identification.

account for effects of event reconstruction at the detector level. However, DELPHES describes
the detector geometry solely in terms of angular variables, i.e. the detector is stretched
infinitely in the radial direction. This approximation is sufficient for most studies involving
prompt decays but is untenable in the case of late decaying particles. We overcome this
obstacle by adding vertex information from particles at the generator level to objects at the
detector level. Usually, this information is provided by the detector simulation. Our procedure
is described in detail in the following section. We emphasize that a full detector simulation,
which includes vertex reconstruction, needs to be done to improve our analysis.

Muon Reconstruction Process

Particles produced in the late decay of the neutralino will not be properly reconstructed in
a real detector if the position of their vertex is beyond or even within the crucial detector
component responsible for the respective identification. For example, an electron produced
inside of the electromagnetic calorimeter will leave no track in the tracker and will therefore
be identified as a photon or jet. In order to simulate the detector response to such events,
we use a detector geometry in the (7, z) coordinates, which is inspired by the CMS detector
at the LHC (see Fig. 5.9). The angular position of the detector components is given by the
CMS tune of DELPHES.

In order to be as conservative as possible, we only use muon and track objects for the
present analysis, since these objects allow a simple simulation of detection efficiency losses
due to the finite size of the detector. Namely, we assume that a muon can be reconstructed
as long as its vertex is in front of the muon chambers, and analogously a track can be
reconstructed if it originates approximately in the first third of the tracker (This region is
called pixel detector in Fig. 5.9). For the matching between generator level particles and
objects reconstructed by DELPHES we use the distance in pseudorapidity 7 and azimuthal

angle ¢, defined as AR = /(A¢)? + (An)2.

In the following we will call generator level muons, produced by PYTHIA, GenMuons,
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Figure 5.10: Muon reconstruction process.

muons reconstructed initially by DELPHES muon candidates, and track objects reconstructed
by DELPHES Reco Tracks. Only GenMuons and RecoTracks have the coordinates of their vertex.
First, we perform the following py cuts on muon candidates and RecoTracks:

o pr(p) > 20GeV,
o pr(Track) > 15 GeV.

These cuts are guided by our SUSY search strategy (cf. Section 5.2.5), since we expect that
muons coming from Z boson decay have high pr, and a sufficiently high ppr cut can effec-
tively suppress QCD fake leptons. Furthermore, DELPHES itself reconstructs only muons with
pr above 10 GeV. Additionally, these cuts were optimized in order to get a realistic muon
reconstruction efficiency, see next section.

In the second step vertex information is added to the muon candidates by matching with
GenMuons:

e A GenMuon is selected for matching with muon candidates if its vertex lies in front of
the muon system : r, = /2?2 + y? < 4000 mm, |z,| < 6000 mm (see Fig. 5.9).

e The AR distance between each selected GenMuon and all muon candidates is computed.

e A GenMuon vertex is added to the muon candidate closest in AR, if AR < 0.1 and
GenMuon and muon candidate have the same charge.

e Muon candidates with added vertex information are called RecoMuons.
In the final step, muons with or without signal in the tracker are distinguished:

e A RecoTrack is selected for matching with RecoMuons if the track vertex lies in the
following range: r7 < 400mm , |zr| < 1300 mm.

e Each selected RecoTrack is matched with the RecoMuon closest in AR, if AR < 0.1.

e Matched RecoTracks and RecoMuons are called tracker muons. RecoMuons which
cannot be matched with RecoTracks are called chamber muons. Each RecoMuon is
therefore either a tracker muon or a chamber muon.
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Figure 5.11: Muon reconstruction efficiency for the benchmark point HH27.

After the reconstruction procedure one is left with two kinds of muon objects: (i) chamber
muons which have no track in the tracker and are therefore reconstructed solely by the muon
chambers, and (ii) tracker muons which have a track. The muon reconstruction process is
depicted in Fig. 5.10. The AR matching condition has been optimized in order to get a
realistic muon reconstruction efficiency (see next section).

Muon Reconstruction Efficiency

In order to test our method of obtaining physically sensible objects, we compute the muon
reconstruction efficiency in the following way:

e Muons are created as described above.

e GenMuons are matched with RecoMuons without any constraints on the position of the
GenMuon vertex.

e The number of successfully matched objects is compared binwise (in bins of r and |z|)
with the number of all GenMuons.

The second condition is necessary in order to see whether the assignment between RecoMuons
and GenMuons is correct. Since the matching procedure only relies on angular variables, it is
possible that a RecoMuon originally matched with a GenMuon created in front of the muon
chamber belongs in fact (i.e. has smaller angular distance) to a GenMuon coming from a
decay inside the muon chamber or even outside of the detector. Such wrong matchings would
be seen in the efficiency plot as efficiencies not equal to zero in regions where muons could
not be detected by the detector defined above (r, > 4000 mm, |z,| > 6000 mm).

Fig. 5.11 shows the computed muon efficiency in bins of 7 and |z|. As expected one sees
a sharp decline in efficiency in the r plot at r, = 4000 mm, where the hard cut applies. The
decline in the z plot is gradually, since physical particles have to fulfill both r and |z| criteria.
The particles originating at small values of  and large values of |z| are not reconstructed due to
the limited pseudorapidity coverage of the muon detector. The efficiency stays at zero beyond
r = 4000 mm and |z| = 6000 mm as expected, confirming our method of muon reconstruction.
We expect that the computed muon efficiency agrees within 15 % with efficiencies of present
LHC detectors including losses due to muon-jet separation requirements.
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5.2.5 Search for the Neutralino Decay x{ — Zv

As described in Section 5.2.3, our study is focused on the channel x{ — Zv — pTp~v. This
channel possesses certain physical and technical advantages. On the physical side reliable
muon identification is possible already in the early stage of the LHC data taking and one can
assume that QCD background can hardly fake two muons at the same time. Furthermore,
this signal leads to spectacular events and has no easily identifiable SM background at all, as
shown in this section. Additionally, the muon chamber is the detector component which is
farthermost away from the primary vertex and hence one can expect that it will be possible
to detect a significant number of clean late time decays even for very small R-parity breaking.
On the technical side, muons seem to be the simplest objects for which a realistic detector
response can be modeled within DELPHES (see Section 5.2.4), due to the limitations of this
simulation in the presence of secondary vertices.

The spectacular feature of this signal are opposite sign muon pairs with invariant mass
close to the Z boson mass, which have either associated tracks in the tracker with clearly
visible secondary vertices or no associated tracks at all. Such muon pairs can only be hardly
generated by usual SM background as it will be shown in the following. However, a similar
signal can arise from cosmic muons traversing the detector. We could not create a Monte
Carlo background sample for cosmic muons, and we simply assume that such background can
be suppressed by use of the full timing information of the event: cosmic muons will first cause
a signal in the muon chamber which is closest to the ceiling of the experimental hall followed
by a signal in the opposite direction.

An intrinsic background for the presented search are muon pairs from R-parity violating
decays, where one muon is coming from the W boson decay while the other muon is coming
either from the neutralino decay into the W boson in either of the two branches or from the
W or Z boson decay in the second branch, cf. Fig. 5.5. This background can be suppressed
if one has access to the corresponding tracks by demanding that both of them originate from
the same vertex. In the case of muons without tracks this background is irreducible. However
it belongs itself to the signal one is looking for.

Event Selection

In order to find the signal we now employ a series of simple cuts on the reconstructed objects
(muons, tracker muons, and chamber muons). As we will see, already with an integrated
luminosity of only 1 fb~! at /s = 7TeV a discovery of the benchmark scenario HH27 with
¢ =3 x 1078 is possible.

First, we perform a selection cut on the number of muons in the event:

e N(muons) > 2.
We define two event classes depending on the number of tracker muons:

e Class 1: event contains at least two tracker muons N (tracker muons) > 2.

o (Class 2: otherwise.

From the description of the signal presented above, we implement additionally two sets of
cuts depending on the class of the event. The cuts for Class 1 events are:
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background signal
tt Z di- tri- ¢

boson 3x 1078 1079
before cuts 11300000 700000 1550000 50629 22280 220000
N (muons) > 2 89951 9458 16586 1506 2912 4404
Is Class 1 89951 9458 16586 1506 1049 4342
80GeV < M+~ < 100 GeV 12654 9118 11294 1051 195 980
d(Vertex) > 5mm 39 0 0 0 49 13
Ad(Vertex);; < 5mm 1 0 0 0 36 0
Is Class 2 89950 9458 16586 1506 2876 4404
N (chamber muons) > 2 0 0 0 0 1049 18
80 GeV < M+, < 100 GeV 0 0 0 0 138 2
Total 1 0 0 0 174 2

Table 5.17: Cut flow for HH27 at /s = 7TeV. The number of signal events for ¢ = 3 x 108
(¢ =1x107?) corresponds to an integrated luminosity of 10fb~! (~ 100fb~1).

e All possible invariant masses of opposite sign tracker muons are computed. An event

passes the cut if at least one invariant mass is in the range of the Z boson mass: 80 GeV <
M,+,~ <100 GeV. If the event contains more than one appropriate combination of the
tracker muons, the muons from the combination with invariant mass closest to the Z
boson mass are selected for further analysis.

e d(Vertex) > 5mm: Each of the tracks associated with the two selected tracker muons
should have a vertex which is further than 5mm away from the primary vertex. This
value is approximately one order of magnitude larger than the current resolution of the
inner tracker (cf. [252,255]).

e Ad(Vertex);; < 5mm: The distance between the two track vertices should be less than
5 mm.

e If the event fails one of the cuts it is classified as a Class 2 event.
The cuts for Class 2 events are:

e N(chamber muons) > 2: If an event has less than two tracker muons, it should have at
least two chamber muons.

e All possible invariant masses of opposite sign chamber muons are computed. An event
passes the cut if at least one invariant mass is in the range of the Z boson mass:

80GeV < M,+,~ < 100GeV.

Since each Class 1 event is classified as a Class 2 event if it fails one of the cuts, no signal
event is discarded because of the presence of muons with tracks not coming from neutralino
decay.

Most events will fall into the second class. The analysis is then very simple and amounts
to the search for events with muons without associated track in which the invariant mass of a
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muon pair lies in the Z boson mass range. The cut flow is given in Table 5.17. As expected,
no background events survived the cuts (assuming integrated luminosity of 1 fb™!), since
no standard model process should produce secondary vertices so far away from the primary
interaction point. One background event from ¢t production survives the cut, assuming eval-
uation of 100 fb~! of data. This event could originate from highly boosted B meson decay
into a final state containing two muons. We conclude that SM contributions to the selected
events would be vary rare. However, the major uncertainty in this study, the number of
the background events from cosmic muons, cannot be estimated with the present software.
Therefore, a full fledged analysis with full detector simulation taking into account the cos-
mic muon background is needed. In the following, we assume that this background can be
efficiently suppressed with the full timing information of the event as described in the intro-
duction to Section 5.2.5. Furthermore, we only estimate the systematic uncertainty due to
the background and neglect statistical errors and the uncertainty of the muon reconstruction
efficiency.

The significance of the signal is computed with the profile likelihood method [256] in-
corporated in the SIGCALC code [257]. We assume an integrated luminosity of 1fb~! at
Vs = 7TeV LHC and a ten times higher Monte Carlo luminosity £y;c = Np/op = 10fb~!
for all the background events. At this integrated luminosity 17 signal events and no back-
ground events survive the cuts, which corresponds to a significance Zp; = 9.03. Instead, if
one makes the pessimistic estimate that 1 background event from the cosmic muons passes
the cuts one finds a significance Zpy, = 6.39. Therefore, we conclude that at the benchmark
point HH27 with ¢ = 3 x 10~%, R-parity breaking neutralino decays can be discovered with
the first inverse femtobarn of LHC data. Note that since the actual amount of data collected
by the LHC experiments exceeds 1 fb~! | it is crucial that they perform new searches for
secondary vertices.

Discovery Reach at the LHC

In the previous section we have studied in detail the benchmark point HH27: m; /5 = mo =
270 GeV, which yields the rather small superparticle masses myo = 106 GeV, my ~ 660 GeV
and mg >~ 650 GeV for the light quark flavors (cf. Table 5.14). From the decay rates given
in Section 4.2.2 and the phase space factors shown in Fig. 4.14a one obtains for decay length
and branching ratio into Z boson/neutrino final states:

CT?:?ﬂm( <

—2
5 108) , BR( — Zv) ~0.17. (5.10)

Based on the production cross sections listed in Table 5.15 an integrated luminosity £ =
10fb~! yields about 22000 events and therefore 44000 NLSPs.

We have studied this benchmark point for two different values of the R-parity breaking
parameter: ( =3 x 1078 and ¢ = 1 x 107°. For the larger value of ¢ one has CTy0 =~ 3.4m.
Hence, essentially all neutralinos decay inside the detector, most of them close to the origin.
The spacial distribution of secondary vertices is displayed in the contour plot Fig. 5.12. Using
BR(Z — p"p~) =~ 0.034 and the branching ratio given in Eq. (5.10), one concludes that
there are 251 events with a secondary X?-decay vertex, which contain a p*p~ pair with
M+~ = Myz. This is consistent with the simulation which yields 282 events in the detector
volume (cf. Fig. 5.13) and 174 events passing all cuts (cf. Table 5.17). The locations of the
secondary vertices of these events are shown in Fig. 5.13.
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total number of decays in the enclosed volume; my/, = mo = 270 GeV, ¢ = 3 x 1078 and
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Figure 5.13: Location of secondary vertices for the decays x{ — Zv with Z — pTu~ (blue
crosses: inside pixel detector, black dots: outside pixel detector); the numbers on the horizon-
tal boundaries of the detector components give the number of decays in the enclosed volume;

myje =mo=270GeV, ( =3x10"% and £ =10fb"".
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For the smaller value of the R-parity breaking parameter, ¢ = 1 x 107, the decay length
increases to ¢7,0 >~ 3.1km. Now most neutralino NLSPs decay outside the detector. This is
apparent from Fig. 5.14 where the total number of decays in the different subvolumina of the
detector are given. Compared to ¢ = 3 x 1078, the number of decays inside the detector is
smaller by a factor ~ 200, which roughly corresponds to the ratio of the decay lengths, as
suggested in [214].

According to the simulation described in the previous section, for ¢ = 1 x 107 an inte-
grated luminosity of 100fb~! is needed to obtain 2 signal events x{ — Zv — p*pu~v, which
is consistent with the naive estimate within the statistical uncertainty and the detector effi-
ciency. The number is very small compared to the total number of about 1000 decays in the
detector volume used in the present analysis (cf. Section 5.2.4), which is a consequence of the
tiny branching ratio into the chosen specific final state. It is likely that a substantially larger
fraction of the events can be used in the search for a decaying neutralino. In [214] it has been
argued that already 10 x{ decays inside the detector may be sufficient for the discovery of a
decaying NLSP, which would require an integrated luminosity of only 1fb~!. It remains to
be seen whether for events with a secondary vertex and jets, signal and background can be
sufficiently well separated.

Let us now consider the benchmark point HH50: my 5 = mo = 500 GeV, which implies
the heavier superparticle masses myo = 206 GeV and my ~ mg ~ 1200 GeV for the light
quark flavors (cf. Table 5.14). The phase space suppression for gauge boson channels is now
negligible, fyr ~ fz =~ 1, while the Higgs channel is still suppressed. Thus, one obtains for
decay length and branching ratio into Z boson/neutrino final states:

—2
cTyo ~5.4m <C_> ., BRO® — Zv)~0.32. (5.11)

The BR into the Z boson is 14% too large, since the Higgs channel was excluded. However,
the error is acceptable. The total production cross section for these heavier gluino/squark
pairs is about two orders of magnitude smaller (cf. Table 5.15), and therefore an integrated
luminosity £ = 10fb~! only yields 460 NLSPs.

We have studied this benchmark point again for the two different values of the R-parity
breaking parameter ( = 3 x 1078 and ¢ = 1 x 107?. For the larger value of ¢ one has

CTy0 ™~ 60 cm, and essentially all neutralinos decay inside the detector. The branching ratio

into the considered final state is now somewhat larger, BR(x{ — Zv — ptp~v) ~ 0.01, so
that one expects about 5 events with this final state, which is consistent with our simulation.
Hence, for this larger value of the R-parity breaking parameter and this benchmark point,
the discovery of a decaying NLSP appears feasible already in the early phase of the LHC.

For ¢ = 1 x 1072, the decay length is CTy0 540m and most neutralino NLSPs decay
outside the detector. The spacial distribution of secondary vertices inside the detector, in total
12 for 10fb~!, is shown in Fig. 5.15. Due to the 1% branching ratio into the Zv — ptp~v
final state one then estimates that 1000 fb~! will be needed for a discovery, which is consistent
with our simulation.

In Fig. 5.16 we have summarized the results of our simulations for the decay chain x§ — Zv
with Z — pu* ™. The benchmark points HH27-HHS0 correspond to gluino and squark masses
ranging from 650 GeV to 1800 GeV (cf. Table 5.14). The bands reflect the different number
of events required for a 5o discovery depending on the simulated background. The central
value corresponds to 6 signal events (with luminosity £) with no background events for a
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Figure 5.14: Location of all neutralino decays inside of the detector (blue crosses: decays inside
pixel detector; black dots: decays outside pixel detector); the numbers on the horizontal
boundaries of the detector components correspond to the total number of decays in the
enclosed volume; my /5 = mo = 270GeV, ( =1 X 1072 and £ = 10fb~".
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Figure 5.15: Location of all neutralino decays inside of the detector (blue cross: decay inside
pixel detector; black dots: decays outside pixel detector); the numbers on the horizontal
boundaries of the detector components correspond to the total number of decays in the
enclosed volume; my /5 = mo = 500GeV, ¢ =1 X 1072 and £ = 10fb.
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1 10 100 1000
Integrated Luminosity [fb~!]

Figure 5.16: 50 discovery reach in ¢ for quasi-stable neutralino NLSPs via the decays x) —
Zv with Z — puTp~. The different bench mark points correspond to gluino and squark
masses between 650 GeV and 1800 GeV; the bands represent different assumptions about the
background (see text).
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Figure 5.17: Estimate of the 50 discovery reach in ( for quasi-stable neutralino NLSPs at
the LHC; the lower (upper) boundary of the bands corresponds to 10 (20) decays inside the
detector. The different bench mark points correspond to gluino and squark masses between
650 GeV and 1800 GeV.
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simulated luminosity of 10 x £; the lower (upper) boundary represents 3 (13) signal events
(with luminosity £) with no (1) background event for a simulated luminosity of 100 x L
(10 x £). Since we expect at least 1 background event from ¢t at 100 fb~!, the upper bounds
represent a realistic estimate of the discovery reach for such large luminosities. We conclude
that with 10fb~! a 50 discovery of a quasi-stable neutralino is possible for squark and gluino
masses of 830 GeV (cf. HH35) and an R-parity breaking parameter ¢ = 3 x 10~?, which is
one order of magnitude smaller than the present astrophysical bound, cf. Section 4.3.

We expect that the sensitivity in the parameter ¢ can be significantly improved if also
neutralino decays with jets are taken into account. Fig. 5.17 represents an estimate of the
discovery reach for quasi-stable neutralino NLSPs at the LHC, assuming 10-20 decays inside
the detector (cf. [214]). The parameter space, which can be probed, is now significantly
extended. As an example, with 10 fb~! and squark and gluino masses of 830 GeV (cf. HH35),
one is now sensitive to ¢ = 3 x 10719, which lies two orders of magnitude below the present
astrophysical bound. Correspondingly, for heavier gluinos and squarks, mg ~ mg ~ 1480 GeV
(cf. HH65), one can probe values of the R-parity breaking parameter down to ¢ = 3 x 1077,

5.3 Summary

Supersymmetry could still be just around the corner, even though the corner has now moved
a bit. Should LHC do not observe candidate SUSY signatures within the next year, it will
become clear that SUSY models studied in the last decades are not realized in nature. It is
therefore important to study the collider characteristics of physically well motivated scenarios
beyond the border of simplified models, designed for their simple collider phenomenology, or
simple ad-hoc parametrizations such as the CMSSM. The models considered in the present
work are supersymmetric extensions of the Standard Model consistent with primordial nu-
cleosynthesis, thermal leptogenesis and either neutralino or gravitino dark matter. In both
cases supersymmetry can be easily hidden from the usual SUSY searches relying on missing
transverse energy signature and long decay chains involving many jets.

In the Higgsino World scenario the R-parity is conserved, and the gravitino is either very
heavy or the lightest supersymmetric particle. In both cases the phenomenology at colliders
is governed by the higgsino-like neutralino (N)LSP. Taking the LHC hint for the Higgs boson
mass seriously, the AMSB and hybrid gauge-gravity mediation model predict that all colored
particles are too heavy to be produced at the LHC. The directly produced higgsino pairs
have no pr and decay invisibly, since the mass differences between charged and neutral states
are to small to produce detectable leptons. The only possibility for the discovery is then the
monojet (monophoton) signature, where the missing transverse momentum arises from the
initial state radiation.

Allowing for lower Higgs boson masses, the stops may be accessible at the LHC in the
hybrid gauge-gravity mediation model. Then, with early LHC data, evidence for this model
could be found in jets plus missing transverse energy searches. Moreover, with dedicated
cuts and using also the leptonic search channels, it will be possible to distinguish this model
from more commonly studied standard SUSY frameworks, such as the CMSSM or a bino-LSP
simplified model.

If R-parity is violated in nature and gravitino is the LSP, the LHC phenomenology is
governed by the NLSP decays. Even in the case of a very long lived NLSP, enough particles
decay inside of the detector to change the missing transverse energy signature, such that usual
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searches become ineffective. If the NLSP is higgsino-like neutralino, some of the decay chains
have additionally no jets in the final state.

Nevertheless, the LHC experiments could discover these models by analyzing events in-
volving secondary vertices far away from the primary interaction point. Irrespectively of the
wave function of the neutralino, a search for secondary vertices in single muon events seems
promising. On the other hand, one can focus on events with a clean signature: cascade
processes with jets where one of the produced neutralino NLSPs decays into Z boson and
neutrino, with a subsequent decay of the Z boson into a muon pair. Such events are expected
if the neutralino is bino-like, and therefore this search can be used to reject the higgsino-like
neutralino hypothesis. The results for the discovery reach for quasi-stable neutralino NLSPs
in this case roughly agree with the simple estimates which one obtains from the branching ra-
tios into the Z(u*p™)v final state together with the assumption that these events are nearly
background free. It is remarkable that already with 10fb~! a 50 discovery is possible for
squark and gluino masses of 830 GeV and an R-parity breaking parameter ¢ = 3 x 1077,
which is one order of magnitude smaller than the present astrophysical bound.
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Chapter 6

Conclusions and Outlook

The start of operation of the Large Hadron Collider marks a new milestone in the exploration
of the microcosm which began more than one hundred years ago with the discovery of the
atomic nucleus by Ernest Rutherford. The LHC enters new territory in terms of energy and
therefore length scale, and it is expected that it not only reconfirms the current paradigm by
finding the Higgs boson, but also finds new phenomena expected to be there from theoretical
considerations such as the hierarchy problem. The most studied extension of the Standard
Model stabilizing the Fermi scale is supersymmetry. Besides having rich collider phenomenol-
ogy, SUSY also solves one of the astrophysical puzzles providing a number of possible dark
matter candidates.

However, in spite of numerous predictions for an early discovery, the LHC experiments see
no hints for popular SUSY models so far. The main result of the present work is the conclusion
that supersymmetry is naturally hidden from the usual search strategies in models aiming
for consistency between leptogenesis, primordial nucleosynthesis and dark matter constraints,
especially in the light of the recent LHC hint for the value of the Higgs mass.

Locally supersymmetric extensions of the Standard Model predict the existence of the
spin-3/2 superpartner of the graviton - the gravitino. Assuming that the baryon asymmetry
of the universe is created via the leptogenesis process, which needs high temperature in the
plasma, gravitinos are produced in thermal scatterings in the early universe. If the mass of the
gravitino is very large, it decays before the onset of big bang nucleosynthesis. If the lightest
supersymmetric particle is then the neutralino, it serves as a perfect WIMP dark matter
candidate. On the other hand, the gravitino itself can be the lightest supersymmetric particle
and hence a dark matter candidate. In this case, the next-to-lightest supersymmetric particle
has either to decay before the BBN, or its density should be diluted, for example via late-time
entropy production. The first condition can be satisfied if the R-parity is slightly violated.
Although, the gravitino is no longer stable in this case, its lifetime exceeds the age of the
universe, since its decays are doubly suppressed by the Planck mass and the small R-parity
breaking parameter. Therefore, the gravitino remains a viable dark matter candidate.

The present thesis investigates in detail the phenomenological consequences of locally
supersymmetric models satisfying the conditions sketched above. After a short review of the
main arguments in favor of supersymmetry, we have presented the formalism needed for the
construction of locally supersymmetric extensions of the Standard Model. Since the exact
SUSY breaking mechanism is unknown, we have reviewed a number of models leading to
supersymmetric spectra consistent with cosmology.
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In the AMSB case, the gravitino is very heavy and the only particles accessible at the LHC
are the various higgsino states, the higgsino-like neutralino being the dark matter candidate.
In the hybrid gauge-gravity mediation model of SUSY breaking, the gravitino is the dark
matter candidate, but otherwise the spectrum is similar to the AMSB case, especially if
one demands the Higgs mass to be 125 GeV. Relaxing this requirement, the model can
accommodate a stop which could be produced at the LHC. The decays of the higgsino-
like neutralino NLSP pose no problems for big bang nucleosynthesis either because they are
sufficiently fast if R-parity is violated, or because the density of neutralinos is diluted by the
additional entropy production. If one allows for R-parity violation and neglects the latest
LHC hints for the Higgs boson mass, some parts of the parameter space of mSUGRA models,
which are otherwise excluded, become also viable.

The realization that R-parity violation can make a number of models with gravitino dark
matter cosmologically consistent is the reason for a detailed study of R-parity breaking in this
work. Having presented R-symmetry and argued why R-parity was introduced, we then have
shown that there are no a priori reasons for it to be conserved. Afterwards, we have introduced
various patterns of R-parity breaking. Our focus has lied on the bilinear breaking scenario,
which has been analyzed in a basis of scalar SU(2) doublets, where all bilinear terms vanish.
In this basis one has R-parity violating Yukawa, gaugino and gravitino couplings. They are
given in terms of ordinary Yukawa couplings and 9 R-parity breaking parameters €;, €; and
?. 4 =1,..,3, which are constrained by the flavor symmetry of our model. The R-parity
violating couplings include terms proportional to the up-quark Yukawa couplings, which were
not taken into account in previous analyses. Using this approach, we have been able to
identify a number of gravitino decay channels including all channels found in the literature.
Hereafter, we have presented an explicit model giving rise to small R-parity breaking couplings
from spontaneous breaking of B — L.

The cosmologically consistent SUSY breaking models studied in the present work lead
either to a (bino or higgsino-like) neutralino or a scalar tau NLSP, assuming the scenario
with gravitino dark matter. If R-parity is broken, the collider phenomenology of these models
is governed by the decays of the NLSPs into the particles of the Standard Model. On the
other hand, the decays of the gravitino can lead to a signature in cosmic rays. Using our
description of bilinear R-parity breaking, we have obtained to good approximation analytical
expressions for the R-parity breaking matrix elements of the neutral current, the charged
current and the supercurrent. Using these matrix elements, as well as the trilinear R-parity
breaking couplings, we have explicitly computed R-parity violating gravitino, neutralino and
stau decay widths. In case of the gravitino, we were interested only in the decay into photon
and neutrino. In case of the neutralino, we have given the results for the bino and higgsino-like
neutralino case. All computations, including the gravitino decay, were made using the two-
component formalism for fermions, which is summarized in the appendices. This summary
includes also the new developed tools needed for the computations of gravitino decays.

Having calculated the decay widths of the relevant particles, we have recapitulated the
cosmological bounds on the size of R-parity violation (10713 < ¢ < 1076) and have compared
these bounds with the results obtained indirectly from various processes and with the direct
searches at colliders. The most promising study, which is able to reach the parameter region
favored by cosmology, is the search for muon tracks coming from secondary vertices performed
by the ATLAS experiment at the LHC. However, the most stringent limits on R-parity vi-
olating couplings, so far, can be derived from the bounds on the gravitino lifetime obtained
from the gamma ray searches for decaying dark matter.

€
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One of the main results of this work is the connection between gravitino and neutralino
decays. We have shown that the lower bound on the neutralino decay length (CTX(I) 2 4.6 m
bino-like, CTy0 2 24 m higgsino-like) is a direct consequence of the Fermi-LAT constraints on
decaying dark matter. On the other hand, the lower bound on the stau decay length (cmz, 2 4
mm) is determined by the cosmological bounds on R-parity breaking couplings, which follow

from the requirement that the baryon asymmetry is not washed out.

In the final chapter we have gone beyond the predictions for the NLSP decay lengths
and have performed a series of studies evaluating the LHC discovery potential for the models
presented throughout the present work using generic detector simulation DELPHES. The main
result of these studies, and of the present work, is the conclusion that all models presented
so far have features which impede a fast discovery at the LHC.

First, we have studied the LHC predictions for AMSB and hybrid gauge-gravity mediation
models which are cosmologically consistent in case of conserved R-parity. The assumption
that the mass of the lightest Higgs boson is 125 GeV, restricts the hybrid scenario to the
heavy spectra, such that the phenomenology of both models is very similar, and is governed
by the higgsino-like neutralino (N)LSP. This is the Higgsino World scenario. Since all colored
superparticles are not accessible at the LHC, only charged and neutral higgsinos are produced
in various electroweak processes. The particles are produced without transverse momentum
and leave thus no missing transverse energy signature. Furthermore, the mass difference
between the charged and neutral higgsino states is very small and therefore no visible leptons
are produced in the decays of the charged higgsinos. We have verified these statements
and showed that the discovery of neutralinos with missing transverse energy signature is
impossible by comparing missing transverse energy and lepton transverse momentum spectra
of the higgsinos and the WZ boson background after detector simulation. Thus, the only
possibility to discover such scenario at the LHC is a monojet of a monophoton signature
arising if the higgsino receives transverse momentum from initial state radiation seen in the
detector as a jet or a photon.

If the Higgs boson mass is below 125 GeV, the hybrid gauge-gravity mediation models
allowing for light stop become viable. In this case, usual SUSY searches could find these
models with more data. We have shown that using leptonic decay channels and dedicated
cuts a discrimination between the hybrid gauge-gravity mediated scenario and the CMSSM
is possible.

R-parity can also be violated in hybrid gauge-gravity SUSY breaking scenario. In this
case, the higgsino LSP will decay into the particles of the Standard Model as described above.
We have investigated which type of signatures would appear at the LHC, and have proposed
search strategies based on the appearance of secondary vertices. Note that SUSY is hidden
from usual searches in this case as well, since the decays of the neutralinos inside of various
detector components distort missing transverse energy signature.

We have investigated the impact of neutralino decays on missing transverse energy in
more detail for the case of bino-like neutralino, which is the NLSP in mSUGRA scenarios. As
stated above, they become allowed if one neglects the LHC hint for the mass of the lightest
Higgs boson. We have presented the distribution of the missing transverse momentum for
different values of the R-parity violating coupling at the generator level. If the value of the
coupling is around 10~ the distribution becomes similar to the R-parity conserving case and
a large portion of models is excluded by usual SUSY searches. However, the situation is
different for smaller couplings, in which case the missing transverse energy distribution peaks
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at zero.

Finally, we have determined the range of the R-parity breaking couplings which can be
probed at the /s = 7 TeV LHC using bino-like neutralino decays into Z boson and neutrino
followed by the decay of the Z boson into a muon pair. This analysis required the imple-
mentation of the finite NLSP decay length into the DELPHES detector simulation. The LHC
experiments should be able to make a 5¢ discovery with 10 fb~! of data for squark and gluino
masses of 830 GeV and an R-parity breaking couplings of order 3 x 10~ which is one order
of magnitude smaller than the present astrophysical bound. Note that this region of the
mSUGRA parameter space is already excluded in case of R-parity conservation.

We conclude that irrespective of the Higgs boson mass, the LHC experiments should look
for unusual signatures like monojets (monophotons) or secondary vertices far away from the
primary interaction point in order not to miss SUSY. If the hint for the Higgs boson mass
becomes confirmed, then some version of the Higgsino World scenario seems probable and
the colored particles are not accessible at the LHC. In this case a linear collider like ILC
or CLIC can become invaluable. Furthermore, it is important to understand the response
of the LHC detectors to neutral particles decaying throughout the whole detector volume.
The impact of such decays on usual searches cannot be understood without the full detector
simulation. It is important to see how the already obtained results which exclude parts of the
MSSM parameter space would change if interpreted in models with R-parity violation. It is
unclear at which value of the R-parity breaking parameter the models become excluded again,
because of the essentially same signature as in the R-parity conserving case. In a future work
we will investigate the LHC discovery prospects for a decaying higgsino-like neutralino.

The best discovery strategy for the future is a combination of LHC searches for new
physics with further direct and indirect dark matter detection experiments. If dark matter is
made of gravitinos all direct detection experiments should not be able to see a signal, even
in the case of R-parity violation [72]. On the other hand, recent astrophysical result [258]
suggests that the structure of the dark matter halo is such that the local dark matter density
is negligible. This would also lead to a negative result for direct detection experiments even
in the case of WIMP dark matter - an interesting conspiracy in nature.

Nevertheless, signals from particle dark matter decays or annihilations should be seen in
various cosmic ray channels. Thus, a combination of a positive or a negative direct detection
result with a signal from cosmic rays and a signature at the LHC should allow for identifying
the nature of dark matter. If only negative results come from above (indirect detection exper-
iments) and below (direct detection experiments and LHC), we will be forced to reevaluate
our understanding of galaxy dynamics, gravitation and quantum field theory. In any case,
mankind will never stop to seek the first principles of things.
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Appendix A

Two Component Spinor Techniques

This appendix summarizes the two-component spinor technique extensively introduced in
[111] and used throughout the present work. Additionally, we provide rules needed for the
computation of the gravitino decays and the derivation of the gravitino polarization tensor in
the two-component formalism. Parts of the presentation follow [111], [259], and [260].

The use of two-component spinors may be motivated from different perspectives. First
of all, in 3+1 dimensions they are the defining elements out of which the more familiar four-
component spinors and world tensors can be readily build. As Penrose and Rindler note:
“Spinor calculus may be regarded as applying at a deeper level of structure of space-time
than that described by the standard world-tensor calculus.” [261]. The reason for this is
the structure of the rotation group SO(3), which is not simply-connected. Rotation of an
object through 27 corresponds to a closed curve in the group manifold which cannot be
continuously deformed to a point. Therefore, rotation through 27 cannot correspond to no
rotation at all, whereas rotation through 47 can. Spinorial objects are geometrical objects
which are congruent with the structure of space-time, such that a rotation through 27 about
any axis will send them into something distinct, and a further rotation through 27 is needed
to send them to the original state. A geometrical description of two-spinors as well as their
application in general relativity can be found in [261].

The use of four-component spinors in particle physics can be motivated in theories which
conserve parity, such as QED and QCD, since Dirac-spinors are four-dimensional irreducible
spinor representations of the orthochronous Lorentz group, which includes space-reversal
[259]. However, the electroweak interactions have a chiral nature, i.e. they maximally vio-
late parity. Therefore, the defining degrees of freedom for matter particles are two-component
spinors, which transform as irreducible representations under the standard model gauge group.
Furthermore, two-component spinors arise naturally in the context of supersymmetric the-
ories, due to the spinorial nature of the supersymmetry generators, and the holomorphic
structure of the superpotential. Even in the case of the parity-conserving QCD, the use of
two-component spinors can be justified, since they tremendously simplify calculations via the
helicity amplitude method. A historical overview as well as citations of the original works on
this topic can be found in [111].

First, we recapitulate the structure of the Lorentz group.

137



APPENDIX A. TWO COMPONENT SPINOR TECHNIQUES

A.1 Structure of the Lorentz Group

The space-time background of QFT is flat Minkowski space M. The Lorentz-invariant inner
product of two vectors « and y in M, with components z# and y*, is given by

ry = xuy“guuv (Al)
where

(gl“/) = dla‘g(+17 _]-7 _17 _1) (A2)
is the metric tensor. A Lorentz transformation A : M — M is a linear transformation
satisfying (Az)(Ay) = zy. The set of all Lorentz transformations forms the Lorentz group
L. From Eq. (A.1) follows that every A € L satisfies following equation (treating g and A

as matrices):
ATgA = g. (A.3)
From this equation follows that detA? = 1 and thus detA = +1. The 00-component of the

equation A.3 reads:
3

(AD)* =" (A =1. (A4)

i=1
what leads to ‘Ag! > 1. Thus the group L consists of four topological components:
L1 cdetA = +1 AJ>1 contains the identity
LT :detA = -1 A§>1 contains space inversion
Li :detA = +1 A) < —1 contains space-time inversion

L' :detA =—1 AY < —1  contains time inversion

Only the Ll component is a group itself - it contains the identity element. This subgroup
is called the restricted Lorentz group. This group is not simply connected, since it entails
the non-simply connected rotation group, whose fundamental group is a cyclic group of order
2. The universal cover of the Lorentz group is the group of 2 x 2 complex matrices with
determinant 1 - the group SL(2,C). The covering homomorphism

A {SL(Q,(C) — LT
A — A(A)

is declared in the following way. First a bijective map from the Minkowski space into the
space of 2 x 2 matrices is defined via:

T T = e DN R < ;:f:z:fc?; 210__1532 > (A.5)
This map leads to the following equation:
det x = x?, (A.6)
and finally a Lorentz transformation A(A) can be defined as:
A(A)x = A{A*. (A.7)

~

In the next step we explore the irreducible representations of the Lorentz group.
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A.2 Spinor Representations of SL(2,C)

A field ¥(z) is a function with some components which transform in a definite way under the
Lorentz transformations:

J(2)) = D(A)(x), o' =A(A)z, AeSL2,C). (A.8)

The group SL(2,C) supersedes the Lorentz group and D(A) is a matrix representation of
SL(2,C). The fields can be classified according to irreducible representations of SL(2,C).
The group SL(2,C) has exactly two defining representations, all other matrix representations
are direct sums of these two.

The defining representation is described by:

D20(4) = A (A.9)

The group acts naturally upon the two dimensional complex vector space C? whose elements
are called spinors. Such spinor ¢ has two complex components:

Y= @;) . (A.10)

The spinor transformation law reads:
W, = APy, A€ SL(2,C). (A.11)

Only undotted indices are used for spinors in the defining representation.
The conjugate representation is described by:

Dz (A) = A%, (A.12)

where A* is the complex conjugate of A. This representation acts on complex conjugated
spinors ! = (wl) which transform analogue to the ’s:

yl =43 Pyl AesLeo). (A.13)
Both representations are inequivalent and dotted indices are reserved for the spinors of the
conjugate representation.

If one performs spinor multiplication or construction of Lorentz tensors, the height of the
spinor indices must be consistent, i.e. lowered indices must only be contracted with raised
indices. As a convention, descending contracted undotted indices and ascending contracted
dotted indices can be suppressed. A spinor index can be lowered or raised with the use of the
spinor metric tensors. The rules for spinor algebra are summarized in section A.5.

A general spinor s of type (7, k) is a tensor with complex components Sony g ey -++crgy, WHOSE
transformation properties are implied by this notation. The tensor should be symmetric under
permutations of the first 2j undotted and the last 2k dotted indices. It can be shown that
the representation D7* of the SL(2,C) which acts on the space of all spinors of type (j, k) is
irreducible. The dimension of this representation space is (25 + 1)(2k + 1) and this dimension
is also assigned per definition to the representation D7¥,
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If the representation D’ is limited to the subgroup SU(2), the defining and conjugate
representations become equivalent and the representation D7F becomes the reducible repre-
sentation D’/ @ D¥ of the SU(2). It can be decomposed into irreducible parts, as it is done in
the theory of angular momentum. The decomposition reads in terms of dimensions:

j+k
2+ 1)2k+1) = > s (A.14)
s=|j—k|

Now a connection between fields and corresponding spin can be established: If a field ¥ (x)
transforms under Lorentz-transformations according to the irreducible representation D7* of
SL(2,C) it is called an irreducible field. It can possess following spin quantum numbers:

s=j—klLli-kl+1,....5+k (A.15)

However, this connection only shows which particle species can be potentially described by
the field under consideration, it is imaginable that some possible spin values do not occur.
The vector field A,(z), for example, is a (4, %) spinor and can describe spin-1 and spin-0
particles. Nevertheless, it is possible to isolate the spin-1 part and to suppress the spin-0
contribution', as done in electrodynamics. In the next section we classify the fermion fields.

A.3 Properties of Fermion Fields

First we examine a massless field transforming as the D30 representation of the SL(2,C).
The particle it describes obviously has spin-1/2, and its dynamics is governed by the Weyl
equation. Analyzing the plane wave solutions of this equations one finds that the spin direction
is constrained to be antiparallel to the momentum. Therefore, the particle described by this
field is said to be left-handed. This particle and in general all massless spin-1/2 particles are
called Weyl fermions.

In the next step, we examine the properties of the same field, but now assuming that it
is massive. In this case, the particle described by the field is called a Majorana fermion. We
denote the field by (,; its free-field Lagrangian density is:

o 1
= ig1g" 9,6 — Sm(E€ +£1¢T). (A-16)

On-shell, ¢ satisfies the free-field Dirac equation:
i 9,65 = mE®. (A.17)

After quantization it can be expanded in a Fourier series:

d3_» D, D. —ip-x = ip-T
Z/ 27T 3/2 2E 1/2 [Hfa(p, S)a/(p, 8)6 p —i—yaaT(p’ S)ep :| , (A18)

d3_» — o ip-T o —ip-x
&) = Calo)' =3 / S PE T [P B9+ ylalpi e ] (a19)

Lorenz gauge condition of electrodynamics excludes spin-0 photons
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where E, = |ﬁ12 +m?2, and the creation and annihilation operators a! and a satisfy the
usual anticommutation relations. The anticommuting properties of the fields are encoded in
the creation and annihilation operators. Therefore the spinor wave-functions x, and y, are
commuting.

Finally, we analyze a collection of massive spin-1/2 fermions in the mass-eigenstate basis.
If the original Lagrangian was not in the mass-eigenstate basis, the mass matrix can be
diagonalized using the Takagi diagonalization technique leading to real non-negative masses.
This technique is introduced later in Appendix B. The Lagrangian reads:

L =ile1a,¢ — %m (&&; + ETiET), (A.20)

where i denotes each fermion in the collection and the sum over 7 is implicit. If the non-
zero masses are non-degenerate, then the corresponding field describes a neutral Majorana
fermion as in the singe-field case. If one of the masses is zero, then the corresponding field is
a massless Weyl fermion as in the first example.

In case of two mass-degenerate fermion fields eq. (A.20) possesses a global internal O(2)
flavor symmetry, & — (’)g &, where OTO = 1545. Corresponding to this symmetry, there is a
conserved Noether current and a corresponding conserved charge:

JH = i(eNaHe, — e12G1e). (A.21)
It is possible to diagonalize the current by means of field redefinitions:

(&1 +i&2), (61 —ia). (A.22)

7 ”‘f

JH = xTaty — niety. (A.23)
Therefore, the fermions y and n are eigenstates of the charge operator ) with eigenvalues
+1. Rewriting the Lagrangian A.20 for two fermions with equal mass in the new basis, one

finds:
L = ix'a"0ux + in'e"0,m — mOxn + x'n'). (A.24)

On-shell, the new fields satisfy the Dirac equations:
10Oy x = mn’, ict'0,n = mx". (A.25)

In the x — 7 basis the global SO(2) symmetry is realized as the U(1) symmetry y — ey
and 7 — e~ ¥y, where 6 is the rotation angle from the corresponding SO(2) rotation matrix.
Hence, a single Dirac fermion is build from two spinor fields: y and nf. The decomposition
in Fourier-modes reads:

Z/ 27)3/2 2E B [ﬂfa(p» s)a(p, s)e" 7" + yabl (7, 5)e™ } ) (A.26)

dg_' — — —ip-x — ip-x
Z/ 21)3/2(2,)1/2 [wa(p, $)b(, 5)e” " + yaal (7, 5)e” } : (A.27)

where the creation and annihilation operators satisfy the usual anticommutator relations.
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Summing up, we note that massive spin-1/2 particles are Dirac or Majorana fermions
depending on the nature of the global symmetry that is present in the fermion Lagrangian,
in particular in the mass terms. An arbitrary collection of two-component fermion fields
transforming in the D2 representation will consist of Majorana fermions if no such symmetry
exist. If the Lagrangian is invariant under a symmetry group G, then the collection of
fermions will split into a sum of multiplets transforming irreducibly under G. If a multiplet
transforms under a real representation of GG, then the corresponding fermion mass eigenstates
are Majorana fermions. If the multiplet transforms under a complex representation of G,
then the corresponding fermion mass eigenstates are Dirac fermions. Due to similarities in
the description of massless Weyl fermions and the massive particles, the massive fields are also
called left-handed or right-handed depending on whether they transform in the defining or
the conjugate representation of SL(2,C). Having established the notions of different fermion
fields we present the basic Feynman rules in the next section.

A.4 Feynman Rules

We exclude propagators from the discussion of the Feynman rules, since they are not needed
in the present work. Furthermore, we omit the discussion of mass-matrix diagonalization
because it is treated explicitly in Appendix B and can be found in [111].

A.4.1 External Particles

The rules for the external particles follow from the Lorentz group transformation properties
of the fields. The rules are extracted from the terms in the Lagrangian by identifying the
incoming and outgoing particles and the transformation properties of the corresponding op-
erators under SL(2,C) (daggered or undaggered index). The two-component external state
spinors are assigned in the following way:

e For an initial-state fermion if the corresponding operator transforms as (%, 0): x

e For an initial-state fermion if the corresponding operator transforms as (0, 5): yt

e For a final-state fermion if the corresponding operator transforms as (3,0): y

e For a final-state fermion if the corresponding operator transforms as (0, %) ol

where the momentum and spin arguments of the spinor wave functions are suppressed. Note
that our rules differ slightly from the one in reference [111], since we want to identify the
correct scattering amplitude directly from the interaction Lagrangian. The arrows on the
lines indicate the spinor index structure of the external state spinors. Fields associated with
a spinor wave function with undotted index flow into the vertices, and fields associated with
a spinor wave function with dotted index flow out of the vertices. The rules for external
fermions are summarized in Fig. A.l. The rules for external boson lines are independent
from the treatment of fermions:

e For an initial state (incoming) or final-state (outgoing) spin-0 boson: 1
e For an initial state (incoming) spin-1 boson: &

e For an final state (outgoing) spin-1 boson: e#*
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(3. 0) fermion operator

Initial State Final State
y' 2t

(0, %) fermion operator

Figure A.1: Assignment rules for the external spinor wave-functions. The rules are governed
by the transformation properties of the fermion operators in the Lagrangian i.e. (%,O) or
(0, %) Note that the figure is changed compared to reference [111].

In these rules we have suppressed momentum and helicity arguments of the spin-1 polarization
vectors.

The rules for the gravitino follow closely the rules for the fermions. The two-component
external state wave function z has to be changed to the positive frequency wave function w;r
and y to the negative frequency wave function 1, in all the rules presented above.

A.4.2 Interaction Vertices

In this section we consider only renormalizable Lorentz-invariant interactions which involve
fermions. The aforementioned conditions constrain the interactions to consist of bilinears in
the fermionic fields transforming as a Lorentz scalar or vector, coupled to the appropriate
bosonic scalar or vector field. The scalar fields interact with the fermionic bilinears via the
Yukawa interaction:

1,7 1 j
Ly = =5V o — SVire vy, (A.28)

where the indices run over the gauge-group representation and flavor degrees of freedom.
The fermionic multiplet will in general consist of Majorana and Dirac fermions. The scalar
multiplet can involve complex scalars ®; in which case ®/ = (®;)*. The Lagrangian is
written in terms of mass-eigenstates and the form of the Yukawa-matrices is constrained
by selection rules imposed by conserved symmetries. The Feynman rules arising from the
Yukawa-interaction Lagrangian are shown in Fig. A.2. In the case of a complex scalar the
arrow on the scalar line shows the flow of analycity, i.e. it keeps track of the position of
the scalar flavor index entering or leaving the vertex. The arrows on the fermion fields were
explained in the previous section. Figure A.2 shows two version for each Feynman rule. The
versions differ in the position of the fermion indices. One always employ the version of the rule
which allows for the correct spinor index contraction defined in Section A.2 and summarized
in Section A.5. The renormalizable interactions of vector bosons with fermions and scalars
are constructed by demanding that the Lagrangian of the theory should be invariant under
gauge transformations for some gauge group G. The vector fields arise as Lie-algebra valued
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J, &

(a) ]_ - > - —iYlik§ P or —iY[jk(Sﬂo"
k, B
J, &

(b) ;T —iY1kge . or —iY[-“"éBd

k, B

Figure A.2: Feynman rules for Yukawa couplings of scalars to fermions. The choice of which
rule to use depends on the index structure of the amplitude. When indices are suppressed,
the spinor index part is proportional to the identity matrix.

gauge-fields corresponding to the connection in the fiber bundle. The interactions arise from
replacing ordinary derivatives by covariant derivatives in order to compare different fibers.
The covariant derivative has the following form:

(Dp){ = 0407 +1iga AL(T®), . (A.29)

The index a runs over the adjoint representation of the gauge group, and the (Ta)ij are
hermitean representation matrices of the generators of the Lie algebra of the gauge group
acting on the fermions in the defining representation of the SL(2,C). For a U(1) gauge group
the representation matrices of the generators are replaced by real numbers corresponding to
the U(1) charges of the left-handed fermions. There is a separate coupling g, for each simple
group or U(1) factor of the gauge group G2. In the gauge interaction basis for the left-handed

fermions, the interaction Lagrangian following from the covariant derivative is given by:
Lint = —A51 g, AL(T) I N;. (A.30)

If the gauge bosons become massive due to the Higgs mechanism, the vector boson squared
mass matrix has to be diagonalized. If there is an unbroken U (1) symmetry, then the physical
gauge bosons will carry a conserved U(1) charge. The Feynman rules arising from the covari-
ant derivative are shown in Fig. A.3. For simplicity, we wrote the interaction in the gauge-
eigenstate basis but they can always be re-expressed in terms of physical mass-eigenstate
gauge boson fields.

A.4.3 General Structure of Amplitudes

Having collected the rules for the external particles and the vertices, it is possible to compute
the amplitudes for a given processes not involving propagators. First one draws all possible
diagrams compatible with the rules given in the previous sections. The amplitude is a sum

For details see [111].
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—i(T9)/0% o (T 04
a, p
i, B

Figure A.3: Feynman rules for interactions of fermions with gauge bosons. The choice of the
rule to use depends on the index structure of the amplitude. Here we assume, for simplicity,
that gauge bosons are massless. In massive case the couplings times the generators of the
gauge group are replaced by the appropriate linear combinations. The coupling is absorbed
into the definition of the generator of the gauge group.

of contributions from each diagram. Every contribution is obtained by combining the factors
corresponding to the external wave functions and vertices. The factors are combined according
to following rule:

e Starting from any external wave function spinor factors corresponding to vertices (and
in general propagators) are written from left to right following the line until it ends
at another external state wave function. A x or y [a:T, yT] external state spinor at
the beginning of the amplitude should have a raised undotted [lowered dotted] spinor
index. If the amplitude ends with an z or y [z, y'] external state spinor, it should have
a lowered undotted [raised dotted index|. This rule determines whether one uses the o
or ¢ version of rules for interaction vertices.

The Fermi-Dirac statistics is implemented by the following rule:

e A relative minus sign is imposed between terms contributing to a given amplitude
whenever the ordering of external state spinors (written from left to right) differs by an
odd permutation.

A.4.4 Conventions for Fermion and Antifermion Names and Fields

Following [111] we establish conventions for labelling Feynman diagrams which involve two-
component fermion fields. In the case of Majorana fermions there is a one-to-one correspon-
dence between the particle names and the undaggered field transforming as (%, 0). In the case
of Dirac fermions there are always tvyo fields corresponding to each particle name which we
choose to be in the representation D2 and denote with f and f. Nota bene that the bar is
part of the field name and does not refer to complex conjugation.

We label fermions by the two-component fields and not by the particle name. The names
of the SM and MSSM fermions and corresponding two-component fields are shown in Table
A.1. For each particle we list fields which have the same quantum numbers, i.e. the fields
which contain the annihilation operator for that one-particle state. Fermion lines in Feynman
diagrams are labelled according to the following conventions:

e An initial-state external fermion line is labelled by the corresponding undaggered field
if the arrow points into the vertex, and by the daggered field if the arrow points outside
of the vertex.
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e A final-state external fermion line is labelled by the corresponding daggered field if the
arrow points into the vertex, and by undaggered field if the arrow points away from the
vertex.

e In the definition of the Feynman rules for interaction vertices, the external lines are
always labelled by the undaggered fields regardless of the arrow direction.

These conventions are summarized for the case of Dirac fermions in Fig. A.4, and for the case
of Majorana fermions in Fig. A.5. Having established the rules and conventions necessary

Fermion Name Two-component fields

Lepton 1,0
Anti-Lepton A
Neutrino v, —
Anti-Neutrino — vt
Quark q, q'
Anti-Quark g, qf
Neutralino X?, X?T
Chargino X; s XZTHL
Anti-Chargino X;r, X; f
Gluino g, g'
Gravitino Yy, @Z)L

Table A.1: Fermion and antifermion names and two-component fields in the SM and the
MSSM. In the listing of two-component fields, the first is an undaggered field and the second
is a daggered field. The bars on the fermion fields are part of their names. In this table we
consider neutrinos to be massless Weyl fermions.

for computations with two-component spinors, we summarize our conventions and list some
key results from the spinor algebra in the next section.

A.5 Summary of Spinor Algebra and Conventions
Metric Signature Convention The metric tensor is taken to be:
g = g"" = diag(+1, -1, -1, -1), (A.31)

where p,v = 0,1,2,3 are spacetime vector indices. Contravariant four-vectors are defined
with raised indices, and covariant four-vectors are defined with lowered indices:

Y (A.32)

P = (E;p), (A.33)
AM(z) = <<I>(t,a?),/f(t;f)>, (A.34)
Ji@) = (pt2)J(:3)). (A.35)
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Initial-state Positron

e el
Initial-state Electron 4’—0 ﬂ

Final-state Electron

Ly

: e

. . é
Final-state Positron %
Figure A.4: The two-component field labelling conventions for external Dirac fermions in a
Feynman diagram for a physical process. The top row corresponds to an initial-state electron,
the second row to an initial-state positron, the third row to a final-state electron, and the

fourth row to a final-state positron. Fermion lines are labelled by the two-component field
names.

N XV, ¥ xit
Initial-state *’—O +O

Neutralino / Gravitino

of
/A

_ XL Xi v
Final-state % Q—‘i

Neutralino / Gravitino

Figure A.5: The two-component field labelling conventions for external Majorana fermions
in a Feynman diagram for a physical process. The top row corresponds to an initial-state
neutralino/gravitino, and the second row to a final-state neutralino/gravitino. Fermion lines
are labelled by the two-component field names.

0 -
= = 0
8# = Ot ( /8t> V), (ABG)
D, = 14,0, +1i9A,, (A.37)
where 4, = A7T* is the matrix gauge field for a representation R of dimension dg, and Iy,

is the dgr X dp identity matrix.

Antisymmetric Symbols The totally antisymmetric pseudo-tensor e#”?? is defined such
that
N2 — _eg103 = +1. (A.38)

As stated in section A.2 the defining D3° and conjugate D representations of SL(2,C)
are related by hermitean conjugation. Therefore, one can describe all degrees of freedom
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using only spinors transforming in the defining representation. In combining spinors to make
Lorentz tensors, it is useful to regard d}l as a row vector, and v, as a column vector, with:

¥l = (W) (A.39)

This notation is publicized in [111] and differs from the notation of Wess and Bagger [78]
which uses a bar for hermitean conjugation ¥4 = (1)4). The spinor indices are raised and
lowered with the two-index antisymmetric epsilon symbol or spinor metric tensor with non-

zero components:

2=l =y = —€p =1, (A.40)

and the same set of sign conventions for the corresponding dotted spinor indices. The formal
definitions are: €% = (¢*)* and €, 5 = (€ap)". In addition we define the two-index symmetric
Kronecker delta symbol,

Si=062=1, si=46l=0, (A.41)

and (55 = (d3)". Per definition the numerical values of undotted and dotted Kronecker delta
symbols coincide.

Spinor products In order to construct Lorentz invariant Lagrangians and observables,
one has to use spinor products to create objects transforming as Lorentz tensors. Combining
spinors one has to take care of spinor indices, i.e. lowered indices must only be contracted
with raised indices. As a convention one suppresses descending contracted undotted indices
and ascending contracted dotted indices:

« 2. (A.42)

Sigma Matrix Conventions Lorentz vectors are obtained by introducing the sigma ma-
trices O'Z 5 and 7#%# defined by:

o' =5"= <(1) (1)> , ol = -6 = (? é) , (A.43)

2_ 2 _ (0 — 3_ 3 (1 0
O’—O’—<i0, ot=-0"={y _1]-

The sigma matrices are hermitean, and have been defined with an upper (contravariant) index
to be independent of metric signature convention. If one denotes the 2 x 2 identity matrix
by 1ax2 and the three-vector of Pauli matrices by & = (o!,02,03), the definition above is
equivalent to

ot = (12><2;5)7 ot = (12><2;—5"). (A.44)
The corresponding quantities with lower indices are obtained by contraction with the metric
tensor:
Uu:guya" = (].QXQ;—&), Ou :gwﬁ” = (12><2;5"). (A45)
The generators of the defining and conjugate representation of the Lorentz group are, respec-
tively, given by:

ot = (gto¥ —a"ot). (A.46)

PPN

(cta” —a¥at), ot =

PP
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Nota bene that these definitions differ from the conventions of Wess and Bagger [78]. In their
notation and with their metric signature (—, +, +, +) the sigma matrices read:

<O‘ZB-) v = (—1ox2,9) (WW)WB = (—1gx2,—7) (A.47)
<0MQB)WB = (12x2,7) (52‘5)‘/‘/3 = (1ax2, —7) (A.48)

One consequence of this definition of the sigma matrices is the inverse sign of 75 in the chiral
representation which associates a lowered undotted [raised dotted] two-component spinor with
a right-handed [left-handed] four-component spinor. In order to convert various identities
involving a number of sigma matrices to the conventions of Wess and Bagger, one first has
to take care of the metric signature, and then usually interchange o <+ . The conversion for
the case involving sigma matrices and fermions is more subtle.

We will use following identities to simplify expressions involving products of of ¢ and &
matrices:

‘75@556 = 25@,355’ (A.49)
TaaTuph = 2€apop (A.50)
a“do‘aﬁﬂ = 26a66d6, (A.51)
[oFa” + U’j&“]aﬂ = 2¢"6,.°, (A.52)
[o*o” + 5"t = 29", (A.53)
ota¥of = g of — g*Po” + g"Pot + i PR oy, (A.54)
vl = g Gl — gMPEY + g"PGH — ieMPhG,,. (A.55)

Computations of cross sections and decay rates require traces of alternating products of o
and ¢ matrices:

Tr[o#c"] = Tr [o'0”] = 2¢"", (A.56)
Tr [oHa"oPc"] = 2 (g" gP" — g’ g""™ + g""g"P + 1elVPR) | (A.57)
Tr [gFo" G o] = 2 (g" gP" — gHPg""™ + gH" g"P — ielVPr) . (A.58)

Traces involving a larger even number of sigma matrices can be systematically obtained from
the equations above by repeated use of eqs. (A.52) and (A.53) and the cyclic property of
the trace. Traces involving an odd number of sigma matrices cannot arise, since the spinor
indices cannot be connected consistently in this case.

Sometimes it is needed to reverse the order of anticommuting spinors or of the commuting
spinor wave functions. Therefore, it is convenient to introduce the following notation:

(—1)A _ {—i—l, commuting spinors, (A.59)

—1, anticommuting spinors,
in order to cover both cases simultaneously. The following identities hold for the general
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spinors z;:
2179 = — (—1)A OYAR (A.GO)
2o = — (-1)* 24, (A.61)
zla“zg = (-1)* TO"“ZL (A.62)
210,07 29 = — (=1)" 290721, (A.63)
ziﬁ“a”zg = — (-4 zga”a“zi. (A.64)

Spin-sum Identities Having obtained the identities involving sigma matrices, we have to
state the spin-sum identities arising in computations of unpolarized squared matrix elements.
The results are:

> walBi )l (B s) =p- o, >t )2’ (5, s) = p- %7, (A.65)
>y sy’ (Bs) = p- 57, > valB. )y (B, s) =p- o, (A.66)
> 2l 9)y’ (5, 5) = mé,”, Z Ya(P. 8)2° (5, s) = —md,,”, (A.67)
Zym(ﬁ, s)x};(ﬁ, s) = médﬁ, me yﬂ D,s) = —mé‘j‘g. (A.68)

They are applicable to spin sums and helicity sums, and hold for both massive and massless
spin-1/2 fermions.

Polarization-sum Identities First we list the polarization-sum identities for the massless
and massive spin-1 particles. In the massless case we obtain:

> e p)en(p) = —guvs (A.69)
A

while in the massive case the sum is changed to:

* Pubv
> en0)en(p) = —gu + 155 (A.70)
my

where m 4 is the mass of the boson.

Finally, we derive the polarization sums P;w’ P ,, of the gravitino in the two-component

notation following the approach from the four—component formalism [113,114,262]. The
polarization sums are given by:

= (p) = Zwi@, U5 (p, 9), (A.71)
Zw $)UE(p, s)- (A.72)

First, we note the spinor index structure of Pjﬁ, which can be read from its explicit expression:

Z%a (P, )05 (. 9)- (A.73)
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In the next step we use the Rarita-Schwinger equations in momentum space to obtain the
following relations:

PPPL=0,  'PE =0, (ap)PL(ap) =m3,P,,. (A.74)

The momentum of the gravitino in its rest frame is given by p# = (ms/,0,0, 0)7, and the

first relation implies that the only non-vanishing components of Pif/ in the rest frame are Pg,
where i, j are spatial indices.

The most general polarization tensor compatible with the transformation properties under

the Lorentz group and the spinor index structure is then given in the gravitino rest frame by:

Pl.jj: = G,(O'Om3/2)gij + b(O’Omg/Q)a'iO'j, (A.75)
where a,b are some arbitrary constants. The second relation in eq. (A.74) implies
' Py = a6j(0"ms)3) + ' (0"m32)5i05 = (a + 3b)5;(0°ms 3) = 0, (A.76)

where we have used egs. (A.49). Thus, we obtain b = —1/3a. The last relation in eq. (A.74)
determines the form of ﬁiy. The factor a can be guessed from the results of the four-
component formalism to be —1. In the last step we have to generalize the expression to an
arbitrary frame. Using the following substitution rules:

PuPv _ PuPo \ _&
(Uom3/2) — (op), Gij — (.g,uu - #2 ) y  Op — <9W - #2 > g, (A.77)
39 ms3 o

we obtain the result:

v 1 o v _o
Pj; = 7(0'p) Guv — pu2p - g Guo — p/LQp gux — P fA o 0')\ . (A78)
M3 /o M3 /o M3 /o
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Appendix B

Gauge and Mass Eigenstates

In this appendix we introduce techniques for the diagonalization of mass matrices and derive
neutral and charged currents used in the present work.

B.1 Mass Matrix Diagonalization

Complex symmetric matrices, for example mass matrices of neutral fermions, are diagonalized
by the Takagi diagonalization, see [111] for details and a historical introduction. The technique
is based upon the existence of the unitary matrix U™ with the property:

UMTMU™ = diag(my, mo, ..., my) , (B.1)

for every complex symmetric n X n matrix M. The my are the singular values of M, defined
as non-negative square roots of the eigenvalues of MTM. Since all matrices encountered
explicitly in the present work are real, the Takagi diagonalization matrix U™ is obtained
from a real orthogonal matrix Z, which diagonalizes M:

ZTMZ = diag(elml, €E2Mmao, ..., enmn) N (B2)
via
Ul = ez, (B.3)

Here the my are real and non-negative, and the exmy are the real eigenvalues of M with
corresponding signs €, = £1.

Arbitrary complex matrices, for example mass matrices of charged fermions, are diagonal-
ized via the singular value decomposition, which is often called bi-unitary transformation in
physical literature . In this case, a complex n X n matrix M is diagonalized via two unitary
matrices U and U©):

UOTMU© = diag(mi,ma, ..., mn) , (B.4)
where my, are the singular values of M.

B.1.1 Perturbative Matrix Diagonalization

Instead of using exact numerical matrix diagonalization methods, we perturbatively diagonal-
ize the matrices in order to obtain approximate analytical results. This method is justified,
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since 1) in all cases considered in the present work, the electroweak symmetry breaking effects
are only small perturbations on the mass matrices of neutral and charged fermions, ii) there
is a hierarchy between the gaugino and higgsino mass terms:

mz < |pE M, [p+ M|, (B.5)

and iii) in case of R-parity violation, the R-parity violating coupling is very small. Therefore,
we have two expansion parameters: € = my/M, where M denotes the largest entry in the
matrix, and (.

In order to diagonalize a mass matrix M to the given order in € and (, we perform the
following set of steps, here, for example, for charged fermions:

e Assuming real M, we set € and ¢ to zero and diagonalize the simple mass matrix with
usual methods.

e Using the results from the previous step, we construct the most general matrices Ue©
and U from the generators of the orthogonal group as expansions in € and ¢ up to
the given maximal order.

e The matrix M is then also written as expansion in € and (.

e For a given order, there are several possibilities how the parameters € and ¢ are dis-
tributed among the matrices M, U(©), and U(®). We take into account all possibilities
and write the result as a sum.

e In the final step, we solve the equation

(B.6)

{U@T Mﬁ(c)] = 0

i#i
in each order of the expansion. In the end we combine the results.

This procedure can be performed in a consistent way and leads to correct transformation
matrices and also mass eigenstates. In case of the symmetric matrices, we use the same
method and ensure that the mass values are positive by multiplying the result by —1, if needed,
according to eq. (B.3). Having established our technique for mass matrix diagonalization, we
can proceed with the transformation of neutral current and charged current into the mass-
eigenstate basis.

B.2 Neutral and Charged Currents

For the computation of the neutralino decays we need the couplings of the gauge fields, i.e.
photon, Z and W boson to charged and neutral matter. The couplings of the gauge bosons
to fermions arise from the covariant derivatives in the fermionic kinetic terms. In the two-
component notation the kinetic terms have the form:

L=iXGH(D,) N (B.7)
where 7 and j are gauge group indices. The covariant derivative has the form:

(Du)ij = 8u5ij + ig(a)AZ(Ta)ij ) (B.8)
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where the index a runs over the adjoint representation of the gauge group, and the (Ta)ij are
hermitian representation matrices of the generators of the Lie-algebra g corresponding to the
gauge group G acting on the left-handed fermions. For a U(1) gauge group the representation
matrices of the generators are replaced by real numbers corresponding to the U(1) charges
of the fermions. There is a separate coupling g, for each simple group or U(1) factor of the
gauge group G'. In the gauge interaction basis for the left-handed fermions the interaction
Lagrangian following from the covariant derivative is given by:

L= —X1GlgAL(T) /) . (B.9)

In the case of the electroweak theory, we have to re-express the hermitian matrix gauge field
in terms of physical mass-eigenstate gauge boson fields.
The covariant derivative of the electroweak sector of the standard model is given by:

(Du)? = 046 + iQWﬁ(Ta)ij +ig'V B,o; (B.10)

where Y is the hypercharge of the matter field. The physical mass-eigenstate gauge boson
fields are linear combinations of the original W and B, fields:

1
+ 1 1rr2
Wy = 7 (W, FiW;) , (B.11)
Z,, = cos HwWE —sin6, B, , A, =sin Gij’ +cos6,B, ,
where
/
sin 0, = J cos O, = S — (B.12)

In the following we use the abbreviations ¢, for cos#,, and s,, for sin f,,.
First, we rewrite the covariant derivative for the fermion fields transforming in the funda-
mental representation of SU(2)y:

(D)7 =067 + 59 (Wi +W}io?) +igWjio® +ig'¥ B,5? (B.13)
i ([0 1 0 0 / . ~
= Ol + %9 ((0 0) V2w + (1 0> \/§WM> + %gWﬁa?’ +ig'Y B,,6;’

= 0,6 + —=g (WSTY + W, T") + 59W303 +1ig'Y B,6;

i
V2
where o are the Pauli matrices, and

T = %( '+io?) . (B.14)

Then, using the inverse relations between the original gauge fields and mass eigenstates:

B, = cwAy — swZy W = swAu+ cwZy (B.15)

'For details see [111].
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we rewrite the neutral part of the interaction omitting the representation indices:

ing‘j’a?’ +ig'Y B, = igT? (s A, + cwZ,) +idY (cwAy — swZ,)
=i (gewT? — g'swY) Z, +i (95T + g'cuY) A,

=T (T3~ $2Q) Z, +ieQA, , (B.16)
Cw
where we have identified the coupling of the massless photon as the elementary charge e, and
the combination of the unbroken generator of the gauge group and the hypercharge as the
electromagnetic charge operator Q:

gSw =g'cw =€, Q=T+Y. (B.17)

Therefore, we find for the covariant derivative in terms of the mass-eigenstate field (omitting
the representation indices):

D, =0, + 7 g(WiTH + W, T7) + z’% (T? - 2Q) Zu + ieQA, . (B.18)
Using this form of the covariant derivative we can derive the couplings of the fermions trans-
forming in the fundamental representation of SU(2) to the gauge fields.

R g — = 9 (3 _ 2
Ling = —A" (\/é (WrTT+ W, T7) + o (T° - s3,Q) Z, + eQAM) i (B.19)

where now the index ¢ runs over all fermions in the fundamental representation. For the
up-type Higgs doublet we obtain the following interaction Lagrangian:

H, [ 9 4=
Ly = \[hﬁa“W*h() th%”W hi = 5 hi 1T 2+ s by Ty 2,
+ Ciih?jaﬂhgzu — ehtFhT A, . (B.20)
w

For the down-type Higgs doubling we similarly obtain:

Hy 9 ,0f— — 9 o —t—ppg—0 9L 0t—p;0
ﬁm?——fﬂhd W, hy +—ﬂhd oW, b = 5 ha 7 haZ +— h T5th; 2,
9 —t—p,— it —
—sfvahd%”hd Zy+eh o hg A, . (B.21)

The interaction Lagrangian for the lepton doublet has the form:

2 g1 1
Lo =— \fyz UMW+61 + fe U“W v; — aiuTU“VZZ + aieTaueZZ’L
— 53, 709 615“61‘ZM + eelﬁ“eiAu : (B.22)
w

The interaction Lagrangian for the lepton singlet is then:

e
‘Cmt

=s cieTa“eZZ —eeTU“eZAM. (B.23)

w
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In the next step we have to obtain the interaction terms for the gaugino fields transforming
in the adjoint representation of SU(2), these are the winos. The generators of the adjoint
representation are:

00 O 0 0 = 0 — 0
=100 —i], =10 0 0], ™=14i 0 0] . (B.24)
0 ¢+ O —i 0 0 0 0 O
We denote the wino triplet by (w!, w?, w?). The winos will mix and form charged combinations
similarly to the gauge bosons. Since they have no hypercharge, the interaction Lagrangian
has the following form:

—iW3w?2 4+ iW2w3
E}gt =g (w1T7 w2T7 w3T> Eu Z.Wgwl - 7;‘/Vl’w?; . (B25)
—iW2w! + iWwlw?

After the multiplication we obtain:

LY =— (g(—z'w“?"w2 + i gty w3 (B.26)

+ gliw®TF (W w? — W) + i(w 7w — wQTE“Wl)w3)> . (B.27)

Next, we define the following fields:

1
+ _ 102 +t o g0 2%
ws = w w?) w! = w ! Eaw ), B.28
\/5( F iw”) ﬂ( ) (B.28)
and observe:
wtl + ™ —w T = —iw'Tw? + iww! ,
w W —wtW™ =i(Whw? — W' | (B.29)

w W™ —wt Wt =i(wTWw? — 2wt .
Using these relations and the relations between W? and mass-eigenstate fields, we obtain:
Ew

int —

(g(w“&“w'H —w W (cwAy — 502,) (B.30)
+ g(w’Tetw™ — wtiEtw® )W + (v Tarw?® — wiehw® )W*>
= <—6Au — gZM> (wtTetw — w Tatw™)
Cw
-9 (ngE“wf — wHE"wg) Wt —g (wiTE"w?’ — w3TE”w+> W™ .

Combining all these results, we arrive at the couplings of the gauge fields to charged and
neutral matter:

- 9 9 7wt +
L=—ed At — =Jz, 7t — =—J W™ — JW“ B.31
% o Zp NG oG ( )
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The currents in the gauge eigenstate basis are

Jop =T, + J2
= wla,wt —w o™ — elaue; +élo,e — by Ta,hy + hita,ht
1 1 1
Jzp =— §h?jauh2 + §h2T5Mh3 + iyjaﬂui

1 1 _ 1
+ U)H&Mw+ — wiTﬁuwf — §€T5u€i — §hd Tﬁuh; + Qhﬁﬁuhqj — svagﬂl ,

7
Jy =2 (w3T5Mw_ - wH&Mw?’) +va.e + 05,7 + hite,nl

T = V2 (wlow? — Wt — o — hgloung - nifun (B.32)

7

The upper indices of the electromagnetic currents indicate the transformation properties of
the fields in the current under the SU(2)1,. Having derived the currents, we have to transform
them into the mass-eigenstate basis of fermions. Therefore, we have to diagonalize the mass
matrices MY and M.

B.2.1 Currents in the mass-eigenstate Basis

The mass matrices MY and M read

My 0 Mz885w —MzZCESw —CiMzSy
0 Mo —Mz83Cy  MZCRCw Gmgcey
MY = MzS3Sw  —MZSECw 0 — 1 0 ,
—MzZC3S8w  MZCRCy —u 0 0
—Gmzsw  GiMmzcy 0 0 0
My V2mgsgew 0 0 0
ﬂmZC,BCw 2 Chiip ChSop  C3hisp
M = | V2&mzey 0 hSveg 0 0 : (B.33)
\/i(gmzcw 0 0 h$yveg 0
ﬂ{gmzcw 0 0 0 h§sveg

They are diagonalized by Takagi diagonalization and singular value decomposition, respec-
tively,

where UMTU™M = p@iyl) = g@Ig© = 1. These unitary transformations relate the
neutral and charged gauge-eigenstates to the mass-eigenstates (x2,7/) (a = 1,...,4) and
(X;a 62)7 (X;ra e{c) (Oé =1, 2)7 respectively

(2

b X!

w® X9 w X1 wh\ xf
Wl=um1x9|, hy | =09 (x5 |, el =09 x5 | . (B35)
h?l XY €; el es ef

v; v
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The transformation matrices are given by:

g ‘ )

(n) _ ai
U ek (B.36)
ia ij
(x7) (x7.e) ) | (e
U(c) _ anﬁ ‘ Uoci 7 [7(6) _ Ua,B ‘ Ucwﬁ (B37)

pex) ‘ U©

v

77 (Ext) ‘ 7
Uia Uy

Note that we perform a perturbative diagonalization of the mass matrices as described in the
previous section. Therefore, the transformation matrices are given by an expansion in ¢ and
€, where € = £, and M is the largest mass parameter of either My, M or . The parameter
choice neither effects the expansion of the transformation matrices, nor the mass eigenstates.

Explicit Results for bino-like Neutralino

Let us now give some explicit results for the unitary transformation matrices for the case of
bino-like neutralino. The unitary matrix U™ is given by

1 00 0
U(XO)— 010 X ()1
ab T 0 0 —— —=—
V2 V2
0 0 1 1
V2 V2
_mZQ(M12+2u325M1+M2)S%U mZ2(M2+u525)52w mz(cg+s3)sw mz(cg—s3)Sw
2(My%—p2)” 2(My— M) (Mz?—p2) V2(My—p) V2(My+p)
. mz2(Mi+ps2g)sow _mZQCEJ(M22+2#825M2+M2) __mgzcw(cgtsg) mzcw(sg—cp)
+ 2(M1—Mz) (M2 —p?) 2(M22—u2)2 V2(M2—p) V2(M2+p)
mz(pcg+Misg)sw mzcw(pucg+Masg) mz2(cg+sp) (cg—sp)mz>
M 22 M2z 2 L1 2 L2
My=—p Ma®—p W W
mz(Micg+sg)sw mzcyw(Macg+psg) (cg+sp)mz? (cg—sp)mz>
- 235 PR 3 x3 3 T4
Mi*—p Mo*—p o H

« (10 (”;z)) , (B.33)

where we used the abbreviations

1 = 4\% ((Mzs,s z}\;fifi;;u)w)% | (s —(]\(41141_;)22@05)83;) | (B.39)
Ty = 4/\;5 (_((M2 +(2A,2)2ci2)1;4285)c%u (M +(2A;Zciz)1;4lsﬂ)sfu> | (B.10)
r3 = 4& (((M2 - (2]\;2)255 ;)é\fgc/a)ci L (@ - (2]\;2)15E ;)zylcmsi) | (B.A1)

The numerical error of the matrix (B.38) in our parameter range of interest is smaller than
40% of the given NLO term. We do not discuss the slow convergence for this R-parity
conserving sub-matrix further, since this is beyond the scope of our analysis.
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Furthermore,
Sw
. —Cw T F m2
Uc(f V) G my2cg(Mick+Mys?,) (1 + O (32ﬁ22>> ) (B.43)
- My Map K
mZQSB(Mlci,+M2si;)
My Map
. Cw% 2
Ui(;’vx ) — C’L mZQ(Mlc?U-i-MQS?U_H)(C[-}"FSﬁ) (1 +0 (T)’L2Z>> , (B44)
V2(My—p)p(p— M) K
mz® (M +Masy,+u)(cs—s5)
V2u(Mi+p) (Ma+p)
m2
Ui(]',/) =0;+0 <<2/$QZ) . (B.45)

The uncertainties in Eq. (B.43) evaluate numerically to less than 5%. For Ui(: X°) they are
less than 0.15,0.10,0.25,0.25, for a = 1, ..., 4, respectively.
The chargino matrix is diagonalized by the following transformation:

7mZZC?U(yCﬁ+M23@)2 V2mgcw(peg+Masg)

2
g — (10 (M22—#2)2 (2 —My* my
- _(0 1) T vemzcutues iMass) _ my?ch(uep+ Masy)? HHO W)
:U'Q—MQQ (M22*}L2)2

ﬁi(f) =0;; + 0O (CQ) . (B.47)

Numerically, the relative correction to the NLO contribution to [7&%ﬂ is less than 25%. The

off-diagonal elements of the matrix U®© to leading order in hA$; are

ﬂfﬂz—g@<f)

\/szcw(MQSﬁ—’UCﬁ) smeZ
pe. Ma? w
+ Clhu 2mz2cgc?, (vpeg+Ma(v—p)sg) 1+0 m72Z ) (B48)
M22/J,2 :U'Q

@?“—Q@<?>
\/imzcw(M285M2+(M22(v+u)*v#2)cﬁ) 9
2 2,2 m
+ GRS M () <1 +0 (f)) . (B49)
(MQ—MQ;BQ .

where

1
Y :E (526M2 (M22M - 2#3 + v(u2 — M22)) + C%M(QU(M2 - M22) — ,u?’) + S%HQ(Mzz — 2H2)) .
(B.50)
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The numerical relative correction to the NLO term in ﬁi(j’Xﬂ is smaller than 0.10,0.15 for

a = 1,2, respectively. For ﬁl(f+’é) it is smaller? than 1%, and smaller than 10% for ﬁég‘+’ec).
The block diagonal elements of the matrix U(©) are

mz c (MQCBJ”[;S[—}) _\/imzcw(Mgc[ﬁ»uslg) )
) _(10 (M7 —ps2) pi =My my
Uaﬁ - ( 0 1 ) + \/imzcw(Mgc[;—‘rusB) mz c? (MQC[}-F/LS,(}) 1+0 /1'2 )
#2_M22 (MQ . )2
(B.51)
Uy =6+ 0 (%) - (B.52)

Numerically, the relative correction to the NLO contribution to U(%i) is smaller than 20%.

The off-diagonal elements of U(®) are

_ fmzcw 2
U = Q( gt 2, > <1+0 (S”’Q”Z» , (B.53)
Map H
ﬁmzcw 2
ex™ = Sogm
Ui(ax ) _ G < szzca(ﬁzﬁMm) ) <1 +0 ( 2/32 Z>> . (B.54)
u3—Ma?p H

Here we ignored corrections that are proportional to the Yukawa couplings h§; or higher
powers thereof. The numerical value of the higher order correction relative to the NLO term

is smaller than 1% for U, Sf’e), smaller than 5% for Ui(le ’X_), and smaller than 15% for UZ.(; X)),

Current Transformations

The higgsino and neutrino gauge-eigenstates read in terms of the mass eigenstates:

b=UXY+ U (B.55)
R N R R, N T
hgzUég)XngU(XV)j/’ h;ji:_U(X)-F_i_UZ(;( e)]’
Wy = U+ UG g = U g + U 0é

v = UL + U, e = U Dy +UDe, | e = TEX )\t + 5O

Therefore, the photon current in the mass eigenstate basis is given by:

~ +
Jow = OO + U Da, (01 xg + 01 9%))

K e;*Uf;‘ NouUiy g + Uiy 7))

St
*TU )+ U (U x + UL e
+TU

/TU(B )) (U(ﬂé,x+)x+ + (7'.(?)5’.)

/TU(X 5)) (U(X ) _+U2(;< .€) 3)

+ U0 o, (O )t + U9 (B.56)

(x
- (x
+ (x4
- (x5!
+(x

2The numerical calculation of the error reaches our numerical precision. The given value is calculated from
the comparison with the analytical NNLO expression.
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which can be expanded to

Jop = XaTU(x )quj(x )XB +XaTU(X ) = ﬁ(xﬂé)_/
a5 i) + ez ey
+e, Uy U Us; Uj €
_XOéTUl(a )UMUl(ﬁ )XB XaTUl(X )UMUl(X 6)63
— Ul 5, U xg - elul el e
—XaTUl(a’X )7MU‘(,§7X )X,E _X;TU,(&X )5 Ui(je)eg
/TU(e)UMU]E )XE _ el'TUIS)O-MU(e) /
O e, U5 g o e O
_i_f{TU(?)f Ulgﬁ )XE+7/TU155)7 Ulgj)é
_XO[TUQ(Q )O'MU(X ) — Xa U(Zc( )7HU2(X ,e) ;
’TU(X 76) U(X )~ _e/JfU(X e)—'uUQ(;( ae)e;
+X+TU2(X )=~ MU(X ) ++X+TU2(X ) = MU2(;< € g
+ e T o, 058 xt + el e, 0 Ve (B.57)
Finally, the simplified expression reads
Je,u — X;T5NV(5 )Xﬁ _|_X+TO. V(X )XJr +€TO'HV( )ej +eél O'/LV( €) -
+ (ata v Ve o vy Ve e (B.58)
where we have defined:
VOE?BC_) UI(X )U( ) U2a ZU(eX eX ,
vOD = TXOTED 1 59T + ZU
R e zvm 9,
€ ~ +’é ~ +’é ~ + )
v = gahaghe | gt agh +ZU,“ 0
VOE;C_@) _ UI(X )U(X ,€) U2a 2] ZU e,x" U(e
Voo = ghoh L o ZU”“U(G). (B.59)

The neutral current in the mass eigenstate basis is given by

Jzu ~ 3

Talx
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1 14 14 — 14 14
+§( OTU( x?) V{TU(o))J (Ui(b’XO) 2+Ui(j)yj,')
+( (X ) —/TUX 6))5_#(U(X XIB +6(X+7é)é‘;)

( TUX ) /TU(X e) u( 1/3 Xg +U1(X ) 3)

%( ST 1 U5, (U g + UL

1 ,e —,e
_§(X5TU( ) ’TU(X )) (U2(g< ) B+U2(;< )e;)

1 -~ _ ,e ,€
+ 506 O + O a0 xt + U5 %) = siden

which expands to
= e

7V/TU(X 71/) U(i( )Xb 7/~ U3( ) )5, Uig;( 71/)7/‘;'

0 0 v
- xJUi“ G U \G + 2XaTU§a 5, U v,
—u'.TU(’.‘ ) 5 U(x) 0 'TU(X V) 5 Uij.‘o’”) ,

4b Xb+* vV

2 OTU(VX )— U( )X + XOTU( X )_HUz(]V)VJI

+ V’TU(”) JUS )2+71/£TU(.)5 U

+XaTU1(X 5, 0% It + T Ve, 00 Ve

T T D5, T 1 T g, T g
U a0 g - xa T e U el
_elTU(xie) U(g )XB _elTU(x )5 U1(;< 78)69

; XU e, Ul )y — —XQTU}O;X 5, U¢,
) /TU( i Ulgeﬂx )Xf; - *e/'TUIEi)a'uUIg;)e;
*%XQTU(X )5uU2(6 )Xg —%XQTUQ(Q )O'MUQ(;C ’e)e;-

%egTUéf V5,08 ;s —%egTUéf Vo U e,
+ 2Xa U(x ) = U(X )Xg + XaTUz(a )5 U2(;< e)é;

L ipocta s )Xg 1—/TU(X g Uéj‘ Ve 2 T

This expression can be combined to

+ v — e
Jzu = XaTUuVCL(b )Xb + Xo auV(X )Xg + Xo O'MV(X )XE + yTﬁuV-(. )yj + ejauVig )ej

V( )e + <Xa O'MVa(] ’ )1/] + XQTJHV(X ’e)ej +x& V( _)éj + h.c.) —

aj
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where

o oo 60 | L0 1 X®) 77 (X°)
Vap —_§U3Z< Usyy +§U4;( Upy +§ZUmX Uy, X7,

VCEZ-}() _ _Ul(()){)Ul(g ) 7U2(>x< )U(X ZU €,X )U ex
+ +
VOEB ) U1(§ )U(ﬂ ) U2(§ )U(,B ) ,
v R R R 0w 1 v v
V=S U U LS

R BT S B

,€ ,€ 1~ e e
Vg e) _ Ul(X )U(X €) € 7U2(ZX+7 )U(X > )

Vi) = =300+ OO S
(xe) _ e _ Lo e 1 (ex ) yr(e)
Vaj __Ula Ulj U2 U _§ZUZ'Q Uij )

)

V( xT &) U(X+)U1(X €)+ U(X+)U2( )

aj

The charged current is given by
-HLU JTU(X 5)) (UQ(b )Xb +U2(;( 7V)I/j))

- (x

+(x TUZVX +TUN G (U xG + UD€l

+ TR+ USu(U5 x + US )
+(x +TUX )+é/TU(X Na (U?Eb )Xb+U:§;-<O’V)V]/')-

After the insertion of the mass eigenstate fields, we obtain

\fngUéb )UMUl(ﬁ X3 "‘\[X(;TU% )UMUS'Ce)e;'

+v2 /U s, g )Xg +V2 U e, Ul e,
V2 +TU1x )— % Xb V2 +TU(>< U(x V) vl
— V2 —/TU(X+ e)f Uz(zc )Xo V2 *’.TU(X &)z Ué? V) v,

+XbTU1(bVX) Uﬁe,x )Xg +XbTUZ(é/X) UZ(JE)e;

—i-l/;TUZ-(j) Uz(ﬂ )XB —i—VgUZ(k)oMU(e) ;

+X2TU;§I, )5HU2(2§ )Xg _|_X0TU(X )5 U2(x ) ¢,

0
+ V;TU?E;‘ ’V)éuUQ(B )Xg + V,;TU:,E,Z‘ ’V)ﬁuUQ(;‘ ’e)e}
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~ Ol/
_ITr7 ,e — ,€ 0,1/

The final expression for the charged current is given by

J _XaTo'luVa(ﬁ)Xﬁ +X+T V(X) 0+XT V( )ej+éfa_u‘/iéx,e) X0

V( 7X)X + X+TO— V( X)l/' + Vi 6-“‘/;‘(71/ )e + e J“V(Ve) (B66)
where we have deﬁned
\f UQQ U(X ) + Ué;( 2B Z U(”X )U(GX 7
f Ula + UQ(a )U?Ei)( ) )
\/> U U(X e) —l—U( )U(X*,e) +ZU(VX )U(e)
2a 3a 2j k‘] ’
k
0
fUl U + O AUl
VZ.(;’X V2 U )+U§ R0 T N /A
k
V(V’X \[ Ula 2] V) U(X )U( V) 7
=V2UY" )+U§ U e>+ZU(”U,§j ,
V2 TN L Tl AU (B.67)

After the diagonahzatlon of the mass matrices we obtain analytical expressions for the various
matrix elements. Assuming bino-like neutralino, i.e. expanding in € = myz/u, we obtain
following expression for the R-parity violating part of the neutral CKM-like matrix element

S 5267
M Ky
wor_ _mz | o
X,V
V= - ng m 1+01 7 , (B.68)
i Wt
fQZUZ sogm%
I :
with abbreviations
Myc2 + Mas? — (.92 c2 )
v =(sg + ¢ —(sg—c +—, B.69
1=(sp /3)(M1 N0k — 1) (sg —cp) VAR (B.69)
Mic2 + Mas? + <32 ci)
vy =(s sg+c +— . B.70
2 =(sp - )(Ml + p) (M2 + p) ~ (e es) M, M (B.70)
Numerically, the relative errors are smaller than 0.10, 0.20, 0.15, 0.05 for a = 1,...,4. For
the R-parity violating part of the charged CKM-like matrix we find
SgﬁmQZ
b7 iz
cu m?
(e _ M s
Vo) = —¢mZz %251 L+0| 5 , (B.71)
mZ“~ p? 5
Vi o257
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with abbreviations

~ Mic2 + Mss? — o pc? c?

11 =(sg+c —2(sg+cg)——L——F + 25532, B.72
1=t ) G 0k ) 2 T 00 — ) T2 (B.72)

_ Mic2 + Mas? + p w M+ p 5

v9 =(85 — ¢ —2(sp+ —-c Cp - B.73
Ty 07 R T F VAR eV AT A B3

Note that we would obtain same results for the higgsino-like neutralino, however, in different
order.
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