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Abstract
We study the phenomenology of a supersymmetric scenario where the next-to-lightest
superparticle (NLSP) is the charged slepton and is long-lived due to a lightest superparticle (LSP) which is a super weakly interacting massive particle (superWIMP), like the
gravitino. This has far-reaching consequences for the cosmological history of the universe
on the one hand and for the signatures at colliders on the other hand. We do not assume
any high-scale model for the mediation of SUSY breaking to the MSSM but work along
the lines of simplified models and the phenomenological MSSM (pMSSM).
In a first part, we investigate the LHC sensitivity and its dependence on the superparticle spectrum with an emphasis on strong production and decay. We formulate
appropriate simplified models that allow to conservatively approximate the signal eﬃciencies of arbitrary spectra from a small number of decisive parameters. We found that the
application of simplified models is especially suitable in the considered scenario. Devising
cuts that yield a large detection eﬃciency in the whole parameter space, we determine
the discovery and exclusion potential of the LHC. We found that the prominent signature
of long-lived sleptons allows to extract more robust constraints on the parameter space
than for the widely studied case of a neutralino LSP scenario.
In addition, we study the implications of the recent LHC results on the cosmological
validity of a superWIMP Dark Matter scenario with a long-lived stau NLSP. Therefore,
we work in a pMSSM framework and perform a Monte Carlo scan over the pMSSM
parameter space highlighting the implications of a Higgs around 125 GeV and the nullsearches for heavy stable charged particles at the 7 and 8 TeV LHC. Further, we consider
bounds from MSSM Higgs searches, from flavor and precision observables as well as from
the theoretical requirement of vacuum stability. In particular we work out the impact
on the allowed range for the stau yield after freeze-out. We provide a thorough survey
for low stau yields including co-annihilation eﬀects, resonance eﬀects and eﬀects from
enhanced Higgs couplings and combinations thereof. We found allowed points down to
2 × 10−16 and 5 × 10−15 in the presence and absence of significant left-right mixing in
the stau sector, respectively.
In addition, by specifying the superWIMP to be the gravitino we explicitly connect
the cosmological viability of parameter points with the bounds derived from laboratory
observations in an extended Monte Carlo scan. Requiring the right Dark Matter abundance of the gravitino and incorporating thermal and non-thermal gravitino production
we compute the required reheating temperature for each point and impose current bounds
from Big Bang nucleosynthesis. We found points with a reheating temperature as high as
TR � 109 GeV—as required by thermal leptogenesis—that pass all mentioned constraints.

Zusammenfassung
In dieser Arbeit diskutieren wir unterschiedliche phänomenologische Aspekte eines supersymmetrischen Szenarios, in dem das leichteste supersymmetrische Teilchen (LSP) superschwach wechselwirkt, wie etwa das Gravitino. Die schwache Kopplung an das nächstleichtere supersymmetrische Teilchen (NLSP) kann zu extrem langen Lebensdauern des
NLSP führen. Dies hat weit reichende Konsequenzen für die Phänomenologie im frühen
Universum und an Beschleunigerexperimenten. Wir machen keine einschränkenden Annahmen über das High-Scale-Modell sondern arbeiten mit vereinfachten Modellen und
im phänomenologischen MSSM (pMSSM).
Im ersten Teil untersuchen wir die LHC-Sensitivität und ihre Abhängigkeit vom
Superteilchen-Spektrum mit einem Schwerpunkt auf starker Produktion und Zerfall. Wir
formulieren geeignete vereinfachte Modelle, welche konservative Abschätzungen der Signaleﬃzienzen von beliebigen Spektren erlauben und durch eine kleine Anzahl von Parametern beschrieben werden. Wir zeigen, dass die Anwendung der vereinfachten Modelle im betrachteten Szenario besonders geeignet ist. Durch die Erarbeitung von Schnitten, die eine große Signaleﬃzienz im gesamten Parameterraum ermöglichen, ermitteln
wir das Entdeckungs- und Ausschlusspotential des LHC. Wir zeigen, dass die Signatur langlebiger Sleptonen härtere Einschränkungen an den Parameterraum bewirkt als
es für den vielstudierten Fall eines Neutralino-LSP-Szenarios der Fall ist. Darüber hinaus untersuchen wir die Auswirkungen der jüngsten LHC-Ergebnisse auf die kosmologische Gültigkeit eines Szenarios mit einem langlebigen Stau-NLSP. Zu diesem Zweck
führen wir einen Monte-Carlo-Scan über den Parameterraum des pMSSM durch, wobei
wir die Implikationen eines Higgs-Bosons mit einer Masse von rund 125 GeV und der
Null-Suchen nach schweren stabilen geladenen Teilchen im 7 und 8 TeV LHC-Lauf in
den Mittelpunkt stellen. Ferner betrachten wir Grenzen von MSSM-Higgs-Suchen, von
Flavor- und Präzisionsobservablen sowie der theoretischen Forderung von Vakuumstabilität. Insbesondere erarbeiten wir die Auswirkungen auf den erlaubten Bereich für die
Stau-Häufigkeit nach deren Einfrieren im frühen Universum. Wir führen eine umfangreiche Suche nach Regionen mit kleinen Stau-Häufigkeiten durch und berücksichtigen dabei
das Auftreten von Co-Annihilationseﬀekten, Resonanzeﬀekten, Eﬀekte von verstärkter
Higgs-Sfermion-Kopplung und deren Kombinationen. Die Ergebnisse zeigen, dass Punkte
mit Stau-Häufigkeiten von Y � 2 × 10−16 und Y � 5 × 10−15 in Gegenwart und in Abwesenheit von signifikanter Links-Rechts-Mischung im Stau-Sektor, respektive, erlaubt
sind. Darüber hinaus kann durch Spezifizierung des LSP als Gravitino explizit die Verbindung hergestellt werden zwischen der Gültigkeit der Parameterpunkte im Kontext von
kosmologischen Beobachtungen und den Grenzen aus Laborbeobachtungen. Aus der Forderung, dass die Gravitinohäufigkeit mit der gemessenen Häufigkeit der Dunklen Materie
übereinstimmt und unter Einbeziehung von thermischer und nicht-thermische Gravitino
Produktion berechnen wir die resultierende Reheating-Temperatur in einem erweiterten Monte-Carlo-Scan. Wir finden erlaubte Punkte mit Reheating-Temperaturen von
TR � 109 GeV die alle genannten Schranken passieren.
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Chapter 1

Introduction
The existence of Dark Matter (DM) in the early universe is one of the main driving
forces for new physics today. The currently favored explanation for DM is an elementary
particle, which has to be neutral and suﬃciently cold in order to explain the structure
formation in the universe.
Supersymmetry (SUSY) [1, 2, 3] is one of the leading candidates for physics beyond
the Standard Model (SM). R-parity conserving SUSY can not only provide good DM
candidates, it is, moreover, an interesting theory for a variety of reasons. One strong
motivation to consider SUSY as a prominent theory of physics beyond the SM is its
uniqueness in providing the only non-trivial extension of the Poincaré algebra [4]. Moreover, SUSY—although obviously broken at low energies—is capable of alleviating the
gauge hierarchy problem [5, 6, 7, 8]. A further theoretical observation in favor of TeVscale SUSY is the fact that the extended particle spectrum of supersymmetry alters
the renormalization group equations in such a way that all three couplings of the SM
gauge group meet in one point [9, 10, 11, 11], a necessary condition for grand unification.
Furthermore, SUSY could even resolve experimental anomalies the SM fails to explain.
All these appealing features of SUSY are, however, confronted with a variety of laboratory experiments which severely restrict the allowed parameter space of a general
softly broken minimal supersymmetric SM (MSSM). Other strong constraints on the
SUSY parameter space arise from astrophysical observations and their interpretation in
the framework of the standard model of cosmology—the ΛCDM model. This is especially true if we take the existence of the gravitino being the superpartner of the graviton
seriously. If SUSY is to be a fundamental theory of nature, we have to supersymmetrize
the theory of gravity [12, 13]. This unavoidably leads to the prediction of the gravitino.
The smallness of the couplings of the gravitino in an R-parity conserving supersymmetric theory gives rise to delayed sparticle decays with far reaching consequences for the
phenomenology in the early universe.
The phenomenology of SUSY scenarios both at colliders and in the early universe
depend strongly on the nature of the lightest supersymmetric particle (LSP). The LSP
is stable in the R-parity conserving case and thus is usually identified with the DM
candidate, if SUSY is to explain this observation. In a neutralino LSP scenario with
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a gravitino mass of the order of the other sparticle masses, a cosmological problem
appears once we want to explain the observed baryon asymmetry in the universe by the
mechanism of thermal leptogenesis [14]. For this mechanism to work the universe has
be to heated to temperatures of TR � 109 GeV [15, 16] in the post-inflationary phase of
reheating. On the other hand, from thermal scattering in the hot plasma gravitinos are
produced [17, 18] and the abundance of thermally produced gravitinos is proportional to
TR [19, 20]. Hence, large TR lead to a large number density of gravitinos in the early
universe. The Planck-suppressed couplings of the gravitino lead to a delayed decay of the
gravitino into the LSP. These decays cause an additional energy release at or after the
time of Big Bang nucleosynthesis (BBN) [21, 17]. The abundances of the light elements
are very sensitive to such processes and, thus, from their precise determination strong
bounds can be imposed on the abundance of late-decaying gravitinos. These bounds
clearly exclude a reheating temperature of TR � 109 GeV. This problem is known as the
gravitino problem [22].
One way of avoiding this problem is a gravitino LSP scenario. Indeed, the gravitino
is a perfectly good DM candidate [23, 24]. However, in this scenario the next-to-LSP
(NLSP) usually becomes long-lived and might spoil successful BBN predictions [18]. In
contrast to the former scenario, it is now the abundance (and the life-time) of the latedecaying NLSP which governs the phenomenological viability of the scenario. For an
NLSP belonging to the sparticles of the MSSM—sharing the SM interactions—the abundance is determined by the thermal freeze-out (rather than the reheating temperature).
The abundance of the NLSP depends upon the spectrum parameters of the model and
could, in principle, be determined from measurements at colliders. The most promising
NLSP candidate in this concern is a charged slepton leading to a rather clean signature
at colliders [25, 26]. In the upcoming high-energy run of the LHC such a scenario could
reveal a rich phenomenology.
In general the MSSM introduces a huge number of free parameters leaving much
room for various incarnations of a supersymmetric theory at the TeV-scale. A final
goal of the research on supersymmetric theories is to understand the mechanism of how
supersymmetry breaking is mediated to the visible sector and thus to understand the
underlying principle that reduces the huge number of low scale parameters to a few
fundamental parameters of the model at a high scale. However, at the present stage there
is no compelling theoretical argument that clearly favors a certain mediation scenario.
In fact, there are a number of promising proposals all of which might be seen as a
proof-of-principle at the current stage of aﬀairs. At the same time the LHC is about
to be upgraded for the high-energy run at around 14 TeV and necessitates providing a
landscape of phenomenologically interesting scenarios that should be looked at in order
to exhaust the potential of the LHC.
Instead of being lead by a specific theoretically motivated high scale model of the
mediation of SUSY breaking, in this work we entirely follow a bottom-up approach
connecting the implications of a low scale supersymmetry in the early universe to its
implications of collider and other laboratory experiments. We hope that, in the end,
this work may contribute to pinning down the possibilities of high scale models by a
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better understanding of the structure of the low scale phenomenology. In this work we
follow two main lines that provide a rather general framework for studying the low-scale
phenomenology of SUSY—simplified models [27, 28] as well as the phenomenological
MSSM (pMSSM) [29].
Although providing the actual motivation for a long-lived slepton scenario most of
the results—those presented in chapter 3–5—are not only valid for the gravitino LSP
but for any other LSP being a superweakly interacting massive particle (superWIMP),
like the axino [30, 31, 32]. Furthermore, we specify the charged slepton to be the lighter
stau allowing for the more general case of significant left-right mixing. In most cases the
results for a selectron or smuon NLSP are virtually identical or can easily be inferred
from the given results. We will comment on diﬀerences, wherever necessary.
In chapter 3 we perform a systematic model-independent analysis of the LHC sensitivity considering the direct production of staus and the production of colored sparticles
and their decay into long-lived staus leaving the detector as heavy stable charged particles (HSCP). We study the resulting cascade decays in detail and formulate appropriate
simplified models that serve as limiting cases to capturing more general spectra in a
conservative but realistic way. Thereby, we will make the interesting observation that
simplified models are especially suitable for the considered scenario. This allows us to set
model-independent limits on the squark and gluino masses and study the prospects for
a future discovery. We also study the prospects of observing staus that will be trapped
inside the detector, allowing for a measurement of their life-time. The results are based
on a full-fledged Monte Carlo simulation of the LHC experiment that we adapt for the
particular signature of HSCPs in the detectors of the LHC.
A central outcome of the first LHC runs is the discovery of a Higgs boson with a
mass of around 125 GeV [33, 34]. Furthermore, searches for HSCPs have been performed
at the 7 and 8 TeV with no significant excess over the background. In chapter 4 we will
adopt the framework of the pMSSM and work out the implications of the recent LHC
results on the long-lived stau scenario, interpreting the discovered Higgs as one of the
CP -even neutral Higgses of the MSSM. We will therefore employ a Monte Carlo scan
in a 17-dimensional pMSSM parameter space. Emphasis will be put on the implications
of the HSCP searches. Based on the insights we gained in chapter 3 we will interpret
the HSCP null-searches in our pMSSM parameter space. This allows us to estimate
model-independent limits for several mass parameters. In contrast to chapter 3 we will
here explicitly allow for additional metastable sparticles other than the stau arising from
phase space suppressions. This is particularly important for the case of gluinos that
can easily become long-lived without particular fine-tuning, if the corresponding 2- and
3-body decays are forbidden. Accordingly, we take into account the case of delayed
sparticle decays into staus as well as R-hadron signatures. We will furthermore study
the implications of a variety of other experimental and theoretical constraints on the
parameter space. In particular, we impose constraints from MSSM Higgs searches at
colliders, from flavor and precision observables as well as from color or charge breaking
minima (CCB). In addition, we investigate the implication of these constraints on a
possible explanation of the deviation of the anomalous magnetic moment from its SM
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values as well as the ability of the long-lived stau scenario to explain possible deviations
of the signal strengths in the Higgs sector.
In chapter 5 we will make the connection to cosmological observables. In a first part
of the chapter, we will perform a systematic survey for all possible parameters of the
pMSSM that significantly aﬀect the freeze-out abundance of staus. Besides the mass
and the left-right mixing of the stau itself, there are three diﬀerent classes of parameters
the abundance depends upon. First, the masses and mixing angles of other sparticles
that could appear in t-channel diagrams of the annihilation processes or lead to coannihilation eﬀects. Second, the mass of the neutral CP -odd Higgs, mA , being the only
free parameter governing the masses of heavy R-parity even particles that could lead
to an s-channel resonance or appear in the final states of annihilation diagrams. And
third, the parameters that govern the Higgs-sferminon couplings which are in general
not determined by the known gauge and Yukawa couplings. A suitable rewriting of the
solutions of the Boltzmann equations allows us to deduct the behavior of the stau yield in
a general situation from the study of the isolated eﬀects. In a second part of chapter 5 we
will study the impact of the constraints discussed in chapter 4 on the possible values for
the stau yield. We will therefore apply the pMSSM scan developed in chapter 4 to single
out the phenomenologically viable regions. We will also discuss the possible implications
for upcoming LHC strategies as a first step towards answering the question whether one
could determine the stau yield from future LHC measurements in the framework of the
pMSSM.
Finally, in chapter 6 we will explicitly consider the gravitino as the LSP and derive
several implications of this choice. We will extend the 17-dimensional parameter space
introduced in chapter 4 by the additional parameter of the gravitino mass. Requiring
that the LSP abundance matches the measured DM density we will compute the corresponding reheating temperature required by considering the thermal and non-thermal
production of gravitinos. Furthermore, we impose bounds from the BBN and other sensitive astrophysical observations to show the cosmological validity of the considered points
in an (17 + 1)-dimensional scan. Therefore, we compute the hadronic branching ratios
of the decay of the stau into the gravitino and apply the most recent bounds from BBN
studies to our parameter points. Thereby we reveal a non-trivial interplay between the
gravitino mass and the MSSM spectrum. This allows us to conclude on the highest reheating temperatures that are consistent with BBN bounds, flavor and precision bounds,
theoretical bounds from vacuum stability, bounds from the HSCP searches at the 7 and
8 TeV LHC as well as bounds from the MSSM Higgs searches and the requirement of
providing a Higgs around 125 GeV.
Before reporting our work, in chapter 2 we will briefly introduce the topics relevant
for this thesis and collect the most important formalisms and equations used in this work.
Chapter 3 of this thesis has been published in parts in [35, 36, 37].
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Chapter 2

Supersymmetric scenarios in
cosmology and at colliders
2.1

Outstanding problems of the Standard Model

The Standard Model of Particle Physics (SM) has established itself as an extremely successful description of the interactions of elementary particles which has passed a variety
of experimental tests to overwhelming precision. Further, as a renormalizable quantum
field theory whose interactions are determined by the gauging of the symmetry group
U (1)Y × SU (2)L × SU (3)c , the SM is a mathematically elegant theory. At the same time,
the SM fails to explain fundamental cosmological observations as the existence of Dark
Matter or the Baryon asymmetry in our universe. Further, it has raised longstanding
theoretical questions one of which is the gauge hierarchy problem that has stimulating
the search for new physics over the last decades. In the following we will review these
problems and show the motivation they give rise to for our investigations presented in
this work.

2.1.1

Dark Matter

The first evidence for large amounts of non-luminous but gravitationally attractive matter
has been found in 1933 when Fritz Zwicky measured the dispersion relation of galaxies
in the Coma cluster [38]. Now, a compelling astrophysical evidence for Dark Matter
(DM) has been accumulated including eﬀects seen in weak and strong lensing, structure
formation, distant supernovae, the cosmic microwave background (CMB) as well as big
bang nucleosynthesis (BBN) [39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51].1 Current
data including the measurement of the CMB from the Planck satellite imply that the
contribution of baryonic matter and nonbaryonic DM to the total energy density of the
universe is 4.9% and 26.8%, respectively [51].2
1

Reviews on various aspect of DM can be found in [52, 53, 54, 55].
Here we take the best-fit values of the Planck+WMAP data (including the measured value for the
Hubble parameter).
2

9

The measurement of baryonic matter density in the CMB and BBN is very important
in order to narrow down its nature. Astrophysical objects (like massive compact halo
objects) can be excluded from these observations.
There exist very strong bounds on the electric charge or the electric or magnetic
dipole of the DM candidate [56, 57]. A very small fraction of electric charge or a small
electric or magnetic dipole moment would alter the couplings of the DM to the baryonphoton plasma before recombination and thus would leave an imprint in the CMB power
spectrum. Moreover, electromagnetically interacting DM would mix with ordinary matter and form electromagnetic bounds states [58]. These states should be seen in searches
for anomalous heavy hydrogen on earth [59, 60]. Similar bounds on the color-charge exist
from searches for color-neutral bound states [61, 62].
Structure formation imposes an lower bound on the mass of a DM particle.3 Measurement from the Lyman-α forest, require [63, 64, 65]
mDM � 2 keV .

(2.1)

Furthermore, DM is mostly collision-less. Their scattering aﬀects the structure of DM
halos [66, 67]. Hence, self-interaction can be constraint from the observation of galaxy
clusters [68, 69, 70, 71].4
In the SM there are only six stable particles—the u and d quark, the electron and the
three neutrinos. While electrons form bounds states and thus contribute to the baryonic
matter, upper bounds on the neutrino masses from particle physics experiments imply,
first, that their relic density is (at least) more than an order of magnitude to low and
second, that they are not heavy enough to explain the structure formation.

2.1.2

The gauge hierarchy problem

In a nutshell, the gauge hierarchy problem of the SM [72, 73, 74] is the question of why
the weak scale is so much lower than the Planck scale. This problem becomes manifest
if we consider the quantum corrections to the Higgs boson. Being a scalar, quantum
corrections to its bare mass are not protected against quadratic divergencies by means
of any symmetry. This becomes a problem as soon as we concede that the SM can only
be understood as a provisional law of nature, failing to include eﬀects of gravity in its
framework. If, for instance, we assume the SM to be valid up to the Planck scale, MPl ,
2 /(8π 2 m2 ) ∼
quantum corrections must cancel against the bare mass to 1 part in ∼ MPl
h
1032 . Whatever theory eventually may describe the physics of the SM at a deeper level of
understanding, it would have to cut oﬀ the divergent behavior of the integrals appearing
in the quantum corrections to the Higgs mass. This introduces an extreme sensitivity of
the parameters in the Higgs sector to the parameters of the underlying theory. In other
words, this problem of naturalness can be seen as an instability of the electroweak energy
scale against quantum corrections.
3
A possible exception arises if the DM matter candidate is created via a phase transition as it is the
case for QCD axions.
4
However, a certain self-interaction has been proposed in order to explain small scale anomalies [66].
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A typical approach to resolve (or alleviate) this fine-tuning problem is to introduce
new physics that enter not far above the electroweak scale reducing the amount of finetuning we obtain. Among others, this is archived by supersymmetric theories. Although
exact supersymmetry even forbids the perturbative corrections to the Higgs mass altogether, the necessity of SUSY breaking renders a phenomenologically viable supersymmetric theory to be exactly of this type of new physics. The quadratic sensitivity on
the cut-oﬀ scale is traded for a quadratic sensitivity on the mass splitting between the
particles and their superpartners that contribute dominantly to the quantum corrections
of the Higgs mass and only a logarithmic sensitivity on the cut-oﬀ scale remains.

2.1.3

Baryon asymmetry

The present universe is mostly made out of matter—within cosmic distances we see
no evidence for any accumulation of anti-matter [75]. Another way of quantifying this
statement is the observed baryon-to-photon ratio [50]
ηB ≡

nB
nB − nB̄
�
= (6.1 ± 0.3) × 10−10 ,
nγ
nγ

(2.2)

where nγ , nB and nB̄ are the number densities of photons, baryons and antibaryons,
respectively. This ratio is approximately constant below temperatures of around 1 MeV,
i.e., after the baryons has frozen out of the thermal bath, and had been determined
independently from primordial abundances of light elements and from the CMB power
spectrum. If the universe had been matter-antimatter symmetric, from thermal free-out
of baryons and antibaryons we would expect a much smaller baryon-to-photon ratio [76]
nB
n
= B̄ ∼ 10−18 .
nγ
nγ

(2.3)

This is a intriguing result and raises the question about the origin of the baryon asymmetry in the universe.
If we assume that the universe had undergone an inflationary phase, an initially
present baryon asymmetry would have been diluted by the exponential expansion during
inflation. Hence, the observed baryon asymmetry had to be generated either at an
early post-inflationary phase or at a later hot stage before the freeze-out of baryons.
To generate such an asymmetry the theory has to fulfilled three necessary conditions,
namely, the provision of C and CP violation, baryon-number violation and the presence
of an out-of-equilibrium process (Sakharov conditions) [77].
Considering the electroweak phase transition (from the unbroken to the broken phase)
in the presence of non-perturbative baryon-number breaking sphaleron processes, the SM
provides all the necessary ingredients to enable baryogenesis. However, it has been found
[78, 79, 80] that for Higgs masses above mh � 72 GeV, in the SM, the electroweak phase
transition is not of first-order but a smooth cross-over. Accordingly, with a Higgs mass
of around 125 GeV the SM does not provide the necessary departure from equilibrium
which is present only for first-order phase transitions. In oder to explain the baryon
asymmetry we therefore need to extent the SM in one or the other way.
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A particularly attractive way to obtain the baryon asymmetry is baryogenesis via
leptogenesis [14].5 By introducing heavy right-handed Majorana neutrinos M ∼ 1010 GeV
a lepton asymmetry can be generated by virtue of their out-of-equilibrium decays at
temperatures T < M . The lepton asymmetry can then be transferred into a baryon
asymmetry via sphaleron processes [83, 84, 85, 86]. Thereby another shortcoming of
the SM is addressed, namely the small but non-zero masses of the left-handed neutrinos
as implied by neutrino oscillation experiments. With the introduction of heavy righthanded Majorana neutrinos small masses for the left-handed neutrinos can naturally
be explained with the see-saw mechanism [87, 88, 89, 90, 91]. However, in order to
produce the heavy neutrinos thermal leptogenesis requires high reheating temperatures
TR � 109 GeV [15, 16]. This fact has an interesting consequence for supersymmetric
theories, as we will describe in section 2.3.3 and study in chapter 6.

2.2

Supersymmetric extensions of the Standard Model

Supersymmetry is the unique generalization of the space-time symmetries of quantum
field theory [4]. It imposes a symmetry under transformations in superspace which introduces fermionic coordinates in addition to the (bosonic) spacetime coordinates. The
additional transformations are generated by the fermionic supercharges, Q, transforming
ferminos in bosons and vice versa. As a consequence the known particles of the SM have
to be seen as only one part of corresponding multiplets containing their supersymmetric
partners in addition, which diﬀer in the spin by an amount of 1/2—the spin of the supercharge Q.6 The (anti-)commutation relations among all superspace generators are known
as the superalgebra. A direct consequence of the superalgebra is that the particles within
a supermultiplet have the same mass. This feature of SUSY is obviously not realized in
nature. Consequently, SUSY has to be broken.
In the following subsections we briefly introduce the MSSM and the gravity multiplet
and summarize some of the aspects of supersymmetry that are important for this work.
For a more comprehensive introduction to the field see [92, 93, 94, 95, 96, 97, 98].
5
6

For a pedagogical review of leptogenesis see, e.g. [81, 82].
We are solely considering N = 1 supersymmetry in this work.
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2.2.1

The Minimal Supersymmetric Standard Model

The supersymmetry preserving Lagrangian of the Minimal Supersymmetric SM (MSSM)
reads
�
� � µ i � 1 a a µν
∗i
Lsusy
D φ − Fµν F
+ iψ †i σ̄ µ Dµ ψ i + iλa† σ̄ µ Dµ λa
MSSM = − Dµ φ
4
� 2
�
1
∂ W
∂2W ∗
i j
†i †j
−
ψψ +
ψ ψ
2 ∂φi ∂φj
∂φ∗i ∂φ∗j
�
�
√
√
− 2 g (φ∗ T a ψ) λa − 2 gλ†a ψ † T a φ
1 � 2 ∗ a 2 ∂W ∂W ∗
−
g (φ T φ) −
.
2 a
∂φi ∂φ∗i

(2.4)

Here, the fields ψ i and φi form the chiral supermultiplets. They contain the spin-1/2
fermions (two component Weyl spinors) of the SM and their superpartners, the sfermions
(complex scalars) on the one hand, as well as the superpartner of the Higgses, the higgsinos and the respective Higgs scalars on the other hand. We suppressed the iso-doublet
a and λa denote the Yang-Mills field strengths of the gauge
and color indices. Further, Fµν
vector fields and the corresponding gaugino fields of the gauge supermultiplets. In the
case of the gauge supermultiplets we suppress the index over the three gauge groups of
the SM, assuming an implicit sum (wherever suitable according to the charge of the chiral
multiplets under the respective gauge group in the interaction terms). In (2.4), W is the
superpotential, which is a holomorphic function of the fields φi . In the supersymmetry
preserving MSSM, the interactions and masses of the fields are determined just by their
charge under the gauge groups and the form of the superpotential. Table 2.1 and 2.2
summarize the particle content of the MSSM.
From (2.4), by utilizing Noether’s procedure, one finds the conserved supercurrent,
∂µ Jαµ = 0, [94]:
Jαµ = (σ ν σ̄ µ ψi )α Dν φ∗i + i(σ µ ψ †i )α

∂W ∗
∂φ∗i

1
i
a
− √ (σ ν σ̄ ρ σ µ λ†a )α Fνρ
+ √ gφ∗ T a φ(σ µ λ†a )α .
2 2
2
This supercurrent is related to the conserved supercharge Q in the usual way.
The form of the superpotential W can be constrained by symmetries. Besides gauge
invariance we impose R-parity [99],
PR = (−1)3(B−L)+2s ,

(2.5)

as a discrete symmetry of the superpotential to be conserved. Phenomenologically, Rparity conservation (RPC) is motivated by the requirement of forbidding baryon-number
(B) and lepton-number (L) violating terms which otherwise would lead to an undesirably
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squarks, quarks

sleptons, leptons

Higgs, higgsinos

scalars φi
�
�
i
u
�
L,
n
i
� =
Q
n
d�i
L, n
u
�∗R,i n
d�∗R,i n

u
�∗n i =
d�∗n i =
� �
i
� i = ν�L
L
e�iL

e�∗ i = e�∗Ri
�
�
Hu+
Hu =
H0
� u�
Hd0
Hd =
Hd−

fermions ψ i
�
�
uiL, n
i
Qn =
diL, n

(SU (3)c , SU (2)L )Y

u†ni = u†R,i n

(3̄, 1)− 2

d†ni = d†R,i n
� �
νLi
Li =
eiL
e† i = e†Ri
�
�
� u+
H
�u =
H
�0
H
� u�
�0
� d = Hd
H
�−
H
d

(3, 2)+ 1
6

3

(3̄, 1)+ 1
3

(1, 2)− 1
2

(1, 1)+1
(1, 2)+ 1
2

(1, 2)− 1
2

Table 2.1: The chiral supermultiplets of the MSSM and their charge under the SM gauge group. Here,
i = 1, 2, 3 is the family index and n = r, g, b is the color index.

gauge bosons
B boson, bino
W bosons, winos
gluons, gluinos

(1)
Aµ = B µ
(2) a
Aµ = Wµa
(3) a
Aµ = Gaµ

gauginos
�
λ(1) = B

λ(2) a

λ(3) a

�a
=W
=

g�a

(SU (3)c , SU (2)L )Y
(1, 1)0
(1, 3)0
(8, 1)0

Table 2.2: The gauge supermultiplets of the MSSM and their transformation properties under the SM
gauge group.

rapid proton decay unless the respective couplings are extraordinary small.7 In (2.5), s
denotes the spin of the particle.
The most general gauge-invariant, renormalizable and RPC superpotential for the
MSSM is given by
� u − d�∗ yd QH
� d − e�∗ ye LH
� d + µHu Hd .
WMSSM = u
�∗ yu QH

(2.6)

Note that, since W is holomorphic, the MSSM contains two Higgs doublets in order to
give masses to both the up-type and down-type fermions.
7
From a theoretical perspective R-parity could be seen as the remnant of a continuous U (1)R symmetry. A discrete symmetry is the maximal R-symmetry which is not broken by the presence of gaugino
mass terms and moreover does not spoil the conservation of the supercurrent by quantumn anomalies
[100].
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Supersymmetry breaking
Since SUSY particles with the same mass as their R-parity even partners have obviously not been found in experiments, supersymmetry must be broken. From the mass
sum-rules (supertrace relations) one can infer that the required SUSY breaking cannot
be achieved within the MSSM itself. Rather, spontaneous supersymmetry breaking is
assumed to occur in a hidden sector and is then communicated to the visible sector, i.e.,
the particles of the MSSM, by virtue of interactions with a mediating messenger sector.
The phenomenology at the low-scale supersymmetry depend little on the details of the
SUSY breaking hidden sector, we merely assume that there exist a SM gauge singlet field
whose F -term acquires a VEV, �F �.
There are two main paths how to communicate the SUSY breaking to the visible
sector. First, unavoidably both sectors interact gravitationally. The involved operators
are Planck-suppressed. The order of the gravitiy-mediated [101, 102] soft masses for the
superpartners in the MSSM can be inferred from dimensional analysis to be
msoft ∼

�F �
,
MPl

(2.7)

where MPl is the (reduced) Planck mass, MPl = (8πGN )−1/2 � 2.4 × 1018 GeV.
Second, if we introduce new chiral multiplets in a messenger sector which couple to
the MSSM particles via SM gauge interactions, the soft masses might be dominantly
determined by the loop diagrams including messenger particles. The order of gaugemediated [103, 104, 105] soft masses is
msoft ∼

α �F �
,
4π Mmess

(2.8)

where α/4π is the loop-factor corresponding to the involved gauge interaction and Mmess
is the messenger scale. Further possibilities of SUSY breaking arise from the embedding
of the four-dimensional space-time in higher dimensions, in which (at least part of) the
visible sector and the hidden sector are separated spatially in the higher-dimension(s). In
this framework models of anomaly-mediation [106, 107] and gaugino-mediation [108, 109]
has been considered.
Regardless of how supersymmetry is broken and mediated to the visible sector, we
can introduce an eﬀective Lagrangian at the low-scale parametrizing the eﬀect of supersymmetry breaking on the MSSM. In order to naturally maintain the stability of the
electroweak scale against quantum corrections the eﬀective Lagrangian should only contain relevant operators. The most general, RPC SUSY breaking Lagrangian of this form
containing the MSSM fields (up to field redefinitions) reads
�
1�
�B
� + M2 W
�W
� + M3 g�g� + c.c.
Lsoft
=
−
M
B
1
MSSM
�2
�
� u − d�∗ ad QH
� d − e�∗ ae LH
� d + c.c.
− u
�∗ au QH
(2.9)
∗ 2
�∗ m2 d� − e�∗ m2 e�
� † m2 Q
�−L
� † m2 L
�−u
−Q
�
m
u
�
−
d
�
�
u
�
e�
Q
L
d�
− m2Hu Hu∗ Hu − m2Hd Hd∗ Hd − (bHu Hd + c.c.) ,
15

where the M1 , M2 , M3 are the gaugino (bino, wino, gluino) mass parameters, au , ad ,
ae and m2� , m2� , m2u� , m2�, m2e�, are the trilinear sfermino couplings and squared mass
Q

L

d

matrices, respectively, all are (in general complex) 3 × 3 matrices in family space. m2Hu ,
m2Hd and b are the supersymmetric contributions to the Higgs potential. The full MSSM
Lagrangian then reads
soft
LMSSM = Lsusy
(2.10)
MSSM + LMSSM .
Electroweak symmetry breaking
In order to generate the masses of the SM fermions and vector bosons the electroweak
symmetry has to be broken, U (1)Y × SU (2)L → U (1)em . An interesting feature of
spontaneously broken supersymmetry is that it might generate electroweak symmetry
breaking dynamically by radiative corrections to the supersymmetric contributions to
the Higgs potential. If m2Hu ∼ m2Hd at a high scale, the renormalization group (RG)
running naturally pushes m2Hu to be negative at the electroweak scale due to the large
top Yukawa coupling, helping electroweak symmetry breaking to take place. If the electroweak symmetry breaking conditions are fulfilled the neutral Higgs fields acquire a
VEV,
vu = �Hu0 �, vd = �Hd0 � .
(2.11)
Their ratio is denoted by

tan β ≡

vu
.
vd

(2.12)

Further, these VEVs are related to the known Z mass and Fermi constant, Gµ , by
√
2m2Z
2
2
2
2
v = vu + vd = 2
=
� (174 GeV)2 ,
(2.13)
g + g �2
Gµ
where g � and g are the U (1)Y and SU (2)L gauge couplings, respectively.
The gauge eigenstates of the neutral and charged Higgses can be expressed in terms
of their mass eigenstates
� 0� � �
� �
� 0�
1
i
Hu
vu
h
G
√
√
=
+
Rα
+
R β0
,
(2.14)
Hd0
vd
H
A
2
2
�

Hu+
Hd−∗

�

= R β±

�

G+
H+

�

(2.15)

,

where we introduce the orthogonal rotation matrices
�
�
�
�
cos α sin α
sin β0 cos β0
Rα =
, R β0 =
,
− sin α cos α
− cos β0 sin β0

�
sin β± cos β±
R β± =
.
− cos β± sin β±
(2.16)
If vu and vd minimizes the tree-level potential, β0 = β± = β and G0 , G± are the massless
Goldstone bosons eaten up by the Z and W ± , respectively. We are left with five scalar
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�

Higgs bosons, the neutral CP -even and CP -odd states, h, H and A0 , respectively, as
well as the charged Higgs bosons H ± . Further, at tree-level,
2b
= 2|µ|2 + m2Hu + m2Hd ,
sin 2β
= m2A + m2W ,
�
�
�
1
2
2
2
2
2
2
2
2
=
mA + mZ ∓ (mA0 − mZ ) + 4mZ mA sin (2β) .
2

m2A =
m2H ±
m2h,H

(2.17)
(2.18)
(2.19)

The mixing angle α is determined by

tan 2α
=
tan 2β

�

m2A + m2Z
m2A − m2Z

�

.

(2.20)

Reducing the parameter space
The MSSM Lagrangian (2.10) introduces 105 new parameters on top of the SM parameters. However, a large part of the parameter space is phenomenologically inaccessible.
The introduction of arbitrary complex phases in the bilinear and trilinear couplings in
general lead to large eﬀects on CP violating observables, like electroweak dipole moments. Further, the oﬀ-diagonal entries of these matrices easily spoil the constraints on
flavor changing neutral currents. In this work we will assume vanishing phases in the
soft parameters and for the higgsino mass parameter µ. The observables we consider
for the determination of the cosmological validity of models and their potential of being
observed at the LHC are not particularly sensitive to the CP violating phases.
A further simplifying assumption can be achieved by assigning the trilinear couplings
in the soft breaking Lagrangian to the corresponding Yukawa couplings and neglecting
the Yukawa couplings of the first two generations.






0 0
0
0 0
0
0 0
0
0  , ad � 0 0
0  , ae � 0 0
0 .
a u � 0 0
(2.21)
0 0 y t At
0 0 yb Ab
0 0 y τ Aτ
By furthermore requiring the bilinear terms to be diagonal in flavor space,




mQ�1
0
0
mu�1
0
0

2
mQ�2
0 
mu�2
0  , ... ,
m2Q� �  0
 , md� �  0
0
0
mu�3
0
0
mQ�3

(2.22)

no new sources of flavor violation will be introduced on top of the sources present in the
SM.
Sfermion mixing
The presence of large left-right mixing in the third generation sfermion sector is of particular interest in this work. We therefore summarize here the relevant expressions. In the
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gauge eigenstate basis of a third generation sfermion, (f�L , f�R ), the respective squared
mass matrix is given by
� �
�
�
�
∗
∗
2 fL
�
�
Lsfermion mass = − fL fR Mf�
,
(2.23)
fR
M2f� =

where

�

m2LL,f
mf Xf

mf Xf
m2RR,f

�

= RTf�

�

m2�

f1

0

0

m2�

f2

�

Rf� ,

�
�
m2LL,f = m2L,f + m2f + Tf3 − Qf sin2 θW MZ2 cos 2β ,

m2RR,f = m2R,f + m2f + Qf sin2 θW MZ2 cos 2β .

(2.24)

(2.25)
(2.26)

Here, T 3 and Q refers to the weak isospin and the electric charge, respectively and m2R,f
and m2L,f are the respective soft terms in the soft breaking Lagrangian:
m2L,t = m2L,b = m2� ,
Q3

Furthermore,

m2R,t = m2u�3 ,

L3

The sfermion mixing matrix reads

�

(2.28)

Xt = At − µ cot β .

(2.29)

d3

�
cos θf� sin θf�
,
− sin θf� cos θf�

such that the lighter mass eigenstate f�1 is then given by

2.2.2

(2.27)

m2R,τ = m2e�3 .

m2R,b = m2� ,

Xb,τ = Ab,τ − µ tan β ,

Rf� =

m2L,τ = m2�

f�1 = cos θf� f�L + sin θf� f�R .

(2.30)

(2.31)

Important eﬀects at loop level

All relations given in section 2.2.1 are derived at tree-level. There are a couple of observables for which the incorporation of loop-correctinos is crucial for the discussion of
the phenomenology of the supersymmetric scenario. We will discuss the most important
cases for our study in the following.
The Higgs mass
Interpreting the discovery of the Higgs (or a Higgs-like particle) with mass of around
125 GeV [33, 34] as the lighter neutral CP -even Higgs, h, of the MSSM implies one of
the most pressing concerns for supersymmetry at the present stage. Since the quartic
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coupling in the scalar potential is determined by the electroweak gauge couplings the treelevel mass (2.19) cannot exceed mZ . Fortunately, large quantum corrections are induced
through the presence of stops appearing in loop diagrams which can cause corrections to
m2h up to the level of 100%. Over the past two decades a lot of eﬀort has been put into
the calculation of the corrections to the Higgs mass [110, 111, 112, 113, 114, 115, 116,
117, 118]. For moderate to large tan β, an approximate 2-loop expression for the Higgs
mass is [119, 120]
�
�
�
4
3m
Ms2
Xt2
Xt2
t
2
2
2
mh � mZ cos 2β + 2 2 log 2 + 2 1 −
4π v
Ms
12Ms2
mt
�
� 2
�
�
�
�
�2 � � (2.32)
1
3mt
2Xt2
Xt2
Ms2
Ms2
+
− 32παs
1−
log 2 + log 2
,
16π 2 2v 2
Ms2
12Ms2
mt
mt
√
where Ms = m�t1 m�t2 and αs = gs2 /4π � 0.12. Contributions from sbottoms and staus
are usually less important and tend to reduce the Higgs mass. They can however, be
significant for large tan β. From (2.32) we can observe two things. First, the tree-level
contribution is saturated for tan β � 15 to its maximum value of MZ within 1 GeV.
Second, looking at the first line of (2.32) containing the leading one-loop contributions,
one observes that m2h grows with increasing Ms and
corrections
√
√ Xt /Ms . The one-loop
are saturated for a maximal mixing of Xt /Ms = 6. For Xt /Ms � 6 sub-TeV values
for Ms are allowed. However, in the absence of large mixings, Ms around a couple of TeV
are required. Especially, the approximate 2-loop contributions exacerbate the increase of
m2h for large Ms making it challenging to achieve mh � 125 GeV.
Note that, in contrast to the situation at tree-level, in the presence of loop-corrections
the Higgs mass eigenstates are not necessarily CP -eigenstates anymore, due to possible
CP -violating supersymmetric parameters entering in the loop computations [121, 122,
123, 124, 125].
Precision observables
Significant left-right mixing in the sfermion sector can induce large isospin splittings
which aﬀects precision observables. An observable which is particularly sensitive to
isospin splitting is the ρ parameter, defined as
ρ=

MW
≡ 1 + ∆ρ .
MZ cos θW

(2.33)

The one-loop SUSY contribution to ∆ρ from the third generation squark sector can be
written as [126]
3 Gµ �
��
∆ρt,b = √
− sin2 θ�t cos2 θ�t F0 (m�2t , m�2t ) − sin2 θ�b cos2 θ�b F0 (m�2b , m�2b )
1
2
1
2
8 2π 2
2
2
2
2
2
2
2
2
(2.34)
+ cos θ�t cos θ�b F0 (m�t , m�b ) + cos θ�t sin θ�b F0 (m�t , m�b )
1
1
1
2
�
+ sin2 θ�t cos2 θ�b F0 (m�2t , m�2b ) + sin2 θ�t sin2 θ�b F0 (m�2t , m�2b ) ,
2

1
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2

2

where
F0 (x, y) = x + y −

2xy
x
log .
x−y
y

(2.35)

In this work we will consider scenarios with particularly large left-right mixing in the
stau sector. The respective contributions to ∆ρ is analogous to (2.34):
Gµ �
∆ρτ� = √
− sin2 θτ� cos2 θτ�F0 (m2τ�1 , m2τ�2 ) + cos2 θτ�F0 (m2τ�1 , m2ν�τ� )
8 2π 2
�
+ sin2 θτ�F0 (m2τ�2 , m2ν�τ� ) ,

(2.36)

One of the most important quantities for testing new physics is the W mass. The
one-loop corrections to MW can be written as
�
�
�
1
πα
2
2 1
MW = M Z
+
−√
(1 + ∆r) .
(2.37)
2
4
2 Gµ MZ2
where
∆r = ∆α −

2
cos θW
2 ∆ρ + (∆r)rem
sin θW

(2.38)

contains corrections due to a shift in the fine structure constant ∆α, the correction
∆ρ (which includes the contributions from the Z and W boson self-energies at zero
momentum only) and (∆r)rem which includes all other contributions [126].
Corrections to couplings
The tree-level Higgs-bottom couplings in the MSSM read (see e.g. [127])
�
mb sin α
mb �
=−
sin(β − α) − tan β cos(β − α)
v cos β
v
�
mb cos α
mb �
=
cos(β − α) + tan β sin(β − α)
v cos β
v

hhbb̄ = −

(2.39)

hHbb̄ =

(2.40)

Radiative corrections to these couplings can significantly change these results [128, 129,
130, 131]. For positive µ and At these radiative corrections typically lead to a suppression
of the coupling. The leading tan β enhanced terms can be resummed to all orders in
perturbation theory [132, 133] leading to the approximate relative correction [134]
�
�
hhbb̄
∆b
1
= 1−
1+
(2.41)
htree
1 + ∆b
tan α tan β
hbb̄
�
�
hHbb̄
∆b
tan α
= 1−
1−
.
(2.42)
htree
1 + ∆b
tan β
Hbb̄
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The leading contributions to ∆b come from the gluino-sbottom loop and from the charged
higgsino-stop, wino-stop and wino-sbottom loops and can be written as [132]
2αs
y2
mg�µ tan β I(m�b1 , m�b2 , mg�) + t 2 µAt tan β I(m�t1 , m�t2 , µ)
3π
16π
�
g22
−
µM2 tan β cos2 θ�t I(m�t1 , M2 , µ) + sin2 θ�t I(m�t2 , M2 , µ)
16π 2
�
1
1
2
2
+ cos θ�b I(m�b1 , M2 , µ) + sin θ�b I(m�b2 , M2 , µ) ,
2
2

∆b �

where

(2.43)

�
�
1
a2
b2
c2
2 2
2 2
2 2
I(a, b, c) = 2
a b log 2 + b c log 2 + c a log 2 . (2.44)
(a − b2 )(b2 − c2 )(a2 − c2 )
b
c
a
Note that in the decoupling limit, mA � mZ , i.e., α → β − π/2, the hbb̄ coupling
remains SM like even in the presence of large values for ∆b since tan α tan β → −1 in the
decoupling limit. Thus, the correction vanishes. The Hbb̄ coupling reads
�
�
�
mb
∆b �
2
hHbb̄ =
tan β 1 −
1 + cot β
(2.45)
v
1 + ∆b
in the decoupling limit.

2.2.3

The goldstino and the gravitino

If supersymmetry is considered as a fundamental symmetry of nature (and shall not be
understood as an accidental symmetry at intermediate energies) we have to promote
supersymmetry from a global symmetry to a local symmetry. The resulting theory unavoidably contains a supersymmetric description of gravity, namely supergravity. An
� as the
unbroken supergravity theory predicts a massless spin 3/2 field, the gravitino G,
superpartner of the spin 2 graviton. Both fields have two polarization states, together
they form the gravity multiplet.
According to the Nambu-Goldstone Theorem, the spontaneous breaking of a global
symmetry implies the existence of a massless particle whose properties are determined
by the properties of the broken symmetry generators. The generators of supersymmetry
are fermionic and carry spin 1/2, implying the existence of a massless spin 1/2 Majorana fermion, the goldstino. When promoting supersymmetry to a local symmetry the
goldstino becomes the longitudinal component of the gravitino which acquires a mass8

8

�F �
mG� = √
.
3MPl

(2.46)

� regardless whether the transversal or
In this work we denote the gravitino with the symbol G,
longitudinal mode is dominant for a given process.
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This mechanism is called the super-Higgs mechanism [135], emphasizing the analogy
to the Higgs mechanism in the case of electroweak symmetry breaking, where the electroweak goldstone bosons become the longitudinal modes of the gauge fields Z, W ± . In
local supersymmetry the Gravitino is the gauge field of the local supersymmetry transformations.
�
The value of �F � depends on the origin of supersymmetry breaking and can, phenomenologically, be in a wide range between the TeV range and MPl . Accordingly, a
large range of gravitino masses,
10−3 eV � mG� � MPl ,

(2.47)

could potentially be achieved.
The couplings of the transversal modes of the gravitino are suppressed by the Planck
mass. For small mG� , the longitudinal, goldstino, modes become dominant. From the
general form of the conserved supercurrent (2.5), which contains the goldstino and the
auxiliary field F that acquire a VEV, we can write down an eﬀective Lagrangian for the
goldstino [94],
�
�
� † σ̄ µ ∂µ G
� − 1 G∂
� µ j µ + c.c. ,
Lgoldstino = iG
(2.48)
�F �
where jαµ contains the supercurrent Jαµ except for the terms including the goldstino and
the corresponding auxiliary field. From (2.48) and (2.46) we can derive a formula for the
2-body decay width of, e.g., a slepton into a gravitino and a lepton:
�
�4
5
2
m
m
�
�
� = τ −1 =
Γ (�� → G�)
1 − �2
(2.49)
��
48π m2� MP2
m�
G

�

Taken into account the interactions of a massive spin-3/2 gravitino [136], i.e., its transversal modes, one can derive [137]
3/2
�
�4 
2 m2
m2� − m2� − m2�
4m
� �


G
�
G
� =
Γ (�� → G�)
(2.50)
1 − �
�2  ,
2
2
3
48π m � MPl m�
m2� − m2� − m2�
G
�
�

G

which reduces to (2.49) for mG� → 0. (Most often, the limit m� → 0 can be employed
and (2.49) reduces to (2.49) except for the substitution m� → mG� .)
According to the large range of gravitino masses (2.47) and couplings we encounter
very diﬀerent cosmological scenarios that are phenomenologically viable and bear a distinctive imprint of the gravitino. Those are summarized in section 2.3.3.

2.3
2.3.1

Cosmological implications of supersymmetric scenarios
The expanding universe

A basic assumption of Big Bang cosmology is that the universe is spatially isotropic
and homogeneous on large scales but evolves in time. The corresponding metric is the
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Friedmann-Robertson-Walker (FRW) metric [138, 139, 140, 141]. The evolution with
time can be described by a single parameter, the dimensionless scale factor a(t). All
physical length scales are scaled according to a(t). The 00-component of the Einstein
equation [142] for the FRW metric yields the Friedmann equation [138],
�
�
� �2
� �−4
� �−3
�
ȧ
1
a
a
H2 ≡
=
ρi = H02 Ωrad
+ Ωm
+ ΩΛ ,
(2.51)
2
a
a0
a0
3MPl
i

where we introduced the Hubble parameter H. Further, ρi denote the energy densities
of a the components i contributing to the total energy budget of the universe. In last
equation we displayed explicitly the relevant energy components (neglecting a possible
curvature term). Here, Ωrad , Ωm and ΩΛ are the today’s energy densities of radiation,
matter and Dark Energy, respectively, normalized by the critical density,
2
ρc = 3MPl
H02 � 1.05 × 10−5 h2 GeV cm−3 ,

(2.52)

where H0 is the Hubble parameter today, inferred from the scale factor today, a0 . For
the numerical value in (2.52) we employed a convenient parametrization of H0 :
H0 = 100 h km s−1 Mpc−1 .

(2.53)

The expression after the last equal sign in (2.51) reveals the scaling behavior of the
diﬀerent components. For the expanding universe, matter domination takes over from
radiation domination and Dark Energy domination takes over from matter domination.
At the present day we witness an advance stage of the latter transition. The solution of
(2.51) for a are a ∝ t1/2 , a ∝ t2/3 and a ∝ eHt in a radiation, matter and Dark Energy
dominated universe, respectively.
In the early radiation dominated universe, the universe was hot, i.e., it was filled with
relativistic particles in thermal equilibrium. In this case, we can assign a temperature
to the thermal bath. Accordingly, we can express the energy density, ρ, and entropy
density, s, in terms of this temperature:
π2
g∗ T 4 ,
30
2π 2
s=
g∗S T 3 ,
45
ρ=

(2.54)
(2.55)

where we introduced g∗ and g∗S counting the eﬀective numbers of relativistic degrees of
freedom according to
�
� �4
Ti 4 7 �
Ti
g∗ =
gi
+
gi
,
T
8
T
bosons
fermions
� �3
� �3
�
Ti
7 �
Ti
g∗S =
gi
+
gi
.
T
8
T
�

�

bosons

fermions
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(2.56)
(2.57)

Here, gi is the number of internal degrees of freedom (statistical weight) of the particle i.
The entropy per co-moving volume,
S = sa3 ,

(2.58)

is expected to be conserved, see, e.g., [143]. Hence, from (2.55) we can infer
1/3

aT g∗S = constant.

(2.59)

Accordingly, using (2.54) we can write the Friedmann equation as
�

Ṫ
1 ġ∗S
+
T
3 g∗S

�2

=

π2
4
2 g∗ T .
90MPl

(2.60)

This expression can be used to derive the time-temperature relation for given g∗ (T ) and
g∗S (T ) which is of great importance when the physics depend upon the interplay between
the freeze-out and the decay of particles. For constant g∗ and g∗S the simple expression
�
90 MPl
t=
(2.61)
4π 2 g∗ T 2
holds.

2.3.2

The freeze-out of supersymmetric particles

We will here review the calculation of relic abundances of supersymmetric particles from
the freeze-out of the thermal bath starting from the Boltzmann equations. This calculus
was largely developed around two decades ago [144, 145, 146, 147, 148, 149, 143, 150].
We follow a derivation along the lines of [148, 149, 150].
Considering N supersymmetric particles χi with masses mi and internal degrees
of freedom gi the evolution of their number density ni is described by the Boltzmann
equation
N
�
�
�
dni
eq
= − 3Hni −
�σij vij � ni nj − neq
n
i
j
dt
j=1
�
��
��
�
eq �
eq eq
�
�
−
�σXij
vij � ni nX − neq
n
−
�σ
v
�
n
n
−
n
n
j X
Xji ij
i
j X
X
j�=i

−

��
j�=i

�
��
eq
Γij (ni − neq
.
i ) − Γji nj − nj

(2.62)

The first term on the right-hand side takes into account the dilution due to the expansion
of the universe. The second, third and fourth term describe the annihilations of supersymmetric particles into SM particles, the conversion of sparticles by thermal scattering
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and sparticle decays, respectively,
σij =

�
X

�
σXij
=

�
Y

Γij =

�
X

σ(χi χj → X) ,

(2.63)

σ(χi X → χj Y ) ,

(2.64)

Γ (χi → χj X) ,

(2.65)

where X and Y are (sets of) SM particles. The thermal average �σij vij � is given by
� 3
d pi d3 pj fi fj σij vij
�
�σij vij � =
(2.66)
d3 p i d3 p j fi fj

where pi and fi are the three-momentum and the equilibrium phase-space density of
particle i, respectively. Further, vij is the Møller velocity,9 defined by
�
(pi · pj )2 − m2i m2j
vij =
.
(2.67)
Ei Ej
Here, pi and Ei are the four-momentum and the energy of particle i, respectively. Finally,
the equilibrium number density is given by
� 3
d pi
eq
ni = g i
fi .
(2.68)
(2π)3
For cold relics, i.e., particles that freeze-out when the species is non-relativistic, mi /T � 3
[143], we can employ the Maxwell-Boltzmann distribution,
fi = e−Ei /T .

(2.69)

It is common to calculate the relic abundance today.10 Let us assume that all SUSY
particles χi heavier than the lightest of those sparticles, denoted by χ1 , had decayed into
χ1 well before today, i.e., the time of evaluating the abundance. Then, the final number
density of the lightest sparticle is just described by the sum over all sparticles i,
n1 =

N
�
i=1

ni ≡ n .

(2.70)

9
Note that in [150] this quantity is called relative velocity in contrast to older literature in this field
where the relative velocity refers to the expression |pi /Ei − pj /Ej | =
� vij . For a further discussion on
the velocity and the thermal averaging see [149].
10
This is an obvious choice for stable relics but also the usual convention for unstable but long-lived
relics. However, the diference between the abundance today and at, e.g., the time of BBN is marginal and
does not play a role here. However, see section 6.1.1 for a discussion of a situation where the diﬀerence
could be relevant.
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By performing the sum over i in (2.62) the third and fourth term in (2.62) cancel in the
final result. If the cross sections (2.63) and (2.64) are of the same order, conversion of
sparticles by thermal scattering occurs with a much higher rate than the annihilation due
to the higher number density of SM background paricles being still relativistic and thus
not Boltzmann suppressed. Therefore, the ratio ni /n can follow its equilibrium density
value during the whole process of freeze-out and we can apply the approximation
neq
ni
� ieq .
n
n

(2.71)

With this approximation, the Boltzmann equation is given by

where

�
�
dn
= −3Hn − �σeﬀ vMøl � n2 − n2eq ,
dt
�σeﬀ vMøl � =

�
ij

(2.72)

eq

�σij vij �

nj
neq
i
.
neq neq

(2.73)

It is convenient to rewrite (2.72) expressing the abundance of the relic by the yield
defined by
n
Y = ,
(2.74)
s
and trading the time variable for the quantity x = m/T , where we now omit the index
1 on all quantities associated with the relic. By using the Friedmann equation in a
radiation dominated universe as well as (2.55) and (2.54) we can bring (2.72) into the
form
�
� 2
�
dY
m πḡ
= 2
MPl �σeﬀ vMøl � Yeq
−Y2
(2.75)
dx
x
45
where11

√

g∗S
ḡ = √
g∗

The equilibrium density is given by
Yeq =

�

T dg∗S
1+
3g∗S dT

�

.

� m �
neq
45x2 � � mi �2
i
= 4
gi
K2 x
,
s
4π g∗S
m
m

(2.76)

(2.77)

i

where K2 is the modified Bessel function of the second kind of second order.
For x � 1 the yield closely follows the equilibrium yield. On the other hand, for x > 1,
an exponential decrease of Yeq is initiated and Y starts departing from equilibrium. A
semi-analytical approach to solve (2.75) is the freeze-out approximation. In this approach
one determines the freeze-out point, xf , by the requirement that the yield has departed
11
Concerning the quantities g∗ and g∗S , we follow the notation of [143] which diﬀers from the one
introduced in [149].
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from equilibrium by a significant amount, Y − Yeq = δYeq , with δ a given number. Then,
by neglecting Yeq we can solve (2.75) by integration after separation of variables,
�
� x0
1
1
m πḡ
−
=
dx 2
MPl �σeﬀ vMøl � .
(2.78)
Y (x0 ) Y (xf )
x
45
xf
In (2.78), Y (xf ) can only be determined by a numerical solution of (2.75) up to the freezeout point xf . However, usually Y (xf ) � Y (x0 ) and we can directly integrate (2.78) after
dropping 1/Y (xf ). Note, that the solution of Y (x0 ) contains a direct dependence on xf
which in turn dependent on the chosen constant δ. Note also, that to some extent the
ability to neglect Yeq runs counter to the ability to neglect 1/Y (xf ). In order to justify
the neglection of Yeq we demand large δ while the neglection of 1/Y (xf ) requires δ to be
small. However, a suﬃciently accurate calculation of the yield can be achieved with values
around δ � 1.5 [149] depending on the process under consideration. The dependence of xf
on δ is approximately logarithmical [148, 143]. A typical value is xf � 25. For an accurate
description of the yield in all situations appearing in the annihilation of sparticles the
maintenance of the term 1/Y (xf ) is, however, indispensable [149]. In order to minimize
the dependence on an arbitrary constants, in presently available numerical tools for the
calculation of relic densities more sophisticated numerical methods are used [151, 152].
The integrations within these programs are usually performed at a precision of better
than 1%.
The connection of the yield to the energy density Ω of the relic is given by
Ω =

ρ0
m s0 Y
=
,
ρc
ρc

(2.79)

where ρ0 is the current density of the relic and s0 corresponds to the current entropy
density of the universe. Insertion of the corresponding numerical values [153] yields
Y = 3.747 × 10−9 Ωh2

GeV
.
m

(2.80)

This expression will be used to derive the yield from the output of micrOMEGAs in
chapter 5.

2.3.3

Gravitino cosmology

Once we introduce the gravitino to our particle content it plays an important role in the
early universe. This is due to its Planck-suppressed couplings which makes it diﬃcult to
keep the gravitino in thermal equilibrium with the thermal bath in the hot stage of the
universe and furthermore renders the life-times of the decays that contain a gravitino as
the initial or final states very large. These two repercussions of the super-weak coupling
of the gravitino become problematic in two ways: First, a potential over-closure of the
universe due to a large amount of thermally production gravitinos, and second, the
appearance potentially late decaying sparticles that can disturb the prediction of BBN
or stand in conflict with other observables.
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When gravitinos are produced thermally in the very early universe, depending on
their mass and the maximal temperature reached, TR , they might either follow thermal
equilibrium for a certain amount of time or might be produced without ever reaching
thermal equilibrium. In these two cases very diﬀerent results are obtained for their
thermally produced abundance. The freeze-out temperature of gravitinos is given as a
function of their mass by [154]12
απ

m2�

G
Tf ∼ �
MPl ,
10 g∗ (Tf ) m2s

(2.81)

where α = g 2 /4π is the involved gauge coupling shared by the MSSM (s)particles involved
in the process of gravitino annihilation and ms denotes the mass scale of these sparticles.
Note that freeze-out is assumed to take place when the gravitino is still relativistic.
Accordingly, if TR > Tf , the gravitino abundance is determined by [154]
� g � � 210 � � m �
�
3/2
2
G
ΩG� h � 0.1
,
(2.82)
2
g∗ (Tf )
200 eV

where g3/2 counts the internal goldstino degrees of freedom, g3/2 = 2. The gravitino
abundance depends linearly on the gravitino mass. Therefore, if the gravitino is the LSP,
the requirement ΩG� ≤ ΩCDM imposes an upper bound on mG� . If TR < Tf the gravitino
is produced out-of-equilibrium. Its relic abundance is given by [19]
�
��
�
�
mg� �2 10 GeV
TR
2
ΩG� h � 0.27
,
(2.83)
109 GeV
1 TeV
mG�

where the wino and bino contribution has been neglected (for a quantitative discussion
see chapter 6). The gravitino abundance is, in remarkable contrast to (2.82), linear
dependent on the reheating temperature and now inverse proportional to the gravitino
mass.
We will now discuss the possible windows for the gravitino mass and its implications
for the obtained maximal reheating temperature. First, we notice that the only restrictions on the reheating temperature TR come from gravitinos with a mass heavier than
the maximal mass that still allows for ΩG� = ΩCDM from the freeze-out of gravitinos,
�
�
mG� > mf.o.
� 200 eV .
(2.84)
� �
G
ΩG
� =ΩCDM

Below this limit any reheating temperature could be allowed. Furthermore, an inflationary phase is not necessary in order to dilute an initial gravtitino abundance that could
arise from arbitrary high temperatures at very early times.
� = LSP. If the gravitino is ultra-light,
Let us first consider a stable gravitino, i.e., G
mG� � 200 eV, the gravitino can not account for the bulk of DM. The reason is that the
12

This formula takes into account the longitudinal modes of the gravitino. Hence, it is only valid for
light gravitinos, which is the regime where the freeze-out density is relevant for our discussion.
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gravitino is not suﬃciently cold in order to pass bounds from structure formation, i.e.,
to fulfill (2.1). However, in principle, the gravitino can have a mass mG� � 16 eV [155],
provided that we introduce another DM candidate accounting for the bulk of DM. As
stated above, no restrictions are implied on the reheating temperature from the gravitino,
whatsoever.
A gravitino mG� � 2 keV is heavy enough to be compatible with structure formation.
However, from the requirement ΩG� ≤ ΩCDM and (2.83), the reheating temperature is
required to be much lower than 109 GeV, a desired minimal value from leptogenesis.
� = LSP,
For mG� � 10 GeV, depending on the gaugino masses, still considering G
9
large reheating temperatures, TR � 10 GeV, are accessible. However, the life-time of the
NLSP usually becomes large, τNLSP > 100 sec, such that the energy injection during BBN
caused by these late decays may disturb the predictions for the primordial abundances
of light elements. This imposes severe constraints on the parameter space (see section
2.3.4 for further details).
� �= LSP. Then the gravitino becomes unstable. The
Let us now consider the case G
life-time of the gravitino is of order [17]
�
�
100 GeV 3
8
τG� ∼ 10 sec
.
(2.85)
mG�

If the gravitino mass is of the same order as the other SUSY particles, mG� ∼ ms , late
gravitino decays now run into danger of spoiling the BBN predictions. In order to escape
the BBN bounds we have to significantly reduce the produced gravitino abundance with
respect to the case of a stable gravitino where we required ΩG� = ΩCDM . This can
only be obtained with a much smaller reheating temperature. So, again temperature
TR � 109 GeV are not allowed in this window.
Finally, for very heavy gravitinos, mG� � 10 GeV, the gravitino life-time decreases
with an increasing mass gap between the gravitino and the other sparticles, moreover,
the thermally produced gravitino abundance decreases. Consequently, TR � 109 GeV
is again allowed [22, 156, 17]. Note that such a model mG� � ms can only be realized when extending space-time to higher dimensions as it is done in anomaly mediated
supersymmetry breaking scenarios.
In summary, we see three windows that potentially allow for high reheating temper� = LSP, m � < 0.01 eV but G
� �= DM, second, G
� = LSP, m � � 10 GeV,
atures: First, G
G
G
� = DM, and finally, G
� �= LSP, m � � 10 TeV, G
� �= DM. In this work we will pursue inG
G
vestigations along the second line. Note, that in this case the decays of the NLSP into the
gravitino do not only provoke bounds from BBN, furthermore, the NLSP number density will be transmitted to the gravitino number density leading to a further non-thermal
contribution of gravitinos that could potentially lead to an over-closure. In chapter 6 we
will take all these constraints into account.

2.3.4

Big Bang Nucleosynthesis

The production of light elements in the process of BBN is an important epoch in the
cosmological evolution of the universe. It takes place at energies between around 1 MeV
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and 50 keV—corresponding to 1 sec to 300 sec after the Big Band—and is thus described
by well-understood physical processes of the SM [157, 158]. In fact, BBN provides the
earliest reliable probes of the cosmological history. A necessary requirement for the
formation of light nuclei is the freeze-out of the neutrons from the cosmic plasma. The
freeze-out temperature—depending only on the number of relativistic degrees of freedom
during that stage (T ∼ 1 MeV) and the Fermi- and gravitational coupling constant—is
roughly of the order of the mass diﬀerence of the proton and neutron. This is, in a sense,
a lucky coincidence. For much larger or smaller freeze-out temperatures we would have
ended up in a universe with either only 4 He or only H, respectively.
The neutron-to-proton ratio after the freeze-out is approximately given by the Boltzmann factor at the freeze-out temperature Tf ,
nn
� e−(mn −mp )/Tf � 0.18 ,
np

(2.86)

where mn and mp denotes the mass of the neutron and proton, respectively. The first step
in the synthesis of light nuclei is the formation of deuterium in the reaction p+n → D+γ.
This is due to the low number densities of neutrons and protons that suppress the direct
production of complex light nuclei, requireing reactions like p+p+n+n → 4 He. Since the
baryon-to-photon ratio ηB is, however, a very small number, the formation of deuterium
is undone by photodissociation processes from the Wien tail of the thermal photons
until the temperature drops suﬃciently far below the binding energy of the deuterium,
T � 80 keV. This delay of about 180 sec allows a significant amount of neutrons to
decay before the actual nucleosynthesis starts, (nn /np )ns � 0.14. After this deuterium
bottleneck is passed the production of the other light elements become eﬃcient. However,
in a chain of various 2-body reactions, starting from the deuterium, most of the neutrons
are finally fused into 4 He. We can therefore estimate the mass fraction of the primordial
4 He to be
2(nn /np )ns
ρ4 He
Yp ≡
�
� 0.25 .
(2.87)
ρp + ρ4 He
1 + (nn /np )ns
This number mainly depends on the neutron life-time, the number of relativistic degrees
of freedom (i.e., number of neutrino species) and the baryon-to-photon ratio ηB . However,
the latter dependence is only logarithmic. The primordial abundances of other light
elements are much smaller. However, they show a much stronger dependence on ηB .
This actually allows for a measurement of baryon-to-photon ratio from the observed
primordial abundances of light elements, especially from D, 3 He and 7 Li.
The precise computation of the primordial abundances involves a detailed consideration of a complex chain of non-equilibrium nuclear reactions and can only be done numerically. On the other hand, the measurement of the primordial abundance involves a good
understanding of the underlying astrophysical processes since most baryonic matter has
been reprocessed in stars. However, the predictions from the SM are in good agreement
with the observed abundances. Moreover, the energy density of baryonic matter Ωb and
the baryon-to-photon ratio ηB determined from the BBN are in remarkable agreement
with the values determined from the observed CMB power spectrum.
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The predictions for the primordial abundances might be changed by a late decaying
heavy particle X [159, 160, 161, 162]. Such decays can produce very energetic SM
particles initiating electromagnetic or hadronic showers during or after nucleosynthesis.
From the precise computation of these eﬀects, bounds on the abundance and the life-time
of the particle can be derived [163, 164, 165, 166]. For small life-times 10−1 sec � τX �
102 sec these bounds arise mainly from the eﬀect of proton-neutron interconversions that
change (nn /np )ns and therefore change the 4 He abundance, Yp . For life-times 102 sec �
τX � 107 sec hadrodissociation processes become most eﬃcient in changing the BBN
predictions. In addition, a negatively charged particle X might form bound states with
the positively charged nuclei. This eﬀect can become important for life-times τX > 103 sec
and causes an overproduction of 6 Li [167]. It has also been propose to explain the existing
tension between the SM prediction and the observed value for the primordial abundance
of 6 Li by this eﬀect [168, 169]. For live-times above 107 sec photodissociation eﬀects are
the dominant source that constrain the abundance of the late decaying particle.

2.4
2.4.1

SuperWIMP scenarios at colliders
Observables of a long-lived charged particle in the LHC detectors

The small couplings of a superWIMP LSP usually renders the life-time of the NLSP
long-lived. If the decay length is much larger than the typical size of the detector, the
NLSP will usually pass the detector. A charged NLSP appears in the detectors of a
collider experiment as a muon candidate. We will here describe the observables of such
a particle at the LHC detectors.
A charged particle passing the tracker causes a hit in each of the various layers of the
tracker. From the reconstructed path of a track one can infer the transverse momentum
pT , the direction of the track, i.e., the polar and azimuthal angles θ and φ, respectively,
as well as its longitudinal and transversal impact parameter parameter with respect to
the reconstructed interaction point dz and dxy . Usually, one trades the polar angle for
the pseudorapidity η ≡ − log tan(θ/2). Further, from the ionization energy loss at each
of the layers one can infer the velocity of the particle [25]. The average ionization loss
energy can be described by the Bethe-Bloch formula. The actual energy loss is distributed
around the average ionization loss energy by a Landau distribution [170]. An expression
of the form
�
�
dE
K
=
+C,
(2.88)
dx
(βγ)2

has found to reproduce the Bethe-Bloch formula suﬃciently accurately in the range
0.1 < β < 0.9 [171]. The parameter K and C are determined empirically, γ denoted the
Lorentz factor corresponding to the velocity β. At the typical LHC energies, electrons
and muons passing the tracker are minimally ionizing, i.e., the travel with a the speed of
light. In contrast, heavy stable charged particles (HSCPs) cause tracks with anomalous
large ionization energy loss that allow for a determination of the velocity. Together, with
the measured momentum one can infer the mass of the particle.
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Another independent way to measure the velocity is the time-of-flight (ToF) measurement provided for charged particle passing the muon chambers in the outermost part of
the detectors. The muon chambers are composed out of drift tubes that are arranged
oﬀ-center such that a track passes drift tubes on both sides of the sensitive wires. The
tracking system aims to reconstructing a track of an ultrarelativistic muon. If a particle
travels slower than speed of light, it arrives at the muon chambers with a time delay with
respect to a ultrarelativistic muon. As a consequence, the reconstructed hits in each drift
tube will then be shifted away from the wires with respect to its real position and cause a
zig-zag pattern instead of a straight line. This signature can be used to infer the velocity
of a particle. However, at design luminosity the distance between two bunch crossings is
only 25 ns, corresponding to 7.5 m at the speed of light. Hence, several bunch crossings
are simultaneously inside the detector. Therefore, it is diﬃcult to assign a delayed hit in
the muon-chambers to the right bunch crossing if the particle is too slow. The velocity
is determined from the time delay by
1
c∆t
=1+
,
β
L

(2.89)

where L is the flight distance from the interaction point and ∆t is the measured time
diﬀerence with respect to a particle traveling with the speed of light.

2.4.2

Production of particles in proton collisions

At the LHC, protons are collided with large energies. In order to compare the experimental results with the theory predictions, we have to separate the hard scattering process in
which we are primary interested in from the non-perturbative eﬀect of quarks bounded
inside the proton. This separation is supported by the factorization theorem [172, 173],
which states that we can formulate universal parton density functions (PDFs) for the proton at a given resolution and momentum scale. The evolution of the the PDFs with the
scale can be inferred from perturbative QCD for hard enough scales. The cross section
for a process pp → X at the LHC can thus be written as
�� � 1
σ(pp → X) =
dx1 dx2 fk (x1 , µF ) fl (x2 , µF ) × σ̂ kl (x1 x2 s; µF , µR ) ,
(2.90)
k,l

0

where k, l runs over all possible combinations of partons. The PDF, fk (x1 , µF ), represent
the probability density for finding a parton k carrying a longitudinal fraction x of the proton momentum. µF and µR are the factorization and renormalization scale, respectively.
The cross section of the hard scattering, σ̂ kl = σ(k l → X), can be computed perturbatively. It depends on the center-of-mass energy in the partonic system ŝ = x1 x2 s, where
s is the center-of-mass energy in the proton system. In practice, the hard scattering cross
section depends on both the factorization and renormalization scale which arises from
the truncation of the expansion in the strong coupling. We will consider the variation of
the cross section under a variation of the factorization and renormalization scale as one
estimate for the theoretical uncertainty in the prediction of the cross section.
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Chapter 3

Long-lived staus in simplified
models at the LHC
In a collider experiment long-lived sleptons can either be produced directly or in a decay
chain following the initial production of a pair of superparticles. In general, a considerable
part of the more than 100 free parameters of the MSSM influences the signatures at the
LHC due to the variety of production modes on the one hand and due to the appearance
of intermediate sparticles in cascade decays on the other hand. Especially the latter
aspect makes it diﬃcult to derive meaningful limits on the masses of the initially produced
sparticles, even though the relevant production processes and decay modes has in general
been studied in great detail.
This general problem of the large SUSY parameter space has often been tackled by
studying constrained models such as the CMSSM. The non-observation of SUSY in direct
searches has severely reduced the constrained model parameter space of these models.
Among other things, this has driven the interest in model-independent studies, including
regions in parameter space that are not covered by constrained models.
There are basically two main path leading beyond constraint models. One is to use a
well-motivated subset of the 105 SUSY parameters defined at the low scale, namely the
phenomenological MSSM (pMSSM) [29]. Typically, one has to perform a Monte Carlo
scan over the (still vast) parameter space and discuss the behavior of observables on a
statistical basis. We will follow this approach in chapter 4. The second is to reduce the
parameter space in a bottom-up approach more drastically after identifying the most
important low-scale parameters that determine the signature. This latter approach finds
its realization in the so-called simplified models [27, 28]. So far the idea of simplified
models has not been considered in the case of a very weakly interacting LSP. Nonetheless,
it is especially suitable in the case of a long-lived slepton scenario, as we will show in this
chapter.
Among the various production modes of sleptons, the production via heavy sparticles
decaying in long cascades introduces the largest number of parameters the signature
could depend upon. In this concern the production via colored sparticles is the prime
example for the need of simplified models: Colored sparticles can potentially be much
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heavier than other SUSY particles whilst still contributing significantly (or dominantly)
to the total production rate. And the resulting cascades from the produced sparticles to
the slepton NLSP are potentially long. This is why in this chapter we study simplified
models for the slepton production in the decay of colored sparticles. The basic insights
can be applied to other production mechanisms and shorter cascades.
In this chapter we will introduce appropriate simplified models and on this basis
determine the LHC sensitivity for colored sparticles in a general long-lived stau scenario.
We consider the 8 TeV and the 14 TeV LHC runs. If not stated otherwise, we refer to the
8 TeV run. We consider the particles of the MSSM as the only particles involved in the
interactions inside the collider. Here, we shall assume that there is no accidental phase
space suppression that renders any sparticle other than the stau NLSP long-lived.
Before discussing simplified models for the strong production, in section 3.1 we will
discuss the production processes in the stau sector. In contrast to the case of a neutral SUSY particle escaping the detector, in the case of a long-lived stau, SM particle
radiation—either from cascades or initial state radiation (ISR)—is not indispensable.
Hence, the direct production of the long-lived sparticle without cascade decays (and
without ISR) is perfectly detectable and especially provides a robust lower limit on its
mass. This is especially important for the discussion of simplified models for strongly
produced sparticles. The signal eﬃciency can depend very drastically on the given stau
mass once the mass gap between the stau and the colored sparticles is large. Since we
are only looking at scenarios where the squarks are light enough to still contribute significantly in comparison to the direct stau production, a lower bound on the stau mass
implies an upper bound on this mass gap, which turns out to be an important fact in
our derivation of model-independent bounds.
In section 3.2 we will define a set of simplified models where we divide the problem
into two parts—the production and the decay. We will first discuss how the production
cross section depends on the mass pattern in the squark and gluino sector. This discussion
is general and applies to any LSP scenario. However, we will consider a range of sparticle
masses around the LHC limits that are typically reachable in the long-lived stau scenario.
Our results will be presented for the two limiting cases of a common squark mass and of
a scenario in which one of the stops is much lighter than all other squarks. In each case
we will allow for two free parameters: the gluino mass and either the common squark
mass or the stop mass. We will then consider the decay of colored sparticles into the
stau NLSP and discuss the impact of the intermediate sparticles in the decay chain on
the observables. This discussion is based on the observation that the direct signature
of the stau (rather than SM particles from the cascade) provides the most significant
contribution to a potential discovery or an exclusion. Since the identifiability of the stau
depends strongly on its velocity, our considerations are driven by the quest of finding
the quantities the stau velocity dominantly depends on. This necessitates introducing
the stau mass as the third free parameter. We will define three simplified models that
serve as limiting cases and thus are able to capture the phenomenology of any realistic
spectrum within the long-lived stau scenario.
In section 3.3 we will study the relevant background sources and discuss the rejection
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obtained by a cut on the velocity of a stau candidate. Due to two distinct measurements
of the velocity and the requirement of two staus per event, an excellent background
rejection is possible. For certain regions in parameter space a large number of staus are
likely to be missed by the current trigger settings. Hence, we will propose a dedicated
trigger in order to be able to record the corresponding events. In section 3.3.5 we will
introduce selection criteria that achieve high eﬃciencies in the whole parameter space.
In section 3.4 we will present the results obtained in a Monte Carlo simulation of the
LHC experiment. By scanning systematically over the defined parameter space we will
show the discovery and exclusion reach in terms of the stau, squark and gluino masses,
both with and without utilizing the proposed trigger setup. These results represent
conservative, model-independent bounds and thus can be applied to all models with a
long-lived charged slepton.
Some staus may be stopped inside the detector and decay much later. We will discuss
the potential for observing such decays in section 3.5, estimating the number of staus
that are available for the analysis.

3.1

Stau production from the stau sector

In the case of the long-lived stau scenario the direct production of the lightest stau is an
important channel that can provide a robust lower limit on the stau mass mτ�1 . The direct
production via Drell-Yan (DY), pp → Zγ → τ�1 τ�1 only depends on the stau mixing angle
θτ� and the stau mass mτ�1 . For a given stau mass the cross section is minimized around
θτ� = 1.2 (in the convention that θτ� = π/2 corresponds to τ�1 = τ�R , see appendix A.1)
which is independent of the chosen stau mass once the invariant mass of the produced
staus is well above the Z-pole [35]. However, the direct pair production of the lighter
stau is not necessarily the dominant channel in the stau sector and the four spectrum
parameters mτ�1 , mτ�2 mν�τ and θτ� that govern the production cross section are not all
independent of each other, see appendix A.1. Furthermore, the direct production of τ�1
can be significantly enhanced due to the s-channel Higgs diagram, pp → h → τ�1 τ�1 , in
the presence of large stau-Higgs couplings [174]. It is interesting to observe that if we go
to the decoupling limit, mH,H ± ,A � mh , mZ , and if we consider mτ�1 of a few hundred
GeV, as it is required by HSCP searches as we will see, the cross sections for all relevant
production processes in the stau sector only depend on three parameters. Here we choose
mτ�1 , mτ�2 and θτ� as free input parameters and express the soft masses mL�3 , me�3 , and
Xτ = Aτ − µ tan β by these parameters by virtue of their tree-level relations1 given in
appendix A.1. Using (A.3), in the decoupling limit the stau-Higgs coupling (A.10) can
be expressed by
�
g2 � 2
C[h, τ�1 , τ�1 ] �
mτ�2 − m2τ�1 sin2 2θτ� ,
(3.1)
4mW

1
These tree-level relations will in general be disturbed by loop-corrections which will introduce an
implicit dependence on other SUSY parameters. However, in the stau sector these corrections are small,
and will not change the picture drawn here significantly. We will briefly comment on higher-order
correction in the stau sector in section 4.1.2.
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Figure 3.1: Total production cross sections in stau sector as a function of the stau mixing angle, θτ� , for
the 8 TeV LHC. We fixed mτ�1 = 300 GeV and choose mτ�2 = 400 GeV and mτ�2 = 1.2 TeV for the left
and right panel, respectively. If not stated otherwise, the production via the Drell-Yan (DY) process is
considered. In addition, we included the production of light staus via a (SM-like) Higgs in the s-channel,
denote by (�
τ1 τ�1 )h . The vertical dotted line displays the mixing angle that corresponds to mν�τ = mτ�1 —for
mixing angles below this line the tau sneutrino is the lightest sparticle in the stau sector.

where the approximation holds for Xτ sin 2θτ�/mτ�1 � 1, i.e., for the case where the process
pp → h → τ�1 τ�1 becomes important. The tau sneutrino mass (A.9) can be written as
m2ν�τ =

m2τ�1 + m2τ�2 tan2 θτ�
1+

tan2 θ

τ�

�
�
− m2τ + 1 − sin2 θw MZ2 cos 2β ,

(3.2)

where the explicit tan β dependence is introduced by the D-term contribution and is
negligible for stau masses of a few hundred GeV. Below a certain mixing angle, θτ�eq ,
the sneutrino mass becomes smaller than mτ�1 .2 For a fixed mτ�1 the angle θτ�eq becomes
smaller with an increasing mass gap mτ�2 − mτ�1 .
In 3.1 and 3.2 we display the cross sections of the diﬀerent channels in the stau sector. We computed the total cross sections for the DY processes (i.e., the processes pp →
Z/γ → XX or pp → W ± → XX) at next-to-leading order (NLO) with Prospino 2 [175].
For the production of the lighter stau via an s-channel intermediate Higgs (pp → h →
τ�1 τ�1 ) we use Whizard 2.1.1 [176]. We only took into account Higgs production via
gluon fusion [177] which is the dominant channel for a SM-like light Higgs h, i.e., in the
decoupling limit, independent of the value for tan β. We shifted all other SUSY mass
parameters to 5 TeV and computed the spectra with SuSpect [178].3 The Higgs mass
2

Although the explicit tan β dependence has not a dominant eﬀect on the absolute masses determining
eq
the production cross sections, the angle θτeq
� is actually sensitive to it and θτ
� grows with increasing tan β.
However, the only significant change takes place below tan β � 5, for larger values, θτeq
� is approximately
constant with respect to tan β.
3
Our approach to use mτ�1 , mτ�2 and θτ� as free input parameters leaves an ambiguity in the choice of
Aτ , µ and tan β, for a given Xτ = Aτ − µ tan β. We restrict 10 < tan β < 58 and vary all parameters
simultaneously in order to achieve as moderate values for each parameter as possible. We checked that
the results do not depend on the exact parametrization.
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Figure 3.2: Iso-cross section contours in fb (black solid lines) in the θτ� -mτ�2 plane for the total cross
section of all processes considered in figure 3.1 (left panel) as well as for all processes except the Higgsmediated channel (right panel). We choose a fixed mτ�1 = 300 GeV. The gray shading at small θτ� denotes
the region where mν�τ < mτ�1 (for tan β � 10). In the right panel we included the iso-Xτ contours (thin
red, dot-dashed curves). The red numbers denote their values in GeV.

has been set to mh = 126 GeV independent of the spectrum generation, assuming here
that the stop sector could be tuned accordingly without any eﬀect on the stau sector.
All plots are made for a fixed mτ�1 = 300 GeV.
For small mass gaps, mτ�2 � 400 GeV, the processes τ�1 ν�τ and τ�1 ν�τ are the dominant
contributions (see left panel of figure 3.1). The former process remains the strongest for
small θτ� (but still with mν�τ > mτ�1 ) even for large mass gaps (see right panel of figure 3.1).
For mτ�2 � 700 GeV the direct production via an intermediate Higgs becomes significant
and dominates for mτ�2 � 1 TeV. In figure 3.2 we show the iso-cross section contours in
the θτ�-mτ�2 plane including all production processes (left panels) and all processes except
the production via the Higgs (right panel), again for a fixed mτ�1 = 300 GeV. The total
cross section varies over more than an order of magnitude if we vary mτ�2 at θτ� � π/2
and up to an order of magnitude when we vary θτ� at mτ�2 � 800 GeV. It is interesting
to note that the cross section increases for increasing mτ�2 when the production via the
Higgs becomes dominant. However, a large mass splitting and a large mixing requires
very large Xτ which is subject to bounds arising from charge breaking minima in the
scalar potential. The red dashed contours that are added in the right panel of figure 3.2
show the corresponding values for Xτ required. We will discuss the bounds from charge
breaking minima in chapter 4.3.3.
If we relax the assumption of the decoupling limit, stau production via an intermediate
Higgs becomes much more model-dependent. First, for a light Higgs that is not SM-like,
an explicit tan β dependence is introduced by the couplings involved in the production
of the Higgs. Second, the stau-Higgs coupling cannot be expressed in terms of mτ�1 , mτ�2
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and θτ� anymore and finally interferences between the stau production via the light Higgs
and the heavy Higgs can become important. The right panel of figure 3.2 shows the isocross section contours after conservatively dropping the Higgs contribution altogether.
In the following sections we will use the minimal direct DY production of τ�1 at θ � 1.2 in
order to derive the most conservative lower bound on mτ�1 , keeping in mind that realistic
models are likely to provide a larger cross section.

3.2

Simplified models for strong production

The task of simplified models is to reduce the huge SUSY parameter space. The same is
true for constrained models, but those obtain a reduction by imposing boundary conditions with few parameters at a very high energy scale. In simplified models the reduction
is driven by the signatures at colliders. We aim to determine the most important lowenergy parameters governing the LHC sensitivity to long-lived staus originating from
cascades following the strong production of SUSY particles.

3.2.1

Production

Obviously, the masses of the produced squarks and gluinos play an important role—the
production cross section depends on them. The first simplifying assumption we discuss is
a common mass for all squarks. In the high-mass region, which we are primarily interested
in, the production of squarks requires partons with a large momentum fraction. The
corresponding PDFs of u and d quarks are much larger than those of heavier quarks and
of antiquarks. Hence, governed by the large contribution of the first-generation squarks,
q�q� production dominates over q�q� (see upper right panel of figure 3.10), and g�q� dominates
over g�q�. The latter is even negligible and thus not considered here at all.
The eﬀects of abandoning the assumption of a common squark mass are displayed in
figure 3.3. The left panel shows the NLO cross section for q�q� production computed by
Prospino 2 [179] as a function of md� (red dashed curve originating at 1 on the ordinate),
mu� (green solid curve) and mu�, d� = md� = mu� (blue dotted curve). In each case, all other
squark masses are degenerate at mq� = 1600 GeV. We normalized the curves to the q�q�
production cross section at the point where all squarks are mass degenerate. The ratio
mg�/mq� is chosen to be 1.68. This is the value where q�q� production contributes maximally
to the total cross section of colored sparticles in figure 3.10. From figure 3.3 it is obvious
that the contribution of the first-generation squarks is dominant—in the case where d�
and u
� masses increase simultaneously, the q�q� cross section drops drastically. Decoupling
either only u
� or only d� has a much less drastic eﬀect. Decoupling the squarks other than
�
u
� and d does not significantly change the production cross section. Additionally, we plot
the analogous curves for q�q� production (curves originating at slightly above 0.1 on the
ordinate). Here, the t-channel contribution, which introduces the flavor dependence, is
much less important. Consequently, if we decouple both d� and u
�, the q�q� cross section
drops much more moderately than the one for q�q� and hence becomes dominant. As we
stated above, g�q� is negligible compared to the other contributions, and so is g�q� in the case
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Figure 3.3: NLO cross sections for the production of colored sparticles at the 8 TeV LHC. Left: Squarksquark (curves originating at 1 on the ordinate) and squark-antisquark production (curves originating
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at mq� = 1600 GeV and mg� /mq� � 1.68. The curves are normalized to the squark-squark production
cross section for the fully degenerate case, i.e., mi = mq�. Right: Total cross section for all production
channels (normalized to the cross section with degenerate masses) along a typical LHC sensitivity limit
� u
(see figure 3.10) parametrized by the ratio mg� /mq�. We decoupled d,
�, and both flavors, obtaining the
red dashed, green solid, and blue dotted lines, respectively. The purple dot-dot-dashed curve shows the
cross section for q� = �
t1 and all other squarks decoupled.

�
of decoupled u
� and d—the
cross section drops by two orders of magnitude. Consequently,
for decoupled first-generation squarks, q�q� and g�g� remain the most important production
channels. The latter channel is evidently much less sensitive to the squark masses.
In the right panel of figure 3.3 we plot the total cross section for all production
channels (�
g g�, g�q�, q�q�, q�q�) along an expected 8 TeV LHC sensitivity limit (black dashed
line in the left panel of figure 3.10) parametrized by the ratio mg�/mq�. As before, diﬀerent
squark species are decoupled while the remaining squarks have a common mass mq�,
and for each value of mg�/mq� the cross section is normalized to the cross section with
degenerate squark masses. The vertical dotted line marks the ratio mg�/mq� � 1.68 used in
the left panel. Stop production is not included in the curves corresponding to decoupling
d� or u
�. However, it would change only the blue dotted curve noticeably, giving an
enhancement by a factor 4/3. In each case considered so far, the right- and left-handed
squarks were treated uniformly. Since the strong interaction is not chiral, decoupling
only q�L or q�R merely results in a combinatorial factor that does not involve information
from the PDFs.
The lowermost curve in the right panel of figure 3.3 corresponds to decoupling all
squarks but the lighter stop. Decoupling all squarks except either �
t2 or one �b, �
c or s�
squark would give the same result. This scenario provides the limiting case of a minimal
cross section.
We are left with two limiting setups, the one with a common squark mass and the
light stop scenario. Each contains two free parameters, mg� and mq�, or mg� and m�t1 ,
respectively. We will focus on the former case but come back to the latter scenario in
section 3.4.3. From the discussion in this section the LHC reach for a general scenario
can be estimated.
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3.2.2

Decay

After the production of squarks and gluinos, these particles decay via a cascade to the
stau NLSP. The mass diﬀerence between the lightest colored sparticle (LCP) and the
stau NLSP determines the total phase space available in the cascade. Thus, it strongly
aﬀects the kinematics of the stau (and of the SM particle radiation). We will therefore
consider as a third free parameter the stau mass.
In order to study the impact of the intermediate sparticles in the cascade, we consider
limiting cases. Following the considerations in [180, 181] and translating them into the
stau NLSP scenario we find that within the MSSM there are no spectra for which the LCP
preferably decays via chains containing more than three intermediate sparticles between
the LCP and NLSP. In large regions of the parameter space, shorter decay chains give
the dominant contribution.
We focus on the impact of the mass spectrum on the stau velocity, which is the most
important quantity aﬀecting the identification of staus. We consider the limit where only
massless SM particles are produced in the cascade. For a two-body decay the velocity of
the daughter sparticle i + 1 in the rest frame of the mother sparticle i is
(i)

βi+1 =

m2i − m2i+1
.
m2i + m2i+1

(3.3)

If the mother sparticle has velocity βi in the lab frame, the velocity of the daughter
sparticle in the lab frame reads
�
�
�
(i) �
�
(1 − βi2 ) 1 − βi+1 2
�
βi+1 = 1 − �
,
(3.4)
(i)
(i) �2
1 + βi βi+1 cos θi+1
(i)

where θi+1 is the decay angle in the rest frame of the mother sparticle. Assuming a fixed
mass gap m0 − mn (= mLCP − mτ�1 ) and considering an (n − 1)-step decay4 (m0 ≥ m1 ≥
(i)
· · · ≥ mn ) with a uniform probability distribution for θi+1 in each decay (i.e., ignoring
spin correlations), we can compute the mean of the NLSP velocity βn as a function of
all masses and the LCP velocity β0 ,
(3.5)

β n = β n (β0 , m1 , . . . , mn−1 ) .

It turns out that β n has one minimum (maximum) at the point given by the mass pattern5
n−i

and n maxima (minima) at
mi = m0 ,

i

(3.6)

mi � m0 n mnn
mj = mn

∀ i < k, j ≥ k ,

k = 1, . . . , n .

(3.7)

4
Following [28], we refer to a cascade with n intermediate sparticles between the LCP and the NLSP
as an ‘n-step decay’. For instance, the decay q� → χ
�0 → τ� is a 1-step decay.
5
We checked this explicitly up to n = 3 but expect it to hold for any n.
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Figure 3.4: Contours of constant average velocity β n (β0 , m1 , . . . , mn−1 ) for m0 = 1400 and mn = 600
in arbitrary units. (The overall mass scale is irrelevant. For convenience we chose values that could
be realistic masses in GeV.) Left: β 2 as a function of β0 and m1 . The dashed vertical line denotes the
extremum according to (3.6). For β0 � 0.77 it is a minimum. Above this value it turns into a maximum,
which is not very pronounced, though, as β 2 is nearly independent of m1 . Right: β 3 as a function of m1
and m2 for β0 = 0.6. The central dot denotes the minimum according to (3.6). The maxima according
to (3.7) are located in the lower-left, upper-left and upper-right corners. The limiting case of an eﬀective
1-step decay chain (n = 2) lies on the borders of the contour plot—the upper border (m1 = m0 ), the
left border (m2 = m3 ) and the diagonal (m1 = m2 ).

The extrema (3.7) represent the mass-degenerate limit and correspond (in the approximation we are currently working in) to the direct decay of the LCP into the NLSP. The
(i)
result (3.6) is not surprising: it renders all velocities βi+1 to be equal—on average each
decay gives the same contribution to the velocity of the NLSP. In contrast, in (3.7) one
decay dominates over the others. The result also implies that the extremal values of β m
lie between those of β n if m < n. The m-step decays represent a slice in the space of the
masses in the n-step decays with n − m masses degenerate. This slice clearly does not
contain the point (3.6).
Whether (3.6) is a minimum or a maximum depends on β0 . In fact, (3.6) is a maximum only if β0 is very close to the speed of light (see the left panel of figure 3.4) and even
then it is not pronounced at all, the curves are almost flat. On the other hand the high
eﬃciency obtained in the long-lived stau search (see section 3.3.5) pushes the boundaries
of the LHC sensitivity to high squark and gluino masses. Hence, they will typically be
produced rather close to threshold and thus β0 is expected to be significantly below 1,
at least if LCP production dominates. In this case (3.6) is a minimum of β n . The right
panel of figure 3.4 shows the contours in β 3 for a 2-step decay as a function of m1 and
m2 .
We can now formulate appropriate simplified models. We see that the direct decay
of the LCP into the stau mediated by a nearly mass-degenerate neutralino as well as the
mass pattern (3.6) are reasonable benchmark mass patterns. We will display our results
for three choices.

43

Model A The ‘direct decay’ via a nearly degenerate neutralino (mχ�01 � mτ�1 ).
Model B The mass pattern (3.6) for the 1-step decay LCP → χ
�0 → τ�, mχ�01 =

√

mLCP mτ�1 .

Model C The mass pattern (3.6) for the 3-step decay LCP → χ
�02 → �� → χ
�01 → τ�.

In all cases we will force the respective branching ratios to provide the desired cascades
(see section 3.4.1 for details). We will assume symmetric decay chains, i.e., the same cascade for both LCPs produced in an event. We will briefly discuss the issue of asymmetric
chains in section 3.4.2.
The model with pattern (3.6) and the 2-step decay LCP → χ
�02 → χ
�01 → τ� turned
out to lie completely between B and C concerning the LHC sensitivity shown in section
3.4.2. By this we implicitly checked also that the appearance of the heavy SM particle
radiated in the decay of the heavier neutralino does not change the qualitative picture.
Threshold eﬀects are expected to be small due to the large SUSY masses.6

3.3

Background estimation and selection criteria

For the initial production of colored superparticles, each event contains at least two jets,
two staus and two taus or tau neutrinos. As the identification of taus is subject to
somewhat larger uncertainties, we do not include them in the signature. However, we
will see that the background rejection can already be saturated with staus and jets alone.
In the detector, long-lived staus show up as muon-like particles, i.e., charged particles
usually leaving the detector. They can have a velocity β significantly below the speed of
light, which allows one to distinguish them from muons by virtue of a cut on β. However,
in some regions in parameter space many staus are produced with a velocity close to 1.
These regions typically feature spectra with large mass gaps mLCP − mτ�1 . Requiring
hard jets can alleviate the drop in sensitivity when β approaches 1, allowing a relaxation
of the cut on β. However, dropping the β cut completely will lead to a substantial loss
of sensitivity due to a dramatic increase of the (then unsuppressed) muon background.7
Thus, we will always require identified staus. If the staus stem from rather compressed
spectra the jets are expected to be soft. On the other hand, the staus tend to be slow in
these cases, so identified staus alone suﬃce for a good sensitivity.
Since the SUSY particles are always produced in pairs, the largest significance can be
achieved by requiring two stau candidates in each event. Therefore, we use the following
signature for SUSY events:
• 2 high-pT , isolated muon-like particles passing a velocity cut and
6
An exception could be a dominant decay chain with Higgsinos whose decay produces a heavy Higgs.
Here, threshold eﬀects can be somewhat more important but are not expected to change the picture
significantly.
7
A suﬃcient background rejection might be achievable without a velocity discrimination if a very
specific signature of SM radiation is considered. However, such a search would introduce a strong model
dependence, which is against the idea of this work. For a study of staus in muon signature without
anomalous energy loss or ToF, see [182].
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• (optionally) 2 high-pT jets.

3.3.1

Background analysis

As background we consider all relevant SM processes providing two (isolated) muons.
We will examine the behavior under several kinematic cuts in this subsection. In the
next subsection we will discuss how the background is further reduced by a cut on the
velocity.
We consider the DY production of muons (Z/γ → µµ) and taus (Z/γ → τ τ ), di-boson
production (W + W − , W Z and ZZ), tt̄ production, single t production (tW plus tb) and
associated W b production, with jets from initial or final state radiation. We calculated
the cross section for DY production with FEWZ [183] at next-to-NLO (NNLO) accuracy.
The cross sections for di-boson production [184], tt̄ and single t production [185, 186]
as well as associated W b production [187, 188] were calculated via MCFM [189] at
NLO precision. We generated the events with MadEvent 5 [190]. To regularize the
collinear singularity and gain generator eﬃciency we imposed the generator-level cuts
p�T > 60 GeV (on both leptons) and pbT > 60 GeV (required for at least one b quark) in
the normalization and event generation of the processes DY and W b, respectively. The
resulting cross sections are summarized in table 3.1.
We performed showering and hadronization with Pythia 6 [191]. Since we will
impose a selection criterion requiring two hard jets, the distribution of the two leading
jets should be reliable up to very high pT . Therefore, for the processes DY, W + W − ,
single t and W b we include up to two additional jets in the matrix element simulation of
MadEvent, whereas for the processes W Z, ZZ 8 and tt̄ we consider up to one additional
jet—in the latter processes (at least) one of the two leading jets is expected to originate
from the decay of a heavy SM particle. In the case of W b, one of the additional jets
in the matrix element is allowed to be a b jet in order to include the W bb̄ contribution.
In order to properly match the diﬀerent contributions to the inclusive sample, which
contains jets both from showering and from the matrix element, we applied the MLM
min
matching procedure [192] and chose xqcut = pjet,
= 30 GeV and QCUT = 40 GeV. We
T
used the Cteq6l1 PDF set [193].
We passed the output of Pythia to the detector simulation Delphes 1.9 [194] and
applied a cut and count analysis on the lhco output of Delphes. The reconstruction
eﬃciency for each muon was set to 0.9. The trigger eﬃciency was conservatively set
to 100% for the background. Figure 3.5 shows the cross sections for all considered
background processes as functions of various cuts on characteristic variables. These
variables are the transverse momentum of the muon pµT and of the jet pjet
T , the diﬀerence
of the pT of the two considered muons,
8

µ,2
∆pµT = |pµ,1
T − pT | ,

(3.8)

If both of the two hardest jets did not originate from the W or Z, respectively, but from initial state
radiation, this process would be just another correction to the DY process with an additional suppression
by the weak coupling due to the production of the extra vector boson. Hence, we can easily estimate
that such a process cannot compete with the DY process, independent of the cuts we apply on the two
jets and muons.
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Figure 3.5: Inclusive cross section times signal teﬃciency of the considered SM background processes as
a function of various cuts at the 8 TeV LHC. In all plots we imposed the isolation cut Irel < 0.2 and the
µ,min
pseudorapidity cut |η| < 2.4 on each muon. Top left: Requiring at least two muons with pµ
T > pT
µ,min
µ
µ
µ,min
each. pT
is varied. Top right: Requiring at least two muons with pT > 80 GeV and ∆pT > ∆pT
.
∆pµ,min
is varied. Bottom left: Requiring at least two muons with pµ
T
T > 80 GeV and additionally at least
jet, min
min
two jets with pjet
each. We vary pjet,
. Bottom right: Requiring at least two muons with
T > pT
T
µ
jet
jet, min
pT > 80 GeV and additionally at least two jets with pjet
.
T > 150 GeV each as well as ∆pT > ∆pT
jet, min
We vary ∆pT
. The key in the bottom right panel holds for all panels.
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process
DY(µµ)+X
DY(τ τ )+X
W + W − +X
W Z +X
ZZ +X
tt̄+X
t+X
W b+X

order

σ [pb]

selection 1

σ × ε [pb]
selection 2

NNLO
NNLO
NLO
NLO
NLO
NLO
NLO
NLO

5.53
5.53
57.3
22.8
7.92
256
96.5
36.2

0.0038
< 0.0002
< 0.0002
< 0.0002
< 0.0002
0.0019
< 0.0002
< 0.0002

0.0971
< 0.0002
0.0015
0.0005
0.0005
0.0034
0.0022
< 0.0002

0.0040
< 0.0002
0.0002
< 0.0002
< 0.0002
< 0.0002
< 0.0002
< 0.0002

0.0069
4.8 × 10−7

0.1055
8.2 × 10−8

0.0054
< 10−9

Σ | before β-cuts
Σ | after β-cuts

selection 3

Table 3.1: Cross sections for the considered background sources at the 8 TeV LHC. We display the
total cross sections as computed at the given precision (after generator level cuts, see text for details) as
well as the cross sections times eﬃciency obtained by applying the cuts selection criteria 1–3 defined in
section 3.3.5 but without cuts on the velocity β. The cuts on the velocity belonging to selection criteria
1–3 are only applied in the very last line.

and of the two considered (hardest) jets,
jet,1
∆pjet
− pjet,2
T = |pT
T |.

(3.9)

max , where
To reject the QCD background we require isolated muons, i.e., Irel < Irel

Irel =

�

track
i�=µ pT,i

+
pµT

�

CAL
i�=µ ET,i

(3.10)

is the relative isolation.
In (3.10) the sums are performed over all objects within a cone
�
2
of a given ∆R ≡ ∆η + ∆φ2 = 0.3 around the muon.9
Except for the W b + X contribution the background is not sensitive to the precise
max in a range from 0.02 to 1. The same is true for the typical signal we will
choice of Irel
max and is practically
consider. In contrast, W b + X drops significantly with smaller Irel
max
irrelevant for the chosen value of Irel = 0.2. Hard muons originating from bb̄ are
suppressed even more strongly by the isolation cut and do not play any role here. The
same is expected for other QCD backgrounds.
The DY production is the dominant background providing two hard isolated muons
even with the requirement of two hard jets. Without the requirement of hard jets, tt̄+X
contributes a few percent of the background, while with this requirement its contribution
constitutes up to approximately 15%. The other sources are small and do not exceed a
few percent in total.
9

The energy deposition and track associated with this particle itself are excluded from the sums.
Throughout this work we use the anti-kt jet clustering algorithm [195].
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3.3.2

Discrimination via the velocity

The main diﬀerence between staus and muons is their velocity, which can be measured
independently via the ionization loss in the tracker (dE/dx) and via a time-of-flight
(ToF) measurement. The relative uncertainty of the ToF measurement of muons (with
β � 1) is approximately 0.048 in the ATLAS detector [196] and around 0.06 at CMS
[197]. The relative uncertainty of the velocity measurement via ionization loss is smaller,
around 0.035, but it is biased due to truncation eﬀects [198]. However, in general it will
be possible to correct for this bias in an event-by-event analysis. The combination of the
ToF and ionization loss measurement [197, 199] yields an unambiguous and very robust
measurement of the velocity. Hence, we refer to this combination whenever possible. We
estimated the relative uncertainty of the combined measurement by taking the weighted
mean of the respective uncertainties for CMS, yielding σβrel � 0.032.
A smearing of the velocity of muons is not included in the detector simulation
Delphes. Assuming that there is no correlation between the velocity mismeasurement
and the other observables10 considered in the previous subsection, we treat the background rejection due to the velocity cut separately from the application of the kinematic
cuts discussed there. In other words, for the background we first apply the cuts on Irel ,
µ
µ
jet
η, pjet
T , pT ∆pT and ∆pT to the generated events and then multiply the resulting cross
section by the background rejection factor rβ due to the velocity cut. To estimate rβ we
assume a Gaussian smearing of the velocity with the respective width σβrel given above.
In the case of the signal we refrain from smearing the velocity and use the generator-level
values (which were passed through Delphes) to allow for an event-based application of
the cuts.
Since we always consider two stau candidates, we can combine the velocities of the two
stau candidates in diﬀerent ways to formulate appropriate cuts, which lead to diﬀerent
factors rβ . In the following, we denote the background rejection factor due to a cut
on a single muon by r̂β . If the velocities of the two staus within one event tend to
be correlated, a cut on both stau candidates with the same βmax will yield the highest
sensitivity. We will denote this cut as
�
β � < βmax
.

(3.11)

Since the mismeasurement of the velocity of two background muons in one event is not
correlated, this yields a background rejection factor of rβ = r̂β2 . If, in contrast, the
velocity of the two staus in one event is strongly uncorrelated, the cut
�
◦
1 − (1 − β1 )2 + (1 − β2 )2 ≡ β ◦ < βmax
(3.12)
yields a higher sensitivity on the signal. The background rejection factor is rβ = r̂β in
this case (for the considered Gaussian smearing).
10

This is an obvious assumption for the background muons because a deviation from β = 1 does not
originate from the physical process. A dependence of the velocity measurement on the pseudorapidity
was reported to be small [197].
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3.3.3

Lower limits on the velocity

For staus with β < 0.6 the eﬃciencies of the current triggers at ATLAS and CMS drop
significantly. In order to improve the trigger for very slow staus the tracker data has to be
buﬀered in order to allow for a recording of the tracker data in delay. Very slow staus are
typically produced in scenarios with large mτ�1 . We therefore propose a recording of up
to about four bunch crossings after a trigger by muon-like particles with pT µ > 300 GeV
(500 GeV) at the 8 TeV (14 TeV) LHC run. Since the rate for background muons with
such a high pT is very small we do not expect this to cause the recorded event rate
to grow significantly. In section 3.3.5 we will introduce several selection criteria one of
which assumes the proposed trigger while the others simply require β > 0.6 for one of
the staus.
Although staus suﬀer a high energy loss due to ionization of the detector material,
they will often lose only a small fraction of their total energy. Consequently, their velocity will stay approximately constant when passing the detector. However, since the
ionization loss increases with decreasing velocity the ionization loss will become relevant
for the kinematics of the stau if the velocity falls below a critical value—staus might then
lose their kinetic energy completely and become trapped inside the detector. Since the
traveling range of charged particles in matter increases linearly with their mass, heavier
staus are more likely to pass the detector than lighter ones with the same velocity. On the
other hand, very slow staus typically appear only if they are very heavy, so in conclusion
stopped staus are rather the exception than the generic scenario.11
However, to be able to record the tracks of the staus we have to make sure that at
least one stau reaches the muon chambers to fire the muon trigger.12 Besides, both have
to pass the tracker to allow for an ionization loss measurement. In order to account
for this, we used the approximate traveling range of a charged particle in the detector
material given in [200] (see section 3.5 for details) and determined the minimal velocity
that still ensures the required traveling range R as a function of the mass of the stau,
R (m ). The range R was conservatively set to 1200 g cm−2 and 12 000 g cm−2 for the
βmin
τ�1
requirement of passing the tracker and muon trigger, respectively. For a homogeneous
detector material with density ρ = 8 g cm−3 , this corresponds to a path length of 1.5 m
and 15 m, respectively.

3.3.4

Statistics and optimization of the velocity cut

The expectation value for the number of signal events S is given by
�
S = σS (spec) εS (spec, cuts) L ,

(3.13)

where σS (spec) is the signal cross section which depends on the SUSY spectrum and ε
is the signal eﬃciency (including detector eﬃciencies) which is a function of both the
11

We will examine the possibility of observing stopped staus at the LHC in section 3.5.
This requirement can of course be relaxed if an event contains enough SM particle radiation to fire
the trigger.
12
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�

spectrum parameters as well as the cuts.
expected number of background events is

L denotes the integrated luminosity. The

B = σB (εB rβ ) (cuts)

�

L,

(3.14)

where σB is the background cross section and rβ and εB are the background rejection
factors due to the velocity discrimination and all other kinematic cuts (including detector
eﬃciencies), respectively.
A 5σ-discovery corresponds to a set of S and B that fulfills
1−e

−B

B+S−1
�
n=0

Bn !
= 3 × 10−7 ,
n!

(3.15)

where 3 × 10−7 is the one-sided p-value corresponding to a 5σ-evidence. A 95% C.L.
exclusion corresponds to S and B satisfying
�
(B+S)n
e−(B+S) N
!
n=0
n!
1−
= 0.95 .
(3.16)
�
n
N
B
e−B n=0 n!

In contrast to the case of discovery, the additional parameter N appears. This is the
number of observed events in the signal region. However, if we are aiming at determining
the expected exclusion potential of an upcoming experiment, we do not know this number
in advance. In this case, N is the maximum observed event number up to which the
predicted 95% C.L. exclusion is demanded to hold. For N = B we obtain the central
value of the exclusion limit, which is taken for this study.
In order to optimize the cut on the velocity we simulated the signal for a number of
representative points (see details about the simulation in section 3.4.1) and performed
the analysis for a given set of cuts in the variables pT , η, Irel while varying the upper
cut on β. This way we obtained εS (βmax ). We inserted (3.13) and (3.14) in (3.16) �and
solved this equation numerically for rβ as a function of βmax , for fixed σS , σB and L.
The respective point
lies within the 95% C.L. sensitivity if there is a βmax for which
�
rβ (βmax ; σS , σB , L) ≥ rβexp , where rβexp is the actual background rejection given by the
experiment.13 If rβexp is a Gaussian distribution around β = 1, as it is assumed here, we
always obtain the highest sensitivity at the lowest βmax that still allows for S = 3 (and
B � 1) which is the smallest number of expected signal events that still allows for a
95% C.L. in the absence of any observed event in the experiment. This is a typical feature
of HSCP searches and is due to the very prominent signatures that allows for extremely
high S/B and high εS at the same time. Thus, the sensitivity is clearly signal-limited.
As a consequence, in such a situation the analysis is not very sensitive to the precise
background cross section anymore.
Furthermore, the optimal βmax for a discovery is very similar to the one for an exclusion. Performing the same optimization procedure as described above but for the case of
�
The sensitivity is saturated for the equal sign. If rβ (βmax ; σS , σB , L) > rβexp , this means that we
could go to higher SUSY masses (lower σS ) to reach the sensitivity limit.
13
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the discovery potential we find that the optimal βmax is almost always the lowest βmax
that still allows for one signal event S. However, this optimization heavily relies on a
pure Gaussian distribution down to very small rβexp which could in reality be disturbed
by non-Gaussian tails from other backgrounds that might be less under control. Therefore, we will as well require a minimum of three events for the discovery. In this case
(and since B is suﬃciently small for a discovery) the results for the exclusion curves we
will present in this study at the same time represent an estimate for the 5σ discovery
potential.

3.3.5

Selection criteria

We will now introduce a set of three selection criteria, each of which is optimized in order
to provide a strong background rejection and a high signal eﬃciency in its domain in the
considered parameter space. The selection criteria are chosen in a complementary way
such that the union of these criteria will lead to high eﬃciencies throughout the whole
parameter space of the simplified models introduced in section 3.2.
In the following, each stau candidate is understood to pass the isolation criterion
Irel < 0.2 and to lie within a pseudorapidity range |η| < 2.4. When we cut on the
transverse momentum pT 2i , we require two particles i that both pass the cut. The values
given below are valid for the 8 TeV (14 TeV) LHC analysis. The selection criteria are:
1. Two stau candidates passing the muon chambers,
pT 2µ > 80 GeV (240 GeV) ,
and two jets,

∆pµT > 50 GeV (70 GeV) ,

β ◦ < 0.86 ,

pT 2jet > 200 GeV (400 GeV) .

(3.17)
(3.18)

One stau candidate is required to fire the muon trigger ‘in time’,
(3.19)

β > 0.6 .
2. Two stau candidates passing the muon chambers,
pT 2µ > 150 GeV (360 GeV) ,

β � < 0.88 ,

and

(3.20)
(3.21)

β > 0.6
for one stau.
3. Two stau candidates passing the tracker,
pT 2µ > 300 GeV (500 GeV) ,

β � < 0.73 ,

(3.22)

one of which has to pass the muon trigger chambers,
tracker
β1 > βmin
(mτ�1 ) ,

trigger
β2 > βmin
(mτ�1 ) .

(3.23)

This selection criterion assumes the modified trigger setup proposed in section 3.3.3.
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Figure 3.6: Eﬃciencies of the selection criteria 1 to 3 as functions of mτ�1 for fixed squark and gluino
masses mg� = mq� = 1600 GeV (3600 GeV) for the 8 TeV (14 TeV) LHC and for the simplified models A (top
panels), B (middle) and C (bottom). Trigger and reconstruction eﬃciencies are included. The solid curve
denotes the union of all three cuts, i.e., the eﬃciency resulting from selecting all events satisfying at least
one of the selection criteria.

Figure 3.6 shows the eﬃciencies of the selection criteria 1 to 3 for exemplary mass slices
of the simplified models A, B and C. For all simplified models, selection criterion 1 is
most eﬃcient if the stau is suﬃciently light. The large mass diﬀerence between LCP and
stau ensures the production of high-pT jets that enable a very good background rejection
already in combination with the relatively loose velocity cut on β ◦ , thus cutting away a
smaller part of the signal than with the cut on β � . For heavier staus, high-pT jets are
no longer guaranteed. Consequently, selection criterion 2 becomes more eﬃcient, relying
on the cut on β � to discriminate against muons with a mismeasured velocity. If the stau
is very heavy, many events will contain slow staus that do not pass the cut β > 0.6.
However, due to their large mass they have a very large pT . Hence, selection criterion 3
is optimal for this part of the parameter space.
The background rejection obtained with these cuts is summarized in table 3.1 for
the 8 TeV LHC. The relative importance of the background sources is similar for the
14 TeV run. The 14 TeV cuts provide a stronger background suppression as required by
the larger integrated luminosity considered.
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3.4
3.4.1

Exploring the parameter space
Computation of the signal

To estimate the projected LHC reach for the simplified models described in section 3.2
we performed a full-fledged Monte Carlo study. Here we briefly sketch the computational
steps of the analysis. The analysis was performed for the 8 TeV and 14 TeV LHC run.
For the sake of saving computing time we factorized production and decay.
For the production we built up a grid of generator-level event files in the mg�-mq�
plane. We considered the production channels g�g�, g�q�, q�q� and q�q� with a common squark
� s�, �
mass for q� = u
�, d,
c, �b. We computed the production cross sections for the diﬀerent
channels at NLO precision via Prospino 2 and simulated the events with the tree-level
generator MadEvent 5. Since the size of NLO corrections diﬀers significantly between
the considered production channels, we performed a channel-wise normalization, i.e., we
treated each production channel separately throughout the analysis chain. We generated
a total of 30 000 events per mass point, apportioned between the four production channels
according to their fraction of the total cross section. We used the Cteq6l1 PDF set.
In a second step we passed the MadEvent events to Pythia 6 to perform the decay
of the SUSY particles (and the showering and hadronization of SM particles). For each
point on the mg�-mq� grid, this allows for a variation of the spectrum below the LCP.
We computed the decay widths and branching ratios via SDECAY [201]. The minimal
decay chain LCP → χ
�0 → τ� was obtained by decoupling all other SUSY particles. The
decay chain LCP → χ
�02 → �� → χ
�01 → τ�1 was enforced by computing the branching ratios
0
down to the χ
�2 via SDECAY and adjusting the following branching ratios accordingly.
The use of Pythia 6 for the decay of SUSY particles implies certain approximations
whose validity we have to justify. Pythia 6 factorizes the cascade into decays of on-shell
particles, using the narrow width approximation (i.e., each decay width is much smaller
than the corresponding mass diﬀerence), and neglects spin correlations of fermions in the
chain. Since we are interested in a systematic scan of the free parameters of the simplified
models including regions where masses of sparticles in the decay chain are nearly mass
degenerate, we have to ensure the validity of the use of factorization here.
The only kinematical cuts this analysis strongly relies on concern the β of the staus,
the pT of the staus and the pT of the two hardest jets and combinations thereof. Consider
the case where two SUSY particles in the cascade are very close in mass, i.e., their masses
are much larger than the mass diﬀerence and much larger than the mass of the radiated
SM particle. In this case the daughter sparticle basically inherits the kinematics of the
mother sparticle and the SM particle appears as soft radiation. Its distribution might
not be described well by the simulation. However, we do not cut on SM particles other
than the jets. As the jets have to survive very severe pT cuts, jets from such degenerate
decays are very unlikely to contribute to our signal. We have explicitly checked the
pT distributions of the two hardest jets and the pT and β distributions of the staus
against a full matrix element simulation by Whizard [176] and found reasonably good
agreement for diﬀerent setups in which we considered the decay q� → q χ
�0 → qτ τ�1 for
(nearly) degenerate mq� and mχ�01 , as well as nearly degenerate mχ�01 and mτ�1 . The results
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diﬀer by at most 10%. The resulting error on the eﬃciencies of the selection criteria
which enters our final results is estimated to be even smaller, and is especially small
compared to the dominant uncertainties, which are PDF and scale uncertainties that are
introduced via the production cross section (for an error estimation see section 3.4.4).
Thus, factorization is well-justified when relying on the considered observables.14
We included up to one additional jet in the matrix element. This introduces a source
of potential double counting. Gluino-gluino production with an additional jet contains,
for instance, a diagram with an intermediate squark. If the squark is on-shell, this
contribution is equivalent to the lowest order gluino-squark production followed by the
decay of the squark. To account for this, Prospino removes contributions from onshell intermediate squarks and gluinos. Accordingly, we removed the same diagrams in
the event generation in the course of the matching procedure in Pythia. As for the
background, we applied the MLM matching procedure in order to match properly the
jets from the matrix element and showering.
We passed the output of Pythia to the detector simulation Delphes 1.9. To account
for long-lived staus we applied modifications on Delphes. The reconstruction eﬃciency
for each stau was set to 0.9. We assumed a trigger eﬃciency of 90% [202].

3.4.2

LHC reach for a common squark mass

We estimate the LHC’s sensitivity to observe or exclude the introduced simplified models
as a function of the free parameters mg�, mq� and mτ�1 . We consider a common squark
mass mq� in this section. As discussed in section 3.2.1 the production is dominated by the
first-generation squarks. Consequently, the derived limits can be interpreted as limits
on the masses of these squarks. In section 3.4.3 we will consider the case of a light stop
dominating the production cross section.
As shown in figure 3.6 the eﬃciencies of the selection criteria are typically about 0.5.
On the other hand, as shown in table 3.1, the background expectation is reduced by these
cuts to less than 10−2 events. Accordingly, as discussed in section 3.3.4, the 95% C.L.
exclusion bounds can be claimed on the basis of three expected events if no events are
observed. Furthermore, the exclusion limits represent an estimate of the discovery reach
at the same time.
Figures 3.7 and 3.8 show the resulting sensitivity for the 8 TeV and 14 TeV LHC run,
respectively, for the three simplified models introduced in section 3.2.2. We visualize
the variation of mg�, mq� and mτ�1 by showing slices of the parameter space. In the plots
showing mg�-mτ�1 and mq�-mτ�1 planes, a fixed ratio mq�/mg� is assumed. In the plots of the
mg�-mq� plane, we draw the sensitivity curves by conservatively choosing the stau mass
that yields the smallest sensitivity at each point of the plane. In addition to strong
production and decay, we include the production of staus by the direct DY process we
discussed in section 3.1. In order to derive conservative limits we considered the stau
14

Relative angular distributions are aﬀected more strongly by the applied approximation. Thus, larger
deviations are present in ∆R. However, the dependence of our results on Irel is very weak, as we stated
in section 3.3.1. Consequently, the results are not aﬀected noticeably.
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Figure 3.7: Projected LHC sensitivity (95% CLs exclusion and approximate 5σ discovery reach, see text)
for the models A (blue dashed), B (green solid) and C (red dot-dashed), as well as A (cyan dotted) and
C (purple dot-dot-dashed) for a reduced set of selection criteria (see text for details). A common squark
mass mq� is assumed. In the lower right panel the curves represent the minima in the sensitivity with
respect to the variation of mτ�1 .
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Figure 3.8: Projected LHC sensitivity (95% CLs exclusion and approximate 5σ discovery reach, see text)
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mass mq� is assumed. In the right panel the curves represent the minima in the sensitivity with respect
to the variation of mτ�1 .

mixing angle that yields the smallest cross section. This contribution is always present
and depends on the stau mass only.15
In model A (blue dashed lines) the decay LCP → χ
�0 leads to hard jets and potentially highly boosted staus. For moderate mass gaps mLCP − mτ�1 the staus are welldistinguishable from muons. The additional jet signature leads to a slight enhancement
of the significance. For larger mLCP − mτ�1 a large number of staus are rejected by the
velocity cut and the significance drops sharply, despite the fact that the jets become
harder. This eﬀect would hide the scenario very eﬀectively from our selection criteria if
it were not for the direct production, which increases the sensitivity for lower mτ�1 (see
figure 3.6, where we did not include the direct production). Thus, DY production allows
us to cover the parameter space with a mostly model-independent search. Without it,
we were forced to introduce dedicated searches for each occurring topology to be able
to cover the small mτ�1 region. For stau masses just above the region of dominant DY
production (and for mg� � mq�) the sensitivity for model A reaches a minimum (see upper right and lower left panel of figure 3.7). Higher luminosities push the corresponding
mass reach up and cause the production to be closer to threshold. As a consequence,
the minimum disappears in the projected sensitivity for the 14 TeV 300 fb−1 run (see left
panel of figure 3.8). The cyan dotted curves show the sensitivity after dropping selection
15

Similarly one could think of including the direct production of the intermediate sparticles that appear
in the cascades. However, since there is no Drell-Yan production for pairs of pure binos the cross section
can always be rendered negligible by an appropriate choice of the neutralino mixing. Hence, at least in
the minimal decay chain, there is no such conservative minimal contribution. Including a minimal direct
production cross section of the intermediate sparticles in longer decay chains would have a certain eﬀect
on the results in some of the considered regions in parameter space. However, this would run counter to
the idea of this work.
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criterion 1, i.e., without taking the jet signature into account. The diminished sensitivity
illustrates the importance of the additional jet signature in this region.
Model C has a sensitivity minimum in the intermediate range of mLCP − mτ�1 . Many
staus are rejected by the upper velocity cut in this region. Furthermore, compared to
model A fewer hard jets are produced that could compensate for this eﬀect.
As expected from the discussion in section 3.2.2, either A or C yields the minimal
sensitivity for all values of mg�, mq� and mτ�1 . Model B behaves more moderately, resulting
in a sensitivity in between those of the other models at most points.
For small mass gaps mLCP − mτ�1 → 0 all three models give the same eﬃciency. The
mass pattern of the intermediate sparticles does not play a role in this regime. The staus
basically inherit the velocity and angular distribution of the produced colored sparticles.
In this parameter region lower limits on the velocity become important. As stated in
section 3.3.3 current trigger restrictions cause the loss of events in which both staus have
a velocity β � 0.6. For small mass gaps this loss is significant. This is illustrated by
the purple dot-dot-dashed curves that show the sensitivity for model C after dropping
selection criterion 3, which assumes buﬀering of the tracker data in order to be able
to record several bunch crossings in delay. Especially for the 14 TeV run and 300 fb−1
luminosity, the implementation of such a trigger enhances the sensitivity significantly
(see left panel of figure 3.8).
In all the plots, the LHC sensitivities for the simplified models A, B and C span a
relatively narrow band although the mass patterns of the models are radically diﬀerent.
Furthermore, the overall dependence of the sensitivity on mτ�1 is moderate. This situation
is very diﬀerent from the one in a missing ET search like in neutralino LSP scenarios.
There the sensitivity depends much more on the intermediate spectrum and on the mass
of the LSP and it is more diﬃcult to cover the limiting cases with appropriate simplified
models. This shows that the simplified model approach is very suitable for the long-lived
stau scenario. In the mg�-mq� plane, where we took the most conservative choice for mτ�1
at each point, the simplified models A–C lie even more closely together. From the mg�-mq�
plane plots we can derive conservative
� projected−1limits on the gluino and squark masses
in the common mass scenario. With L = 16 fb at 8 TeV we expect gluino and squark
masses
of mg� � 1.4 TeV and mq� � 1.6 TeV to be either excluded or discovered. With
�
L = 300 fb−1 at 14 TeV we are sensitive to mg� � 2.6 TeV and mq� � 3.3 TeV. These
limits allow for a completely model-independent interpretation with respect to all SUSY
parameters that are not specified in this setup.
As already mentioned in section 3.2.2, asymmetric decay chains, i.e., one short and
one long decay chain in one event, will also appear in realistic models. The selection
criteria we imposed are not dedicated to such chains and asymmetric cascades will partly
fail to be selected by these criteria. However, we expect that a dedicated extension of
the selection criteria will provide equally high signal-to-background ratios. One could for
instance require one very hard jet and an even stronger asymmetry in the stau kinematics.
Another aspect we noted in section 3.2.2 is the presence of heavy SM particle radiation
in the 2-step decay LCP→ χ
�02 → χ
�01 → τ�. To check whether threshold eﬀects might aﬀect
the sensitivity significantly, we computed the corresponding curves for this 2-step decay.
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Figure 3.9: Projected LHC sensitivity (95% CLs exclusion and approximate 5σ discovery reach, see
section 3.4.2) for a light stop �
t1 and decoupled squarks and gluinos otherwise. As in figures 3.7 and
3.8 the lines denote the models A (blue dashed), B (green solid) and C (red dot-dashed), as well as A
(cyan dotted) and C (purple dot-dot-dashed) for a reduced set of selection criteria (see section 3.4.2 for
details).

We explicitly allowed for the 3-body decay of the heavier neutralino into the lightest
neutralino, which occurs once mχ�02 − mχ�01 < mZ . The sensitivity curves for the 2-step
decay lie completely between the 3-step decay (model C) and the 1-step decay (model B)
in all plots of figures 3.7 and 3.8.
As another check of the generality of the introduced simplified models, we considered
an inverted mass hierarchy in the simplified model C, m�� < mχ�01 . In this case a 3-body
slepton decay occurs. In order to perform these computations we used an extension of
the SDECAY package [203] allowing for the 3-body decays of sleptons. We found that
for these spectra the picture drawn here does not change.

3.4.3

LHC reach for a light stop

As a complementary limit we will now consider the case of a light stop �
t1 and all other
squarks decoupled. We set the gluino mass to mg� = 3m�t1 . In this setup processes other
than stop-antistop production are negligible. Although the signature of the decaying
stops might potentially provide a larger significance with a dedicated selection criterion,
the benefit is expected to be marginal due to the high eﬃciencies that are already provided
by the introduced cuts. Therefore, we refrain from introducing a dedicated selection here.
Figure 3.9 shows the sensitivity in the m�t1 -mτ�1 plane. According to the lower production cross section for stops, the stop masses that are in reach of the LHC are smaller
than the accessible squark masses that we have found in the common squark mass scenario considered in the previous section. The stau mass that is accessible via direct stau
production is the same, of course. Correspondingly, the gap between the LCP mass and
the lowest stau masses for which the production via cascades is dominant is considerably
smaller. Therefore, the eﬀect of the intermediate spectrum becomes less important and
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the curves for models A–C lie even more closely together than in the previous section. In
particular, the minimum of the sensitivity of model A just above the region of dominant
direct DY production has disappeared. The velocity distribution of the staus varies less
significantly with the stau mass in this scenario.
For m�t1 > mg� we find the same sensitivity to mg� as in the large-mq� limit in the
�
previous section. In conclusion, with L = 16 fb−1 at 8 TeV we expect gluino and stop
masses of mg� � 1.4 TeV and m�t1 � 950 GeV to be either excluded or discovered. With
�
L = 300 fb−1 at 14 TeV we are sensitive to mg� � 2.6 TeV and m�t1 � 2 TeV.

3.4.4

Uncertainties

We shall briefly discuss the theoretical uncertainties of the cross section computations
here. We expect these uncertainties to be the most important ones. Further uncertainties
arise from the event generation and from the simplified detector simulation. We only
consider the error implied by the scale dependence of the production cross section. The
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Figure 3.10: Left: LHC sensitivity in the mg� -mq� plane for model B (black dashed curve, same as the green
solid curve shown in the lower right panel of figure 3.7) and its error band according to the renormalization
and factorization scale variation (green shaded region). Upper right: Fractional contributions of the
considered production channels to the total production cross section of colored sparticles, parametrized by
the ratio mg� /mq�, which is varied along the sensitivity limit shown in the left panel. Lower right: Relative
errors in the cross sections due to scale variation for the considered production channels, again changing
mg� /mq� along the sensitivity limit.

error introduced by PDF uncertainties is roughly of the same order. Uncertainties in the
strong coupling αs are expected to be somewhat smaller. A detailed discussion of the
errors relevant for the production of colored sparticles at the LHC can be found in [204].
In the left panel of figure 3.10 we exemplarily show again the 8 TeV LHC sensitivity
for model B and a common squark mass (black dashed line). The green band shows
the uncertainty implied by varying the scale in the range m/2 ≤ µ ≤ 2m, where µ =
µF = µR is the factorization and renormalization scale and m is the averaged mass of
the produced sparticles. The error from scale dependence translates into uncertainties
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of roughly ±20 GeV to ±40 GeV in the squark and gluino masses. The lower right panel
of figure 3.10 shows the relative error |σm/2 − σ2m |/2σm of each production channel as a
function of the ratio mg�/mq�, which is varied along the sensitivity limit shown in the left
panel. The upper right panel of figure 3.10 shows the ratio of the respective cross section
to the total cross section, again along the sensitivity curve. The average relative error
is around 0.2 and is lowest in the region of a dominant q�q� channel. The g�g� production
involves very large uncertainties for large mg�/mq�. However, in this region the cross
section for g�g� production is very small.

3.5

Stopped staus

So far we considered the signal of staus as heavy stable charged particles passing the
detectors. As we already mentioned in section 3.3.3 very slow staus can lose their kinetic
energy completely and get trapped inside the detector. These staus will then decay into
the LSP inside the detector. This causes a signal that can be recorded with dedicated
trigger algorithms [205, 206, 207]. The decay of the stau reveals very interesting information about the LSP and possibly even about the origin of SUSY breaking. Once the
mass of the stau is known16 one can determine the LSP mass from reconstructed 2-body
decays. Furthermore, for a gravitino LSP an unequivocal prediction of supergravity can
be tested, namely the proportionality of the stau lifetime to the Planck mass squared
[137, 208]. In scenarios with an axino LSP, stau decays may provide insights into the
Peccei-Quinn sector [209].
In this section we will estimate the prospects for the LHC to observe decays of stopped
staus by computing the number of staus that are expected to be stopped inside the
detectors in the framework of our simplified models.17 The mean range, R, of a charged
particle (defined as the average thickness of absorber material the particle is capable of
traversing) grows linearly with the particle’s mass [170]. Its dependence on γβ is nearly
linear in the double logarithmic plot [200] in the region of interest γβ < 1. In fact,
�
�
R/g cm−2
log10
= c1 + c2 log10 (γβ)
(3.24)
m/GeV
approximates R(γβ) to a precision better than 1%. For iron c1 � 2.16 and c2 � 3.32.
From (3.24) we determine the maximal velocity of a stau with mass mτ�1 to be expected
R (m ). Conservatively, we assume a maximal range of
to stop inside the detector, βmax
τ�1
Rmax = 2400 g cm−2 . This is a conservative estimation of the thickness of a CMS-like
detector in the central region.18
16

The mass is determined already at the stage of discovery by measuring the momentum and the
velocity [196, 197].
17
Since a detailed study of the LHC’s potential for measuring the stau lifetime and LSP mass requires
a precise detector simulation taking into account details of the LHC operating schedule, we leave this to
the experimental collaborations. Combining our results with those of [206] it may be possible to estimate
the prospects for measuring the lifetime in the simplified models discussed here.
18
We took into account 20 layers of silicon (2.33 g/cm3 ), each 0.5 mm thick; 1 layer of ECAL crystal
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Figure 3.11 shows the expected number of events that provide at least one stau
R (m ). According to
which is expected to stop inside the detector, i.e., with β < βmax
τ�1
the discussion in section 3.2.2, for large mass gaps mLCP − mτ�1 staus are expected to
be considerably slower in model C than in model A. As a consequence, the numbers of
stopped staus typically diﬀer by an order of magnitude.
At the 8 TeV LHC only a few stopping events are expected in the mass region of
interest. Thus, most likely it will not be possible to study the properties of stau decays
in detail. The high-luminosity 14 TeV run, however, will provide reasonable numbers of
stopped staus in scenarios that lie within the discovery reach of the early 14 TeV dataset.
Consequently, such scenarios are expected to be accessible in suﬃcient detail to determine
the stau lifetime. Determining the LSP mass seems feasible as well, unless mLSP �
0.1 mτ�1 , in which case the mass determination becomes extremely diﬃcult because it
requires a very precise measurement of the tau recoil energy [211].
A more detailed study of stau decays including the measurement of the spin of the
LSP via reconstructed 3-body decays [137, 209] may only be possible at an e+ e− collider
with a dedicated detector environment, see e.g. [212, 213, 211, 214, 215].

3.6

Summary

In this chapter we have studied the potential of the LHC to discover or exclude scenarios
with a long-lived stau (or another charged slepton) in a simplified-model approach. The
production of colored sparticles is likely to be the dominant production mode at the
LHC. SUSY events are characterized by muon-like particles that leave the detector and
(8.28 g/cm3 ), 23 cm thick; 16 layers of HCAL brass (8.53 g/cm3 ), each around 6 cm thick; 1 magnet of
NbTi (5.6 g/cm3 ), 31.2 cm thick; 3 layers of iron yokes (7.87 g/cm3 ), 30, 63 and 63 cm thick [210].
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can travel with a velocity significantly smaller than the speed of light. In addition, hard
jets can be expected in some cases. We have defined 2 × 3 discrete simplified models
covering the limiting cases concerning the production and the decay, respectively. Each
model contains only three free parameters, mτ�1 , mg� and either the common squark mass
mq� or m�t1 . We have also included the Drell-Yan production of stau pairs.
Due to the very prominent signature of long-lived staus, exclusion and discovery take
place on the basis of a very few events. Consequently, a discovery could be established
in a rather short period of time. Due to the direct DY contribution, regions where both
staus are typically too fast to be identified (where SM particle radiation would provide
a more significant signal) are not present. For the same reason, no very specific cuts are
required, enabling a model-independent analysis. In other words, it is possible to cover
the whole parameter space with a small number of selection criteria that yield both a high
signal eﬃciency and a very good background rejection. In almost the whole parameter
space, we have found a signal eﬃciency around 50%. Even in the most challenging region,
the eﬃciency does not drop below roughly 20%. This shows that in the long-lived stau
scenario no regions exist where the theory eﬀectively hides from observation. This is a
striking diﬀerence to the neutralino LSP scenario, where both compressed spectra and
very stretched ones are very hard to observe.
�
If all squarks have a common
mass
the
most
conservative
projected
limits
for
L=
�
−1
−1
16 fb at the 8 TeV LHC ( L = 300 fb at 14 TeV) are mq� � 1.6 TeV (mq� � 3.3 TeV).
If a stop is significantly lighter than the other squarks the corresponding limits become
m�t1 � 950 GeV (m�t1 � 2 TeV). In both cases the gluino is expected to be either excluded
or discovered up to a mass of mg� � 1.4 TeV (mg� � 2.6 TeV). Intermediate cases may be
estimated by interpolating the results according to the discussion in section 3.2.1.
Staus stopped in the detectors could provide intriguing possibilities to test supergravity or to gain insights into the SUSY breaking mechanism. We have computed the
number of stopped stau events in the framework of the simplified models. Especially
for very compressed spectra, the LHC provides a very good environment to measure the
stau lifetime.
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Chapter 4

Long-lived staus in the pMSSM
The LHC has brought up important insights in the physics of elementary particles constraining possible extensions of the SM. In the first runs of proton-proton collisions at
center-of-mass energies of 7 and 8 TeV, searches for the Higgs boson as well as searches
for SUSY and other theories beyond the SM has been the focus of investigations. With
the discovery of a Higgs boson with a mass around 125 GeV [33, 34] the method of spontaneous symmetry breaking in the SM starts to reveal its underlying mechanism and the
gauge hierarchy problem which has been one of the driving forces in favor of supersymmetry has become manifest. Searches for additional Higgs bosons has imposed severe
bounds on the MSSM Higgs sector, especially for the region of low mA . Furthermore, the
determination of the couplings of the discovered Higgs boson to the SM particles may
lead to indications for new physics that could serve as discriminators between diﬀerent
model beyond the SM.
We will here consider the latest results from the LHC experiment (and further inputs) and will work out their implications on scenarios with a long-lived stau. Therefore
we employ the framework of the pMSSM. A key ingrediant of the analysis is the interpretation of the HSCP searches performed at the 7 and 8 TeV LHC in the considered
pMSSM parameter space. We will not only include the searches for charged sleptons
alone but also the searches for R-hadrons as they can appear due to small mass gaps
between the gluinos or squarks and the stau. In order to interpret the collider bounds
in the pMSSM parameter space, we have to compute the complete SUSY cross sections
for each generated point in the parameter space. The enormous computing time for the
calculation of the full SUSY cross section at NLO precision makes it necessary to find
other methods allowing for a fast estimation of the SUSY cross sections suitable for a
large number of points. We achieve this goal by developing a fast cross section estimator
based on grids and interpolation routines. In particular, we faced the challenge of finding
an appropriate eﬀective description that allows for a suﬃciently precise estimation of the
EWino production by factorizing the corrections on the diﬀerent levels of importance by
virtue of a suitable parametrization. In order to observe the signal eﬃciencies—an hence
the observed cross section limits—we will make use of the insights we gained in the study
of simplified models in chapter 3.
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In the present chapter, our main goal is to reveal the interplay between the constraints
on the Higgs sector, the limits from HSCP searches, and other theoretical or experimental
constraints as they are imposed from flavor and precision observables. Therefore we will
perform a Monte Carlo scan over the pMSSM parameter space. In section 4.1 we will
describe the underlying physical assumptions and the computational steps of the scan.
In section 4.2 we will broadly discuss the interpretation of the HSCP search in our
scan and derive limits on various mass parameters. Further constraints are discussed in
section 4.3. As an aside, a brief discussion addressing existing and possible upcoming SM
anomalies, namely the anomalous magnetic moment of the muon and the Higgs signal
strength, in the long-lived stau scenario can be found in the subsection 4.3.4. In section
4.4 we summarize the results from this chapter. In chapters 5 and 6 we will extent this
discussion including the implications for the cosmological history.

4.1

Generic scan in the 17-dimensional parameter space for
a stau NLSP

The pMSSM is based on the following assumptions on the general MSSM: (i) R-parity is
assumed to be conserved, (ii) all complex phases in the soft breaking potential are taken
to be vanishing, so that no new sources of CP violation are introduced beyond contributions from the CKM matrix, (iii) sfermion mass matrices are diagonal in flavor space
and the trilinear couplings are proportional to Yukawa couplings, so that no new sources
of flavor violation are introduced, (iv) universality and vanishing trilinear couplings for
the first and second generation sfermions are assumed. After imposing the electroweak
symmetry breaking conditions this leads to 19 free parameters.1 To simplify the estimation of cross sections for collider bounds we further reduce the number of parameters by
imposing
mQ�1,2 = mu�1,2 = md�1,2 ,
(4.1)

which does not aﬀect the qualitative discussion in the work. This way we are left with a
17-parameter pMSSM, with all parameters defined at the TeV scale.
We impose the following hard restrictions on the generated points. First, the lighter
stau is taken to be the NLSP (and thus the lightest sparticle of the MSSM),
τ�1 = NLSP .

(4.2)

mh or/and mH ∈ [123, 128] GeV .

(4.3)

Second, at least one of the neutral CP -even Higgses lies within the LHC Higgs discovery
window (see 4.1.3 for details),

The analysis performed here is independent of the nature of the LSP. In chapter 6 we
will specify our results employing a gravitino LSP. Here, we simply assume that a very
1
A similar pMSSM parameter space with a gravitino LSP and generic NLSPs has been discussed in
[216], where the authors focussed on recent search results at a 7/8TeV LHC. However, the collider limits
of the 8 TeV LHC for heavy stable charged particles have not been taken into account there.
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weakly interacting non-MSSM sparticle is the LSP and that the lifetime of the stau is
larger than O(10−7 sec), i.e., it is considered to be long-lived and thus leaves the LHC
detectors before decaying. Note that this does not restrict our 17-dimensional parameter
space since the LSP mass is an independent parameter which can easily ensure this
constraint and does not have any further consequences for our analysis at this point.
Under these assumptions we perform a numerical random scan over pMSSM parameter space and generate points according to the following procedure.
1. After a random selection of the parameters at the low sale, we generate the physical
masses as well as mixing angles using the spectrum generator SuSpect 2.41 [178].
The input parameters and scan ranges are described in section 4.1.1. Minimal
requirements on the scan points are imposed on this stage—we only proceed with
points obeying (4.2) and the accepted output intervals of mτ�1 , m�t1 , m�b1 (see section
4.1.2).
2. The Higgs sector spectrum is recalculated using FeynHiggs 2.9.2 [217] and only
points that fulfill (4.3) are kept for the further steps. Furthermore, we computed
the signal strength for the Higgs decay modes with FeynHiggs.
3. Decay widths and branching ratios are obtained from SUSY-Hit [218]. We used
a modified version of SDecay that enables additional decay modes [203]. All
potentially important 3- and 4-body decay widths that are not computed by this
program are calculated with Whizard 2.1.1 [176].
4. For the computation of flavor observables and cosmological quantities which we
will discuss in chapter 5 we run micrOMEGAs 2.4.5 [219].
5. For the computation of exclusion bounds from collider searches in the Higgs sector,
performed at LEP, the Tevatron and the LHC, we run HiggsBounds 4.0.0 [220].
6. In order to derive the HSCP bounds and discuss the prospects for a future discovery
at the LHC we determined all relevant cross sections for a center-of-mass energy
of 7, 8 and 14 TeV. We computed the direct stau production via s-channel Higgses
h, H with Whizard 2.1.1 [176]. The cross sections for all other contributions are
estimated via the fast interpolation method described in 4.2. For the interpolation
we using grids computed by Prospino [179, 175, 221, 179, 222] as well as grids
from the program package NLLfast [223, 224, 225, 226].
In the following, we describe 1-6 in detail.

4.1.1

Input parameters and scan ranges

As the 17 independent input parameters at the TeV scale we choose
At , Ab , Aτ ; µ, tan β, mA ; M1 , M2 , M3 ; θτ�, mτ�1 ; θ�t , m�t1 , m�b1 ; mL�1,2 , me�1,2 , mQ�1,2 .
(4.4)
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With this choice, we trade the soft parameters mL�3 , me�3 , mQ�3 , mu�3 and md�3 for the
respective spectrum parameters, i.e., the masses and mixing angles of the third generation sfermions, and treat them as independent input parameters. This has two reasons.
First, this way we achieve a better control over the third generation sfermion masses
in the presence of large mixings and so by choosing appropriate scan ranges we avoid
scanning over regions where the stau is not the NLSP or which are already forbidden by
conservative model-independent collider bounds (see section 4.1.2). Second, spectra with
large mixings are equally strongly represented as those with small mixings. This has an
important impact on our considerations of stau yield in chapter 5 which is potentially
sensitive to the stau mixing angle.
Parameter
At
Ab
Aτ
µ
mA
tan β
θτ̃
mτ�1
θt̃
mt̃1
mb̃1
mL�1,2
me�1,2
mQ�1,2
M1
M2
M3

Interval input
[ −104 ; 104 ]
[−8000; 8000]
[−8000; 8000]
[−8000; 8000]
[100; 4000]
[1; 60]
−4
[10 ; π/2]�
[200; 2000]
[10−4 ; π/2]�
[max(mτ�1 , 700); 5000]
max (mτ�1 , 700)
[mτ�1 ; 4000]
[mτ�1 ; 4000]
[max(mτ�1 , 1200); 8000]
[mτ�1 ; 4000]
[mτ�1 ; 4000]
[max(mτ�1 , 1000); 5000]

Accepted output interval (if diﬀerent)

[0; π]
[216;2200]
[0; π]
[max(mτ�1 , 740); 6000]
[max(mτ�1 , 740); 6000]

Table 4.1: Parameter ranges for the 17-dimensional pMSSM scan. The second column shows the intervals
of the randomly generated input parameters. In the third generation sfermion sector we choose masses
and mixing angles as input parameters and determine the corresponding soft masses from these input
parameters at tree-level. The third column displays the accepted intervals for these masses and mixing
angles after computing the full spectrum including higher order corrections. All dimensionful parameters
are given in GeV.
�
The interval [0; π/2] is mapped onto [0; π/2] or [π; π/2] according to the sign of Xτ = Aτ − µ tan β,
see section 4.1.2 for details. In order to avoid numerical instabilities we choose 10−4 as a lower limit on
scan range of the mixing angles.

If not stated otherwise, for all input parameters we choose linearly flat priors in the
scan. The scan ranges are summarized in table 4.1. The ranges are motivated by the
requirement of a τ� NLSP as well as conservative collider bounds on individual particles
(see section 4.1.2). First generation squarks and sleptons are kept degenerate. In addition
to this ‘blind’ scan we performed dedicated scans accumulating more points in certain
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sub-ranges of thoses given in table 4.1 which are of particular interest for our discussion
in chapter 5. Those dedicated regions are summarized in appendix A.3. If not stated
otherwise we refer to the complete set of scan points including the dedicated scans. We
generated a total amount of 5 × 105 points.

4.1.2

Spectrum generation

After the random generation of the input parameters (4.4) we determine the soft masses
of the third-generation sleptons and squarks, m2� , m2e�3 , m2� , m2u�3 and m2� , from the
L3
Q3
d3
respective free parameters in (4.4), using tree-level relations (A.7) and (A.8) and analogue
expressions for stops and sbottoms (see appendix A.1). Points with negative mass squares
are rejected at this point. From these input parameters the SUSY spectrum is computed
with SuSpect 2.41. Points which do not fulfill (4.3) and (4.2) are rejected as well as
points that do not lie within the accepted output intervals for mτ�1 , m�t1 and m�b1 listed
in table 4.1. The lower limits of these intervals are motivated by conservative collider
bounds on individual sparticle masses in the long-lived stau scenario we derived earlier
(see [37] and the results of section 3.4). However, we will see that they are well below
the limits we will finally infer from the interpretation of the HSCP searches at the 7 and
8 TeV run later in this chapter. Hence, these lower limits are only to gain eﬃciency in
generating valid points and have no impact on the physical results.
SuSpect computes up to 2-loop corrections for the sparticle masses. Figure 4.1 shows
the relative correction to the input parameters as a function of the output parameters
computed by SuSpect. For the stau mass and mixing angle loop corrections that are
taken into account in the computation via SuSpect are relatively small. The bulk of
points acquire corrections well below 10%. However, deviations up to 30% are present
in the stau sector. For the stop and sbottom mass higher order corrections are much
more significant. Especially in the case of the stop the output value for m�t1 turns out to
overshoot the intended value by several 100%. However, as we only use the output values
for all further discussions, within the limitations of SuSpect we achieve self-consistent
spectra on which we base our investigations.
We re-compute the Higgs sector of the spectrum as well as the Higgs decay table with
FeynHiggs 2.9.2. We found that value for the Higgs mass mh computed by FeynHiggs
is smaller than the value computed by SuSpect for most of the parameter points. Since
larger mh are considered to be more challenging to achieve, we consider this choice as
more constraining. The resulting spectrum is used for the further analysis. All points
that fulfill (4.3) are recorded and count as generated points.

4.1.3

Meeting the LHC Higgs window

Within this work we interpret the discovered Higgs boson with a mass of mΦ = 125.5 ±
0.2 (stat.)+0.5
−0.6 (syst.) GeV at ATLAS [227] and mΦ = 125.7 ± 0.3 (stat.) ± 0.3 (syst.) GeV
at CMS [228] as either the light or heavy neutral CP -even Higgs of the MSSM (or even
as both contribution to the signal). Accordingly, taking into account the theoretical
uncertainty in the prediction of the Higgs mass (see, e.g., [116]), we demand (4.3).
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Figure 4.1: Relative deviation of the output and input parameters depending on the value of the output
parameter for mτ�1 (upper left panel), θτ� (upper right panel), m�b1 (lower left panel) and mt�1 (lower right
panel) for all generated points. The input and output values refer to those values that have been chosen
randomly and those that have been obtained from the spectrum generator after loop corrections has
taken into account.
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The ranges of the input parameters have an eﬀect of the distribution of the resulting Higgs masses. As discussed in section 2.2.2, through loop corrections, the sparticle
masses, especially the stops, are intimately related to mh .
In a neutralino LSP scenario, a pMSSM scan with flat priors and input parameter
ranges just above the current collider bounds, the distribution for mh typically peaks at
values below the interval (4.3) and falls oﬀ over the interval towards large values. This
is in particular due to the fact that, in a neutralino LSP scenario, relatively light stops
are still not excluded model-independently [229, 230]. This implies that for the case of
mh ∈ [123; 128] GeV this window would mostly be populated closer to the lower bound
of the interval reflecting the preference of the MSSM for a lighter mh . In this work we
aim to avoid an asymmetric distribution of mh around the experimental value since the
allowed window for mh/H is supposed to account for the theoretical uncertainty in the
computed Higgs mass. Instead, we choose to aim for a flat distribution in mh in our
scan. Hence, we allow for relatively large At in this scan. Remarkably, with the scan
ranges given in table 4.1 we achieve an almost flat distribution in mh over the interval
(4.3). This is partly due to the fact that in the long-lived stau scenario stronger modelindependent bounds on the sparticle masses exist which shifted our scan ranges towards
higher masses (see section 4.1.2). The blue line in the upper panel of figure 4.2 shows the
distribution of the Higgs mass mh for the blind scan (the distribution for the complete
set of points is virtually identical).
A second eﬀect on the Higgs sector is induced by the allowed range for mA . For the
range chosen here2 most parameter points end up in the decoupling limit avoiding to
cover the region where mH could make up the discovered Higgs. In other words the ratio
between the number of points with mh versus mH in the interval (4.3) depends strongly
on the chosen scan range for mA . In order to have control over this arbitrary bias we
require mA < 140 GeV for half of the generated points, i.e., half of the points in our scan
lie explicitly not in the decoupling limit. This way, around 65% (35%) of the generated
points feature mh (mH ) to lie in the interval (4.3). For around 0.7% of the points both
Higgs lie in this interval.
Selection eﬀects induced by (4.3)
To obtain mh in the window (4.3) demands the presence of large radiative corrections on
mh requiring an interplay of several parameters that govern these radiative corrections,
namely the masses and the mixing in the stop sector and furthermore—in descending
order of importance—in the sbottom and stau sector. While the stop contributions to
the Higgs mass are large (as demanded) and positive, the sbottom and stau contributions
typically diminish the Higgs mass and can be significant for negative µM3 and large tan β
exacerbating to satisfy (4.3). These features induce a selection eﬀect resulting in a nonflat distribution in some of the input parameters that we initially scanned over with flat
priors. Although we do not address any physical meaning to the absolute point density
2
The parameter mA will be of particular importance in chapter 5 when discussing resonant annihilation channels.
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in the parameter space in our later results, it is, however, interesting to see in which way
the flat priors are ‘bended’ by the additional requirement (4.3). This shall be subject a
brief discussion in this subsection. For this discussion we consider the ‘blind’ scan only.
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Figure 4.2: Binned distributions of all generated points (no additional constraints) for the blind scan.
Left panel: The blue (red) histograms show the distribution in mh (mH ) for the subset of point with mh
(mH ) in the window (4.3). Right panel: Distribution in At (same color coding).

The largest eﬀect can be observed for At , which shows a clear preference for large
absolute values, |At | > 3 TeV, according to the large mixing required in order to obtain
high mh , see blue line in the right panel of figure 4.2. This eﬀect is much less pronounced
for those points where mH lies in the window (4.3) (blue curve). Further, the distributions
in m�b1 and m�t1 are bent towards disfavoring the upper and lower part of the allowed scan
range, respectively. Interestingly, if we restrict At to a smaller range (e.g., |At | < 3 TeV
or less), the m�t1 distribution changes to favor the lower part of the scan range. This is
due to the large (relative) mixing required and shows that this mixing is in fact more
important than the overall
stop mass scale. The maximal radiative correction is present
√
√
for Xt / m�t1 m�t2 � 6. Other parameters that are aﬀected by the requirement of the
Higgs mass and by the accepted output intervals for mτ�1 , m�t1 and m�b1 listed in table
4.1 are tan β, disfavoring values below ∼ 10, µ, peaking around ±2 TeV and the stop
mixing angle, slightly disfavoring maximal left-right mixing, i.e., θ�t � π/4 or 3π/4. All
other scan parameters stay flat up to a trivial drop towards small masses as a direct
consequence of (4.2).

4.2

Interpretation of the HSCP searches in the pMSSM

As described in section 2.4, long-lived staus show up as heavy stable charged particles
(HSCP) in the detectors at the LHC, i.e., they are recognized as muons but with two
features that potentially allow for a discrimination against real muons: An anomalous
time-of-flight (ToF) and an anomalous ionization loss (dE/dx). Both information are
accessible at the LHC experiments. So far, HSCP searches have been performed at
ATLAS [231] (based on 4.7 fb−1 at 7 TeV) and CMS [232] (based on 5.0 fb−1 at 7 TeV
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and 18.8 fb−1 at 8 TeV) and no significant excess over background has been reported. The
null search has been interpreted in a few long-lived stau scenarios: for a GMSB scenario
(ATLAS and CMS) as well for direct production of mass-degenerate sleptons (ATLAS)
and the direct production of staus only (CMS). The latter analysis provides an almost
model-independent lower bound on the stau mass of 339 GeV.3 We will here interpret the
recent search of CMS in the framework of the 17-dimensional pMSSM parameter space.
To do so, we determine the cross sections for all relevant SUSY production processes for
each scan point. This is described in section 4.2.1. The estimation of the cross section
upper limit extracted from the search [232] will be described in section 4.2.2. The results
are given in section 4.2.3.

4.2.1

Fast estimation of SUSY cross sections

For each pMSSM point we determine the cross section of various production channels
at the 7, 8 and 14 TeV LHC in order to estimate the validity of each point after the
HSCP null-search and to discuss the prospects for the LHC long-term run, which we will
briefly discuss in chapter 5 and 6. The computation of all potentially relevant SUSY cross
sections at NLO precision is time consuming4 and especially not convenient for the use in
Monte Carlo scans containing a large number of points. In order to achieve a suﬃciently
fast determination of the cross sections for each generated pMSSM point we develop a fast
cross section estimation tool based on grids and interpolation routines. However, some
production processes in principle involve many parameters requiring high-dimensional
grids, which would mean to shift the problem of large computing time to the generation
of the grids. Therefore, we exploit the potential for approximations wherever suitable.
By factorizing the dependence on certain combinations of parameters we describe all
channels approximately with a set of up to maximally three-dimensional grids. In the
following we will list the respective parametrizations and approximations chosen in the
diﬀerent sectors.
Slepton sector
In the slepton sector we build up one- and two-dimensional grids in the corresponding
sparticle masses for the processes e�R e�R , e�L e�L , ν�e ν�e , τ�1 τ�1 , τ�2 τ�2 , ν�τ ν�τ and e�L ν�e , τ�1 τ�2 , τ�1 ν�τ ,
τ�2 ν�τ , respectively. For this purpose we compute the DY production (via an s-channel γ/Z
or W ± ) with Prospino [175] at NLO. SUSY QCD contributions have been kept small
by setting the mass of all colored sparticles to 5 TeV. For the third generation sleptons
the left-right mixing introduces a further variable the cross section depends upon. Here,
we make use of the fact that
√ the dependence on the stau mixing angle θτ� factorizes once
the center-of-mass energy ŝ of the production process is well above MZ [35]. This limit
is easily reached for the rather heavy stau masses we are considering. To be concrete,
3

The lower limit for the scan range of the stau mass in table 4.1 has been motivated from the 7 TeV
data [233] while taking the most conservative choice of the stau mixing angle [37].
4
As an example, the computation of the NLO cross sections with Prospino for the complete set of
SUSY processes available in this program takes O(10 h) computing time on a single 2.5 GHz CPU.
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the cross section for the process pp → ij, i, j = τ�1 , τ�2 , ν�τ , can be written in the form
We choose

σ(mi , mj , θτ�) � A(mi , mj ) × B(θτ�) .

(4.5)

A(mi , mj ) = σ(mi , mj , π/4) ,
σ(mref , mref , θτ�)
.
B(θτ�) =
σ(mref , mref , π/4)

(4.6)
(4.7)

where mref = 500 GeV.
For the evaluation of the cross section in the scan we interpolate logarithmically over
the cross section A and linearly in the correction factor B.
EWino sector
In the EWino sector we parametrize the cross sections by the underlying SUSY input
parameters instead of the physical masses and mixings, namely M1 , M2 , µ, tan β and
the common first- and second generation squark soft mass mQ�1,2 . In order to describe
the cross section as a function of these five parameters with maximally three dimensional
grids we factorize the dependence on these five parameters as follows. First, we decouple the bino from the spectrum and consider M1 separately from M2 and µ. This is
motivated by the hierarchy in the strength of the respective couplings. Second, we factorize the dependence on the squark masses. This dependence is introduced by t-channel
squark diagrams which can lead to a significant net reduction of the cross section even
though taking squark pair and associated squark production into account. This arises
from a negative interference between the DY production of EWinos and the t-channel
contribution and is relevant for intermediate mass gaps between mQ�1,2 and M2 where
the squarks are still light enough to contribute in the t-channel but already too heavy to
(over)compensate the reduction by squark production.
We found out that the complete cross section from neutralino and chargino production
(including the associated squark-EWino production) can be well approximated by three
functions each of which depends of three parameters
�
�
σEWino � σ(pp → χ
�01 χ
�01 ) M1 , mQ�1,2 , tan β
�
�
(4.8)
µ mQ�1,2
+ σ(pp → χ
�i χ
�j ) [M2 , µ, tan β] × R
,
, M2 ,
M2 M 2
with

R

�

mQ�1,2

�

µ
,
, M2 ≡
M2 M 2

σ(pp → χ
�i χ
�j , χ
�i q�)

�

µ
M2 ,

mQ
�

1,2

M2

σ(pp → χ
�i χ
�j ) [M2 , µ]

, M2

�

,

(4.9)

±
where χi = χ01 , χ02 , χ03 , χ±
�i q� denotes the associated EWino-squark production.
1 , χ2 and χ
All parameters that are not displayed as an argument in the brackets are understood
to be set to 5 TeV (in the case of a mass parameter) or 15 (in the case of tan β). We
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computed the three grids, corresponding to the three functions in (4.8), with Prospino
[175] at NLO precision. To save computing time we only ran the NLO computation
for a subset of points and extract the K-factor from the resulting coarser grid, under
the assumption that the K-factor varies slower with varying parameters than the cross
section itself.
The functions have the weakest dependence on the last argument in each of the brackets in (4.8). Accordingly, we computed significantly less grid points in the corresponding
directions in the grid space. Associated gluino-EWino has been neglected. For the generation of the spectrum from the SUSY parameters we use SuSpect 2.41, as is the case
for the generation of the pMSSM points in the Monte Carlo scan. We interpolate logarithmically over the cross sections and linearly in the correction factor R as well as in
the K-factors. With this description we found an agreement within a 15% error with the
full NLO computation with Prospino for a variety of very diﬀerent spectra.
Squark and gluino sector
For the production of third generation squarks, contributions from t-channel gluino diagrams are small due to the small parton densities of the required heavy-flavor quarks.
Furthermore, electroweak production is relatively unimportant. Hence, the relevant production channels are �
t1 �
t1 , �
t2 �
t2 , �b1�b1 , �b2�b2 via an s-channel gluon diagram, a t-channel
squark diagram or the gluon-squark four-vertex. The production cross section for these
processes only depend on the mass of the respective squark alone. For the 7 and 8 TeV
LHC cross sections we take the corresponding one-dimensional grids from NLL fast
[224]. For the 14 TeV case we compute the grid with Prospino [222] at NLO.
For the first- and second-generation squark and gluino production, g�g�, q�g�, q�q� and q�q�,
we interpolated two-dimensional grids in the variables mg� and mq� ≡ (mu�L mu�R md�L md�R )1/4
which are taken from NLL fast [223] for the case of 7 and 8 TeV LHC cross sections
and which we compute with Prospino [179] at NLO precision for the 14 TeV LHC cross
sections. We interpolate logarithmically over the cross sections. The error from the
interpolation is typically less then 1%.
The total cross section obtained from summing over all the processes described above
has been compared to the full cross section from Prospino for a variety of diﬀerent
spectra and found to agree within an error of typically 10%. For few points we found
errors up to 15% where we underestimate the cross section computed by Prospino.
Stau production via intermediate Higgs
In addition to the above channels we include the direct production of staus via an schannel Higgs intermediate state. As discussed in section 3.1 the channel pp → h → τ�1 τ�1
can be important in the presence of large left-right mixing of the stau. Additionally,
here we take into account the heavy Higgs intermediate state pp → H → τ�1 τ�1 . As
mentioned earlier, for the general case (no decoupling limit) these processes depend on
a variety of parameters. Accordingly, we compute the production cross section for these
channels for each of the generated pMSSM points taking into account the complete set
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of ingoing parameters from the generated spectrum file. We perform the computation at
the leading order (LO) via Whizard 2.1.1 [176] where the eﬀective gluon fusion vertex
for the MSSM [177] has been implemented. We consider gluon-fusion and bottom-fusion.
For the production via bottom-fusion we reweight the cross section according to the
resumed bottom-Higgs coupling (for the leading contributions in tan β), as we described
in section 2.2.2. For this computation we employed the value for the correction to the
bottom mass, ∆b , from micrOMEGAs.

4.2.2

Estimation of cross section upper limits

As shown in chapter 3, the signal eﬃciency for the signatures of long-lived stau scenarios
at the LHC is much less sensitive to the spectrum as it is, e.g., the case for scenarios
with neutral stable sparticles escaping the detector, where compressed or widely spread
spectra are typically much harder to find. We have seen that for the production via
colored sparticles the signal eﬃciency of long-lived staus only drops below ∼ 20% for
widely spread spectra for which this production mechanism is no longer the dominant
channel but is exceeded by the direct production of staus itself which provides higher
signal eﬃciencies. This way, the signal eﬃciency for the total SUSY production does not
drop below ∼ 20% in the mass ranges of interest for the LHC analysis, provided that
there is no long-lived sparticle other than the stau and thus all decay chains terminate in
the stau before traversing the sensitive parts of the detector. Following this argument,
electroweak production mechanisms, e.g., chargino production, oﬀer even less potential
to cause a drop in the overall signal eﬃciency. This is because, due to the smaller
electroweak cross sections, the mass gap between the produced sparticle and the stau is
smaller if the electroweak production process in question is demanded to give a significant
contribution compared to the direct stau production.
This fact facilitates the estimation of the signal eﬃciencies (and for the resulting cross
section upper limits) requiring the extrapolation of the results given in [232] to a general
pMSSM point. In the following we will describe this procedure in more detail.
If the decay of heavier sparticles into the stau is not prompt, the analysis becomes
more complicated. We will examine the case of long-lived colored sparticles which we
found to be the most relevant in this study. In particular, gluinos can become long-lived
even for relatively large mass gaps mg� − mτ�1 � 100 GeV. The treatment of long-lived
colored sparticles is described below.
Application for prompt decays into the stau
We consider a point to be excluded at 95% C.L. if the signal strength, σ limit /σ th , obeys
σ limit
< 1,
σ th

(4.10)

where σ limit is the observed 95 % C.L. upper cross section limit from the experiment and
σ th is the theoretical prediction for the total cross section. σ limit is a model-dependent
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quantity. In the simplest case, for a given spectrum, the upper cross section limit is
determined by
S
σ limit = � ,
(4.11)
εS L

where S is the required number of expected signal events for the considered spectrum
which allows the 95% C.L. exclusion in the presence of the observed
� number of (background) events. εS is the signal eﬃciency for this spectrum and L is the integrated
luminosity. S and εS both are aﬀected by the applied cuts—the latter directly and
the former via its background rejection capability. As stated in section 3.3.4, in HSCP
searches the highest sensitivities is typically reached for cuts that supply S = 3 for a 95%
C.L. exclusion.
In the CMS analysis [232] the observed upper cross section limits are given for the two
benchmark models (GMSB model and direct DY production) for the 7 and 8 TeV run as
a function of the stau mass σ limit (mτ�1 ). Here, we take the combined Tracker+ToF data.
In order to estimate the signal strength for a point in our pMSSM parameter space we
assign the upper cross section limits channel-wise: For the direct DY production of the
lighter staus we apply the direct DY production cross section limits. For all other slepton
production mechanisms, the EWino production and the production of third-generation
squarks we applied the cross section limits from the GMSB model as a function of the stau
mass. This is done under the assumption that the signal eﬃciencies and corresponding
background rejection for these channels are similar to the GMSB model, which is based on
the arguments given above.5 For an arbitrary stau mass we interpolate linearly between
the analysis points given in [232]. For stau masses above 500 GeV we will only be in
the vicinity of the exclusion limit if we have a rather degenerate spectrum and thus
an important strong production of sparticles. For these production modes the signal
eﬃciency can go down due to diﬃculties in the triggering of very slow staus, as discuss in
section 3.3.3. In order to account for these spectra we extrapolated the upper cross section
limits by conservatively assuming σ limit = 3.0 fb for the 7 TeV run and σ limit = 1.0 fb for
the 8 TeV run. These values are in accordance with the signal eﬃciencies we reported in
section 3.3.5 in the limit of mass degenerate spectra where we require one stau to have
a velocity above 0.6 in order to ensure an eﬃcient triggering of such events. For the
production of staus via first and second generation squark and gluinos as well as for the
direct production via an s-channel Higgs we take as a conservative estimate a constant
σ limit = 3.0 fb (1.0 fb) for the 7 TeV (8 TeV) run.6 The signal strength is then obtained
5

For the GMSB model considered in [232] (mτ�1 = 308 GeV) the Ewino production contributes 53%
while the direct DY production of the lighter stau and all other sleptons make up 13% and 33% of the
total SUSY cross section, respectively. The contribution from first and second generation squarks is
negligible.
6
For the direct production of staus via an s-channel neutral, CP-even Higgs (h/H), stau production
near threshold is enhanced and so the fraction of very slow staus is large [174]. For this channel the
decreasing trigger eﬃciencies for smaller velocities (below ∼ 0.6) are expected to be the restricting factor
of the signal eﬃciency. A detailed study of the signal eﬃciency in this channel is left for future work.
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by the sum
σ limit
=
σ th

�

� � σ th
ik
limit
σik
i
k

�−1

,

(4.12)

th is the computed cross section for the channel i at the LHC energy k and
where σik
limit is the corresponding estimated observed upper cross section limit for the respective
σik
channel.

Application for delayed decays

Γq�,�g [ GeV ]

For the application of collider limits on the present scenario, it is crucial to know if there
are long-lived sparticles other than the stau which play a role in the production and decay
at the collider. We therefore compute the width of all sparticles. We used a modified
version of SDecay [201, 203] which includes all relevant 3-body decays of sleptons into
the lighter stau. We compute further 3- and 4-body decays of squarks and gluinos into
the stau, relevant if mq� < mχ�01 and mg� < mq�, mχ�01 , with Whizard 2.1.1 [176].

∆m [ GeV ]
Figure 4.3: Scatter plot displaying the dependence of the width of the squarks (blue points) and gluino
(red points) on the absolute mass diﬀerence to the stau, ∆m = mq� − mτ�1 and mg� − mτ�1 , respectively.
We consider all squarks here, including stops and sbottoms. We only plot a point if the corresponding
width of the squark or gluino is the smallest width. So, points only appear once here. The horizontal
lines correspond to Γg�,�q = 2 × 10−14 GeV and Γg�,�q = 2 × 10−16 GeV.

Figure 4.3 shows the mass gap between the squarks and the stau (blue points) as well
as the gluino and the stau (red points) versus the resulting decay width of the respective
sparticles. We only plot the points for which this width is the smallest among all widths
of sparticles heavier than the stau. For the gluino, even for mass gaps of up to 300 GeV
we encountered few points with rather small gluino width such as to provide non prompt
decays into the stau. Note, that these situation can only appear in the case that the
masses of the squarks and EWinos are well above the gluino mass such that the 4-body
decays are suppressed by two oﬀ-shell propagators. For other situations the gluino width
is typically much larger. We do not take into account loop-induced decay modes of gluino
and squarks into staus leaving this for future investigations.
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In order for the tracker analysis (dE/dx) to be eﬃcient, the longitudinal and transversal impact parameter of the track candidates, dz and dxy , are required to be less than
0.5 cm [232]. Bearing in mind that non-prompt decays typically play a role in the case
of rather small relative mass gaps between the heavier mother sparticle and the stau
we do not expect a very pronounce kink in the track. We therefore consider a mother
sparticle X to be suﬃciently short-lived to allow for the daughter stau to pass the tracker
requirement, if
ΓX > 2 × 10−14 GeV .
(4.13)

This corresponds to a decay length of cτX < 1cm.7
For neutralinos and sneutrinos it requires very small mass gaps in order to violate
(4.13). Consequently, these cases appear very rarely in our scan—0.15% of the points
contain metastable neutralinos while 0.6% of the points contain metastable sneutrinos.
The determination of the appropriate collider limits for these cases requires a detailed
analysis of all branching fraction and the consideration of various missing energy searches.
Since these points are not of particular interest for this work we will leave the investigation
of these cases for future work and will simply reject the corresponding points from the
scan. For metastable charged sleptons other than the stau as well as metastable charginos,
we expect the analysis to be virtually identical, regardless whether they decay into the
stau or not, assuming that a possible kink in the track will not significant change the
sensitivity to the signature.
The case of metastable squarks and gluinos appears more frequently in our scan.
We found that 5.8% and 6.7% of the points contain metastable squarks and gluinos,
respectively. On the one hand, this is due to the suppression of the required 3- and 4-body
decays, on the other hand, it results from the dedicated scans, specifically accumulating
points in the corresponding mass degenerate regions (see table A.1). In the following
we describe the treatment of metastable squarks and gluinos in the determination of the
upper cross section limits.
If a metastable squark or gluino decays delayed, Γg�,�q < 2 × 10−14 GeV, the stau
is assumed to not be recognized in the tracker. Consequently, we only apply the ToF
analysis taking into account the data from the muon chambers only. We refer to this
data as the ‘muon-only’ analysis in the following. The cross section upper limits for
the muon-only analysis have been reported for stops and gluinos only, where the direct
production of these sparticles is taken to be the only production mechanism [232]. If we
apply the muon-only analysis on long-lived staus we have to assume that the kinematics
of the staus are similar to the strongly interacting mother sparticles that dominate the
production. This is indeed the case for the small mass gaps that are required to cause the
delayed decay of the stau. Furthermore, the detector response of the drift-tubes in the
muon chambers to an R-hadron carrying one unit of electric charge is virtually the same
as for long-lived staus. Hence, we estimate the cross section upper limits for staus in the
muon-only analysis by the limits derived for stops. Note, that the muon-only analysis
has only be performed for the 8 TeV LHC run.
7

The decay length for a relativistic particles X is c βγτX . However, βγ � 1 for β � 0.7. For heavy
colored spartilces produced close to threshold, β � 0.7 is a typical velocity.
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If the metastable colored sparticle has an even smaller decay width, Γg�,�q < 2 ×
corresponding to cτg�,�q � 1 m, the muon-only analysis might not be applicable
anymore. We therefore assume in this case that the strongest sensitivity arises from the
R-hadron itself that is recognized in the tracker.8 Consequently, we apply the cross section upper limits from the corresponding R-hadron search where we conservatively choose
the charge suppression model for the gluinos and squarks. To all production processes
whose decay chains terminate in late decaying staus seen in the muon-only analysis or in
R-hadron searches containing a gluino or squark the respective cross section limits are
applied. By doing so, we implicitly assume that production modes of sparticles are only
relevant if the mass gap between the produced sparticle to the respective sparticle seen in
the detector is small or that the corresponding signal eﬃciencies do not depend strongly
on the mass of the produced sparticles. The final signal strength is then determined by
(4.12). (For those production processes that lead to a prompt decay into the stau we
equally employ the Tracker+ToF analysis as described above.)
10−16 GeV,

4.2.3

Derived mass limits

The results of our interpretation of the HSCP search from the 7 and 8 TeV LHC run
can be seen in figures 4.4 and 4.5. In these figures we display the distribution of our
scan points in several combinations of two-dimensional mass planes. The green, red and
yellow points denote the points that are allowed whilst the blue points are rejected at 95%
C.L. by the analysis. Based on the considerations undertaken in chapter 3 and discussed
above, the border-line between the domain of allowed points and rejected points imply
conservative bounds on the respective parameters plotted.9
In figure 4.4 we display the masses of the colored sparticles and the stau. For the green
points, no heavier sparticle than the stau (that would alter the signature) is rendered
long-lived. Hence, the Tracker+ToF analysis has been applied. The red points contain
colored sparticles that decay delayed, 2 × 10−14 GeV > Γ > 2 × 10−16 GeV, such that
8

The resulting sensitivity from the muon-only analysis and the R-hadron search is, in fact, very
similar. Hence, the analysis is not overly sensitive to the exact choice of the width that separates the
applicability of the muon-only and R-hadron analysis.
9
The point density might be seen as a measure for the validity of this implication. Some words
of caution are, however, in demand. In a general Monte Carlo scan meaningful statements can only
be drawn if the number of scan points is large enough to cover each dimension that is relevant for the
quantities we are looking at by a reasonable amount of points. As a rule of thumb, to achieve a suﬃcient
coverage, the number of scan points should be enlarged by a factor of around 10 for each additional free
parameter we introduce. In other words O(10n ) scan points would be required for an n-dimension scan.
On the other hand, the capability of generating and analyzing scan points is limited and the processing of
1017 scan points clearly lies far beyond our present reach. However, a closer look reveals that the relevant
dimension here can be much smaller for certain quantities of the scan under consideration. For instance,
if the dependence of a certain quantity (like the signal strength for the HSCP search considered here)
on the scan parameters approximately factorizes or if the respective quantity is even independent on a
subset of parameters, the required number of scan points can be reduced significantly. In the derivation
of the signal strength for the HSCP search this is exactly the case as we discussed for the case of the
cross section estimation in section 4.2.2 and as it is implied by the applicability of simplified models for
the estimation of signal eﬃciencies discussed in chapter 3.
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Figure 4.4: Scatter plots displaying the eﬀect of the HSCP null-searches on our scan points. The blue
points are rejected by the analysis, all others are allowed. If a point leads to an R-hadron signature
we marked it yellow. Else, if a point involves the muon-only analysis, we marked it red. For the green
points solely the Tracker+ToF for long-lived staus had to be applied.
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the muon-only analysis has be taken into account for some of the production channels.
Finally, the yellow points do contain long-lived colored sparticles that provide a R-hadron
signature.
From the right panels of figure 4.4 we can infer bounds on the mass of the degenerate squarks of the first two generations and on the gluino mass of around 1500 GeV and
1250 GeV, respectively, if the squarks and gluino decay prompt. This result is accordance
with the results derived in chapter 3, although slightly less restrictive, due to the conservative assumptions we made for the estimation of the observed cross section upper limit.
For the mass degenerate case mg�, mq� � mτ�1 the non-prompt decays weaken the bounds
on the squark and gluinos mass. For most of these points the squarks or gluinos become
long-lived enough to provide a R-hadron signature (yellow points). The upper right panel
shows that the importance of the R-hadron signature for exclusion of points does not
dependent strongly on mq� as long as mg� < mq�, i.e., for long-lived gluinos. The relative
number of yellow points drops for mg� > mq� due to the smaller amount of long-lived
squarks. For the mass degenerate case the above mass limits go down to mq� � 1400 GeV
and mg� � 1200 GeV. The latter value is in accordance with the value given in [232]
for the case of stable gluino. In the case of gluino-stau degeneracy long-lived gluinos
appear even for relatively large mass gaps. Accordingly, the yellow band that extends
the allowed points along the degenerate-line towards small mg� is much broader than in
the case of squarks.
A conservative estimation of the exclusion limit on the third generation squarks can
be inferred from the lower right panel of figure 4.4. Here, we only plot the sbottom mass.
Due to the selection eﬀect discussed in section 4.1.3 significantly less points are provided
in the region of small stop masses. This is why we concentrate on the case of the sbottom.
However, the same conclusions can be drawn for the stop mass. For the case of prompt
decays we can infer a conservative mass limit of around 1 TeV on the sbottom mass. For
the degenerate case the mass limit goes down to m�b1 ,�t1 � 850 GeV. As can be seen from
the middle and lower left plot, intermediate life-times and hence the utilization of the
muon-only analysis is more important here.
Figure 4.5 shows the distribution of our scan points in the M2 -mτ�1 and µ-mτ�1 plane.
In these plots, the green points refer to those where EWino production is the dominant
production mode whereas the red points denote the dominance of third generation slepton production. The yellow points, referring to the dominance of any other production
channel are almost completely overlaid by red and green points, which we plot on the
next-to-uppermost and uppermost layer, respectively. The most conservative bounds on
M2 and |µ| are almost identical and imply M2 , |µ| � 800 GeV. A model-independent
bound on M1 can not be inferred from the analysis. In fact, since the direct DY production of a pure bino is absent, the bino contribution to the production cross section
can be arbitrarily suppressed by heavy squark masses and the only robust bound on mχ�01
arises from the requirement (4.2).
Note, that the bounds on M2 and |µ| are much stronger than in the case of a neutralino
LSP scenario where the current data is sensitive to masses around 300 to 600 GeV [234,
235]. However, these bounds are still not model-independent.
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Figure 4.5: Scatter plots displaying the eﬀect of the HSCP null-searches on our scan points. The blue
points are rejected by the analysis, all others are allowed. If a point leads to an R-hadron signature
we marked it yellow. Else, if a point involves the muon-only analysis, we marked it red. For the green
points solely the Tracker+ToF for long-lived staus had to be applied.

4.3

Further experimental and theoretical constraints

In this section we will discuss the implications of the most important experimental and
theoretical constraints on the considered 17-parameter pMSSM beyond direct SUSY
searches considered in section 4.2.

4.3.1

Constraints from Higgs searches at colliders

In addition to the condition (4.3) we require that the scan points pass a variety of
collider bounds from the Higgs searches at LEP, the Tevatron and the LHC imposed
at 95% C.L. For the application of these bounds we use the program package HiggsBounds 4.0.0 [236], which tests the compatibility of the predictions for the Higgs sector
in a given model against Higgs rates and masses measured from the above listed experiments. We employed the full set of experimental results supplied by HiggsBounds. For
the predictions for the spectrum of the MSSM Higgs sector HiggsBounds is linked to
FeynHiggs 2.9.2.
The constraints have a large eﬀect on our parameter space. Most importantly, the
bounds depend on mA . Points with small mA are much more restricted than those with
large mA . Accordingly, in the subset of points with 123 GeV < mH < 128 GeV nearly
all points (99.88%) has been rejected by the application of HiggsBounds. Most of
these points (around 98%) has been rejected10 by the CMS search for MSSM Higgs
decays into tau pairs (h, H, A0 ) → τ τ [237]. Around 2% has been rejected by the
search for Higgsstrahlung processes at LEP, where the Higgs is assumed to decay into
bb̄, (h, H, A0 )Z → (bb̄)Z [238]. Other processes are much less important.
10
Here we list the processes that contributes to the exclusion of a point most significantly as given in
the output of HiggsBounds. Other processes may, however, be similarly important.
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tan β

In the subset of points with 123 GeV < mh < 128 GeV around 27% of the points has
been rejected. Again, for most of the rejected points (around 91%) the CMS search for
(h, H, A0 ) → τ τ is provides the highest significance. Further important analysis that
provide a high significance are (h, H, A0 ) → ZZ → ���� at CMS [239] as well as searches
for charged Higgs at CMS [240].

mA [ GeV ]
Figure 4.6: Parameter points in the mA -tan β plane. The blue points are rejected by the CMS search for
h, H, A0 → τ τ processes [237], the yellow points are rejected by Higgsstrahlung processes (h, H, A0 )Z →
(bb̄)Z at LEP [238] and the red points are rejected by other searches. The green points has passed
HiggsBounds. (The bounds from HSCP searches has not been applied here.)

Figure 4.6 shows the allow (green) and rejected points (blue, yellow and red) in the
mA -tan β plane. Referring to the rate of allowed versus rejected points in the diﬀerent
regions, the decoupling limit seems to be strongly favored by the current data in our
scan.

4.3.2

Constraints from flavor and precision observables

As described in section 2.2.2, supersymmetric corrections to the mass of the W boson
impose another constraint on the MSSM parameter space. Here, we use the experimental
value MW = (80.385±0.015) GeV [241]. Following [242, 243], we increase the uncertainty
by a theory error of 15 MeV, combine the uncertainties linearly and multiply them by a
factor of two in order to estimate the allowed range at the 95% C.L. Thus, we apply the
limit
MW ∈ [80.325; 80.445] GeV
(4.14)
on the value calculated by FeynHiggs 2.9.2.
The flavor observables BR(B → Xs γ) and BR(Bs0 → µ+ µ− ) can be directly obtained
from micrOMEGAs. We use the world average BR(B → Xs γ) = (3.43 ± 0.21 ± 0.07) ×
10−4 [244]. Treating the uncertainties as above we find the allowed range at the 95%
C.L.:
BR(B → Xs γ) ∈ [2.87; 3.99] × 10−4 .
(4.15)
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The rare Bs0 decay has been observed with a branching ratio in the 95% C.L. range [245]
BR(Bs0 → µ+ µ− ) ∈ [1.1; 6.4] × 10−9 .

(4.16)

BR(B → Xs γ)

BR(Bs0 → µ+ µ− )

Figure 4.7 illustrates the impact of these limits on the considered pMSSM parameter
space. The limit on MW rejects the largest number of points. The lower panel shows
that our choice (4.14) conservatively respects an upper bound on ∆ρ of ∆ρ < 0.0018.
The limit from B → Xs γ is particularly restrictive for the subset of points with mH in
the LHC Higgs window (4.3), both flavor constraints imposed here favor large mA .

mA [ GeV ]

∆ρ

mA [ GeV ]

MW [ GeV ]
Figure 4.7: Scatter plots displaying the eﬀect of bounds from flavor and precision observables on the
consider pMSSM parameter space. Upper panels: Correlation between BR(B → Xs γ), BR(Bs0 → µ+ µ− )
and mA . The dashed lines denote the intervals (4.15) and (4.16). Lower panel: Correlation between the
precision observables ∆ρ and MW . The vertical and horizontal dashed lines denote the interval (4.14)
and ∆ρ = 0.0018, respectively. We used the following color code. Blue: Rejected by the HSCP search.
Yellow: Passed the HSCP bounds. Red: Additionally passed HiggsBounds. Green: Additionally passed
the flavor bounds.
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4.3.3

Theoretical constraints

Bounds from charge or color breaking (CCB) minima
For large values of tan β, the MSSM Higgs potential can acquire minima which diﬀer
from the standard electroweak minimum [246, 247, 248]. In the large tan β limit, this
can be translated into an upper bound on the product of µ tan β [249],11
�
�
√
0 < − |µ tan βeﬀ | + 56.9 mL̃ mτ̃ R + 57.1 mL̃ + 1.03 mτ̃ R − 1.28 × 104 GeV
�
�
(4.17)
1.67 × 106 GeV2
1
0.983
7
3
+
− 6.41 × 10 GeV
+ 2
2
mL̃ + mτ̃ R
m
mτ̃ R
L̃

where tan βeﬀ has been define by
tan βeﬀ ≡ tan β

1
.
1 + ∆τ

(4.18)

Here, ∆τ describe the higher order corrections to the tau Yukawa coupling in the limit
of large tan β analogue to the case of the bottom Yukawa coupling discussed in section
2.2.2. It is given by [249]
∆τ � −

3g22
g �2
µ tan βM2 I(mν̃τ , M2 , µ) +
µ tan βM1 I(mτ̃ 1 , mτ̃ 2 , M1 ) ,
2
32π
16π 2

(4.19)

where I(a, b, c) is defined by (2.44). This expression is used for the application of the CCB
bounds in (4.17). This limit, however, neglects additional contributions which can stem
from large mA or Aτ values. A numerical analysis of these eﬀects, including higher order
contributions to the potential leading to (4.17), can be found in [248].12 The authors
show that introducing non-zero values for Aτ can actually lower the upper bound on
|µ tan βeﬀ | by approximately 20%.
Other bounds on the MSSM parameters from CCB minima and directions unbounded
from below (UFB) in the scalar potential [253] can be taken into account via simple
constraints [254, 255, 256, 257, 258]. The CCB bounds on the trilinear coupling read
�
�
0 < −|Aτ |2 + 3 m2L� + m2e�3 + m2Hd + µ2 ,
(4.20)
3
�
�
0 < −|Ab |2 + 3 m2Q� + m2d� + m2Hd + µ2 ,
(4.21)
3
� 3
�
0 < −|Aτ |2 + 3 m2Q� + m2u�3 + m2Hu + µ2 .
(4.22)
3

We do not aim for a complete analysis of vacuum stability here. However, as a
conservative estimate, we will show the eﬀect of imposing constraint (4.17) and (4.20)–
(4.22) on our parameter space. A more thorough discussion is left for future work.

11
A similar expression can be found in [247]. However, as stated in [249] that expression is only reliable
for light staus, mL� 3 , me�3 � 600 GeV.
12
Other literature discussing higher order corrections to the Higgs potential can be found, e.g., in
[250, 251, 252].
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Figure 4.8: Scatter plots displaying the CCB constraints on the considered parameter space. We used
the following color code. Blue: Rejected by the HSCP search. Yellow: Passed the HSCP bounds.
Red: Additionally passed HiggsBounds. Green: Additionally passed the flavor and precision bounds.
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Figure 4.8 shows the impact of these limits on the considered pMSSM parameter space.
In particular, the imposed bounds on the trilinear couplings are very restrictive to out
parameter space. Furthermore, it shows that the chosen range for Aτ almost saturates
the possible allowed window.
Finally, we mention that more sophisticated methods exist which allow to check for
the metastability and boundedness from below of generic Higgs models [259, 260, 261,
262]. However, the application of such tools is beyond the scope of this work.
Unitarity bounds
Unitarity of the S-matrix sets another bound on the involved couplings (see e.g. [263]).
The strength of the sfermion-sfermion-Higgs couplings depends upon Xf which is a priory
determined by free parameters of the theory. Hence, in general unitarity can become
relevant here. In [264] (cf. eq. (13) therein), from the requirement of the unitarity of
the s-wave amplitude of the τ�1 τ�1 → hh production cross section a lower bound on the
parameters in the stau-stau-Higgs coupling has been derived. Generalizing the derivation
to the case of a non-vanishing trilinear coupling Aτ , one finds
�
�
� Xτ sin 2θτ� �
�
� � 1370
(4.23)
� m
�
τ�1
However, we found that in our scan the bound (4.23) is much weaker than, e.g., the
bounds from CCB or precision observables. In fact, the limit (4.23) is not reached by
a single point in our scan. We therefore refrain from a further analysis of unitarity
constraints leaving possible improvements for future work.

4.3.4

Explaining (possible) anomalies

Finally, in this chapter we want to consider experimental anomalies the SM fails to
explain. We consider the long-standing tension of the measured anomalous magnetic
momentum of the muon to the SM prediction as well as the signal strength of the measured Higgs decay modes as a possible source of an discrepancy to the SM prediction.
The explanation of such anomalies could be addressed by the SUSY model. Here, we
will sketch the implications of constraints on our scenario and on its capability to explain
such eﬀects. We will focus on the aspects that are specifically induced by the requirement
of the stau being the lightest MSSM sparticle.
Contributions to gµ − 2

The anomalous magnetic momentum of the muon provides a long-standing experimental
anomaly of the SM. The final measurement from the Brookhaven E821 experiment [265]
disagrees with the theoretical prediction for the SM by around 3 standard deviations
[266, 267]. This discrepancy may be taken as an indicator for new physics beyond the
SM. Indeed, supersymmetric particles would induce a contribution to the anomalous
magnetic momentum via loop corrections. The contribution is particularly sensitive to
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the lightest charged sparticles in the spectrum as well as the sign of µ. The current world
average value [153] is
gµ − 2
= (116 592 080 ± 63) × 10−11 ,
2
which diﬀers from the theoretical prediction for the SM by [153]
aexp
µ =

∆aµ = (287 ± 80) × 10−11 ,

(4.24)

(4.25)

∆aSUSY
× 1011
µ

∆aSUSY
× 1011
µ

where the error denotes the 68% C.L. interval.

mτ�1 [ GeV ]

χ2 /Nd.o.f

µ [ GeV ]

mh [ GeV ]
Figure 4.9: Upper panels: Distribution of the parameter points in the µ-∆aSUSY
plane and mτ�1 -∆aSUSY
.
µ
µ
The solid and dashed lines correspond to the required mean value for ∆aµ and the 95% C.L. lower limit,
respectively. Lower panel: χ2 /Nd.o.f for the signal strength of the Higgs decay modes τ τ , γγ, W W
and ZZ. We used the following color code. Blue: Rejected by the HSCP search. Yellow: Passed the
HSCP bounds. Red: Additionally passed the HiggsBounds. Green: Additionally passed the flavor and
precision bounds.

We computed the SUSY contribution to the anomalous magnetic moment, ∆aSUSY
,
µ
with micrOMEGAs 2.4.5. The upper panels of figure 4.7 shows our scan points in the
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µ-∆aSUSY
plane and mτ�1 -∆aSUSY
plane. The solid and dashed horizontal lines denote the
µ
µ
required mean value for ∆aµ and the 95% C.L. lower limit, respectively. The constraints
from the HSCP collider bounds has rejected all points that lie within the 95% C.L. error
band of ∆aµ (blue points). As seen above, the HSCP collider bounds impose a much more
severe constraint on the masses on the sleptons as well as on M2 and µ, governing the
chargino masses, than in a neutralino LSP scenario. As a consequence, large (negative
and positive) contributions to ∆aµ are strongly disfavored in a long-lived stau scenario.
Signal strength of Higgs decay modes
Another set of observables that can bring up interesting indications for new physics
are the signal strengths of the decay modes of the discovered Higgs, that are about to
be determined at the LHC. Possible deviations from the SM can serve as meaningful
discriminators between diﬀerent model beyond the SM. The initial (although not significant) excess in the signal strength of the h → γγ channel seen in the early data
both at ATLAS and CMS has stimulated a detailed analysis of possible mechanism to
enhance or suppress certain Higgs decay modes in the MSSM. A possible explanation of
the h → γγ enhancement has been the presence of light sfermions in the loops entering
the production or decay diagrams of the Higgs (see e.g. [268, 269, 270, 271, 272]). In the
present scenario the masses of sparticles are more restricted by collider searches than in
a neutralino LSP scenario. Hence, in the present scenario there is much less room for
possible explanations to large deviations. However, in recent measurements the deviation
of the Higgs decay signal strengths has relaxed [273, 228]—no significant deviation from
the SM-like Higgs can be seen in this data.
Decay channel
Φ → ττ
Φ → γγ
Φ → W W (∗)
Φ → ZZ (∗)

Signal Strength ATLAS
0.8 ± 0.7
1.6 ± 0.3
1.0 ± 0.3
1.5 ± 0.4

Signal Strength CMS
1.10 ± 0.41
0.77 ± 0.27
0.68 ± 0.2
0.92 ± 0.28

Table 4.2: Best fit values and 1σ-uncertainties for the signal strength RX for the individual Higgs decay
channels Φ → X measured at ATLAS [273] (including 4.8 fb−1 at 7 TeV and up to 20.7 fb−1 at 8 TeV)
and at CMS [228] (including 5.1 fb−1 at 7 TeV and up to 19.6 fb−1 at 8 TeV). For each decay channel
the results for the diﬀerent production mode tags has been combined.

In order to investigate the phenomenology of the Higgs branching ratios and producΦi
tion cross sections, for a given decay mode X we consider the signal strength RX
defined
as
σ(pp → Φi ) BR(Φi → X)
Φi
RX
=
,
(4.26)
σ(pp → hSM ) BR(hSM → X)
where Φi denotes either h or H and hSM denotes the SM Higgs. Here, we compute the
χ2 (goodness of fit value) for each point in our parameter space. The respective cross
sections and branching ratios has been computed with FeynHiggs. For the observed
data we take the weighted mean values and the respective combined error of the ATLAS
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and CMS results for each channel. The signal strength for the four (currently) most
important decay modes measured at ATLAS and CMS are summarized in table 4.3.4.
The lower panel of figure 4.9 shows the results. The values for χ2 /Nd.o.f. of the points that
passed HiggsBounds as well as flavor and precision bounds all lie around or slightly
below one. As the observed signal strength are consistent with a SM-like Higgs, the rather
heavy spectrum of long-lived stau scenario provide a good fit to these observations.

4.4

Summary

In this chapter, we performed a Monte Carlo scan over the 17-dimensional pMSSM with
the stau being the lightest among the MSSM sparticles. We imposed that one of the CP even neutral Higgses plays the role of the discovered Higgs boson at the LHC and impose
further constraints from collider searches for MSSM Higgs signals to the parameter space.
By restricting to small values for mA for half of the parameter points we forced around
half of the scan points to explicitly lie outside the decoupling limit in order to cover
interesting eﬀects of large mixing in the Higgs sector. However, we found that almost all
of the points in this region are rejected by MSSM Higgs searches, mainly from the LHC.
By allowing for relatively high SUSY mass parameters and scanning in the masses and
mixings instead of the soft parameters we naturally achieve a flat distribution of mh over
the allowed interval.
A special emphasis has been put to the interpretation of the current LHC limits of
HSCPs for an arbitrary point in our pMSSM parameter space. Data from the 7 and 8 TeV
LHC run has been taken into account. Further, we explicitly include the possibility of
long lived colored sparticles appearing through phase space suppressions. We found that
long-lived gluinos can appear for mass gaps as large as ∆m � 300 GeV. Accordingly, we
include the R-hadron searches performed at CMS in our analysis. The obtained results
imply conservative mass limits on some of the model parameters. Especially, a lower
bound on the wino and higgsino mass parameters M2 , |µ| � 800 GeV is implied.
Furthermore, we utilize constraints from flavor and precision observables as well as
from CCB bounds and show their impact on the parameter space. We are now equipped
with a set of parameter points that are consistent with a variety of laboratory observables
and theoretical constraints. In the next two chapters we will employ the scan in order to
connect cosmological observables with the LHC findings. In particular, the Higgs sector
plays an important role in these considerations.
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Part II

Cosmological implications
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Chapter 5

A survey for low stau yields in the
pMSSM
As described in section 2.3.3 and 2.3.4 the late decays of the stau NLSP into the super
weakly interacting LSP can lead to a significant change of the predictions of BBN being
in conflict with observations. The preservation of the successful BBN predictions can be
translated into an upper bound on the stau yield Yτ� depending on the stau lifetime ττ� .
In this chapter we provide a thorough survey for (and classification of) regions with
low stau yields in the pMSSM. We thereby address the known exceptional eﬀects, namely
resonance eﬀects, co-annihilation eﬀects and enhanced couplings and the combination
thereof to systematically approach all possible corners of the pMSSM to supply exceptionally small stau yields. This discussion will reveal the most important parameters the
stau yield depends upon.
This analysis could also be seen as a first step towards answering the question whether
one could determine the stau yield from future LHC measurements in the framework of
the pMSSM. Requiring distinct features of the spectrum, the capability of such spectra
of providing low stau yields is a question that could be addressed by the LHC longterm run or at future colliders. Together with a measurement of the stau life-time (see
section 3.5), this could lead to a distinction between diﬀerent cosmological histories, i.e.,
it could indicate whether or not the standard cosmology with thermal leptogenesis is a
valid model or must be extended. A number of such extensions have been proposed, for
example, the dilution of the NLSP density by late-time entropy production [274], a small
violation of R-parity [275] or additional decay modes into a hidden sector [276, 277].
Based on the general considerations about the freeze-out of MSSM sparticles provided
in section 2.3.2, in section 5.1 we will work out several general remarks about the dependence of the stau yield on the model parameters. This discussion will set the stage for a
deductive survey of the diﬀerent corners of the pMSSM parameter space. The gained insights will provide the guide-line for this survey. In section 5.2 we will systematically vary
the relevant model parameters going through all potentially important situations that
can occur in the pMSSM. We will first consider models without significant left-right mixing of the stau. As consequence all interactions of the stau are given by the known gauge
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and Yukawa couplings. The results can therefore be adopted for the case of a smuon or
selectron NLSP. Moreover, we first avoid any left-right mixing for the sfermions rending
all couplings to be known. In this framework the only sparticle-Higgs couplings that are
important for the annihilation processes are the EWino-Higgs couplings. In a second
part we will allow for a significant left-right mixing for the third generation squarks and
finally for the stau itself, providing a rich phenomenology. In the discussion in section 5.2
we do not take into account constraints on the model parameters that could lead to theoretical inconsistencies (CCB or unitarity bounds) nor impose experimental constraint
from the HSCP search or from the Higgs sector, we rather study the eﬀects on the stau
yield in an isolated way. These issue will be addressed in section 5.3. There, we will
consider the various constraints we discussed in chapter 4 and work out their eﬀect on
the possible values for the stau yield. As such an analysis involves many parameters of
the theory and their non-trivial interplay, instead of a systematic variation of individual
parameters, we will employ a Monte Carlo scan in the pMSSM. We will utilize the scan
developed in chapter 4 for this consideration. In section 5.4 we summarize the results
from this chapter.

5.1

Survey guidelines

We will here apply the physics of sparticle freeze-out discussed in section 2.3.2 to the
case of the stau NLSP as the lightest sparticle of the MSSM. The basic assumptions
of these physics are that all MSSM particles have been in thermal equilibrium at some
point during the hot phase in the early universe and that R-parity is exactly conserved.
When the temperature of the universe decreases below the mass of the stau, the stau
number density decreases exponentially. This exponential decrease is maintained as long
as pair annihilation of staus are eﬃcient enough to keep their number density close to
the equilibrium number density. At the freeze-out temperature, which is typically of the
order Tf ∼ mτ�1 /25, the stau decouples from the thermal bath and its number density
freezes out. Afterwards, for the considered case of a metastable stau NLSP, it decays
into the LSP once the Hubble parameter becomes comparable to the decay rate.
This simple picture changes slightly when other MSSM sparticles are close in mass
with the stau due to co-annihilation eﬀects [145, 148]. In this case the annihilation of
these sparticles competes with their decay into the stau, and a simultaneous freeze-out
of several sparticles can occur. We assume that all heavier MSSM sparticles eventually
decay into the stau NLSP and not directly into the LSP. Moreover, we will require
that all other MSSM sparticles have a lifetime smaller than ∼ 10−2 sec (correspondingly,
Γ � 10−22 GeV) ensuring that none of these decays take place during or after BBN.
Consequently, eﬀects of SUSY on BBN stem only from the stau. With these assumptions the desired number density of staus is simply the sum of the number densities of
all relic sparticles that survive freeze-out, i.e., we can perform the sum (2.70). Although
our requirement on the lifetime of the other sparticles will set a lower limit on the mass
degeneracy of co-annihilating sparticles with the stau, in this section we will blithely consider exact mass degeneracy as a limiting case, keeping in mind that a certain separation
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is in fact required. (This will be taken into account in section 5.3.)
In section 2.3.2 an approximate solution of the Boltzmann equations has been derived:
� x0
1
1
m � πḡ �1/2
−
=
dx τ2�1
MPl �σeﬀ vMøl � ,
(5.1)
Y (x0 ) Y (xf )
x
45
xf

where x = mτ�1 /T and xf , x0 are the corresponding quantities at the point of freezeout and at the desired point of observation, respectively (see section 2.3.2 for further
notations). The stau yield at freeze-out, Y (xf ), can only be computed by solving the
Boltzmann equation numerically and will be determined via a Runge-Kutta method in
the program package micrOMEGAs 2.4.5 [219], which we use for our computations in
this work. As stated in section 2.3.2, an approximate solution can be found by neglecting
the term 1/Y (xf ). For the following discussion it is instructive to rewrite the (5.1) a bit
(after dropping the term 1/Y (xf )). Following the notation of [278] and generalizing it to
the case including co-annihilation eﬀects, we can express the yield as
Y ∝ � x0
xf

mτ�1
,
dx �σeﬀ v�x

where we introduce the dimensionless thermally averaged cross section,
� �∞
2
ij xi +xj dz z gi gj σ̃ij K1 (z)
�σeﬀ v�x =
.
��
�2
2
4
i gi xi K2 (xi )

(5.2)

(5.3)

Here, i, j runs over all supersymmetric particles involved in the (co-)annihilation having
mass mi = xi T and internal degrees of freedom (statistical weights) gi (including the stau
and the antistau). Kn is the modified Bessel function of the second kind of order n and
√
z = s/T . The rescaled cross section σ̃ introduced in (5.3) is a function of dimensionless
quantities only,
�x x
�
j
i
σ̃ij = σ̃ij
, , {aSUSY }, {aSM } ,
(5.4)
z z
where {aSUSY } denotes a set of SUSY parameters each normalized by mτ�1 ,
aSUSY = mSUSY /mτ�1 ,

(5.5)

and {aSM } is a set of SM parameters, normalized in the same way. The rescaled cross
section σ̃ is connected to the (usual) annihilation cross section by
�
��
�
s − (mi + mj )2 s − (mi − mj )2
σ̃ij =
σij .
(5.6)
s
Furthermore, from (5.3) one finds that �σeﬀ v�x = x−2 m2τ�1 �σeﬀ vMøl �.
Considering (5.2) and (5.3) there are three interesting observation that can be made
and which are important for the further discussion.
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1. For fixed aSUSY , and if σ̃ij is asymptotically independent of aSM if aSM → 0 (for
large SUSY masses), �σv�x is independent of the overall mass scale, i.e., of mτ�1 .
This means that the yield is simply proportional to the stau mass,
(5.7)

Y ∝ mτ�1 ,

up to eﬀects induced by the dependence of the chosen value for xf and the correction
1/Y (xf ) on the stau mass,1 as well as eﬀects of order aSM . For processes for which
σ̃ij still dependent on aSM if aSM → 0, we cannot make this general statement.
However, we will see that the resulting dependence of Y on mτ�1 is always close to
(5.7). We will comment on the presence of such processes in section 5.2.4.

2. For a fixed initial state i, j the opening up of additional final state channels can only
enhance the cross section σ̃ij and thus lower the yield. It is interesting to see that in
this concern mA plays an important role, being the free parameter that determine
the masses of the only possible (R-parity even) final state particles, namely the
heavy Higgses, that could be either below or above threshold. This is due to the
fact, that all other R-parity even particles are considerably lighter than the stau,
which is required to be heavier than around 340 GeV from the direct searches, as
discussed in chapter 4.
3. In contrast to the opening up of new final state channels the introduction of additional initial state channels in the presence of co-annihilation eﬀects can either
raise or lower the yield depending on the involved cross sections and the additionally introduced degrees of freedom. For simplicity, we consider the limiting case of
a complete mass degeneracy where the co-annihilation eﬀects are maximal. In this
case
�
ij �σij v�x gi gj
�σeﬀ v�x �
(5.8)
�
( i gi )2
where we introduced

�σij v�x =

1

�∞

2
2x dz z σ̃ij K1 (z)
4x4 K22 (x)

.

(5.9)

Additional initial states can only lower the yield if they introduce the appearance
of large cross sections �σij v�x in the numerator that are capable to overcompensate
the introduction of additional terms in the sum over the degrees of freedom in the
denominator. For instance, the mere introduction of more sparticles which share
similar interactions as the stau cannot decrease the yield further2 —in contrast, if
there are combinations i, j that lead to smaller cross section �σij v�x than �στ�1 τ�1∗ v�x ,
the numerator in (5.8) increases less than the denominator and we achieve a net

Each quantity on its own, is not physically meaningful, being a remnant of the method of solving
the Boltzmann equation. In particular to some extent they depend upon arbitrarily chosen constants as
discussed in section 2.3.2. However, the net eﬀect on the resulting yield is, of cause, physical.
2
At least not significantly. The introduction of additional Majorana fermions as co-annihilating
sparticles could in principle reduce the yield up to a factor of maximally 2 if all combinations of initial
sparticles which include at least one Majorana fermion provide the same cross section.
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increase in the yield. This happens in the slepton co-annihilation region, as we will
discuss below. Considering co-annihilating sparticles i, j that introduce much larger
cross section than the stau-stau annihilation cross section, �σi,j v�x � �στ�1 τ�1∗ v�x , we
can approximate (5.8) by
�
ij�=τ�1 ,�
τ ∗ �σij v�x gi gj
�σeﬀ v�x � �� 1
(5.10)
�2 .
i�=τ�1 ,�
τ ∗ gi + 2
1

The introduction of more and more sparticles i, j of the same kind could only
lead to an asymptotical increase of �σeﬀ v�x (against the value we would obtain by
neglecting the stau degrees of freedom in the denominator altogether). This saturation would only be achieved if each additional sparticles we introduce provides
an equally large cross section σij for all combinations i, j between this sparticle
and the other sparticles already introduced. However, this is usually not the case.
For instance, the inter-generational interactions of sfermions are usually suppressed
with respect to the intra-generational interactions. This is an important fact which
severely restricting the possibilities for exceptionally small stau yields as the result
of co-annihilation eﬀects and enables an economical discussion of the various combinations of co-annihilating sparticles that could occur in the general pMSSM. In
particular, it allows us to study the diﬀerent cases in an isolated way.
After we have discussed the general scaling behavior of the yield with the initial state
sparticle masses as well as the behavior under the introduction of additional initial and
final states we will now consider the parameters that govern the size of the cross section
σ̃ij for fixed initial and final states.
There are basically two ways how the free SUSY parameters aSUSY could aﬀect the
cross section σ̃ij . One is the strength of the involved couplings. Besides the known
SM gauge couplings the MSSM contains the couplings of the sfermions f� to the Higgses
which involve the trilinear soft terms Af , tan β and the higgsino mass parameter µ as
a priori free parameters of the theory. Although subject to constraints (most severely
from CCB bounds, as seen in chapter 4) these couplings can be very large and the
resulting cross sections can even be bigger than the ones for processes dominated by the
strong interaction. All other couplings in the theory are given by the SM gauge couplings
(multiplied by possible suppression factors ≤ 1 due to mixings) or are proportional to the
mass of the involved particle and thus do not introduce additional free parameters capable
of enhancing the cross section. The second is the appearance of non-SM particles in the
intermediate states of the annihilation processes. On the one hand SUSY particles can
appear in the t-channel of the annihilation processes, on the other hand the heavy Higgses
whose masses are determined by mA can appear in the s-channel of the annihilation
processes. Especially the latter eﬀect can lead to a drastic enhancement of the cross
section close to the resonant pole mA � 2mτ�1 (or mA � 2mco-ann for the case of a
co-annihilating particle).
With this general remarks in mind we can now systematically explore the diﬀerent
distinct regions in the pMSSM parameter space.
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We will first consider no sfermion mixings. This way we do not allow for enhanced
sfermion-Higgs couplings. Hence, all couplings are determined by the known gauge couplings and the mixings and masses of the involved particles. In this framework, we vary
diﬀerent sparticle masses examining their impact on the yield. If not stated otherwise we
set all ai = mi /mτ�1 that are not subject to our consideration to ai = 4. In section 5.2.1
we consider the case where no co-annihilation eﬀects occur. Then the only parameters
governing the yield are the stau masses and the masses of EWinos appearance in the
t-channel diagrams. We consider a purely right-handed stau as well as a purely lefthanded stau, the latter of which is considered as a limiting case (see below for details).
In section 5.2.2 we allow for co-annihilation eﬀects by approaching the region ai � 1.1.
Furthermore, for the case of EWino co-annihilation we vary additionally mA and thus
examine the eﬀect of the opening up of additional Higgs final state channels and Higgs
resonances.
In the section 5.2.3 we allow for significant left-right mixing of the sfermions enabling
large sfermion-Higgs interactions in the third-generation quark sector and in the stau
sector. In both cases, by varying mA , eﬀects of additional Higgs final state channels and
Higgs resonances are studied. Therewith we perform an exhausting survey for corners of
possible small stau yields in the considered pMSSM parameter space.

5.2
5.2.1

A systematic survey in the pMSSM
Stau pair annihilation in the absence of left-right mixing

In this subsection we consider stau annihilation in the absence of large left-right mixings and co-annihilation eﬀects with other sparticles (except for the unavoidable coannihilation with the sneutrino for an almost left-handed τ�1 , see below). In this case, the
stau yield only depends on the stau mass and on the mass of EWinos appearing in the
t-channel of the annihilation process τ�τ� → τ τ .
Figure 5.1 shows the stau yield as a function of the stau mass for a purely righthanded and purely left-handed lighter stau, τ�1 . For this plot, all other sparticle masses
including EWino masses were pushed to mi � 4mτ�1 , except for the tau sneutrino whose
mass is set to mτ�1 by hand for τ�1 = τ�L .3 As for all results in this section, we computed
the yield with micrOMEGAs. For the spectrum generation we used SuSpect.4 If not
stated otherwise, in order to achieve pure right- or left-handed eigenstates we choose a
low value for tan β (tan β = 2) and enforce the cancelation, Aτ = µ tan β, such that
Xτ = 0.
3
This choice should be considered as a limiting case which is, as such, not a valid point in the MSSM.
However, it approximates an almost left-handed lighter stau in the absence of large couplings to the
Higgs sector. This is a valid configuration in the MSSM achieved by relatively large mass splittings
mτ�2 − mτ�1 and thus small θτeq
� , see section 3.1.
4
For the study of idealized cases in this section we switched oﬀ the higher order corrections in the
spectrum generation by setting ICHOICE(7)=0. For the computation of the yield in the pMSSM Monte
Carlo scan which we will discuss in section 5.3, the full radiative corrections provided by SuSpect are
contained.
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Figure 5.1: Left panel: Stau yield Y as a function of the stau mass mτ�1 for a right-handed lighter stau
as well as for a left-handed lighter stau mass-degenerate with the tau sneutrino (to be considered as a
limiting case for realistic spectra). All other SUSY parameters are set to 4mτ�1 . Right panel: Eﬀects of
EWinos in the tchannel. The curves show the yield as a function of ai = Mi /mτ�1 for the bino mass
parameter, i = 1, with τ�1 = τ�R (blue solid curve) and τ�1 = τ�L (black dot-dashed curve) as well as for
the wino mass parameter, i = 2, with τ�1 = τ�L (green dotted curve). All curves are normalized to their
respective value at ai = 4.

As we expect from the discussion above the stau yield has an almost linear dependence
on the stau mass. In fact, the expressions
Yτ�1 =�τR = 1.59 × 10−12

� m �0.91
τ�1
,
1 TeV

(5.11)

Yτ�1 ��τL = 1.07 × 10−12

� m �0.90
τ�1
,
1 TeV

(5.12)

for the right-handed lighter stau and

for a left-handed lighter stau describe the results in the given range at a percent level
accuracy.5
The deviations of the exponents in (5.11) and (5.12) from one originate mainly from
the corrections induced by a slightly earlier decoupling from equilibrium for larger masses.
The xf chosen by micrOMEGAs slightly decreases with increasing stau mass and is
found to behave approximately like xf � 24.6 (mτ�1 /1 TeV)−0.05 . The contribution from
an mτ�1 -dependence of �σeﬀ v�x are small. We conclude this from the fact that the relative
contributions of the channels τ�1 τ�1 → γγ and τ�1 τ�1 → ZZ, W W stay constant up to
deviations at a per-mille level for stau masses mτ�1 � 400 GeV. The cross section for
these channels diﬀer by corrections proportional to aZ , aW (see e.g. [278]).
Considering the case of the right-handed stau, for our choice, mi /mτ�1 � 4, the
dominant annihilation processes are τ�1 τ�1∗ → γγ (38%), τ�1 τ�1 → τ τ via (the bino-content
of) neutralinos in the t-channel (30%) and τ�1 τ�1∗ → γZ (23%) followed by τ�1 τ�1∗ → ZZ
5

Note that this should not imply that our prediction for the yield aims for such an accuracy. Usually,
we expect larger uncertainties from higher order corrections to the involved cross sections, see [278].
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(∼ 4%) and τ�1 τ�1∗ → W W (∼ 1.5%).6
For the left-handed lighter stau the unavoidable co-annihilation processes involving
the tau sneutrino are important. As it is typical for co-annihilation scenarios, many
processes contribute similarly strong to the annihilation. For mi /mτ�1 � 4 the most
important channels (contribution more than 10%) are τ�1 τ�1∗ → W W (∼ 15%), ν�τ ν�τ →
W W (∼ 14%), τ�1 ν�τ → γW (∼ 13%) and ν�τ ν�τ → ZZ (∼ 12%).
Eﬀects of varying the mass of the bino and wino appearing in the t-channel diagrams
are shown in the right panel of figure 5.1. Since a purely right-handed stau does not
couple to the wino and both pure gauge eigenstates do not couple to the higgsino, we
only display the three relevant limiting cases. The additional t-channel diagrams have
the eﬀect of lowering the stau yield. For the right-handed stau, when lowering M1 , the
channel τ�1 τ�1 → τ τ becomes more important reaching a maximum of around 65% for an
approximate degeneracy of the bino-like neutralino and the stau, i.e., a1 ≡ M1 /mτ�1 � 1.1
(where co-annihilation eﬀects are still small). Since the other channels (listed above) are
not aﬀected by the variation of M1 , their absolute contribution remain unchained and the
yield drops by a factor of roughly 0.5, accordingly. For a1 = 1.1, the pre-factor in (5.11)
would become 8.55 × 10−13 , in rough agreement with the results given in [279, 280]. For
a completely decoupled bino the yield pre-factor in (5.11) would change to 2.24 × 10−12
according to the missing channel τ�1 τ�1 → τ τ . For the left-handed stau the importance
of the t-channel diagrams is relatively less important. For the case of the small M2
(but again above the region where co-annihilation is eﬃcient) the t-channel processes
τ�1 ν�τ → τ ντ ν�τ ν�τ → ντ ντ , and τ�1 τ�1 → τ τ (each of which contributing around 13%)
become the most important processes followed by τ�1 τ�1∗ → W W (∼ 10%). In contrast,
lowering the bino mass does not have a large eﬀect on the yield of the left-handed stau,
especially the respective t-channel processes does not become the leading contributions.
The (absolute) yield for right-handed staus even becomes smaller than the yield for
left-handed staus for a1 � 1.1 [281].
In all of the cases the exponent of the mτ�1 -dependence of the yield stays approximately
constant when varying a1 or a2 .

5.2.2

Co-annihilation regions

Co-annihilation eﬀects can be important whenever the mass splitting ∆m between the
stau NLSP and the next-heavier sparticle(s) is of the order of the freeze-out temperature,
∆a ≡ ∆m/mτ�1 � xf . Provided that the typical freeze-out temperature corresponds to
xf � 25, co-annihilation eﬀects are expected to be significant for relative mass degeneracies of around 5–10% [148].
We will now systematically investigate how the stau yields (5.11) and (5.12) change
if other co-annihilating sparticles are introduced. In the following we will consider (5.11)
and (5.12) as reference yields that we normalize our results to. We will choose mτ�1 =
6
Whenever we give percentages of contributions, we refer to the importance of the respective process
for the final yield as reported by micrOMEGAs, which equals its contribution to �σeﬀ vMøl � (or �σeﬀ v�x ).
�� �2
Explicitly, if τ�1 τ�1∗ → γγ contributes 38%, then 2�σ(�
τ1 τ�1∗ → γγ) v�x /
= 0.38 �σeﬀ v�x for exact
i gi
mass-degeneracy of all co-annihilating particles, cf. eq. (5.8).
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1000 GeV and we will systematically vary the mass ratio ai = mi /mτ�1 for the diﬀerent
sparticle species i in order to study co-annihilation eﬀects of the sparticles in the MSSM
in an isolated way. If not stated otherwise we will vary the corresponding soft masses
and plot the physical sparticle mass. In the case that more than one sparticle mass is
varied by our variation of a soft parameter, as it is, e.g., the case for the soft mass of the
left-handed slepton, we plot the physical mass of the lightest corresponding particle that
is determined by the soft parameter, i.e., the electron sneutrino in this example.
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Figure 5.2: Stau yield Y for diﬀerent co-annihilating sparticles i normalized to the respective stau yield
at ai = mi /mτ�1 = 4. The plots are shown for a left-handed ligher stau τ�1 � τ�L (left panels) and for
a right-handed lighter stau τ�1 � τ�R (right panels). Note that for the left-handed sleptons, the wino
and the higgsino 4(8), 2(6) and 3(8) sparticles (degrees of freedom) are simultaneously pushed into the
co-annihilation region, respectively. However, the respective sneutrino and slepton or the neutralinos
and chargino are not exactly mass-degenerate and thus we plot the mass of the lightest among the nearly
mass-degenerate sparticles.

Co-annihilation with sleptons of the first and second generation
The upper panel of figure 5.2 shows the co-annihilation of staus with right- and lefthanded sleptons of the first and second generation. The stau yield increases with an in-
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creasing importance of co-annihilation eﬀects. This can be understood as follows. As an
example, let us consider the case of a right-handed lighter stau which is mass-degenerate
with the right-handed selectron and smuon. In the limit of complete degeneracy the
denominator in (5.8) is enhanced by a factor of 32 . On the other hand, not all cross sections �σij v�x (i, j = 1, 2, 3 denote the generations) are equally large. Only the t-channel
neutralino contributions are present for i �= j, for all other contributions �σij v�x , i �= j,
vanishes. Accordingly, in the limit of a completely decoupled bino, the numerator in
(5.8) increases only by a factor of 3 and hence, since Y ∝ �σeﬀ v�−1
x , the yield would increase by a factor of around 3 with respect to the non-degenerate case. However, for the
considered case of M1 � 4mτ�1 , the t-channel neutralino contribution is important. The
six channels ��i ��j → �i �j contribute around 7.7% each. For the choice of mB� � 1.1mτ�1
each channel contributes around 13%. Thus, the net increase of the stau yield is milder
in the presence of the t-channel bino contributions and turns out to be 2.3 and 1.8 in the
former and latter choice for mB� . This result has been discussed in [280, 282] before.
Co-annihilation with gauginos

The lower panels of figure 5.2 show the co-annihilation eﬀects for gauginos. We vary
M1 , M2 , µ and M3 and plot the mass of the lightest EWino (which is the lightest neutralino) and the gluino, respectively. Hence, we consider (almost) pure gauge eigenstates
in the EWino sector. The eﬀects of large mixing in the EWino sector will be discussed in
a later subsection. Due to the smaller annihilation cross section of the bino the net eﬀect
of bino co-annihilation increases the yield. This is, again, because of the increase in the
degrees of freedom by a factor of 2 (for the right-handed lighter stau) or 3/2 (for the
left-handed lighter stau, accompanied by the tau sneutrino). At the same time the pairannihilation of the binos is negligible and the associated co-annihilation of neutralinos
with staus (or with tau sneutrinos) is sub-leading—in the limit of complete degeneracy
the corresponding contributions add up to less than 25% in the case of a right-handed
light stau and 20% in the case of a left-handed light stau. Consequently, for the righthanded stau we expect from eqs. (5.2) and (5.8)
2gτ�2R �στ�R τ�R∗ v�x
(2gτ�R + gB�

)2

0.75
.
Y (mB� = mτ�1 )

(5.13)

1
.
Y (mB� = 1.1mτ�1 )

(5.14)

∝

At mB� /mτ�1 � 1.1, where co-annihilation is already ineﬃcient but the t-channel neutralino contributions are (still) maximal,
2gτ�2R �στ�R τ�R∗ v�x
(2gτ�R )2

Using gτ�R = 1 and gB� = 2, we obtain

∝

Y (mB� = mτ�1 )
� 3,
Y (mi = 1.1mτ�1 )
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(5.15)

in good agreement with figure 5.2 (lower right panel, dot-dot-dashed curve). For τ�1 = τ�L ,
a similar estimate yields a net increase in the yield by a factor of around 2 with respect
to the yield at mB� /mτ�1 � 1.1.
In contrast, for wino co-annihilation the annihilation of the wino-like neutralino and
chargino among themselves is the dominant contribution. For a right-handed lighter stau
these contribute almost 100% to the annihilation cross section while for a left-handed
lighter stau they contribute more than 50% followed by associated co-annihilation processes of neutralino and chargino with the lighter stau and the tau sneutrino amounting
to a contribution around 30%. Hence, due to the larger annihilation cross sections of
wino-like EWinos the stau yield is significantly reduced despite the 6 additional degrees
of freedom introduced by the mass-degeneracy of one neutralino and chargino.
For higgsino co-annihilation the relative importance of annihilation and co-annihilation
processes is not vastly diﬀerent. However, due to the 8 additional degrees of freedom the
net reduction of the stau yield is less. In the case of a left-handed lighter stau the yield
even increases slightly at around mH� /mτ�1 � 1.05.
For the case of gluino co-annihilation the situation is even more pronounced than
for the wino case, since �σg�g�v�x � �στ�1 τ�1 v�x and σg�τ� = 0. In the case of a massdegenerate gluino, eqs. (5.2) and (5.8) yield Y ∝ (gg� + 2gτ�)2 /gg�2 . Accordingly, the yields
for a left-handed and a right-handed lighter stau diﬀer only due to the extra degrees of
freedom of the tau sneutrino, Yτ�1 =�τL /Yτ�1 =�τR � (gg� + 2gτ�1 + 2gν�τ )2 /(gg� + 2gτ�1 )2 � 1.2.
(The relative yields in figure 5.2, which are normalized to the respective yield without
co-annihilation, show a larger diﬀerence, due to the diﬀerence in the reference yields.)
Gluino pair annihilation processes are dominant up to a relative mass diﬀerence to the
stau of 7% and 6% for a right-handed and left-handed lighter stau, respectively.
Co-annihilation with squarks
In the upper left panel of figure 5.3 we show the co-annihilation eﬀects of the first two
generation squarks for a right-handed stau.7 We vary the soft masses mQ�1,2 , mu�1,2 and
md�1,2 and plot the mass of the lightest among the squarks whose mass is dictated by
the respective parameter. Although the involved strong interactions lead to relatively
large cross sections (and in particular σ(q̃ q̃ → X) � σ(�
τ1 τ�1 → X � )) the decrease in the
yield is significantly less pronounced than in the case of gluino co-annihilation. We can
understand this as follows, considering the case of a full degeneracy of the stau with the
right-handed up-type squarks of the first two generations. The dominant annihilation
cross section in this case is u
�R u
�∗R → gg (analogous for the second generation) which
contribute 72% to the annihilation cross section. We compare this contribution with
the case when there is no co-annihilation with squarks. In the latter case τ�1 τ�1∗ → γγ
contributes 38% to the total annihilation cross section. From these numbers we can
7

For the discussion in this section we consider the general 19 dimensional pMSSM and do not necessarily impose (4.1).
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Figure 5.3: Upper panel: Stau yield Y for diﬀerent co-annihilating squarks i normalized to the respective
stau yield at ai = mi /mτ�1 = 4. The plots show the case of a right-handed lighter stau τ�1 = τ�R . Lower
left panel: Eﬀects of the variation of the bino (black dot-dashed line), wino (green dotted line) and
gluino (blue solid line) mass parameter in a co-annihilation scenario with third generation squarks. We
adjusted mu�3 and mQ� 3 such that the corresponding lighter sparticle (the stop and sbottom, respectively)
is exactly mass-degenerate with the stau. Lower right panel: Eﬀects of the presence of squarks in the
t-channel of gluino co-annihilation diagrams. We adjust the gluino to be exactly mass-degenerate with
the stau and varied mu�1,2 (green dotted curve), mQ� 1,2 (blue solid curve) and all soft parameters of the
three squark generations, namely mu�1,2,3 , md�1,2,3 and mQ� 1,2,3 simultaneously (red dashed curve).
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estimate the expected reduction of the yield. From eqs. (5.2) and (5.8),
4gu�2R �σ(�
uR u
�∗R → gg) v�x
(2gτ�1 + 2 × 2 × gu�R

)2

for the case of co-annihilation and

2gτ�21 �σ(�
τ1 τ�1∗ → γγ) v�x
(2gτ�1

)2

for the case without co-annihilation, and thus

0.72
Y (mu�R = mτ�1 )

(5.16)

0.38
Y (mu�R � 4mτ�1 )

(5.17)

∝

∝

Y (mu�R = mτ�1 )
�σ(�
τ1 τ�1∗ → γγ) v�x
� 5.2
� 0.17 ,
Y (mu�R � 4mτ�1 )
�σ(�
uR u
�∗R → gg) v�x

(5.18)

where we have used gτ�1 = 1, gu�R = 3 and taken the ratio between the cross sections for
these two channels to be about 1/30, as can be computed with CalcHep [283]. This
estimate comes very close to the value that can be read oﬀ from the upper left plot
(purple dashed line).
Since for a close mass degeneracy the pair annihilation processes of squarks dominate
over stau pair annihilation and associated squark-stau annihilation, the absolute stau
yield for a left- and right-handed stau are virtually identical. This is why we refrain
from showing the corresponding plot for the left-handed stau in figure 5.3. The main
diﬀerence in such a plot would arise from the mere diﬀerence in the reference yields for
left- and right-handed staus.
The diﬀerence between the reductions of the yield for up- and down-type right-handed
squarks arises solely from the diﬀerent cross sections, since the number of degrees of
freedom is exactly the same. The diﬀerence is induced from sub-dominant channels
containing γ g and Z g final states. These contributions are sensitive to the charge of the
corresponding squarks, leading to a smaller yield for the up-type squarks.
In the case of degenerate left-handed squarks additional annihilation channels open
up, namely the annihilation of up-type-down-type squark pairs arising from diagrams
with t-channel squarks or charginos as well as the four vertex contact interactions u
�L d�L →
W g. We found that the cross section for these processes containing electroweak interactions are almost as large as those containing the strong interactions only. Furthermore,
we observed a constructive interference between gluino and wino exchanging t-channel
diagrams. In fact, this leads to a significant increase of the eﬀective thermally averaged
cross section with respect to the case of right handed squarks which overcompensate the
doubling in the degrees of freedom. Finally, for the case mQ�1,2 = mu�1,2 = md�1,2 we observe a clear increase in the yield as a mere result of an increase in the degrees of freedom
relative to the cases considered before.
The upper right panel of figure 5.3 shows the co-annihilation eﬀects of the thirdgeneration squarks. The relative behavior of the yield for the case of �bR , �
tR and (�b, �
t) L
is comparable to the ones in the corresponding cases for degenerate first two generations. The overall decrease in the yield due to the co-annihilation eﬀects is larger due to
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the absence of inter-generation initial states for which the cross section is considerably
smaller. It is interesting to notice that channels with Higgs particles in the final states,
which contain contact term interactions arising from the F - and D-terms in the scalar
potential, are not suppressed in the absence of sfermion mixing. However, they do not
play an important role even for the stop although the diagram arising from the F -term
is proportional to the Yukawa coupling squared.
Eﬀects of gauginos appearing in the t-channel of the squark annihilation processes
are shown in the lower left panel of figure 5.3. For the blue solid and green dotted
curve we fixed mQ�3 such that a�b1 = m�b1 /mτ�1 = 1 (m�t1 is slightly larger) and varied
a3 = M3 /mτ�1 and a2 = M2 /mτ�1 , respectively. For the black dot-dashed curve we fixed
md�3 such that a�t1 = m�t1 /mτ�1 = 1 and varied a1 = M1 /mτ�1 . Since the result is sensitive
to the mass diﬀerences, we enforced the above values by an iterative computation of the
spectrum.8 All curves are normalized to the respective values at ai = 4. As it is the case
for the slepton annihilation, the t-channel contributions increase the eﬀective annihilation
cross section for small gaugino masses. However, the relative eﬀect is smaller, cf. right
panel of figure 5.1. It is interesting to see that for a3 � 1.1 the co-annihilation eﬀects
of the gluino dominate the behavior of the yield. In order to further understand the
interplay between squarks and gluinos, in the lower right panel of figure 5.3 we fixed
ag� = mg�/mτ�1 = 1 and varied certain squark masses (all others are kept at 4mτ�1 as
usual). The contributions from t-channel squarks in the gluino-annihilation processes
cause a destructive interference. For the green dotted and blue solid curve we vary the
soft parameters mu�1,2 (md�1,2 give the same result, of course) and mQ�1,2 , respectively.
For the red dashed curve we varied all (bilinear) soft mass parameters of the first to
third generation squarks simultaneously. Interestingly, among scenarios with squark and
gluino co-annihilation a scenario with a mass degenerate gluino and decoupled squarks
would have the smallest stau yield.
Varying mA in the case of EWino co-annihilation
We now vary the parameter mA in order to investigate the potential for changes in the
cross section of the EWino co-annihililation scenario due to additional intermediate and
final states, especially around the resonant pole of an s-channel heavy Higgs and below
the threshold for heavy Higgs final states. The EWino couplings to the Higgs are always
�W
� Φ or H
� BΦ,
� where W
� and B
� denote the wino and bino gauge eigenstates,
of the type H
� the higgsino gauge eigenstate and Φ a Higgs. Hence, pair-annihilation of EWinos into
H
Higgses require either a substantial higgsino admixture among the lightest EWinos or
the presence of a higgsino-like EWino which is not too heavy in order to significantly
contribute in the t-channel. However, the opening up of Higgs final states does not
introduce any significant change in the stau yield in the case of EWino co-annihilation
(see figure 5.4 at aH = mH /mτ�1 � 1).
Resonance eﬀects are only present in the case of a large higgsino admixture of the
8
We will perform such an iterative procedure whenever the result is expected to depend on the
accurate adjustment of the parameter in the following.
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Figure 5.4: Stau yield Y in the presence of EWinos close in mass to the stau. We choose the lightest
EWinos to contain maximal bino-higgsino and wino-higgsino mixing by taking M1 = µ and M2 = µ,
respectively. The bino and wino mass parameters, M1 and M2 , has been adjusted to achieve either
exact mass-degeneracy between the and the lightest neutralino (denoted by ‘deg.’) or mχ�0 = 1.05mτ�1
1
(denoted by ‘5% oﬀ’). The right panel shows the relative annihilation contributions for a few classes of
channels. The abbreviation {t, b} denotes all channels with only tops and/or bottoms in the final states.
The abbreviation HX denotes all channels with exactly one heavy Higgs field H 0 , H ± or A0 in the final
state.

lightest EWinos participating in the pair-co-annihilation processes. It is well know that
in a neutralino LSP scenario this eﬀect can significantly lower the relic abundance (by a
factor of 500) with resect to the pure bino DM case. This region is known as the H/Afunnel region [284, 285, 286, 287]. In the case of a stau NLSP the eﬀect of a co-annihilating
resonant EWino can be very important as well, provided a very close mass-degeneracy
between the lightest EWino and the stau. Figure 5.4 shows the yield in a co-annihilation
scenario where the lightest EWino is a bino-higgsino admixture M1 = µ, M2 = 4mτ�1 and
a wino-higgsino admixture M2 = µ, M1 = 4mτ�1 . We vary mA and show the yield as a
function of aH = mH /mτ�1 . We show the curves for a complete degeneracy mχ�01 = mτ�1
and for a relative deviation of 5%, mχ�01 = 1.05mτ�1 . We chose tan β = 2 here. However,
very similar results have been obtained with tan β = 40, although with a slightly less
deep dip in the resonance. In the resonance, for M2 = µ and for tan β = 2 and tan β = 40
the dominant annihilation channel is χ
�±
�±
1 → tt̄ and χ
1 → bb̄, respectively. The little dip
in the curves for M1 = µ somewhat below the main resonance is caused by the coupling
of the stau to the heavy Higgs. In contrast to the scans we showed before here we do not
tune the stau mixing angle to be exactly π/2 by enforcing Xτ = 0, since the considered
case of tan β = 40 would require huge values for Aτ in order to obtain the cancellation
with µ tan β. Instead, we set me�3 � 1TeV, mL�3 � 4TeV and Aτ = 0 and accepted a very
small deviation from π/2.
The right panel of figure 5.4 shows the annihilation contributions for M2 = µ and
mχ�01 = mτ�1 . The contribution χ
�χ
� → HX denotes all channels with EWinos in the initial
state and exactly one of the Higgs fields H 0 , H ± , A0 in the final states. (The contribution
of channels with two of these fields in the final state is negligible.) The contribution of
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channels with one light Higgs h in the final states is roughly a fifth of the remaining
channels denoted with ‘others’ in the plot independent of mH .
For the case M1 � M2 � µ, not shown here, the yield tends to be bigger again due
to the additional degrees of freedom on the one hand and the absence of any additional
eﬀect that could be introduced by this choice, on the other hand.

5.2.3

Large sfermion mixings

Co-annihilation with mixed stops
Still restricting ourselves to the case of a small left-right mixing of the staus, we will now
discuss the case of co-annihilation with squarks that acquire substantial left-right mixing.
As already stated before the potentially large couplings of sfermions to the Higgses are
proportional to the left-right mixing and proportional to the parameters appearing in the
oﬀ-diagonal terms in the mass matrix. As we work in the framework of the pMSSM we
assume no particularly large Xf in the first two generations and restrict the discussion
to the third generation sfermions, namely, to the case of a co-annihilating sbottom and
stop. The couplings of the sbottom and stop to the neutral, CP -even Higgses h, H are
summarized in appendix A.2. In the decoupling limit, the contribution leading to an
enhanced Higgs-sfermino coupling read
C[h, �b1 , �b1 ] ∝ mb (Ab − µ tan β) sin 2θ�b
C[H, �b1 , �b1 ] ∝ mb (Ab tan β + µ) sin 2θ�b
C[h, �
t1 , �
t1 ] ∝ mt (At − µ cot β) sin 2θ�
t

C[H, �
t1 , �
t1 ] ∝ mt (At cot β + µ) sin 2θ�t

(5.19)
(5.20)
(5.21)
(5.22)

We will here exemplarily focus on the stop. The case of a co-annihilating sbottom does
not introduce the potential to achieve particularly larger enhancements of the couplings.
The smaller Yukawa coupling, in contrast, tends to require rather larger SUSY parameters
in order to obtain the same coupling strength. Moreover, the couplings of the sbottom
and a stau are similar in the sense that they can become very large for large tan β. In
this concern it is more interesting to study the case of the stop being important in a
complementary corner of the parameter space, namely for smaller tan β. Furthermore,
a significant left-right mixing of the stops is preferred from the requirement of large
radiative corrections to the Higgs mass when interpreting the Higgs found at the LHC
as the lighter neutral, CP -even Higgs h.
Figure 5.5 shows the stau yield for a co-annihilating stop which is set to be completely
mass-degenerate to the stau NLSP. At tree-level, the leading contribution of the coupling
of the stop to the light Higgs (5.21) can be expressed solely by the spectrum parameters
in analogy to (3.1). We choose m�t1 = mτ�1 and varied θ�t for diﬀerent choices of the mass
of the second stop, m�t2 . Further, we choose tan β = 5, µ/mτ�1 = 4 (as always if not
stated otherwise) and achieve the required Xt by choosing At accordingly. Note that this
treatment of the parameters implicitly determines the mass of the lighter sbottom, such
that further unavoidable co-annihilation eﬀects can take place that potentially increase
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Figure 5.5: Upper panels: Stau yield Y (left panel) and stop mixing parameter |Xt |/Ms (right panel)
in the presence of a mass degenerate stop as a function of θt� for various choices of mt�2 . We set τ�1 = τ�R
and mτ�1 = 1 TeV. (The reference yield is Y = 1.59 × 10−12 .) Lower panels: Relative contribution to the
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close to 0 and π where the mass of the lighter sbottom would run below the stop (and, consequently, the
stau) mass.
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the yield. The Higgs mass has been set to mh = 126 GeV ‘by hand’. The result for
the yield is, however, not sensitive to the exact Higgs mass. (The implications of the
requirement to actually obtain this Higgs mass from the radiative corrections in the stop
sector are discussed in section 5.3 where we consider the phenomenological viability in
detail.)
The presence of large stop-Higgs couplings can significantly decrease the yield even
with respect to the yield obtained for dominating strong interactions. We obtain stau
yields of 5 × 10−14 and less than 10−16 for a mass splitting of m�t2 /m�t1 = 1.5 and
3, respectively. The lower panels of figure 5.5 show the relative contributions to the
annihilation. Due to the exact mass-degeneracy of the stop with the stau, the pairannihilation processes of stops dominate over annihilation process involving the stau.
For a relatively small mass gap between the lighter and the heavier stop, m�t2 /m�t1 = 1.5,
i.e., for a medium coupling C[h, �
t1 , �
t1 ], annihilation into gluino pairs and pairs of vector
bosons are the dominant channels. For very large mass gaps, m�t2 /m�t1 = 3, i.e., for
large values of C[h, �
t1 , �
t1 ], the channel �
t1 �
t1 → hh becomes important. In this regime
the leading contribution from �
t1 �
t1 → hh comes from the pair annihilation of stops via
the t-channel diagram. This contribution involves two stop-stop-Higgs vertices. The
cross section is therefore proportional to C[h, �
t1 , �
t1 ]4 while all contributions with an s2
channel h are only proportional to C[h, �
t1 , �
t1 ] . This is why the channels �
t1 �
t1 → V V and
�
�
t1 t1 → tt, bb become less important with larger mass gaps and larger left-right mixing of
the stops.
The right panel of figure 5.5 shows the mixing parameter |Xt |/Ms , where Ms =
√
m�t1 m�t2 (see section 2.2.2), corresponding to the lines drawn in the left panel. For
m�t2 /m�t1 = 1.5 and 3 the mixing parameter is |Xt |/Ms = 3 and almost 14, respectively.
√
As discussed in section 2.2.2, |Xt |/Ms � 6 maximizes the positive radiative corrections
to the Higgs mass and thus is preferred in the absence of overly large stop masses.
Furthermore, a large mixing parameter is subject to bounds from CCB, and furthermore
from the prediction of MW (which is sensitive to mass splittings within SU (2) doublets).
Varying mA in the case of co-annihilation with mixed stops
If we relax our assumption mA /mτ�1 � 4 we can study the eﬀects of heavy Higgs resonances and the opening up of heavy Higgs final states.
Figure 5.6 shows the yield in a co-annihilation scenario where the stop is maximally
mixed, θ�t = π/4 or 3π/4, and mτ�1 = 1 TeV as a function of mH /mτ�1 . We show the
relative yield for an exact degeneracy (blue, solid and red dashed curve) as well as for
m�t1 /mτ�1 = 1.05 (green, dotted and black, dot-dashed curves). We choose two sets of
parameters, one with tan β = 2 and At = 4 TeV (blue, solid and green, dashed curves)
and one with tan β = 20 and At = −4 TeV (red, dashed and black, dot-dashed curves).
For both cases we choose Aτ = Ab = 0 and µ = 4 TeV. The soft parameters mQ3 and
mu3 are determined by tree-level relations from desired m�t1 and θ�t . We use an iterative
algorithm in order to control these parameters after spectrum generation.
In the right panel of figure 5.6 we show the relative contribution of the annihilation
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Figure 5.6: Co-annihilation with a maximally left-right mixed stop (θt� = π/4 or 3π/4) as a function of
mH . Left panel: Relative yield for an exact degeneracy (blue, solid and red dashed curve) as well as
for mt�1 = 1.05mτ�1 (denoted by ‘5% oﬀ’, green, dotted and black, dot-dashed curves). We choose two
sets of parameters, one with tan β = 2 and At = 4 TeV (blue, solid and green, dashed curves) and one
with tan β = 20 and At = −4 TeV (red, dashed and black, dot-dashed curves). For both cases we choose
Aτ = Ab = 0 and µ = mi = 4 TeV, where mi stands for all other soft parameters not involved here.
The soft parameters mQ3 and mu3 are determined by tree-level relations from the desired mt�1 and θt�.
Right panel: Relative contribution of the annihilation channels for the case mt�1 = mτ�1 , tan β = 2 and
At = 4 TeV. The red curve is the contribution of all channels that are not explicitly displayed.

channels for the case m�t1 = mτ�1 , tan β = 2 and At = 4 TeV. The red curve is the
contribution of all channels that are not explicitly displayed. Its pronounced peak at
around 2250 GeV is caused by the channel �
t1�b1 → tb which contributes around 38%. The
mass of the sbottom is around 1150 GeV.
Similar to the case of EWino co-annihilation in the presence of a resonant pole,
we obtain a strong reduction of the yield. In contrast, here we also see an eﬀect of a
decrease of the yield below the threshold for heavy Higgs final states. This eﬀect is only
pronounced for small tan β.
Large stau mixing
We will now discuss large mixing in the stau sector itself. Accordingly we will switch oﬀ
any avoidable eﬀect of co-annihilation. In the decoupling limit, the contributions that
potentially lead to an enhanced Higgs-sfermino coupling are
C[h, τ�1 , τ�1 ] ∝ mτ (Aτ − µ tan β) sin 2θτ� ,

C[H, τ�1 , τ�1 ] ∝ mτ (Aτ tan β + µ) sin 2θτ� .

(5.23)
(5.24)

We first vary the stau mixing angle while keeping mA /mτ�1 � 4. Analogue to the case of
the stop, we perform the scan for diﬀerent choices of mτ�2 /mτ�1 . We choose tan β = 20,
µ/mτ�1 = 4 and achieve the required Xτ by choosing Aτ accordingly. Figure 5.7 shows
that the yield can be reduced by several orders of magnitude for large mass splittings and
significant left-right mixing, i.e., large couplings C[h, τ�1 , τ�1 ]. This result has first been
111

discussed in [264, 281]. In [281] the authors equally scan over θτ� but choose a fixed value
for Xτ . The results obtained there are compatible with ours. The upper right panel of
figure 5.7 displays the size of |Xτ | which is required in order to provide the fixed ratio
mτ�2 /mτ�1 when varying θτ�. This reveals that low stau yields can only be obtained for the
prize of very large values for |Xτ |.
The upper right panel of figure 5.7 shows that for a moderate mass ratio mτ�2 /mτ�1 ,
the curves are not symmetric around θτ� = 1/2 π. This eﬀect arises from the interference
term of a heavy Higgs in the s-channel of the annihilation processes τ�1 τ�1 → tt, bb, hh.
While the coupling C[h, τ�1 , τ�1 ] is completely symmetric around θτ� = 1/2 π, C[H, τ�1 , τ�1 ]
is not. The asymmetry could, however, be reduced or removed by another choice of Aτ ,
µ and tan β to achieve the required Xτ or by a stronger decoupling of mA .
In the lower panels of figure 5.7 the dominant contribution to the annihilation are
shown. For mτ�2 /mτ�1 = 1.1, the channels τ�1 τ�1 → tt, bb are the most important channels
for large mixings. Theses channels involve one stau-stau-Higgs coupling, their cross
sections are thus proportional to C[h, τ�1 , τ�1 ]2 [288]. For mτ�2 /mτ�1 = 2, the channel τ�1 τ�1 →
hh clearly dominates. Its leading contribution to the cross section in this regime is
proportional to C[h, τ�1 , τ�1 ]4 [264, 281].
Varying mA in the case of large stau left-right mixing

If we relax our assumption mA /mτ�1 � 4 the contributions with heavy Higgs intermediate
or final states can dominate the annihilation cross section. On the one hand, the heavy
Higgs can appear in the s-channel leading to a resonant pole in the propagator when
mH � 2mτ�1 . One the other hand, heavy Higgses can appear in the final state around
or below threshold, i.e., when mh + mH � 2mτ�1 or mH � mτ�1 . The upper left panel of
figure 5.8 shows the yield for a maximally mixed stau, θτ� = π/4, and mτ�1 = 1 TeV as a
function of mH /mτ�1 . For small values of tan β the yield does not significantly deviate
from the one for a right handed stau, except for the resonance where the yield is reduced
by up to more than two orders of magnitude. The upper right panel of figure 5.8 shows
the relative contribution to the annihilation. For most of the displayed range of mH /mτ�1
co-annihilation channels contribute the most (red dot-dot-dashed curve). This is because
the relatively small Xτ requires a small mass splitting of mτ�1 , mτ�2 and mν�τ in the presence
of maximal mixing. In the resonance, the channel τ�1 τ�1 → tt dominates (black dot-dashed
curve). Note that the peak in the contribution of co-annihilation channels slightly above
the resonance mH /mτ�1 = 2 stems from the resonance of τ�2 and mν�τ being slightly heavier
than the lighter stau.
For tan β = 50 we obtain a reduction of the yield of about four orders of magnitude.
This result is independent of the chosen sign of Aτ and therefore independent of the sign
of the coupling C[H, τ�1 , τ�1 ]. Since the couplings of the heavy Higgs to the bottom quark
are proportional to tan β in the decoupling limit, the dominant channel for tan β � 8 is
τ�1 τ�1 → bb. Since the coupling C[H, τ�1 , τ�1 ] is also proportional to tan β, for very small
stau yields in the resonance region we typically obtain bb̄ final states.
Another interesting observation can be made in the region mH /mτ�1 � 1. Below the
threshold for two heavy Higgses in the final state the stau yield is significantly reduced in
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the case of a negative Aτ (blue solid curve) while this feature is not present for positive
Aτ (red dashed curve). (The other parameters are identical.) This asymmetry is due to
a interference of the t-channel diagram τ�1 τ�1 → HH with the s-channel diagrams τ�1 τ�1 →
h, H → HH. The diagram τ�1 τ�1 → H → HH is sensitive to the sign of C[H, τ�1 , τ�1 ] and
introduces a constructive (destructive) interference for C[H, τ�1 , τ�1 ] negative (positive).
When decreasing the mass of the heavy-Higgs, this diagram is reduced by the increasing
denominator of the heavy Higgs propagator.

5.2.4

Deviations in the scaling behavior

In all the processes we have discussed in sections 5.2.2 and 5.2.3 we have set the stau
mass to mτ�1 = 1 TeV. Point 5.1 in the list given in section 5.1 implies that the results can
be extrapolated to any value of mτ�1 by a simple rescaling. Indeed, we explicitly checked
the scaling behavior of all limiting cases considered above. In fact, in all situations the
yield scales like
(0.8 ... 1.0)
Y ∝ mτ�1
(5.25)

for stau masses between 300 GeV and 10 TeV. However, we would like to comment on
one case where the larges deviations had been found. For this discussion we introduce
the dimensionless coupling parameter
CΦ,f� ≡

2mW Ĉ[Φ, f�, f�]
,
g mf mf�

(5.26)

where f is the respective fermion, Φ = H, h and Ĉ[Φ, f�, f�] is the leading contribution of
C[Φ, f�, f�] in the decoupling limit and after neglecting the terms independent of µ and
Af . For the case of the coupling of the stau to the lighter Higgs this parameter reads
Ch,�τ1 = Xτ sin 2θτ�/mτ�1 . According to the point 5.1 in the list given in section 5.1 the
scaling behavior of the yield with mτ�1 should be identical for diﬀerent choices of Ch,�τ1 .
This is only approximately the case. For large values of Ch,�τ1 , Ch,�τ1 � 100 we found a
scaling behavior corresponding to the lower part of the range for the exponent in (5.25).
Figure 5.9 shows all relevant diagrams that contribute in this case (in the limit of large
mA ). Whilst the diagram a, c, and d are independent on aSM when aSM → 0, the
diagram b is not. The couplings of the Higgs to the vector bosons introduce an explicit
dependence on MW that does not go away in the limit of MW /mτ�1 → 0. Figure 5.10
shows the relative contribution to the annihilation for the three most important channels
as a function of the stau mass. For this plot we keep Ch,�τ1 = 500 constant by varying
µ accordingly while keeping Aτ = 0 and tan β = 20 constant. The scaling behavior of
the channels τ�1 τ�1 → hh and τ�1 τ�1 → tt, bb is almost identical once we are well above the
top mass. In contrast τ�1 τ�1 → W W increases with an increasing stau mass. This fact
lowers the exponent in (5.25) to be roughly 0.8. To illustrate this, in figure 5.10 we also
displayed Y /m0.9
τ�1 , arbitrarily normalized (black dot-dashed curve).
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5.3

Stau yields in the Monte Carlo scan

The results of section 5.2 allowed us to identify all regions that potentially lead to exceptionally small stau yields. In this section we will investigate the limiting factors for
low stau yields that could arise from various constraints. This is especially important for
regions that contain large Higgs-sfermion couplings which are governed by a priori free
parameters of the theory. In the presence of large left-right mixings of the sfermions one
can only constrain possible values for the yield by imposing constraints on the parameters that govern the Higgs-sfermion couplings. To work out these constraints is subject
to the present section. Furthermore, we will quantify how HSCP searches constrain
the possible values for the yield. These searches are especially constraining in the case
of co-annihilation with colored sparticles. Therefore, we will adopt the pMSSM Monte
Carlo scan introduced in chapter 4. The results of section 5.2 a posteriori motivate the
dedicated scans accumulating additional points in certain regions in the parameter space
that are important for this discussion. The dedicated scan regions are summarized in
table A.1 in appendix A.3.

5.3.1

Classification of regions

To identify the regions discussed in the previous section, here, we will classify the regions
according to the initial and final states. We will consider seven classes. Each class is
define by a set of annihilation channels. A point is defined to belong to a certain class if
the sum of the contributions of the defining channels of the class is the largest among all
classes for the respective point. The annihilation channels are defined by its initial and
final states. In the following we list the classes and their defining channels.
1. The bulk region aims to cover all points without co-annihilation eﬀects an no particular large couplings to the Higgses. We consider all channels with τ�1 τ�1 initial
states and vector boson or leptonic final states.
2. For the Higgs final state region we consider all channels with τ�1 τ�1 initial states and
two Higgses (any combination of h, H, A0 , H ± ) in the final state.

3. The s-channel Higgs region aims to cover points without co-annihilation eﬀects
and with a s-channel Higgs in the intermediate state. This can be achieved by
considering the τ�1 τ�1 initial state and bottom- or top-pairs in the final state.

4. The channels of the EWino co-annihilation region are defined by initial states with
at least one EWino but no color sparticles in the initial state and arbitrary final
states.
5. The channels of the gluino co-annihilation region are defined by g�g� initial states
and arbitrary final states.
6. The light flavor squark co-annihilation region is defined by initial states with at
least one first or second generation squark but no third generation squark in the
initial state.
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7. Finally, the heavy flavor squark co-annihilation region is defined by initial states
with at least one third generation squark in the initial state.
With this definitions each point can be assigned unambiguously to a certain region. In
the following, when referring to the co-annihilation regions, the intersection of the latter
four regions is meant.

5.3.2

Application of constraints

The upper panels of figure 5.11 show the eﬀect of the constraints discussed in chapter
4. The blue points are rejected by the HSCP search performed at the 7 and 8 TeV LHC
(see section 4.2 for details). The most obvious result is that the HSCP search rejects all
points with mτ�1 < 340 GeV. For small stau yield the bound on the stau mass tends to
become more restrictive—the border-line between blue and yellow points shows a kink
at around Y = 10−16 . This feature can be understood as follows. In the region of small
stau masses, small yields Y � 10−15 are typically achieved in the Higgs final state region
(green points in the left middle panel of figure 5.11) where the couplings to the Higgs are
enhanced. For these points the production of staus via a light or heavy CP -even neutral
Higgs at the LHC is typically the dominant contribution to the stau production (see
green and red points, respectively, in the lower left corner of the lower left panel in figure
5.11). This additional production mode pushes the stau mass limit up and forbids this
region. Here, we see a first correlation between the observable in the early universe and
the measurements at the LHC. A similar mechanism takes place in the s-channel Higgs
region. This is best seen in the left panels of figure 5.11, where we plot the yield against
mH /mτ�1 . In the resonance peak, mH /mτ�1 � 2, very small stau yields are obtained.
However, the very tip of this peak is excluded by HSCP searches which arise to a large
extend from the resonant production of staus via the heavy Higgs (see lower right panel
of figure 5.11). For co-annihilation scenarios the bounds on the sparticle masses derived
in section 4.2.3 restrict the possible stau yields according to the scaling of the yield with
the stau mass. The yellow points in the middle left panel of figure 5.11 show the domain
of the co-annihilation regions in the mτ�1 -Y plane.
The bounds from MSSM Higgs searches taken from HiggsBounds (abbreviated
with HB in the following) and the flavor and precision bounds (abbreviated with FP in
the following) are particularly restrictive in the region of small mH /mτ�1 . The yellow
points in the upper panels of figure 5.11 are rejected by HB and FP constraints. In fact
the complete region of mH /mτ�1 � 0.2 is excluded by these bounds. For smaller yields
Y � 10−13 , even higher values for mH /mτ�1 are rejected by the HB and FP constraints.
This is partly due to the fact that the regions of smaller yields Y � 10−13 are dominated
by the Higgs final state region and s-channel Higgs region (see green and red points,
respectively, in the middle panels of figure 5.11) which require large stau-Higgs couplings.
These are more easily achieved with large values for tan β for which the constraints on
mA from HB become even stronger, see figure 4.6.
Constraints from CCB bounds reject points in all corner of the displayed planes. The
constraints on At and Ab can eﬀect points without co-annihilation eﬀects with stops or
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sbottoms and are therefore not necessarily related to the stau yield. However, a clear
correlation is seen in the region of smallest stau yields. The CCB bounds push up the
minimal yield allowed by the HSCP bounds by about another order of magnitude, see
red points in the middle right panel of figure 5.11.
Note, finally, that the allowed points (green points in the upper panels of figure 5.11)
all lie within a relatively narrow band in mH /mτ�1 . They span around four orders of
magnitude in the yield, 2 × 10−16 � Y � 4 × 10−12 . The points with the largest yields
almost always belong to the bulk region (see blue points in the middle panels of figure
5.11). Note, that there is a relatively sharp limit of existing points in the high yield end,
in contrast to the lower end of the range featuring a few scattered points with very low
yields. This is due to the fact the potential to increase the yield is limited by the limited
amount of sparticles that could increase the yield by virtue of co-annihilation eﬀects. In
fact, the estimate (5.11) lies approximately in the middle of the band of blue points (bulk
region) in the middle left panel of figure 5.11. Thus, (5.11) is not too far from the largest
yields that can be achieved in the pMSSM.
In figure 5.12 and 5.13 we show the eﬀect of the constraints on the parameter space
for the above define regions separately. The red points belong to the respective region
while the blue points belong to the complete set of points. The pure colors denote the
allowed points while the shaded points are excluded by one or more of the above described
constraints, namely, HSCP, HB, FP and CCB bounds.
The percentage of surviving points in the regions is 4.4% in the bulk region, 0.18%
in the Higgs final state region, 5.2% in the s-channel Higgs region, 5.8% in the EWino
co-annihilation region, 1.1% in the gluino co-annihilation region, 3% in the light flavor
squark co-annihilation region and 3.7% in the heavy flavor squark co-annihilation region.
It is interesting to note that in the heavy flavor squark co-annihilation region (middle
and lower panels of figure 5.13) and in the EWino co-annihilation region (lower panels
of figure 5.12) stau yields of around or below 10−14 are allowed. In these regions no
particular left-right mixing in the stau sector (and, in the latter case, no particular leftright mixing in the sfermion sector at all) is required. Hence, these are the lowest values
we found that could equally be realized in scenarios with a selectron or smuon NLSP.
The constraints on the dimensionless coupling parameters CΦ,f� for the case of the stau
as well as for the case of the stop and sbottom are shown in the upper and middle right
panels of 5.12 as well as the lower left and right panels of 5.13, respectively. In the latter
case we exemplarily plot Ch,�t1 and CH,�b1 , the couplings to the respective other CP -even
neutral Higgs behaves roughly similar. Large values are typically excluded mainly from
the CCB bounds and precision observables as well as from flavor constrains. Note, that
Ch,�τ1 is exactly the quantity we constrained from the requirement of unitarity considered
in section 4.3.3 in eq. (4.23). The respective bound imposes Ch,�τ1 < 1370. This is far
above the values allowed by the other bounds.

5.3.3

Prospect to narrow down the stau yield at the LHC

The points in the scan which are close to the exclusion limit from the HSCP search at
SUSY �
7 and 8 TeV typically provide a SUSY cross section at the 14 TeV LHC run of σ14
TeV
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100 fb. This gives us an rough idea of the prospects for studying long-lived stau scenarios
at the LHC. For instance, with 300 fb−1 we obtain a total amount of 3 × 104 SUSY
events for these points. In fact, due to the prominent signature of staus at the LHC, we
could already learn a lot about the spectrum from O(104 ) SUSY events. First, already
at the stage of discovering a long-lived stau scenario by the measurement of charged
highly ionizing tracks in the detector, we are provided with a good determination of the
stau mass with a precision around 15% [233]. As discussed in section 3.3.4, discovery is
expected to take place on the basis of a very few observed signal events, which translates
to a total amount of O(10) produced stau pairs. This is remarkable. Moreover, the
direct stau production cross section diﬀers from the production of colored sparticles with
a similar mass by around five orders of magnitude. Thus, from the relatively precise
determination of the stau mass and a rough idea of the production cross section one
might, already at the stage of discovery, be able to decide whether the data is compatible
with a gluino- or squark-co-annihilation scenario or not. If the stau mass is relatively light
such that the number of observed events are compatible with direct DY production of
staus, a co-annihilation scenario that could provide low yields could be excluded relatively
soon. One the other, hand if the stau mass is relatively heavy with respect to the
measured rate of events such that merely direct DY production is excluded, there are a
variety of possibilities that could apply. However, as we shown in 4.2.2 the appearance of
delayed decays is a quiet common feature for closely mass-degenerate staus and gluinos
or squarks, at least in the absence of other nearly mass-degenerate sparticles. Provided
a very good understanding of the detector, such a scenario could, hence, be identified by
the appearance of charge flipping tracks or other peculiarities that could occur due to
presence of long-lived or delayed decaying R-hadrons in the detector. Such investigations
would, of course, require a larger amount of events.
A particular interesting scenario is the s-channel Higgs region near the resonant pole.
Due to the appearance of the equally resonant production channel at the LHC this
scenario provides a distinct signature. We have seen from the lower right panel of figure
5.11 that this production channel can indeed be the dominant production channel of staus
at the LHC particularly in the region of low stau yields. As discussed in [174], the velocity
distribution of staus arising from the s-channel Higgs diagram peaks at significantly
lower velocities as for instance for the direct DY production. Although challenging for
the trigger settings (see section 3.3.3), this signature can provide a way to discriminate a
resonant s-channel Higgs region from other regions and might therefore provide a first step
in the direction of determining the stau yield from collider measurements. Furthermore,
the invariant mass of these events would reveal a distinct peak at two times the stau
mass once we accumulate more data. Note, that due to the clean signal region such a
peak is not required to establish itself on top of a large number of background events.
Consequently, we might see such a peak from a relatively small number of events.
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5.4

Summary

In this chapter we presented a thorough survey for possible values for the stau yield in
the framework of the pMSSM. Focussing on the mass region that might still be accessible
at a long-term LHC run, we pinned down the various dependencies of the stau yield on
the parameters. Especially we showed the limitation of the ability to lower the stau
yield significantly by co-annihilation eﬀects. However, we found the following situations
with an increasing potential to achieve low stau yields. First, in the absence of any
left-right mixing in the stau sector a light neutralino appearing in the t-channel of the
annihilation diagram can lower the yield with respect to the decoupled neutralino. We
found a decrease by a factor of O(2). In contrast, a co-annihilating bino as well as coannihilating first and second generation sleptons increase the yield, again by factors of
O(2). Co-annihilation can become eﬃcient in reducing the yield for the squark and the
gluinos. However, for realistic scenarios we found a reduction of the yield by factor of O(5)
and O(10), respectively. A decrease by significantly more than one order of magnitude
has only be found for processes which involve Higgs-couplings. Moreover, it turned out
that values smaller than Y = 10−14 could only be obtained in the vicinity of the resonant
pole of the Higgs propagator at mA � 2mτ�1 . However, we encountered diﬀerent scenarios
with this feature. For staus with a large left-right mixing the annihilation of the staus
via an s-channel heavy Higgs provides the most compelling way to achieve low stau
yields. We found points that passed all of the imposed bounds with stau yields down to
2.5 × 10−16 . Without a necessary left-right mixing in the stau sector, we found two other
possibilities to obtain small stau yields: The co-annihilation with EWinos that have a
significant higgsino admixture as well as the co-annihilation with stops or sbottoms with
considerable left-right mixing—in both processes annihilation near the resonant pole of
the an s-channel Higgs is required. We found allowed points down to Y = 5 × 10−15 and
Y = 10−14 in the former and latter case, respectively.
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Figure 5.7: Upper panels: Stau yield Y (left panel) and the absolute value of Xτ = Aτ − µ tan β
(right panel) as a function of the stau mixing angle θτ� for mτ�1 = 1000 GeV and diﬀerent choices of
mτ�2 as specified in the key of the upper left panel. We normalized the curves by the yield for a
purely right-handed lighter stau and mτ�2 /mτ�1 � 4. The asymmetry around θτ� = 1/2 π arises from the
contribution from an s-channel heavy Higgs (refer to the text for details). The lower panels show the
relative contributions to annihilation for mτ�2 /mτ�1 = 1.2 (left panel) and mτ�2 /mτ�1 = 2 (right panel).
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Figure 5.8: Upper left panel: Stau yield Y as a function of mH /mτ�1 for mτ�1 = 1000 GeV and diﬀerent
choices of Aτ and tan β. We normalized the curves by the yield for a purely right-handed lighter stau
and mi /mτ�1 � 4. Upper right and lower panels: Relative contributions of the annihilation channels as a
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as a function of the stau mass mτ�1 . Here we enforce a constant Ch,�τ1 = 500 and maximal left-right
mixing, θτ� = π/4. We obtained this by setting Aτ = 0, tan β = 20 and adjusting µ, mL� 3 and me�3
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respectively. Other channels are negligible. The black dot dashed curve shows the deviation in the
0.9
scaling behavior of the yield from Y ∝ m0.9
τ
�1 . Shown is the ratio Y /mτ
�1 , (arbitrarily) normalized to its
value at mτ�1 = 300 GeV.
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Note, that the point density is saturated in parts of the plane such that blue points are simply covered
by the others, etc.
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Figure 5.12: Allowed points (pure colors) and rejected points (shaded colors) in the specified annihilation
regions (red points) and in the full set (blue points). Upper panels: Higgs final state region. Middle
panels: s-channel Higgs region. Lower panels: EWino co-annihilation region. The regions are defined
in section 5.3.1.
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Figure 5.13: Allowed points (pure colors) and rejected points (shaded colors) in the specified annihilation
regions (red points) and in the full set (blue points). Upper left panel: Gluino co-annihilation region.
Upper right panel: Co-annihilation with the first and second generation squarks. Middle and lower
panels: Co-annihilation with sbottoms and stops. The regions are defined in section 5.3.1.
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Chapter 6

Application to the gravitino DM
scenario
In the last Chapter we examined the pMSSM parameter space classifying diﬀerent regions
with characteristic stau yields. We thereby explored the possibilities for exceptionally
small stau yields deviating significantly from the estimates (5.11) and (5.12). This enabled us to perform a dedicated scan over the pMSSM parameter space covering all
important regions discusses before. So far we have not specified the nature of the LSP
up to the requirement that it interacts super weakly with the particles of the MSSM.
Due to this assumption the phenomenology of sparticle freeze-out in the early universe as
well as the phenomenology of collider signatures of charged sparticles could be discussed
separately from the nature of the LSP. In this chapter we will specify the nature of the
LSP and work out the implications of this specification on the allowed parameter space.
We assume a gravitino LSP. We extend our pMSSM parameter space by one additional
parameter, namely the gravitino mass, which we treat as a free parameter. On the
one hand, by imposing that the gravitino makes up the observed DM we investigate
the consequences for the necessary reheating temperature considering non-thermal and
thermal production of gravitinos.1 On the other hand, the validity of the scenario is
constraint by BBN and other astrophysical bounds which are sensitive to the stau yield
as well as the width and branching ratios of the decay of the stau into the gravitino. Both
requirements introduce a non-trivial interplay between the pMSSM parameters and the
gravitino mass which we aim to reveal in this chapter.

6.1

Gravitino DM abundance

Recent measurement of the CMB power spectrum by the Planck satellite can be well
described by the standard spatially flat ΛCDM model with six cosmological parameters.
Within this model the cold DM density has been measure with great precision to lie within
1
As a non-thermal contribution of gravitino production we consider the decay of staus into gravitinos.
If one introduces further production mechanisms, the given reheating temperature turns into an upper
bound.
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the 68% confidence interval ΩCDM h2 = 0.1199±0.0027 [51]. Combining the Planck power
spectrum data with the WMAP polarization measurements [289], BAO measurements
[290, 291, 292, 293, 294] as well as ground based high multipole measurements performed
by the Atacama Cosmology Telescope [295] and the South Pole Telescope [296] a best-fit
value of
ΩCDM h2 = 0.11889
(best-fit, combination)
(6.1)
has been derived [51]. This value will be considered for the following analysis.
As discussed in chapter 2 there are two main production mechanisms for a gravitino
which is not ultra-light and thus leads to long-lived sparticles. On the one hand this is the
thermal production of gravitinos through inelastic scattering of particles participating in
the thermal bath of the universe during the stage of reheating. On the other hand it is
the non-thermal production through decays of metastable supersymmetric particles into
the gravitino.2

6.1.1

Non-thermal production of gravitinos

In our setup the non-thermal production of gravitino takes place via decays of the stau
into the gravitino. Due to the assumed R-parity conservation each stau decays eventually
into a gravitino. Hence, the number density of staus before their decay is equal to the
number density of the gravitinos after all staus have decayed,
non-th 2
ΩG
h =
�

mG�
Ωτ� h2 .
mτ�1 1

(6.2)

However, this picture one remains true, if the decay of the stau takes place separated
from the annihilation process of the staus into SM particles, i.e., if these annihilation
processes do not compete with the decay. To quantify this requirement, in figure 6.1 we
show the evolution of the yield of the stau as a function of (decreasing) temperature and
(increasing) time for a typical annihilation process3 and for mτ�1 = 200 GeV and 2 TeV.
We plot the relative deviation of the yield from its value for T → 0 (if the stau were
stable) which is the quantity we considered in chapter 5. For cosmic times after 10−4 sec
2

Further sources of non-thermal production could arise from the decay of the inflation field. Since this
contribution depends upon the actual model of inflation [297, 298], we will not consider this contribution
here.
3
We choose an annihilation process for which �σeﬀ v�x can be expanded in 1/x as
�
�
�σeﬀ v�x = Ax−2 + O x−3
(6.3)
where A is dimensionless, containing only numerical factors, mixing angles, couplings and mass ratios.
The first term often provides a good approximation [149]. The yield is then proportional to
Y (x0 ) ∝

mτ�1
�
�.
A x−1
− x−1
0
f

(6.4)

For a fixed xf , this expression uniquely determines the shape of the curves in figure 6.1 independent of the
considered process. We checked that the curves does not fall oﬀ significantly shallower when considering
annihilation processes where the expansion (6.3) is not a good approximation, as it is the case in the
presence of a resonant pole.
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Figure 6.1: Stau yield as a function of the upper integration limit x0 = mτ�1 /T0 in (5.2) normalized to its
value for x0 → ∞ for the case of a typical annihilation process (see footnote 3). We choose xf = 25 for
this plot. The upper axis labeling denotes the corresponding cosmic time choosing g∗ (T ) according to
the particle content of the SM [143]. By doing so we assume no additional relativistic degrees of freedom
for temperatures T � 10 GeV in our model.

the deviation is around or below a percent. Hence, for significantly smaller life-times
of the stau, decays take place while significant annihilation processes are still ongoing.
With respect to the separated processes of annihilation and decay, this would lead to
a higher gravitino abundance and would require incorporating the stau decay term in
the Boltzmann equations. However, in this work we will focus on stau lifetimes larger
than 10−4 sec, first because ττ�1 require gravitino masses which are far too small in order
to achieve high reheating temperature as desired for leptogenesis and thus are not of
particular interest. Second, because BBN bounds that are subject to the investigation
in this chapter do not impose any restriction for lifetimes smaller than 10−2 sec.

6.1.2

Thermal production of gravitinos

The relic abundance of thermally produced gravitinos, Ω th
� , can be computed by solving
G
the Boltzmann equation for the gravitino number density,
dnG�
+ 3HnG� = CG� ,
dt

(6.5)

where the collision term CG� is determined by the thermal gravitino production rates.
It has been computed to leading order in the involved gauge couplings considering the
contribution from SUSY chromodynamics [19] and the full SM gauge group [20]. After
the computation of CG� , (6.5) can be solved analytically. The latter computation yields
the result [299]
�
�
� ��
�
�
3
�
mG� �
Mi2
ki
TR
th 2
2
ΩG� h =
ωi g i 1 +
log
,
(6.6)
gi
100 GeV
1010 GeV
3m2�
i=1

G
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where the gi and Mi are the gauge coupling and the gaugino mass parameter, respectively,
associated with the SM gauge groups U (1)Y , SU (2)L , SU (3)c and ki , ωi are corresponding numerical constants listed in table 6.1. The couplings and gaugino mass parameters
gauge group
U (1)Y
SU (2)L
SU (3)c

i
1
2
3

gi
g�
g
gs

Mi
M1
M2
M3

ki
1.266
1.312
1.271

ωi
0.018
0.044
0.117

Table 6.1: Assignments of the index i, the gauge coupling gi , the gaugino mass parameter Mi and the
values of the associated constants ki , and ωi to the SM gauge groups U (1)Y , SU (2)L , and SU (3)c . Taken
from [299].

are understood to be evaluated at the scale TR .

6.2

Implications for the stau NLSP

After introducing the gravitino with mass mG� , for a given MSSM parameter point, all
couplings of the gravitino to the MSSM particles are fixed. We assume here that all
heavier MSSM particles decay into the stau NLSP suﬃciently fast so that direct decays
of those sparticles into the gravitino are unimportant. The cosmological validity of a
given parameter point then mainly depends on the yield, lifetime and the partial widths
of the stau. The scenario is subject to several bounds. The most important bounds come
from BBN constraints.
The particles that are emitted in the decay of the stau into the gravitino can induce
hadronic and electromagnetic showers. The produced energetic hadrons and photons induce hadro- and photodissociation processes that potentially distort the predictions for
the light element abundances of the standard BBN. Furthermore, the staus may form
bound states with the background nuclei potentially leading to a catalyzed overproduction of 6 Li (see section 2.3.4 and references therein). For the application of the BBN
bounds it is crucial to determine the hadronic branching fractions. The tau emitted in
� , has a hadronic branching fraction of roughly
the 2-body decay of the stau, τ�1 → Gτ
65%. However, for cosmic times up to about 3 sec the interaction time of the tau is
smaller than its life-time and the tau scatters oﬀ the background before decaying. This
scattering leads to a purely electromagnetic energy release [279]. For later times the
interaction time decreases with decreasing temperature and hadronic decays of the tau
become important. The mesons produced in the tau decays are unstable. In order to
have a relevant eﬀect on the BBN, the mesons have to scatter before their decay. This
in turn only happens for cosmic times up to about 100 sec [163]. For later times BBN
constraints are dominated by nucleons emitted in the stau decay. These nucleons stem
� q q̄, with an invariant mass of the q q̄ pair above the
mainly from 4-body decays τ�1 → Gτ
production threshold of the nucleon pair, mqq̄ � 2 GeV [279].
If the life-time of the stau is very large ττ�1 � 1012 sec, decays take place after the era of
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recombination and we can probe direct signatures of the stau decays in the measurements
of the extra-galactic diﬀuse gamma ray background [300]. For even larger life-times much
stronger bounds can be obtained from the searches for anomalously heavy hydrogen in
deep sea water [60, 59]. These measurements can be interpreted to provide a conservative
bound on the yield of charged relics today [278]:
�
�
Ω B h2
−37
Ytoday � 10
.
(6.7)
0.0223
The bound (6.7) translates into a maximal life-time of τmax � 6.4 (8.7) × 1015 sec for stau
yields of Y = 10−11 (10−18 ) before their decay. We will therefore only consider points
with
ττ�1 < 5 × 1015 sec
(6.8)

in the following analysis.
Finally, we mention that one can also impose bounds on the life-time and abundance
of late decaying particles from the observation of the CMB. The secondary particles
produced in such a decay could aﬀect the process of thermalization leading to a spectral
distortion of the CMB away from a perfect black body spectrum [301, 302, 303, 304, 305].
However, the derivation and application of bounds from the CMB is beyond the scope
of this work and is left for future investigations.

6.3

Computational steps of the scan

We will now extend the pMSSM scan described in chapter 4 incorporating the gravitino
LSP. For each point of the 17-dimensional pMSSM parameter space we perform the following computational steps. First, we determine the possible mass range for the gravitino
under the following restrictions depending on the stau mass and the stau yield of the
given parameter point. The resulting life-time of the stau should lie inside the interval
10−4 sec < ττ�1 < 5 × 1015 sec, motivated by the arguments given above. From (2.49) this
imposes a lower and upper bound on the gravitino mass. Furthermore, the non-thermal
contribution to the gravitino abundance (6.2) should not exceed the measured DM abundance (see below for further details). This requirement imposes an additional upper limit
on the gravitino mass, which happens to be both, more as well as less restrictive than the
upper bound from (6.8). Second, for a given point we randomly generate 10 values for
mG� in the required interval.4 Since the interval spans over several orders of magnitude
we use logarithmic priors here. The following steps are then performed for each of the
10 gravitino mass points.
We computed the non-thermal contribution to the gravitino abundance from the stau
yield with (6.2). By demanding that the resulting total gravitino abundance matches the
measured DM abundance, Ω total
h2 = ΩCDM h2 , we compute the required abundance of
�
G

4

Since the gravitino mass is treated as a free parameter, we do not encounter any correlation-eﬀect
that could aﬀect the conclusions draw here.
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2
2
6
thermally produced gravitinos5 , Ω th
� h . For ΩCDM h , we chose the best-fit value (6.1).
G
2
From (6.6) we compute the reheating temperature, TR , that provides Ω th
� h for the given
G
parameter point. Since Mi and gi has to be evaluated at the scale TR , these quantities
are functions of TR and the equation has to be solved iteratively. However, we achieved
a fast convergence within 2 to 4 iterations to a precision that is far beyond the expected
theoretical uncertainties. For the evaluation of gi and Mi we take into account the
one-loop running
gi (Qin )
gi (TR ) = �
(6.9)
� �,
bi gi2 (Qin )
TR
1 − 8π2 log Qin

and the fact that

Mi (TR ) =

�

gi (TR )
gi (Qin )

�2

Mi (Qin ) ,

(6.10)

as a result of the non-renormalization theorem [307, 95] In (6.9), bi are the MSSM
coeﬃcients of the 1-loop renormalization group equations, (b1 , b2 , b3 ) = (11, 1, −3) and
Qin is the input scale, which we choose to be the electroweak scale here.7
For the interpretation of BBN bounds and bounds from diﬀuse gamma ray observations we compute the life-time, (2.49), and the hadronic branching ratios Bh of the stau.
For ττ�1 � 100 sec the relevant contribution stem from the 4-body decay and
Bh =

� q q̄)
Γ (�
τ1 → Gτ
,
Γtot

(6.11)

� )
where Γtot is the total width, which we approximated by the 2-body decay, Γ (�
τ1 → Gτ
�
being the dominant decay mode. The partial width Γ (�
τ1 → Gτ q q̄) includes the decays
into all kinematically accessible quark-anti-quark pairs. However, the contribution from
the top has found to be negligible for all situations relevant here. We performed the computation of Bh with the spin-3/2 extension of HELAS [308] implemented in MadGraph
[309]. This program package supports the computation of arbitrary amplitudes for massive gravitinos interacting with the MSSM particles. In order to safe computing time we
computed the hadronic branching ratio Bh as the function of the stau mass and the stau
life-time beforehand and estimated Bh on the basis of this computation for each point
during the scan. For this purpose we computed Bh as functions of the stau life-time for
various choices of the stau masses and use an interpolation routine to obtain the values
for arbitrary masses. Further, we achieved a conservative result by setting the masses of
5
Note, that the result (6.6) has been obtained using hard thermal loop resummation [306] which
requires weak couplings. Hence, the result might not be reliable for small reheating temperatures TR �
106 GeV [299].
6
The 68% confidence interval for the ΩCDM h2 is much smaller than the expected precision of the
computations performed here. Therefore, we refrain from varying the ΩCDM h2 within the confidence
interval by a Monte Carlo method. The eﬀect of such a treatment would be marginal.
7
We tolerate a slight overestimation of the couplings gi (TR ) that could arise from the fact that the
running with the MSSM coeﬃcients starts below the precise mass scale of the corresponding SUSY
particles. The eﬀect on the final results is, however, expected to be marginal.
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all sparticles heavier than the stau to 3mτ�1 and neglected Higgs intermediate states. This
way diagrams involving EWinos or squarks are suppressed and do not contribute. Those
diagrams can potentially increase the hadronic branching ratios. As an example, in the
case of a right-handed stau with mτ�1 = 500 GeV and mG� = 100 GeV we found a maximal
enhancement of Bh for almost mass-degenerate squarks of the first two generations and
the bino-like neutralino, mq� � mχ�01 � 510 GeV, by a factor of three. We equally varied
the stau mixing angle θτ�, but found little dependence on the this quantity. Therefore, we
computed the Bh under the mostly conservative assumption of a right-handed stau. For
lifetimes below 104 sec we obtain only slightly larger values for Bh than given in [310].
In contrast, for larger lifetimes the decrease of Bh is much shallower as shown in [310]
and does not fall below 10−5 in our result within the region of interest, ττ�1 < 109 sec.
These eﬀects are expected to stem from the photon interference which is not included
in the computation in the above reference as pointed out in [279]. Our results are in
rough8 agreement with [279] which are obtained, however, for mB� = 1.1mτ�1 . As argued
above we impose the lower cut on the invariant mass of the quark pairs mqq̄ > 2 GeV.
For life-times ττ�1 � 100 sec the interactions of the mesons produced in the decays of the
tau can become important. We estimated the corresponding hadronic branching ratio
by utilizing the results given in [310].
We apply the constraints from BBN derived in [166, 165]. This analysis takes into
account eﬀects from proton-neutron interconversion, hadro- and photodissociation as well
as all currently know bound-states eﬀects. The constraints are based on the following
observationally determined limits on the light element abundances:
Yp < 0.258
1.2 ×

10−5

8.5 ×

10−11

< 2 H/H < 5.3 × 10−5

3 He/2 H

<

< 1.52

7 Li/H

6 Li/7 Li

<5×

(6.12)

10−10

< 0.66 .

Here a conservative choice has been taken concerning the value of 6 Li/7 Li. As the BBN
bounds derived in these references are given in terms of the life-time of the relic, its
mass and its hadronic branching ratio, we do not compute the hadronic energy release
nor simulate the hadronization of primary partons here. Rather we directly apply the
computed values for ττ�, Bh to the bounds given in [166, 165]. These bounds are given
for two masses of the relic mX = 100 GeV, 1 TeV and for (at least) six values for Bh as a
function of the life-time of the relic τX . For life-times below 107 sec, where the hadronic
energy release is important, the maximal yield which is compatible with the bounds,
Ymax , almost scales like Bh−1 and m−1
X . Therefore we applied a linear interpolation (and
extrapolation for masses above 1 TeV) in log(Bh ) and log(mX ) between the corresponding
values of Ymax for a given life-time. We take the bounds for 102 sec < τX < 109 sec from
[166] (erratum from 2009). For the intervals 10−2 sec < τX < 102 sec and 109 sec < τX <
8

Since in [279] the results are shown as iso-mG� curves in the mτ�1 -Bh plane it is diﬃcult to resolve
the exact behavior of Bh in the region of large life-times from the plot given in this reference.
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1012 sec we estimate the constraints by utilizing the results of [165], where we ignored the
curves for Bh > 0.01 in the latter interval. The constraints in this analysis are, however,
derived for a neutral relic. As stated in [166], for large Bh —typically achieved for very
small life-times—the constraints on charged and neutral particles are almost identical.
This is why we expect the analysis to apply for the former interval. For life-times in the
latter interval, eﬀects of photodissociation are most relevant eﬀects from the decaying
staus. We expect the corresponding constraint to be similar to the bounds on decaying
neutral relics for Bh > 0.01, which is indeed the case for life-times 108 sec < τX < 109 sec
for which the constraints are given in both analyses.
For very large life-times ττ�1 > 1012 sec we apply bounds derived from the observation
of diﬀuse gamma ray emissions [311]. We apply the relic density bounds for 2-body
radiative decays derived in [300]. These bounds become restrictive only for life-times
of ττ�1 � 5 × 1012 sec which corresponds to a mass splitting mτ�1 − mG� � 10 GeV in the
considered scan region for mτ�1 . Consequently, the electromagnetic energy release in the
stau decay is relatively small. We estimate the electromagnetic injection energy times
photon branching ratio by
Einj Bγ = 0.3

m2τ�1 − m2�

G

2mτ�1

,

(6.13)

where the pre-factor 0.3 conservatively takes into account the energy taken away by
neutrinos emitted in the tau decays [312]. In the most relevant region for our analysis
1013 sec � ττ�1 � 1015 sec the constraints on Y Einj Bγ grow almost linear in Einj for small
Einj , i.e., the displayed curves for Einj = 25 GeV, 50 GeV and 100 GeV are almost identical
for these life-times. Assuming a linearity down to even smaller Einj , we apply the limits
for the smallest value for the injection energy given, Einj = 25 GeV.9

6.4

Results and discussion

The left panel of figure 6.2 shows the domains of the contributions associated with the
diﬀerent gauge couplings. In blue, green and yellow we plotted points where the SU (3)c ,
SU (2)L and U (1)Y contributions are dominant, respectively. Note that the point density
is saturated in large regions in the plane such that blue points are covered by green
points etc. It is interesting to observe that all three contributions are important in our
scan despite the fact of the smaller gauge coupling and numerical constant ωi for the
U (1)Y contribution. However, the term associated with U (1)Y only provides a dominant
contribution in a narrow band. This can be understand as follows. For a given gravitino
mass, points with a larger TR tend to have a lighter spectrum. The uppermost points are
those where M1 , M2 and M3 are all close to the lower end of their scan interval. Since the
scan range for the gluino mass parameter M3 starts at a larger value (in accordance with
stronger mass bounds expected) for the uppermost stripe of the band the contributions
from M1 and M2 are less important. On the other hand, scan points at the lowermost
9

A similar analysis has been applied in [216].
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part of the band are those where M1 , M2 and M3 are all maximal. Moreover, we allow
for slightly larger values for M3 as for M1 and M2 in our scan. As a consequence
the running of M1 —potentially rendering M1 (TR ) > M3 (TR )—can not compensate the
smaller couplings and thus the SU (3)c and SU (2)L contributions are again the most
important ones.

mG� [ GeV ]

mG� [ GeV ]

Figure 6.2: Points of the (17+1)-dimensional pMSSM scan in the mG� -TR plane. Left panel: Contribution
to the thermal gravitino production associated with M3 (blue points), M2 (green points) and M1 (yellow
points). Right panel: Ratio between contributions of non-thermal and thermal production to the gravitino
non-th
th
abundance, ΩG
/ΩG
�
� .

The right panel of figure 6.2 shows the ratio between the non-thermal and the thermal
production of gravitinos. For small mG� the non-thermal contribution is unimportant
and the band spanned by the resulting reheating temperature grows linearly with the
gravitino mass. However, once the gravitino mass approaches the stau mass non-thermal
contributions become important. Depending on the stau yield of a considered point the
required reheating temperature is pushed down by a more or less significant amount. The
points that still follow approximately the linear growth of the reheating temperature with
the gravtitino masses (when mG� approaches mτ�1 ) are those with extremely small yields.
In figure 6.3 we show the results for the validity of the points in the considered (17+1)dimensional parameter space in the ττ�1 -Yτ�1 plane and in the mG� -TR plane. The blue and
yellow points has been rejected by the HSCP searches and by the additional bounds from
flavor and precision observables, HiggsBounds and CCB bounds, respectively, as they
have been discussed in chapter 4. The red points has been rejected by the BBN bounds or
the bounds from the diﬀuse gamma ray spectrum.10 The left panel of figure 6.3 illustrates
the eﬀect of the BBN bounds of our parameter space. The border-line between the green
and red points falls down relatively rapidly for life-times above 1000 sec according to
the stronger bounds from hadrodissociation processes as well as catalyzed bound-state
eﬀects. For life-times larger than 107 sec the point overall point density starts to dilute as
10

In the following we refer to these two bounds from astrophysical observations as BBN bounds, if not
implied diﬀerently from the context.
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a consequence of our logarithmic prior in the scan over the gravitino mass (rather than
over the stau life-time). In fact, we do not encounter any point which is allowed from
all other constraints but lies close to the bound on the yield imposed from the diﬀuse
gamma ray spectrum. The spot of red points in the region Y � 10−12 and ττ�1 � 102 sec
stems from the energy release of mesons originating from tau decays.
The right panel of figure 6.3 shows the parameter points in the mG� -TR plane. It
reveals that there are points which provides reheating temperature TR > 109 GeV and
are consistent with all bounds and with a Higgs mass of around 125 GeV. All these
points are points with exceptionally small stau yields that arise from a resonant pole of a
s-channel heavy Higgs as the dominant annihilation process. Furthermore, these spectra
have in common that mτ�1 is relatively heavy (around a 1 TeV) and that M2 is preferred to
be not too heavy, M2 < 2mτ�1 (see figure 6.4). Interestingly, for M1 and M3 the tendency
for smaller values is slightly less pronounce. This is due to the smaller coupling on the
former case and due to the running up to the scale of TR in the latter case.

mG� [ GeV ]

ττ�1 [ sec ]

Figure 6.3: Points of the (17 + 1)-dimensional pMSSM scan. The color code is chosen as follows. Blue: Points passing no constraints. Yellow: Points passing constraints from the HSCP search.
Red: Points additionally passing the constraints from flavor and precision observables, HiggsBounds
and CCB bounds. Green: Points additionally passing the BBN bounds. Left panel: The stau yield Yτ�1
against the stau life-time ττ�1 . Right panel: Reheating temperature TR against the gravitino mass mG� .
Note that the formation of horizontal lines in the left panel is a remnant of the scan, generating ten
gravitino masses per point in the 17-dimensional pMSSM scan, all having the same Yτ�1 but diﬀerent ττ�1 .

Finally, we want to comment on the prospects of studying these spectra at the upcoming long-term run of the LHC. Figure 6.5 shows the full SUSY cross section of the
points that have passed all bounds discussed above. As stated before in section 5.3.3,
the points that are closest to the exclusion limit from the HSCP search at 7 and 8 TeV
SUSY � 100 fb, cortypically provide a SUSY cross section at the 14 TeV LHC run of σ14
TeV
responding to the red points in figure 6.5. The points in our scan with TR > 109 GeV,
provide cross sections around 1 fb. However, since the cross section can have a strong depends upon sectors that are rather decoupled from the physics that constrain our points
in the mG� -TR plane the point color varies relatively uncorrelated. However, we see that
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the uppermost stripe of the allowed band does not contain points with very small cross
sections due to the lighter spectrum for larger reheating temperatures.
Since the points with TR > 109 GeV all feature the resonant configuration mH �
2mτ�1 , at the LHC the direct stau production via a resonant heavy Higgs in the s-channel
will be an important production mechanism. As mentioned in section 5.3.3, the production near threshold is largely enhanced for this process. Accordingly, the velocity
distribution of the staus peaks at rather low values. This is exactly the situation which
requires a dedicated trigger setting as we discussed in section 3.3.3. Furthermore, providing rather slow staus, a significant amount of these staus might be trapped inside the
detector and eventually decay into the gravitino and a tau, enabling a possible determination of the stau life-time (see section 3.5 and references therein). Moreover, a possible
determination of the gravitino mass from the detection of the tau requires the tau energy,
�
�
m2�
mτ�1
G
Eτ �
1− 2
,
(6.14)
2
mτ�1
to deviate significantly from mτ�1 /2, i.e., m2� �
/ m2τ�1 . Therefore, the prospects of testing
G
supergravity by the simultaneous measurement of mτ�1 , ττ�1 and mG� —allowing the verification of (2.50)—are particularly better in these scenarios, featuring large gravitino
masses, than in scenarios with smaller gravitino masses and therefore smaller TR .
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TR [ GeV ]

TR [ GeV ]

mτ�1 [ GeV ]

M2 /mτ�1

Figure 6.4: Points of the (17 + 1)-dimensional pMSSM scan. The color code is chosen as follows. Blue: Points passing no constraints. Yellow: Points passing constraints from the HSCP search.
Red: Points additionally passing the constraints from flavor and precision observables, HiggsBounds
and CCB bounds. Green: Points additionally passing the BBN bounds. Left panel: Reheating temperature TR against the stau mass mτ�1 . Right panel: Reheating temperature TR against the mass ratio
M2 /mτ�1 . Note that the formation of vertical lines is a remnant of the scan. We generate ten points
with diﬀerent gravitino masses per point in the 17-dimensional pMSSM scan, all having the same mτ�1
or M2 /mτ�1 but diﬀerent TR .

TR [ GeV ]

σ14 TeV [ fb ]

mG� [ GeV ]

Figure 6.5: Points of the (17 + 1)-dimensional pMSSM scan in the mG� -TR plane. The color encodes the
total SUSY production cross section at the 14 TeV LHC.
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Chapter 7

Conclusion
In this work we studied various aspects of the phenomenology of a superWIMP DM
scenario. The prime example of a superWIMP LSP is the gravitino LSP which is strongly
motivated from cosmological considerations. The very weak coupling of a superWIMP
naturally gives rise to a long-lived NLSP which is considered to be the lighter stau here.
A guiding principle of this work is the desire to formulate results in a mostly general
way making as few assumption as possible. We asked ourselves the question which
general implications could be derived from the outcome of the first LHC results and other
constraints on a SUSY scenario with a stau NLSP, and further, what the conclusions
for the upcoming high energy LHC run are. We discussed this question for a general
superWIMP LSP scenario as well as under the specifying assumption of a gravitino LSP,
which allows us to establish the connection between cosmological observations and the
observations at laboratory experiments. Our work has been structured in two parts—
collider signatures and cosmological implications.
In the first part we exclusively looked at the phenomenological implications induced
by measurements in the laboratory experiments. Here, we employed simplified models
and the pMSSM as frameworks in order to extract (mostly) model-independent results for
a general long-lived stau scenario. In chapter 3 we investigated simplified models for the
stau production in the decay of colored sparticles. This production mode can be seen as
a prime example for the need of simplified models—the production via heavy sparticles
decaying in long cascades potentially introduce the largest number of parameters the
signature could depend upon. We worked out 2 × 3 discrete simplified models covering
the limiting cases concerning the production and the decay, respectively. Each model
contains only three free parameters, mτ�1 , mg� and either the common squark mass mq� or
m�t1 . We found that these models are suitable to serve as limiting cases to capturing more
general spectra in a conservative but realistic way. Furthermore, the presence of a well
observable direct production mechanism of staus prohibits the scenario from the existence
of regions in parameter space where the scenario hides very eﬀectively from observation.
This is, e.g., the case in the neutralino LSP scenario where compressed or widely spread
spectra are diﬃcult to explore. Here, those regions do not exist. Consequently, we are
able to derive robust lower limits on the sparticle masses in this scenario. In almost the
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whole parameter space, we have found a signal eﬃciency around 50%. Even in the most
challenging region, the eﬃciency does not drop below roughly 20%.
These insights allowed us to implement a reliable estimation of the signal strength
for an arbitrary pMSSM point in the 17-dimension pMSSM scan performed in chapter 4.
Here, we used the cross section limits reported in the HSCP null-searches from the 7 and
8 TeV LHC run. From the interpretation of these limits in our scan we estimated conservative lower limits on the sparticle masses in the long-lived stau scenario that are in accordance with the projected limits we derived on the basis of our cuts and without the data
in chapter 3. We found lower mass bounds for the gluino mg� � 1350 GeV (1300 GeV), for
mass-degenerate first generation squarks mq� � 1500 GeV (1400 GeV) and for the stop or
sbottom m�t1 , m�b1 � 1000 GeV (800 GeV) for the case of a prompt (delayed) decay of the
respective particles into the stau. Further, we found no valid point for stau masses below
mτ�1 � 340 GeV in our scan. From the EWino production we are also able to estimate
the constraints M2 , |µ| � 800 GeV.
In addition, we studied the implications of the recently discovered Higgs with a mass
around 125 GeV on our scenario. We found that the relatively large sparticle masses
implied by the stronger (and more robust) mass limits in the long-lived stau scenario as
well as the high trilinear soft terms for the third generation sfermions we allowed for in
our scan naturally lead to a flat distribution of mh over the allowed interval 123 GeV <
mh < 128 GeV. Moreover, due to the large scan range for mA with a linearly flat prior we
found a strong preference for points to lie in the decoupling limit. In order to compensate
for this eﬀect, for half of the parameter points we restricted mA < 140 GeV. However,
we found that almost all points in this region has been rejected by the MSSM Higgs
searches at colliders provided by HiggsBounds 4.0.0. As all sparticles are required to
be relatively heavy, in the long-lived stau scenario a large contribution to the anomalous
magnetic moment of the muon could not be matched by any of the points found in our
scan. Equally, after imposing the constraints from flavor and precision observables in
addition to the HSCP bounds and HiggsBounds, we found no points in our scan where
h , X = τ τ, γγ, W W, ZZ, significantly
the signal strengths for the Higgs decay modes, RX
h � 1, in consistency with the current data.
exceed the SM predictions, RX
The implications for cosmology has been provided for a general superWIMP candidate
as well as for the specific choice of the gravitino. For the general superWIMP candidate
we studied the freeze-out abundance of the staus and detected all regions in the pMSSM
parameter space that could provide small stau yields. We found five regions that can
provide yields smaller than Y = 10−14 : First, the EWino co-annihilation in the presence
of a resonant pole of an s-channel heavy Higgs, second, the co-annihilation with stops
and sbottoms annihilating into (light or heavy) Higgs final states, third, co-annihilating
stops and sbottoms in the presence of a resonant pole of an s-channel heavy Higgs, fourth,
annihilating staus with (light or heavy) Higgs final states, and finally, annihilating staus
in the presence of a resonant pole of an s-channel heavy Higgs. The latter four regions
require significant left-right mixing for the involved sfermions in order to achieve large
Higgs couplings. We found that the third and last region, both requiring the largest
Higgs-sfermion couplings, have been severely constrained in particular through the bound
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on SUSY correction to MW , but also from CCB bounds, from flavor observables as well as
from HB. After imposing these constraints, and additionally the constraints from HSCP
searches, points with Y � 10−14 have only been found in the vicinity of the resonant
pole of the s-channel Higgs propagator mH � 2mτ�1 . We found allowed points with a
yield down to Y = 5 × 10−15 , 10−14 and 2.5 × 10−16 for the EWino co-annihilation,
stop or bottom co-annihilation and stau annihilation region in the presence of a resonant
s-channel heavy Higgs, respectively.
To evaluate how these numbers aﬀect the cosmological viability of a given parameter
point we specified the superWIMP to be the gravitino. We therefore extended the Monte
Carlo scan by the additional parameter of the gravitino mass. By demanding that the
gravitino abundance matches the measured DM abundance we computed the required
reheating temperature for each scan point by taking into account the thermal and nonthermal production of the gravitino. Both quantities depend on the MSSM spectrum
parameters. Further, we derived the cosmological viability of each point from the application of bounds from the BBN and the diﬀuse gamma ray spectrum. According to the
strong constraints imposed for large stau life-times ττ�1 � 107 sec from photodissociation
processes causing an overproduction of the 3 He, we do not encounter allowed points with
stau life-times significantly larger than ττ�1 � 107 sec.
We found valid points with a reheating temperature high enough to support thermal
leptogenesis, TR > 109 GeV. This points are consistent with BBN bounds, flavor and
precision bounds, theoretical bounds from vacuum stability, bounds from the HSCP
searches at the 7 and 8TeV LHC as well as bounds from the MSSM Higgs searches and
the requirement of providing a Higgs around 125 GeV. All these points have exceptionally
low stau yields Y � 3 × 10−16 that arise from a dominant stau-pair annihilation in
the presence of a resonant s-channel heavy Higgs. Furthermore, these spectra have in
common that M1 , M2 and M3 are not too large. These are relatively compressed spectra
with the distinct feature of the Higgs resonance.
Finally, we want to comment on the discovery potential and the prospects of measuring the model parameters of a long-lived stau scenario at the LHC. Since staus appear
in the detectors of the LHC as slowly moving muons, the velocity is the most important
discriminator against the muon background. In an cut-optimization procedure we found
that the highest significances can always be obtained for the most restrictive cut on the
velocity that still allows for the minimal required events for a discovery or exclusion,
which is O(3). This is due to the large background rejection potential of such a cut.
Consequently, a possible discovery could be established in a rather short period of time
in the upcoming LHC run without having left any trace in the current data. At the
same time, already at the stage of the discovery an relatively precise estimate of the stau
mass exists—this is immanently given once we discriminate staus from muons. Further,
from the stau mass and the luminosity at which the discovery is established, we can get
a first rough idea of the dominating production mode. These are striking prospect for
the upcoming LHC runs. Furthermore, the spectra that have been found to allow for
leptogenesis are rather compressed and furthermore feature a strong stau production via
a resonant s-channel heavy Higgs. Hence, the produced staus are particularly slow. On
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the one hand, this can lead to a larger amount of staus stopped in the detectors. On
the other hand, this is exactly the region in parameter space where we would greatly
benefit from the trigger settings we proposed in section 3.3.3. Events with stopped staus
could provide intriguing possibilities to measure the stau life-time. Moreover, for a relatively heavy gravitino mass that is required for leptogenesis the determination of the
gravitino mass might be possible from the measurement of the energy of the tau that is
produced in the decay of the stopped stau. If we are able to measure the gravitino mass
we could even gain insights into the SUSY breaking mechanism by determining the scale
of supersymmetry breaking via (2.46).
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Appendix A

Mass relations, couplings and scan
ranges
A.1

Stau mass relations at tree-level

From (2.24) and (2.30) the above equations, we can infer
�
�
�
1
2
2
2
2
2
2
2
2
mτ�1 =
mRR + mLL − (mRR − mLL ) + 4mτ Xτ ,
2
�
�
�
1
2
2
2
2
2
2
2
2
mτ�2 =
mRR + mLL + (mRR − mLL ) + 4mτ Xτ ,
2
2mτ Xτ
sin 2θτ� = 2
,
mτ�1 − m2τ�2
2mτ Xτ
tan 2θτ� = 2
,
mLL − m2RR
m2LL = m2τ�1 − mτ Xτ tan θτ� ,

m2RR

=

m2τ�1

− mτ Xτ cot θτ� .

(A.1)
(A.2)
(A.3)
(A.4)
(A.5)
(A.6)

By inserting eq. (A.5) into (2.25) and eq. (A.6) into (2.26), respectively, we can express
mL�3 and me�3 in terms of mτ�1 , Xτ , θτ� and tan β at tree level.
�
�
m2L� = m2τ�1 − mτ Xτ tan θτ� − m2τ − Tτ3 − Qτ sin2 θW MZ2 cos 2β ,
3

m2e�3 = m2τ�1 − mτ Xτ cot θτ� − m2τ − Qτ sin2 θW MZ2 cos 2β .

(A.7)
(A.8)

These formulas are used in 3.1 to compute the input parameters for SuSpect.
The tau sneutrino mass is given by
m2ν�τ = m2L� + Tν3τ MZ2 cos 2β .
3
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(A.9)

A.2

Sfermion-sfermion-Higgs couplings

In the MSSM, the couplings of the lighter mass eigenstate of the third generation
sfermions f�1 = τ�1 , �b1 , �
t1 to the CP -even natural Higgses Φ = h, H are given by
�
�
�
g
cα
sα
C[h, τ�1 , τ�1 ] =
mτ s2θτ� µ + Aτ
2mW
cβ
cβ
�
� 2
�
2 sα
2
2
2 2
+2mτ
+ mW sα+β (tw − 1)cθτ� − 2tw sθτ�
,
(A.10)
cβ
�
�
�
g
sα
cα
C[H, τ�1 , τ�1 ] =
mτ s2θτ� µ − Aτ
2mW
cβ
cβ
�
�
�
cα
−2m2τ
− m2W cα+β (t2w − 1)c2θτ� − 2t2w s2θτ�
,
(A.11)
cβ
�
�
�
g
cα
sα
�
�
C[h, b1 , b1 ] =
mb s2θ�b µ + Ab
2mW
cβ
cβ
�
��
2
mW
2 sα
2
2
2 2
+2mb
−
sα+β (tw + 3)cθ� + 2tw sθ�
,
(A.12)
b
b
cβ
3
�
�
�
g
sα
cα
�
�
C[H, b1 , b1 ] =
mb s2θ�b µ − Ab
2mW
cβ
cβ
�
��
sα m2W
−2m2b
+
cα+β (t2w + 3)c2θ� + 2t2w s2θ�
,
(A.13)
b
b
cβ
3
�
�
�
−g
s
c
α
α
C[h, �
t1 , �
t1 ] =
mt s2θt� µ + At
2mW
sβ
sβ
�
��
2
mW
2 cα
2
2
2 2
+2mt
+
sα+β (tw − 3)cθt� − 4tw sθt�
,
(A.14)
sβ
3
�
�
�
g
cα
sα
�
�
C[H, t1 , t1 ] =
mt s2θt� µ − At
2mW
sβ
sβ
�
��
sα m2W
−2m2t
+
cα+β (t2w − 3)c2θt� − 4t2w s2θt�
,
(A.15)
sβ
3
where we abbreviated cα ≡ cos α, sα ≡ sin α and tw ≡ tan θW . In the decoupling limit
mH,H ± ,A � mh , mZ 1 these expression simplify according to α → β − π2 . The first terms
in the above equations are the leading contributions in the parameter space regions with
enhanced sfermion-Higgs couplings.

A.3

Ranges for the dedicated scans

In table A.1 we list all dedicated scan regions for the 17-dimensional pMSSM scan introduced in chapter 4. The dedicated scan regions are motivated by the results of chapter 5.
1

Cf., e.g., [94].
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The table displays those parameters in each region that are constraint to a smaller range
than given in table 4.1. All parameters that are not listed for a particular range are
scanned over according to table 4.1. Further, the lower and upper limits for the parameters listed in table 4.1 are respected in any way.
Dedicated scan regions
blind scan
stau H resonance

percentage
43.3%
4.8%

stau H threshold

6.7%

M1 -µ co-ann. resonance

4.9%

M2 -µ co-ann. resonance

4.9%

�
t1 co-ann.
�
t1 co-ann. resonance

4.3%
2.2%

�b1 co-ann.

9.1%

�b1 co-ann. resonance

2.3%

g� co-ann.
q� co-ann.

10.7%
6.8%

parameter
–
|mA /mτ�1 − 2|
sign (mA /mτ�1 − 2)
|mA /mτ�1 − 1|
sign (mA /mτ�1 − 1)
M1 /mτ�1 − 1
|µ/M1 − 1|
sign (µ/M1 − 1)
�
�
�mA /√µM1 − 2�
�
�
√
sign mA / µM1 − 2
M2 /mτ�1 − 1
|µ/M2 − 1|
sign (µ/M2 − 1)
�
�
�mA /√µM2 − 2�
�
�
√
sign mA / µM2 − 2
m�t1 /mτ�1 − 1
m�t1 /mτ�1 − 1
|mA /m�t1 − 2|
sign(mA /m�t1 − 2)
m�b1 /mτ�1 − 1

range
–
[5 × 10−4 ; 0.5]
{−1, 1}
[10−3 ; 2]
{−1, 1}
[5 × 10−4 ; 0.5]
[2 × 10−4 ; 0.2]
{−1, 1}
[5 × 10−4 ; 0.5]
{−1, 1}
[5 × 10−4 ; 0.5]
[2 × 10−4 ; 0.2]
{−1, 1}
[5 × 10−4 ; 0.5]
{−1, 1}
[5 × 10−4 ; 0.5]
[5 × 10−4 ; 0.5]
[5 × 10−4 ; 0.25]
{−1, 1}
[5 × 10−4 ; 0.5]

prior
–
log
(discrete)
log
(discrete)
log
log
(discrete)
log
(discrete)
log
log
(discrete)
log
(discrete)
log
log
log
(discrete)
log

mg�/mτ�1 − 1
mq�/mτ�1 − 1

[5 × 10−4 ; 0.5]
[5 × 10−4 ; 0.5]

log
log

m�b1 /mτ�1 − 1
|mA /m�b1 − 2|
sign(mA /m�b1 − 2)

[5 × 10−4 ; 0.5]
[5 × 10−4 ; 0.25]
{−1, 1}

log
log
(discrete)

Table A.1: Summary of all scans, the corresponding percentage of scan points, and the parameters whose
scan ranges deviate from the ones given in table 4.1. All parameters not listed are scanned over according
to table 4.1. We generated a total amount of 5 × 105 points in the 17-dimensional parameter space.
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