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Abstract
The past ∼ 50 years have seen a remarkable success of particle physics. In
the 1970s, the Standard Model was formulated and in 2012 its final ingredient, the Higgs boson, was discovered at the Large Hadron Collider (LHC).
The Standard Model describes virtually all particle physics observable in the
laboratory. However, despite this success, the Standard Model has a number of shortcomings. Some problems stem from its mathematical structure,
most famously the hierarchy problem. Further, the Standard Model fails
to describe the composition of our Universe, for example, it cannot explain
the observed Dark Matter. Thus, the need for physics beyond the Standard
Model is clear. A long series of experiments has been conducted to search
for this new physics. Alas, these experiments came up empty handed.
This thesis discusses two lines of work: 1) Arguably, the Higgs sector of
the Standard Model is its least constrained part and simultaneously intimately related to many of the Standard Model’s shortcomings. We discuss
models extending the Higgs sector, both in a general and in a supersymmetric setting, and how they can be probed at the LHC. 2) A century after
the first evidence for Dark Matter emerged, we still don’t know what it is
made up of. We discuss some models for Dark Matter, including axions and
a particular model for Weakly Interacting Massive Particle (WIMP) Dark
Matter. Then, we present some methods to search for WIMP Dark Matter,
focusing on paleo-detectors, a proposed method where one would search for
the traces of WIMP-nucleus interactions left in ancient minerals.

Sammanfattning
De senaste femtio åren har vittnat en enorm framgång inom partikelfysiken. Standardmodellen formulerades på 1970-talet och har sedan dess
testats i en lång rad experiment. 2012 upptäcktes Higgsbosonen, standardmodellens sista pusselbit, på CERNs Large Hadron Collider (LHC). Så gott
som all partikelfysik vi kan observera i laboratoriet är väl beskriven av standardmodellen, men den har också en rad problem. Vissa av dem är knutna
till standardmodellens matematiska struktur, till exempel svaga skalans hierarkiproblem. Dessutom kan standardmodellen bara beskriva en liten del av
vårt universums sammansättning. Mest relevant för den här avhandlingen
är att standardmodellen inte förklarar mörk materia. Dessa problem tyder
på att det finns ny fysik. En lång serie experiment har utförs för att leta
efter denna, men än så länge har de inte resulterat i några nya fynd, utan
endast bekräftat standardmodellen.
Denna avhandling beskriver två forskningsinriktningar: 1) Standardmodellens Higgssektor är dess minst exakt uppmätta del och samtidigt den
del som är mest direkt knuten till många av standardmodellens problem.
Här beksrivs några modeller för ny fysik som har en större Higgssektor
än standardmodellen, samt hur sådana modeller kan testas bättre i framtiden hos LHC. 2) Ett sekel efter att de första tecknen av mörk materia
upptäcktes vet vi fortfarande inte vad mörkt materia egentligen är. Här
diskuteras axioner och en modell för Weakly Interacting Massive Particle
(WIMP) mörk materia, samt några andra kandidater. Sedan beskrivs några
metoder för att testa modeller för mörkt materia. Speciellt fokus läggs på
paleo-detektorerna, en idé för att leta efter WIMP mörk materia genom att
söka efter spår av WIMP:ar som interagerat med atomkärnor i uråldriga
mineraler.
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1 Introduction
The quest of particle physics is to understand the fundamental building
blocks comprising our Universe and the forces between them. During the
20th century, the Standard Model of Particle Physics (SM) has been developed, which describes virtually all high energy physics observable in the
laboratory from a short list of ingredients: six quarks, three charged leptons, and three neutrinos make up the SM’s matter content. Three kinds of
forces, described by its gauge group, mediate the interactions: electromagnetism mediated by the photons, the weak force mediated by the W and
Z bosons, and the strong force mediated by the gluons. Finally, the Higgs
boson gives the SM particles mass. With the discovery of a particle which
by all measures looks like the SM Higgs boson at the Large Hadron Collider (LHC) in 2012 [2, 3], all particles in the SM have been experimentally
observed.
Despite the SM’s success, its mathematical structure gives rise to a number of issues: perhaps most famously, the hierarchy problem, which may
be formulated as asking why the scale of electroweak symmetry breaking
(and intimately related, the mass of the Higgs boson) is so much smaller
than the scale of gravity. Slightly less famous is the strong-CP problem,
i.e. why the strong force (at least to very good approximation) conserves
time-reversal symmetry while the mathematical structure of the SM allows
the strong force to violate this symmetry. Despite accurately describing the
high energy physics observed at colliders, the SM also gives unsatisfactory
answers to some low energy phenomena. For example, in the SM, neutrinos are massless although the observation of neutrino oscillations [4–6]
implies that neutrinos must have masses. The SM also fails to explain the
hierarchy of its fermion masses, i.e. why the top quark is about 300,000
times heavier than the electron, and the peculiar pattern of the CabibboKobayashi-Maskawa (CKM) matrix which governs the mixing of the quark
interaction eigenstates into mass eigenstates.
In the last decades, another standard model has emerged in cosmology,
called concordance or ΛCDM1 cosmology. Observations ranging from the
scale of the smallest known galaxies to cosmological structures spanning
our entire (observable) Universe have led to our current understanding of
what makes up the energy budget of the Universe: ordinary matter as
described by the SM makes up only 4.9 % of its energy budget, while 26 %
are comprised of Dark Matter (DM) [7, 8], some unknown form of matter
1 The

name stands for a cosmological model dominantly composed of a cosmological
constant - Λ - and Cold Dark Matter (CDM).
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about which we know very little, except that it interacts gravitationally
while its remaining interactions with SM particles are very weak, if existent
at all. Even more mysterious are the remaining 69 % of the Universe’s
energy budget which are made up of some unknown substance we call Dark
Energy.
Our knowledge of cosmology adds to the list of shortcomings of the SM:
it does not contain a particle which could explain the observed DM. In
fact, the SM does not even explain the existence of the ordinary matter
in the Universe: while the SM’s particles make up this matter, under the
assumptions of ΛCDM cosmology, much fewer SM particles than what we
observe should be around. This is because the SM predicts particles and
their antiparticles to be produced in almost the same number in the early
Universe. After their creation, most particles and antiparticles would have
eventually found each other and annihilated. The lack of explanation of
the dominance of matter over antimatter in the late Universe is called the
matter-antimatter asymmetry problem.
In order to address the SM’s shortcomings, a number of models of particle physics Beyond the Standard Model (BSM) have been developed. Most
famously, supersymmetric (SUSY) extensions of the SM could alleviate the
hierarchy problem, and the Peccei-Quinn (PQ) mechanism [9,10] may solve
the strong-CP problem. Interestingly, SUSY models as well as SM extensions implementing the PQ mechanism give rise to particles which could be
the observed DM of our Universe [11, 12]. In a more bottom-up approach,
a large number of BSM models have been developed specifically to provide
DM candidates.
Further, it is interesting to note that many of the SM’s shortcomings
are intimately connected to its Higgs sector. In particular, the hierarchy
problem, the SM’s flavor structure giving rise to the hierarchy of fermion
masses and the pattern of the CKM matrix, and the anti-matter asymmetry
problem all arise from the SM’s Higgs sector. At the same time, the Higgs
sector is the least well constrained part of the SM. Only the largest couplings
between the Higgs and the other SM particles have been measured, and even
for those, deviations from the SM values can still be of order 10 %. Thus,
extensions of the SM’s Higgs sector are a particular focus of BSM model
building.
However, despite large experimental efforts, no (conclusive) evidence of
any BSM physics model has been found to date. Thus, it is timely to
consider new ideas about how to probe BSM physics in existing experiments
as well as novel experiments. At the same time, the lack of convincing signs
of new physics constrains many existing BSM models and in some instances
requires the construction of new BSM models.
The remainder of this thesis is structured as follows. In Sec. 2 we review
the Standard Model of particle physics and (some of) its shortcomings.
Because of the importance of Dark Matter (DM) for what is discussed in
this thesis, it is treated separately in Sec. 3. In particular, in Sec. 3.1

3
we discuss the observational evidence for DM, in Sec. 3.2 particle models
for DM, and in Sec. 3.3 a range of experimental techniques used to probe
DM models. In Sec. 4 we present a range of approaches to BSM physics.
Sec. 4.1 discusses some aspects of bottom-up model building of extensions
of the SM’s Higgs sector as well as for models providing DM candidates. In
Sec. 4.2 we presents a more top-down approach instead, with a particular
focus on SUSY models. In Sec. 4 we also discuss a range of collider searches
for BSM models in the respective subsections, in particular searches at the
LHC aimed at DM and extended Higgs sectors. We reserve Sec. 5 for our
conclusions and an outlook.
The papers accompanying this thesis are reprinted in the second part.
They can broadly be organized into two lines of work: Papers [I,II,III] are
about model building and the collider phenomenology of models featuring
extended Higgs sectors. Papers [IV,V,VI,VII,VIII,IX,X] focus on DM and
span topics from building models of DM to investigating novel methods to
search for DM.
In paper [I], we studied the Next-to-Minimal Supersymmetry Standard
Model (NMSSM), focusing on the collider phenomenology of its Higgs and
neutralino sectors. In particular, we studied the potential of one collider
signature, the mono-Higgs channel, to probe the NMSSM. Paper [III] is a
broader analysis of the NMSSM. First, we re-parameterized the Higgs and
neutralino sector in terms of physically intuitive parameters instead of the
usual, rather baroque, description in terms of the parameters appearing
in the NMSSM’s scalar potential. Then, we investigated the potential of
the future LHC to comprehensively cover the NMSSM parameter space by
combining a number of different search modes. Both of these works are
discussed in Sec. 4.2.2.
Paper [II] is in some sense a generalized version of paper [III]. In [II], we
systematically studied, for the first time, an extension of the scalar sector
consisting of two SU (2) Higgs doublets and a complex scalar gauge singlet.
The scalar 2HDM+S sector features the same particles as the NMSSM’s
Higgs sector, but the parameters are not constrained by the supersymmetric
relations. After mapping out the general parameter space of the 2HDM+S,
we studied the collider phenomenology of the model with a particular focus
on so-called Higgs cascade decays. A discussion of paper [II] can be found
in Sec. 4.1.2.
In paper [IV] we built a DM model with the particular aim of studying what is required to allow for standard thermal production of the DM
candidate while satisfying the stringent constraints from direct detection
experiments. The DM candidate is a gauge singlet Majorana fermion. Its
interactions with SM particles are mediated by a 2HDM+S scalar sector
and an additional SU (2)-doublet Dirac fermion, which we integrated out.
The general version of this model is discussed in Sec. 4.1.3. Considering
the particle content of this model, it is straightforward to see that it can
be embedded in the NMSSM, albeit at the cost of introducing a number of
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supersymmetic relations between the previously independent parameters.
However, the sophisticated numerical tools available for the NMSSM allow
for an extensive quantitative study of the supersymmetric version of our
model. The results from the NMSSM part of paper [IV] are discussed in
Sec. 4.2.2; in particular, we found a new parameter region for phenomenologically viable DM in the NMSSM, which we dubbed the new well-tempered
neutralino.
Papers [V] and [VII] study two particular probes of Weakly Interacting
Massive Particle (WIMP) DM. In paper [V] we re-analyzed constraints from
the capture and subsequent annihilations of WIMPs in the Sun or the Earth
with a particular focus on the scaling of the bounds with the local WIMP
density, cf. the discussion in Sec. 3.3.3. In paper [VII] we analyzed the constraints which can be derived from the latest results of the DAMA/LIBRA
experiment, which searches for WIMP DM via the annual modulation of the
WIMP-nucleus scattering rate. In this work, we showed that even before
the inclusion of null-results from other direct detection experiments, the
DAMA/LIBRA data itself disfavors an explanation of the DAMA/LIBRA
signal by the simplest WIMP DM model, namely isospin conserving spinindependent WIMP-nucleus interactions. The results from this paper are
discussed in Sec. 3.3.2.
In paper [VI] we discussed a different kind of DM candidate, the axion.
If axions make up the DM, they could form peculiar astrophysical objects
called axion stars. In paper [VI] we studied the possible configurations of
such axion stars, demonstrating that a previously thought stable so-called
dense branch of axion stars is in fact short-lived, making dense axion stars
irrelevant for astrophysics and cosmology. A discussion can be found in
Sec. 3.2.3.
In papers [VIII,IX,X] we return to WIMP DM. In these works, we proposed a different approach to the direct detection of DM: instead of monitoring a large target mass in the laboratory for nuclear recoils, we propose
to investigate ancient minerals for the traces of WIMP-nucleus interactions.
Such paleo-detectors would revive a similar approach attempted in the 1990s,
when Snowden-Ifft et al. searched for the traces of WIMP-nucleus interactions in muscovite mica. In [VIII,IX,X] we demonstrated that with modern
nano-scale read-out technology, the sensitivity of paleo-detectors may well
exceed that of the early works of Snowden-Ifft et al. as well as the sensitivity
of current direct detection experiments. Thus, paleo-detectors may offer a
promising means to probe much of the currently unconstrained interesting
WIMP parameter space, cf. the discussion in Sec. 3.3.4.

2 The Standard Model of Particle
Physics
The Standard Model of particle physics (SM) provides an astonishingly precise description of virtually all observed (high-energy) particle physics, both
in the laboratory and in the Universe. Its defining equation, the Lagrangian,
can be sketched in one single line:
1 2
/ + |Dµ Φ|2 − V (Φ) − Y ij ψ̄i Φψj .
L = − Fµν
+ iψ̄ Dψ
4

(2.1)

The first term indicates the Yang-Mills terms for the SM’s gauge group,
SU (3)c × SU (2)L × U (1)Y , with the appropriate field strength tensors Fµν .
The second term with the covariant derivative Dµ includes the kinetic terms
and gauge interactions of its matter content, where ψ denotes any of the
SM’s fermions. The SM contains three generations of up-type quarks ui =
(u, c, t), down-type quarks di = (d, s, b), charged leptons ei = (e, µ, τ ), and
the corresponding neutrinos ν i = (νe , νµ , ντ ). Note that the SM includes
left-handed and right-handed copies of the quarks and charged leptons, but
only left-handed copies of the neutrinos. The left-handed fields are organized
in SU (2)-doublets, QiL = (uiL , diL )T for the quarks and ELi = (ν i , eiL )T for
the leptons, while the right-handed fields are SU (2) singlets. The third
term in Eq. (2.1) includes the kinetic term of the Higgs doublet Φ and its
gauge interactions induced by the covariant derivative, and the fourth term
is the Higgs potential V (Φ) = µ2 Φ† Φ + (λ/2)(Φ† Φ)2 . The last term in
Eq. (2.1) stands for the Yukawa interactions, which tie together the lefthanded fermion doublets, right-handed singlets, and the Higgs doublet,
e j + h.c. ,
−Y ij ψ̄i Φψj = −Yeij ĒLi ΦejR − Ydij Q̄iL ΦdjR − Yuij Q̄iL Φu
R

(2.2)

where the Ye , Yd , and Yu are the 3 × 3 complex-valued symmetric Yukawa
matrices for the charged leptons, down-type, and up-type quarks, respectively, the indices i, j run over the space of the three fermion generations,
e a ≡ ab Φ∗ where
and the tilde in the last term denotes charge conjugation, Φ
b
the a, b are SU (2) indices.
In total, the SM has 18 free parameters1 : The three gauge couplings g1 ,
g2 , and gs , the µ and λ parameters of the Higgs sector, and 13 parameters
from the Yukawa sector. Of the latter, three parameters stem from the
1 Here,

we do not count the θ-angle of QCD, see Sec. 2.1 or allow for neutrino masses,
see Sec. 2.2.
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charged lepton Yukawa matrix, and a total of 10 free parameters from the
up-type and down-type quark Yukawa matrices. Note that the remaining of
the naı̈vely 18 parameters of each of the complex 3 × 3 Yukawa matrices can
be removed by field-redefinitions. In particular, one can write the chargedlepton and one of the up-type or down-type quark matrices as diagonal real
matrices, and the remaining quark matrix can be written as a diagonal real
matrix rotated by a 3 × 3 mixing matrix with one additional complex phase,
the Cabibbo-Kobayashi-Maskawa (CKM) matrix.
The terms in Eq. (2.1) represent all renormalizable terms compatible with
gauge symmetry and Lorentz invariance for the field content of the SM
specified above. In particular, no explicit mass terms are allowed for the
gauge bosons and fermion fields; only the Higgs has a mass term µ2 Φ† Φ
arising via the only dimensionful parameter of the SM, µ2 .
For µ2 < 0, the Higgs field acquires a vacuum expectation value (vev)
p
(2.3)
v ≡ hΦi = −µ2 /λ .
Without loss of generality, the vev can be rotated to the real direction of Φ
by a phase-redefinition of Φ. Upon acquiring a vev, the Higgs gives mass
to the U (1)Y and SU (2)L gauge bosons, spontaneously breaking SU (2)L ×
U (1)Y to U (1)EM . Of the three SU (2) gauge bosons WµA , two combine to
√
the Wµ± = (Wµ1 ∓Wµ2 )/ 2 charged under the new U (1)EM with mass mW =
√
g2 v/ 2. The third SU (2) gauge boson as well as the U (1)Y gauge boson are
neutral under U (1)EM and mix, giving rise to the massless photon, which
is the gauge boson of U (1)EM , and the orthogonal
state, the Z boson with
p
mass mZ = mW cos θW , where sin θW = g1 / g12 + g22 is the weak mixing
angle. The would-be Goldstone bosons from breaking SU (2)L × U (1)Y to
U (1)EM are “eaten” by the massive bosons: they can be identified with the
longitudinal degrees of freedom of the massive bosons and disappear from
the theory in unitary gauge.
Similarly, the vev of Φ gives rise to mass terms for the charged leptons
and quarks via the Yukawa interaction terms given explicitly in Eq. (2.2).
In the basis of the mass eigenstates, where the Yukawa matrices are real
diagonal matrices, the term involving the right-handed down-type quarks
for example becomes
−Ydij Q̄iL ΦdjR + h.c.

Φ=hΦi


= −yd v d¯L dR + d¯R dL − ys v (s̄L sR + s̄R sL )

− yb v b̄L bR + b̄R bL .
(2.4)

Despite its mathematical elegance and experimental success, the SM has a
number of “problems”, some stemming from its mathematical structure and
the values of its free parameters, and some connected to phenomenology not
properly accounted for by the SM. We sketch these issues in the following
two sections.

2.1. Problems within the SM
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2.1 Problems within the SM
The SM suffers from various so-called naturalness problems. While naturalness has emerged as a guiding principle of particle physics during the 20th
century, a multitude of definitions of naturalness exists. One definition is to
demand that all dimensionless ratios of (fundamental) parameters should
be of order 1. The SM hardly fulfills this criterion, for example, the Yukawa
couplings of the electron and the top quark display a striking hierarchy
ye /yt = me /mt ≈ 3 × 10−6 .

(2.5)

Another puzzle is the structure of the CKM matrix which parameterizes
the mixing of the weak interaction eigenstates of the quarks and their mass
eigenstates. The magnitude of the CKM matrix’s entries are [13]


0.97446(10) 0.22452(44) 0.00365(12)
VCKM = 0.22438(44) 0.97359(11) 0.04214(76)  ,
(2.6)
0.00896(24) 0.04133(74) 0.999105(32)
P
∗
] = J m,n εikm εjln ,
and value of the Jarlskog invariant Im[Vij Vkl Vil∗ Vkj
which parameterizes the complex phase of the CKM matrix, is J = 3.18(15)×
10−5 . Although ratios of the entries of the CKM matrix are less striking
than the ratio of the electron to the top Yukawa couplings, the SM does
not offer an explanation for the peculiar pattern of the entries of the CKM
matrix.
Perhaps more severe is the naturalness problem due to the SM’s only
dimensionful parameter −µ2 = m2h /2 ≈ (88 GeV)2 , where mh = 125 GeV is
the mass of the Higgs boson. Since it is the only dimensionful parameter in
the SM, it is a priori unclear which parameter to compare its value to. One
option is to take the Planck scale mPl = 2.4 × 1018 GeV, the energy scale
at which the SM is assumed to no longer provide an accurate description of
particle physics since gravitational effects must be taken into account.2 Why
the ratio of µ2 and the Planck mass is −µ2 /m2Pl ∼ 10−33 is the so-called
hierarchy problem of the SM.
A somewhat stricter definition of naturalness is to demand that physics at
different scales should decouple, i.e. that the parameters of the SM should
not (strongly) depend on physics at scales much larger than that of the SM.
The µ2 parameter receives radiative corrections proportional to the squared
mass of any new particle3 . Hence, if any particles with mass M beyond the
SM’s field content exist, the µ2 parameter would have to be “fine-tuned”
with respect to M 2 such that the effective µ2eff ∼ µ2 + g 2 M 2 , where g is the
coupling of the Higgs to the new particle, becomes of the observed order
−µ2eff = m2h /2.
2 Of

course, there are many reasons (some of which are discussed in this thesis) to believe
that the SM breaks down at scales much smaller than mPl .
3 Except if the couplings of new particles to Φ would be forbidden by some exact symmetry, such that they would not appear at any order in perturbation theory.
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Besides the µ2 parameter, radiative corrections pose a second problem
for the SM: When extrapolating the Higgs potential V (Φ) to large field
values, one finds that the potential develops a deeper minimum than the
electroweak one below the Planck scale if [14]4




mt /GeV − 173.1
αs (mZ ) − 0.1184
mh
< 129.4 + 1.4
− 0.5
± 1.0 ,
GeV
0.7
0.0007
(2.7)
where mh and mt are the masses of the Higgs and top quark, respectively,
αs (mZ ) is the strong coupling constant at the scale of the Z boson mass,
and the last term indicates the theoretical error of this next-to-next to
leading order calculation. For the measured values mt = 173.0 ± 0.4 GeV
and mh = 125.18±0.16 GeV [13], one finds absolute stability to be excluded
at ∼ 2 σ. However, for the best-fit values, the SM sits in the metastable
phase of the phase diagram, where the decay time from the electroweak
vacuum to the true minimum is much larger than the age of the Universe.
All problems discussed above arise from the scalar sector of the SM. Another fine-tuning problem of the SM, dubbed the strong-CP problem, stems
from its gauge sector. Although a total divergence, the vacuum structure
of the strong force [Quantum Chromodynamics (QCD)] elevates the term
Lθ = θ̄

αs A e A,µν
G G
,
8π µν

(2.8)

to a physical parameter [15], where GA
µν is the gluon field-strength tensor
1
A
A,ρσ
e
with SU (3) index A, Gµν = 2 εµνρσ G
its dual, and αs the strong coupling constant. The parameter θ̄ = θ + arg det M receives contributions
from the bare θ parameter of QCD and from the complex phase of the
quark mass matrix M . The strongest experimental limit θ̄ . 10−10 comes
from upper limits on the electric dipole moment of the neutron [13]. Why
the bare θ parameter and arg det M should conspire to yield such a small
value of the physical parameter poses the strong-CP problem; see Sec. 3.2.3
for a possible solution.
Finally, although not an inconsistency of the SM, it is interesting to note
that the three gauge couplings of the SM become tantalizingly close to
each other but fail to unify at the so-called grand-unification (GUT) scale
MGUT ∼ 1016 GeV.

2.2 Missing from the SM
While neutrinos are massless in the SM, the observation of neutrino oscillations [4–6] implies that at least two of the SM neutrino mass eigenstates
must have non-vanishing masses. The absolute scale of the neutrino masses
4 Note

that this bound is only valid in the vicinity of mt = 173.1 GeV, mh = 125 GeV,
since it is a linear approximation of the proper stability bound.
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is not known; laboratory experiments constrain the mass of the electron
neutrino to mνe < 2.05 eV at 95 % P
CL [16, 17] while cosmology constrains
the sum of the neutrino masses to
mν < 0.12 eV [8], albeit this bound
is somewhat cosmology dependent. The measurements of flavor oscillations
of neutrinos produced in the atmosphere, the Sun, accelerators, and nuclear reactors yield the mass splittings of the neutrino mass eigenstates as
∆m221 = 7.37 × 10−5 eV2 and |∆m231(23) | = 2.55 × 10−3 eV2 [13]. On a phenomenological level, neutrino masses can e.g. be incorporated in the SM by
i
adding three right-handed neutrinos5 νR
and a Yukawa term
e j + h.c. ,
∆LYuk = −Yνij ĒLi Φν
R

(2.9)

to the SM Lagrangian, where Yν is the 3 × 3 Yukawa matrix for the neutrinos.6 This adds seven parameters to the SM: three masses and four
parameters from the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix,
the leptonic equivalent of the CKM matrix describing the mixing of the
neutrino mass eigenstates and the electroweak interaction eigenstates. The
3 σ ranges for the magnitudes of the elements of the PMNS matrix are [20]


[0.800, 0.844] [0.515, 0.581] [0.139, 0.155]
(2.10)
VPMNS = [0.229, 0.516] [0.438, 0.699] [0.614, 0.790] ,
[0.249, 0.528] [0.462, 0.715] [0.595, 0.776]
and the best-fit value of the Jarlskog invariant is J = −0.033. It is interesting to note that the entries of the PMNS matrix are more natural than those
of the CKM matrix, cf. Eq. (2.6). On the other hand, the CKM and the
PMNS matrix display quite different patterns, which is another problem.
Furthermore, introducing neutrino masses in this way worsens the naturalness problems of the hierarchy of fermion masses discussed in the beginning of Sec. 2.1, yν /yt = mν /mt . 10−11 . The smallness of the neutrino masses can be explained with so-called see-saw mechanisms, see e.g.
Ref. [21] for a review of neutrino mass generation mechanisms: the gauge
symmetries of the SM allow for Majorana mass terms for the new fields
since they are singlets under the SM gauge group
1
i
c j
(νR
) + h.c.
LM = − M ij ν̄R
2

(2.11)

While large Majorana masses M ij for the right-handed neutrinos are useful
for explaining the smallness of the masses of the active neutrinos, they also
potentially persevere the fine-tuning problem of the Higgs mass discussed
in Sec. 2.1 by adding new physics at a large scale given by the entries of the
Majorana mass matrix M ij .
5 Since

the absolute scale of neutrino masses is not know yet, adding two right handed
neutrinos would suffice, leaving one neutrino massless.
6 Note that this is not the only possibility to generate neutrino masses, see e.g. Refs. [18,
19] for reviews.
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The shortcomings of the SM discussed so far all stem from particle physics
observations. It is amusing to note that, with the exception of the strongCP problem, all issues are related to the Higgs sector of the SM. Out of the
SM’s 18 parameters, only three stem from the gauge sector (the gauge couplings), while the remaining 15 parameters are related to the Higgs sector.
Coincidentally, the properties of the Higgs boson are least well measured
out of the SM particles. Only a few of the Higgs boson’s couplings have
been measured directly, and event those are still allowed to deviate O(10 %)
from their SM values. This makes extensions of the Higgs sector of the
SM, discussed further in Sec. 4, a particularly interesting avenue for physics
beyond the SM.
A second series of problems stems from astrophysical and cosmological
observations. Most notable, the SM does not contain a suitable candidate
for DM, see Sec. 3. Furthermore, the SM cannot explain cosmological inflation.7 It also fails to explain the observed baryon asymmetry of the
Universe: The SM in principle has all the ingredients to satisfy the three
Sakharov conditions [24] necessary for baryogenesis: the violation of baryon
number conservation via e.g. electroweak sphalerons, the violation of C
and CP-symmetry by the weak interactions, and deviations from thermal
equilibrium during the electroweak phase transition. However, with the parameters of the Higgs potential required to explain the observed masses of
the Higgs and the W and Z bosons, the electroweak phase transition in the
SM is a smooth cross-over, not providing sufficient deviations from thermal
equilibrium [25].

7A

possible exception is Higgs inflation [22] where the SM Higgs field serves as the
inflaton, although such models require a (large) non-minimal gravitational coupling
of the Higgs field. See Ref. [23] for a recent review.

3 Dark Matter
Since roughly one century, astrophysical observations indicate that the Universe is comprised of approximately six times more matter than the visible
baryonic matter can account for. The missing mass has been dubbed Dark
Matter (DM). Evidence for the presence of DM has been collected from the
scales of the smallest known galaxies to that of cosmological structures spanning the entire visible Universe. However, all evidence found to date stems
from gravitational effects, and no (conclusive) evidence for interactions of
DM with the SM beyond gravity has been found as yet.
In this section, we will review the observational evidence for DM in
Sec. 3.1, discuss an (incomplete) list of DM candidates in Sec. 3.2, and
experimental methods to search for such candidates in Sec. 3.3.

3.1 Observational Evidence
In 1933, Zwicky published his well-known article on observations of the
Coma cluster [26], finding that the cluster’s mass must be much greater
than its luminous mass to explain the observed cluster kinematics. Although
often presented as the first evidence for DM, authors including Kelvin and
Poincaré mentioned “dark matter” as early as the beginning of the 1900s,
before Kapteyn, Jeans, Lindblad, Öpic, and Oort made first attempts to
−3
,
measure the local DM density. The found values of ρloc
DM = O(5) GeV cm
roughly as factor of ten larger than the modern value. Historical reviews of
DM can e.g. be found in Refs. [27, 28]. In this section, we will discuss some
of the most striking evidence for DM collected since then, in the order of
length scales, from the smallest to the largest. Reviews of the evidence for
DM can e.g. be found in Refs. [27, 29, 30].

3.1.1 Galaxies
First optical measurements of the rotation curves of Andromeda (also known
as M31, NGC224), the closest Milky Way (MW) size galaxy, have been made
as early as 1939 [31], and first measurements with radio telescopes, which
allow to measure rotation curves far beyond the stellar disk, have been made
in 1957 [32, 33]. The first high precision measurements of Andromeda’s
rotation curve out to 24 kpc were made by Rubin and Ford in 1970 [34]. In
Newtonian mechanics, the rotational velocity v(r) on a circular orbit with
radius r is
p
v(r) = GM (r)/r,
(3.1)
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where G is the gravitational constant and M (r) the enclosed mass, and
we assumed spherical symmetry of the mass distribution1 . Hence, outside
√
the galactic disk, where M (r) = const., one would expect v(r) ∝ 1/ r.
However, the measurements found flat rotation curves, i.e. v(r) approximately constant, far beyond the galactic disk. To explain this behavior,
the enclosed mass must behave as M (r) ∝ r, which may be explained by a
spherically symmetric mass distribution with density ρ(r) ∝ 1/r2 .
Since the 1970s, the rotation curves of O(100) spiral galaxies have been
measured to high precision, all showing qualitatively the same behavior
requiring some mass component with ρ(r) ∝ 1/r2 extending far beyond the
galactic disk, constituting arguably the most intuitive evidence for DM.
Further evidence for DM on galactic scales comes from the velocity dispersion of dwarf spheroidal galaxies (dSphs), smaller low luminosity galaxies;
see Ref. [35] for an early review.
Elliptical galaxies typically do not require large amounts of DM to explain
their kinematics. However, more recently, evidence for significant amounts
of DM has also been found in some elliptical galaxies by comparing the
mass profile measured via strong gravitational lensing to the measured surface luminosity and the velocity dispersion of tracer populations, see e.g.
Ref. [36].

3.1.2 Galaxy Clusters
In his well-known 1933 paper [26], Zwicky used the virial theorem to compute the mass of a cluster from its observed velocity dispersion. He found
that the observed kinematics could only be explained if the total cluster
mass was much larger than the mass made up by luminous stars. In a
more refined analysis [37], Zwicky found the mass to light ratio to be about
∼ 500 times larger than the mass-to-light ratio observed in close-by systems. It is worth noting that Zwicky used a Hubble constant of H0 =
558 km s−1 Mpc−1 , compared to the modern value of H0 ∼ 70 km s−1 Mpc−1
, which led to an overestimation of the mass-to-light ratio by a factor
∼ 8 [27].
Since the 1930’s, new methods of measuring total cluster masses as well
as the mass of individual components have become available, such as gravitational lensing and measurements of the hot cluster gas by its X-ray emission, strengthening Zwicky’s results that the mass of clusters is dominated
by DM.
Collisions between galaxy clusters also yield striking evidence for DM.
Fig. 3.1 shows the “Bullet cluster”, a system of two clusters which have recently collided with each other. It shows clear displacement between the hot
cluster gas visible in X-ray, constituting the dominant part of the clusters’
baryonic mass, and the lensing potential, which traces the total projected
mass. This behavior can be explained if the cluster mass is dominated by
1 The

error on this relation induced by deviations from spherical symmetry is small.
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Figure 3.1: Overlaid picture of X-ray observation (red) and lensing potential
(blue) of the merging Bullet Cluster. The X-ray observations map the density of
hot intergalactic gas. The blue colors indicated the reconstructed lensing potential, proportional to the total projected mass. Credit: NASA.

collisionless DM: during the merger, the DM halos of the two clusters passed
through each other without friction, while the gas of the clusters interacted
during the collision which caused a displacement from the gravitational potential dominated by the DM.

3.1.3 Structure Formation
Computing the gravitational interactions of many particles is an analytically
intractable problem. Thus, numerical simulations became an important tool
to study the dynamics of galaxies and clusters, as well as the formation of
the large scale structure of the Universe. It is worth noting that the first
numerical simulation was already done in 1941 [38], when Holmberg studied
collisions between galaxies or clusters using light bulbs and photo sensors
to simulate the gravitational interaction. With the advent of computers
in the 1970s, more sophisticated simulations of galaxy dynamics became
possible. Studying spiral galaxies, it was quickly found that a rotating disk
showed instabilities [39, 40], a situation that was solved by Ostriker and
Peebles in 1973, who realized that embedding galactic disks in a spherical
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halo stabilized the disk2 [42].
First simulations of cosmological structure formation were attempted in
1974 [43], studying the self-similar collapse of matter starting from random initial conditions. Shortly after, the first DM-only simulations appeared [44], finding that a matter-only universe with Ωm = 1 is incompatible with observations, e.g. galaxy catalogs, which were in much better
agreement with simulations with Ωm ≈ 0.2. Here, Ωi ≡ ρi /ρc is the density in units of the critical density ρc = 3H02 /8πG, with G the gravitational
constant and H0 the present value of the Hubble rate. With increasing computing power, smaller scales could be resolved in the simulations and work
undertaken in the 1990s showed evidence for universal DM halo profiles, described by the same shape for a large range of halo masses and cosmological
epochs. The density is often parameterized as [27]
ρ(r) =

ρ0
γ

α (β−γ)/α

,

(3.2)

(r/rc ) [1 + (r/rc ) ]

where rc is a characteristic scale of the system, often called the scale radius,
and ρ0 the normalization of the density profile ρ(r). While the simulations
of different groups agree on the power-law index in the outer part of the
halo, results differ in the central part between simulations. However, DMonly simulations are not expected to model the central part of galaxies well,
which is dominated by baryons. A DM profile used widely in the literature
is the so-called Navarro-Frenk-White (NFW) profile, which is obtained from
Eq. (3.2) for α = γ = 1 and β = 3.
Comparing DM-only simulations to observations, good agreement is found
on the larger scales, while there are a number of small-scale problems, such
as the cusp-core problem or the missing satellite problem, see Ref. [45] for
a review. It has long been argued that baryonic effects might account for
such discrepancies. Recently, a number of cosmological simulations with
DM and baryons appeared [46–49]. While the final solution is still unclear
since the effect of baryons can only be implemented approximately, those
simulations have shown that baryonic effects could indeed account for the
solution of the small-scale problems found in DM-only simulations.

3.1.4 Cosmic Microwave Background
The cosmic microwave background (CMB) is arguably the one single piece
of evidence for DM with the highest statistical significance. The power
spectrum of the density fluctuations is sensitive to the ratio of baryons to
non-interacting matter, ruling out that the entire matter content of the
Universe is comprised of baryons at more than (formally) 100 σ [8].
2 However,

the solution by Ostriker and Peebles requires DM to dominate the central
part of the gravitational potential, in conflict with modern understanding of galaxies
dynamics. Most likely, the instabilities are tamed by the galactic bulge, see e.g. [41].
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3.2 Particle Dark Matter
When the first evidence for DM was discovered in the first half of the 20th
century, astronomers did not have our modern picture of particle DM in
mind. Candidates for the “dark matter” were non-luminous objects similar
to those astronomers were familiar with: rocks, meteorites, ultra-faint stars,
or stellar remnants.
Calculations of Big Bang Nucleosynthesis (BBN), the production of elements in a Universe with a thermal history, cast early doubts on this
hypothesis. Already in the 1940s, Gamow and collaborators realized that
if the Universe originated from a hot Big Bang, elements heavier than hydrogen would be produced in the expanding and cooling Universe [50, 51].
After the discovery of the CMB [52] gave strong support to the Big Bang
model, refined computations of BBN appeared. Matching BBN calculations
to the observed abundances of light elements, the baryon density of the Universe was constrained to Ωb . 0.1, see e.g. Refs. [53, 54]. While no precise
quantitative measurements of the total matter density or the total energy
density of the Universe was available yet, theoretical prejudice strongly favored a flat universe with Ωtot = 1. Since baryonic matter could only make
up Ωb . 0.1, something else, e.g. non-baryonic DM, was needed to make
up the rest of the Universe’s energy budget.
The picture became much clearer in the late 1990s. The first precise measurements of the first peak of the CMB power spectrum (see e.g. Ref. [55]
for a review) delivered evidence for a flat Universe, Ωtot = 1. The discovery of the accelerated expansion of the Universe from high-redshift supernovae [56, 57] required a sizable fraction of the Universe to be composed of
a cosmological constant, or dark energy. Combining CMB data with supernovae and additional datasets, e.g. counting the matter in the Universe
from cluster catalogs, a concordance picture of ΛCDM emerged: ΩΛ ∼ 0.7
of the Universe’s energy budget is comprised of dark energy and Ωm ∼ 0.3
of matter, see e.g. Refs. [58–60]. Recall that BBN calculations constrained
the baryon density to Ωb . 0.1, thus, some additional (non-baryonic) form
of matter was required to explain the cosmological data.
When WMAP detected the second peak of the CMB power spectrum
unambiguously in 2003, the baryon density could be directly inferred from
cosmological probes. Of the Ωm ≈ 30 % matter, only 16 % (Ωb ≈ 5 %) are in
the form of baryons [61]. In the years since the first WMAP observations,
a wealth of cosmological data has been collected, confirming the ΛCDM
model. Current cosmological data implies a flat universe composed of ΩΛ =
69 % dark energy and Ωm = 31 % matter, with baryonic matter comprising
Ωb = 4.9 % [8]. As noted in Sec. 3.1.4, the possibility of baryons making up
all of the Universe’s matter is ruled out by a meaninglessly high number of
σ’s by the CMB data.3
3 There

is a loophole to this argument: If the extra SM matter is tightly confined into
massive objects by the time of BBN, both the BBN and CMB bounds could potentially
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In this section, we discuss a number of non-baryonic DM candidates.
Although other ideas to explain the apparent DM, such as modified gravity
or modified Newtonian dynamics (MOND), exist, to date, non-baryonic
particle DM is by far the most attractive framework to explain the effects of
DM on all scales described above; reviews can e.g. be found in Refs. [30,62].

3.2.1 Neutrinos
The relic density of SM neutrinos from thermal production was already
evaluated in the 1960s [63,64]. These calculations did not have DM in mind,
but were carried out to obtain an upper bound on neutrino masses from
avoiding overclosure of the Universe. Because of their feeble interactions
with the remaining SM particles, neutrinos on first sight appear to be ideal
DM candidates. However, their relic density is given by [62]
P
mν
2
,
(3.3)
Ων h ≈
91.5 eV
where h = H0 /(100 km s−1 Mpc−1 ) is the reduced Hubble constant. Taking
only laboratory bounds, mν . 2 eV [16, 17], into account, the relic density
in neutrinos would be Ων h2 . 0.066, hence, cannot account for the observed DM density ΩDM h2 ≈ 0.12 [8]. The situation is exacerbated when
taking
cosmological bounds on the sum of neutrino masses into account,
P
mν < 0.12 [8], yielding a bound on the relic density of Ων h2 . 1.3×10−3 .
Furthermore, because of their small mass, neutrinos constitute a warm (i.e.
mildly relativistic) component of DM. If they were to comprise all of the
DM, structure formation on small scales would be suppressed below what
is observed in the Universe.
As discussed further in Sec. 2.2, the addition of right-handed neutrinos is
one possibility to account for massive neutrinos in the SM. Because righthanded neutrinos would be singlets under the SM gauge group, their only
interaction with SM particles would arise via mixing with the left-handed
neutrinos unless additional fields are introduced. Their mass could a priori
take any value when one assumes the Majorana masses to be fundamental parameters. Such so-called sterile neutrinos are suitable candidates if
they have appropriate mass and couplings with SM particles, such that one
obtains the correct relic density and evades experimental constraints, see
e.g. Ref. [65] for a review. Standard production mechanisms for sterile neutrino DM are either via mixing with the SM neutrinos or from the decay of
an extra scalar. In both cases, the mass of the DM candidate is bounded
from below by the Tremaine-Gunn bound [66] to mνR & 1 keV. The absence of X-ray signals from the decay of neutrinos yields an upper bound of
mνR . O(10) keV [65], cf. Sec. 3.3.1. Note that the lower bound depends on
the details of the production mechanism and that the upper bound may be
be mitigated. We briefly mention such a DM model in Sec. 3.2.4.
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circumvented by suppressing or forbidding the corresponding decay modes,
e.g. via (approximate) symmetries.

3.2.2 Weakly Interacting Massive Particles
Weakly Interacting Massive Particles (WIMPs) are perhaps the most widely
studied class of DM candidates. In this section we focus on general features
of WIMP DM; specific particle physics models for WIMPs will be discussed
in Sec. 4.1.3. As the name indicates, WIMPs are rather heavy compared
to (fundamental) SM particles, with typical masses of WIMPs comparable
to those of ordinary atomic nuclei, and have “weak” interactions with SM
particles. Note that different interpretations of “weak” exist: it may be
understood more literally as WIMPs interacting with SM particles via the
weak force, i.e. mediated by the SM’s W and Z bosons, or more loosely as
having “feeble” interactions with the SM. In the remainder of this section
we use the latter interpretation.
The canonical production mechanism for WIMPs is thermal freeze-out:
Assuming the DM candidate to be stable, the (co-moving) number density is
altered only by (inverse) annihilation processes, χχ̄ ↔ X X̄, for the simplest
case of 2 ↔ 2 processes. Here, χ denotes the WIMP and X all particles
χ’s can annihilate into. While the Universe is sufficiently dense and hot,
χχ̄ ↔ X X̄ processes are in chemical and kinetic equilibrium and WIMPs are
ultra-relativistic, keeping the co-moving number density constant. When
the temperature of the thermal bath becomes of order of the WIMP mass
mχ , WIMPs become non-relativistic and their co-moving number density
drops sharply. Finally, when the interaction rate becomes smaller than
the expansion rate of the Universe, the interactions freeze-out, i.e. WIMPs
drop out of chemical equilibrium with the radiation bath, and their comoving number becomes constant again. In standard cosmology, the comoving number density of WIMPs at freeze-out is identical with today’s
relic density, see e.g. Ref. [54] for a review of the standard calculation. For
WIMP masses mχ = O(100) GeV, the relic density is approximately [62]
Ωχ h2 ∼ 0.1 ×

3 × 10−26 cm3 s−1
,
hσvi

(3.4)

where hσvi is the thermally averaged annihilation cross section evaluated at
the freeze-out temperature Tf ∼ mχ /25. More refined calculations can be
e.g. be found in Refs. [67–71]. The mass of WIMPs produced via canonical
freeze-out is bounded from below to mχ & 100 MeV by requiring freeze-out
to occur before BBN. An upper limit on the WIMP mass can be obtained
from unitarity: From dimensional analysis one expects hσvi ∼ α2 /m2χ . By
requiring α . 1, one finds mχ . 20 TeV in order to obtain hσvi & 3 ×
10−26 cm3 s−1 . A more refined analysis of the unitarity bound yields mχ .
100 TeV [72].
There are three notable exceptions to freeze-out production as sketched
above [73]: 1) co-annihilation, where a second state approximately mass
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degenerate with the DM candidate is present, 2) resonant annihilation where
the DM candidate annihilates resonantly via s-channel diagrams with a
mediator with mass mmed = 2mχ , and 3) forbidden channels, where the
dominant annihilation mode χχ̄ ↔ X X̄ is into a final state with mass
(slightly) larger than mχ , hence, the annihilation is forbidden at T = 0.4 In
Secs. 4.1.3 and 4.2.2 we will describe a DM model constructed in paper [IV]
where both co-annihilation and resonant annihilation are relevant in parts
of the parameter space.
In the early 1980s it was realized that neutralinos, the supersymmetric (SUSY) partners of the neutral electroweak gauge bosons and the neutral Higgs bosons, make excellent WIMP candidates in R-parity conserving
SUSY models if they are the lightest supersymmetric particle, cf. Refs. [74–
76] for early works. In such SUSY models, the lightest neutralino would
be neutral and stable, and for low-scale SUSY one readily finds masses
mχ = O(100) GeV and annihilation cross sections into SM particles of
the right order of magnitude to give rise to the observed relic density,
hσvi = O(10−26 ) cm3 s−1 ; see Ref. [11] for a classical review of SUSY
WIMPs.
SUSY WIMPs are particularly well motivated examples of WIMPs because they appear in extensions of the SM not primarily constructed to yield
DM candidates as discussed further in Sec. 4.2. However, a large number
of non-SUSY WIMP models have been developed as well, see Sec. 4.1.3.

3.2.3 Axions
As discussed in Sec. 2.1, QCD allows for the θ-term
Lθ = θ̄

αs A e A,µν
G G
.
8π µν

(3.5)

Theoretically, the parameter θ̄ is expected to be of order 1, but its size is
constrained to θ̄ . 10−10 by experiments. The canonical solution to this
strong-CP problem is to introduce a chiral global U (1)PQ symmetry, the
so-called Peccei-Quinn symmetry [9, 10], spontaneously broken below some
scale fa . The Goldstone boson of the U (1)PQ , the axion a [77,78], couples to
gluons via color-charged particles charged under the U (1)PQ and axion-pion
mixing, giving rise to an effective θ-term


a
αs
e A,µν .
θ̄ −
GA
(3.6)
Lθ =
µν G
8π
fa
Non-perturbative QCD effects give rise to a potential of the axions with
minimum at θ̄ = a/fa , thus canceling the effective θ-term dynamically and
4 Note

that the two latter possibilities are technically included in Eq. (3.4) via the
thermally averaged cross section hσvi for χχ̄ ↔ X X̄ processes. We mention them
here because they differ from the vanilla freeze-out scenario outlined in the text.
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solving the strong-CP problem. This potential also induces a mass for the
axion [79]
 11

10 GeV
ma = 57 µeV
.
(3.7)
fa
While fa is a free parameter of the model, experimental constraints rule out
fa . 109 GeV [80]. All interactions with SM particles arise via dimension
5 (or higher) operators and are suppressed by 1/fa , making the axion’s
interactions extremely feeble.
Axions can be produced in the early Universe via the misalignment mechanism: When the U (1)PQ symmetry is broken, the axion fields appear with
an initial random angle θi = ai /fa . During the QCD phase transition,
the axion potential arises and the axion field will oscillate about its minimum a/fa = θ̄.5 These oscillations of the classical axion field give rise to a
condensate of cold axions with present-day relic density6 [81]
2

Ωa h ∼ 0.03



1011 GeV
fa

7/6

θ̄i2 ,

(3.8)

where θ¯i ≡ θi −θ̄ is the misalignment of the initial angle θi with respect to the
minimum of the potential a/fa = θ̄. Its feeble interactions and the existence
of a production mechanism yielding the measured relic density render axions
an interesting DM candidate, see e.g. Refs. [80, 82] for reviews.
A generalized version of QCD axions are Axion Like Particles (ALPs),
which arise in many extensions of the SM, in particular in string theory.
Similar to axions, their couplings to SM particles are suppressed by some
large scale fa , and they can be produced in the early Universe via e.g. the
misalignment mechanism. In contrast to QCD axions, the relation between
the breaking scale fa , which determines the coupling strengths of axions,
and the axion mass ma , cf. Eq. (3.7), does not hold for ALPs. Despite
not being motivated as well as QCD axions by theory, ALPs constitute an
interesting class of DM candidates, see e.g. Ref. [83] for a review.
A particular subclass of ALP DM are Ultra Light Axions (ULAs), also
referred to as Fuzzy Dark Matter (FDM), see Refs. [84–89] for early works
and Ref. [90] for a recent review. ULAs are primarily motivated from phenomenology, attempting to solve some of the small-scale problems arising
when comparing (DM only) structure formation simulations to observations,
cf. Sec. 3.1.3. Most notably, if their mass is of order ma ∼ 10−22 eV, ULAs
could explain the observed cores of dwarf galaxies.
A currently particularly active topic of research in axion DM are axion miniclusters [91] and axion stars [92–96], gravitationally bound objects
comprised of axions. Axion stars are classical solutions to the equations of
5 Note

that axions are subject to the usual Hubble friction in an expanding Universe.
Thus, oscillations of the axion field strictly set in when ma (T ) ∼ 3H, where ma (T )
is the temperature dependent axion mass and H the Hubble parameter.
6 This holds only for f . 2 × 10−15 GeV, see Ref. [81] for a discussion.
a
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motions for axion fields under the influence of their own gravity which we
revisited in paper [VI]. It has long been known that a stable dilute branch of
axion star solutions exist with a mass-radius relationship M ∝ 1/R, where
M is the mass and R the radius of the axion star. Such systems are sufficiently dilute that the feeble self-interactions of axions can be neglected.
They are called axion stars because they are in hydrostatic equilibrium between the (attractive) gravitational self-interaction and the gradient pressure of the classical axion field.
Because of their mass-radius relation, the larger the mass of such systems,
the denser they become. Thus, eventually self-interactions can no longer be
neglected. For an axion star comprised of QCD-axions, self-interactions
must be taken into account when the mass of a dilute axion star becomes
2
comparable to M ∼ 10−11 M 10−5 eV/ma [VI]. The first-order selfinteraction is an attractive quartic, giving rise to a second branch of axion
star solutions with mass-radius relationship M ∝ R, we dubbed the critical
branch. This branch is supported by balancing the gradient pressure against
the attractive self-interactions. However, this branch is unstable against
classical perturbations.
Ref. [97] claimed that a new stable branch of axion stars existed at even
larger densities when the axion field saturates θ = a/fa = O(1). For such
large densities, a perturbative expansion of the axion potential giving rise to
its self-interactions is no longer possible and one must take into account all
orders of self-interactions. The main result of paper [VI] was to demonstrate
that such solutions are in fact quickly
decaying with life-times of order

τ ∼ 103 /ma ∼ 10−7 s 10−5 eV/ma . The reason such axion stars decay
is that coalescence processes, e.g. (3a → a), turning the non-relativistic
axions in the star into relativistic axions which stream away and dilute the
density, can no longer be neglected. Thus, in paper [VI] we established that
the only cosmologically relevant axion star solutions are dilute axion stars
2
with a maximal mass of M ∼ 10−11 M 10−5 eV/ma . Simultaneously
with [VI], Refs. [98, 99] appeared which arrived at similar results.
One interesting corollary of the mass-radius relation of stable axion stars
is for ULAs/FDM: In such models, the cores of dwarf galaxies are thought to
be dilute axion stars. However, the M ∝ 1/R relationship does not match
the observed relation between core masses and radii, see e.g. Ref. [100] for
recent work on this subject.

3.2.4 Other Candidates
A large number of DM models beyond those discussed above has been developed in the last decades. Many of these models are built in a phenomenologically driven approach instead of obtaining DM candidates in UV-complete
models, see e.g. Refs. [30, 101–103] for reviews of DM candidates. Some
notable examples are
• asymmetric DM (ADM), see e.g. Refs. [104, 105], where DM and the
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SM matter are produced via similar mechanisms yielding a matterantimatter asymmetry in both sectors,
• self-interacting DM (SIDM), see e.g. Refs. [106,107], proposed to solve
some small-scale problems of cold DM, cf. Sec. 3.1.3, via large DM
self-interaction cross sections of order σ/mχ ∼ 1 cm2 /g, where mχ is
the DM mass,
• Kaluza-Klein (KK) DM, see e.g. Refs. [108, 109], appearing in models
with compactified extra dimensions where the first KK state of e.g. the
neutral gauge bosons or the graviton can be a suitable DM candidate,
• macro DM [110], reviving the idea of baryonic DM, circumventing
Big Bang Nucleosynthesis (BBN) and CMB bounds by confining the
baryons in excess of the density allowed by BBN into compact objects
of nuclear densities before the onset of BBN,
• primordial Black Holes (PBHs), see e.g. Refs. [111, 112], can arise as
viable DM candidates if a feature in the inflaton potential leads to
large density fluctuations at some scale, which upon re-entry decouple
from the cosmological expansion and form black holes.

3.3 Dark Matter Searches
All evidence for DM discussed in Sec. 3.1 stems from gravitational effects.
However, almost all candidates of particle DM interact with SM particles
beyond gravity, although those interactions are usually very feeble. There
are a number of techniques used to search for DM via such additional interactions with SM particles. In the case of WIMP DM, the canonical search
methods are indirect detection, where one searches for signals from pair annihilation of DM particles into SM particles in astrophysical environments,
direct detection, where one searches DM scattering off SM particles (usually
off nucleons) in the laboratory, and collider searches, where one attempts
to produced DM particles in a particle collider. In the canonical case of
2 → 2 interactions, the processes relevant for the different search strategies proceed via similar diagrams interrelated by crossing symmetries, see
Fig. 3.2. Furthermore, those might be the same diagrams which give rise to
the production cross section in the early Universe for thermally produced
WIMPs. However, the relation of the amplitudes is very model dependent. For example, a typical SUSY DM scenario is neutralino DM with the
largest amplitude mediated by an SM-like (scalar) Higgs boson. Then, the
thermally averaged production cross section will be temperature dependent
hσvi ∝ T such that the similar cross section showing up in direct detection
but at T ≈ 0 is strongly suppressed. This scenario however leads to unsuppressed so-called spin-independent interactions, see section 3.3.2, in direct
detection experiments which are well constrained. In contrast, consider
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relic density (T ≈ mχ /25)
indirect detection (T ≈ 0)
SM

DM

SM

direct detection

DM

collider production
Figure 3.2: Illustration of (WIMP) DM interactions with the SM for 2 ↔ 2 processes. The bold arrows indicate the direction of time for the different processes.

another typical SUSY scenario of neutralino DM, where the largest amplitude is mediated by a pseudo-scalar Higgs instead. Then, the production
cross section is temperature independent such that the similar cross section
showing up in indirect detection is not suppressed. However, such mediators
lead to velocity suppressed spin-independent interactions in direct detection
experiments, and correspondingly much weaker constraints.
In the remainder of this section we will discuss the different approaches
to WIMP DM detection and equivalent techniques for axion and sterile
neutrino DM with the exception of collider searches, which we discuss in
Sec. 4.1.3. In Sec. 3.3.1 we discuss indirect detection and in Sec. 3.3.2
(conventional) direct detection searches. In Sec. 3.3.3 we discuss searches
using hypothetical signals arising from WIMPs becoming captured in the
Earth and the Sun where they could subsequently annihilate and give rise
to SM particles. Aspects of this approach are discussed in paper [V]. In
Sec. 3.3.4 we discuss an alternative approach for the direct detection of
WIMP DM proposed in papers [VIII, IX, X].

3.3.1 Indirect Detection
Indirect detection is based on the pair annihilation or decay of DM into
SM particles in astrophysical environments giving rise to a flux of photons
or other stable particles, see e.g. Refs. [113, 114] for reviews. For definite-
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ness, we will only discuss searches using photons in this section, see e.g.
Refs. [115–118] for recent works using charged cosmic rays. In the case of
pair-annihilation, the canonical case for WIMP DM, the spectral photon
flux is
Z
hσvi dNγ
dΦγ
dΩ 2
=
×
×
ρ
,
(3.9)
dl
dEγ
2mχ
dEγ
4π DM
l.o.s.,∆Ω
where hσvi is the DM annihilation cross section averaged over the velocity distribution of the observed DM, mχ is the DM mass, dNγ /dEγ the
photon spectrum produced from the DM annihilations, and the integral
is the so-called J-factor [119], the line-of-sight integral over the solid angle ∆Ω observed by the experiment over the DM density ρDM . Since the
flux is proportional to ρ2DM , interesting targets are places with high DM
densities such as the galactic center (GC). However, at the same time the
GC is dense in stars and hot gas, leading to large backgrounds with sizable uncertainties. An interesting alternative are dwarf Spheroidal galaxies
(dSphs) since they are dominated by DM and have comparatively little
astrophysical background. Regardless of the target system, there are two
principle photon signatures from DM annihilation: If pairs of DM particles
can promptly annihilate into pairs of photons, one obtains a photon line
dNγ /dEγ ∼ δ(Eγ − mχ ), while DM annihilations into unstable SM particles
yield a continuous photon spectrum from the decay chains of the prompt
annihilation products [119].
For WIMP DM, the currently most sensitive instruments are the Fermi
Large Area Telescope (Fermi-LAT) [120] with an energy range of 20 MeV .
Eγ . 300 GeV, and for higher energies Imaging Air Cherenkov Telescopes
(IACT) such as H.E.S.S. [121], MAGIC [122], and VERITAS [123] with
energy thresholds Eγ > O(10) − O(100) GeV. An example of a tentative
line signal from prompt DM annihilation into photons is the 130 GeV line
discovered by Weniger et al. [124, 125] from Fermi-LAT observations of the
GC, which however turned out to most likely be a combination of systematic
errors and a statistical fluke, see e.g. Refs. [126, 127]. While distinguishing
line-signatures from the astrophysical continuum background is comparatively easy, this task is more challenging for continuous photon spectra arising from the decay chains of unstable SM particles WIMPs may promptly
annihilate into. Although evidence for a gamma-ray excess in the galactic
center compatible with DM annihilation has been claimed from Fermi-LAT
data [128,129], further investigation has shown that this excess is most likely
of astrophysical origin and not from DM annihilation [130,131]. In contrast
to these claims, observations of dSphs rule out WIMP DM with thermal swave annihilation cross sections for masses mχ . 100 GeV if the dominant
annihilation mode is into pairs of b-quarks or τ -leptons [132–134].
For sterile neutrino DM, photon signals arise typically via decays of the
sterile neutrino νR . Loop diagrams involving W bosons induce νR → νSM +γ
decays [65], where νSM denotes an SM neutrino. Such decays give rise to a
photon line with Eγ = mνR /2, which for typical masses of sterile neutrino
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DM in the keV range can be searched for with X-ray telescopes such as
Astrosat [135], Chandra, NuSTAR [136], and XMM-Newton [137]. Evidence
for a 3.5 keV X-ray line compatible with sterile neutrino DM with mνR ≈
7 keV has been reported [138, 139], although the status of the observations
and the interpretation of this excess is a matter of ongoing debate, see e.g.
Refs. [140–144].
Axion DM can give rise to radio lines via a → 2γ decays [145, 146]
or axion-photon conversions in astrophysical electromagnetic background
fields [147–150]. Detection prospects via spontaneous or stimulated decay
of axions into photons seem rather dire for QCD-axions, while axion-photon
conversions in magnetic fields are somewhat more promising. There are two
possibilities to make DM axion-photon conversions effective: either, the domain size of the magnetic fields must match the inverse axion mass, or,
photons have to acquire an effective mass matching the axion mass, e.g.
in astrophysical plasmas. The latter option is for example realized in the
vicinity of neutrons stars: there, the atmosphere of the neutron star provides a plasma mass for the photons and in the strong magnetic fields axion
photon conversions can become efficient enough to provide for detectable
signals [150]. Further enhancements of the signal strength are possible if
an axion minicluster or axion star would “collide” with an neutron star,
see e.g. Refs. [151, 152]. Currently it is unclear what the ideal observation
strategy and targets for radioastronomy searches are, but the recent activity
has shown that such searches may be a powerful means to probe axion DM.

3.3.2 Direct Detection
If WIMPs make up the DM, they could scatter off atomic nuclei. Typical WIMP velocities in the Earth’s rest frame are a few 100 km/s, thus,
the available kinetic energy in such a fixed target experiment is of order
2
Ekin = mχ v 2 /2 ∼ 100 keV×(mχ /100 GeV) . Since this is small compared to
nuclear binding and excitation energies, the canonical case is elastic WIMPnucleus scattering. Note that if there are additional states χ2 with a small
mass splitting to the DM WIMP χ1 , ∆m = χ2 − χ1 . 100 keV, or if the
WIMP is a composite state which can be excited to energy levels with energy splittings ∆E . 100 keV, inelastic interactions may become relevant,
see e.g. Ref. [153]. For simplicity, we will only discuss elastic scattering in
the following.
Probing WIMP DM via nuclear recoils induced in the laboratory by such
WIMP-nucleus interactions is known as direct detection, see Refs. [154–158]
for early works and e.g. Refs. [159,160] for reviews. The differential nuclear
recoil rate per unit target mass for elastic scattering of WIMPs with mass
mχ off nuclei with mass mT can be written as
dR
2ρχ
=
dER
mχ

Z

d3 v vf (v, t)

dσT 2
(q , v) ,
dq 2

(3.10)
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where ρχ is the local WIMP density, f (v, t) the velocity distribution in the
detector rest frame, and dσT /dq 2 the differential scattering cross section
with respect to the (squared) momentum transfer q 2 = 2mT ER . Because
of the small relative WIMP-nucleus velocities v, the kinematics are nonrelativistic. Then, the momentum transfer to the nucleus is q ≤ 2µT v,
where µT = mχ mT /(mχ + mT ) is the reduced mass of the WIMP-nucleus
system. For a typical WIMP mass of mχ = 50 GeV, taking xenon with
mT = 122 GeV as target nucleus, and assuming a relative velocity of v =
300 km/s, we find q . 70 MeV. The size of a xenon nucleus is approximately
RXe ≈ 6 fm, corresponding to 1/RXe ≈ 30 MeV. Hence, WIMPs will interact
coherently with nuclei, although some loss of coherence must be taken into
account for the most energetic WIMPs.
The canonical types of WIMP-nucleus interactions are Spin-Independent
(SI) and Spin-Dependent (SD) interactions, although other interaction types
may be relevant as well, see e.g. Refs. [161,162]. For SI and SD interactions7 ,
the differential cross section can be written as
σT (0) 2
dσT 2
(q , v) =
F (q)θ(qmax − q) ,
2
dq
4µ2T v 2

(3.11)

where σT (0) is the WIMP-nucleus scattering cross section at zero momentum transfer and F (q) the nuclear form factor. The Heaviside θ-function
accounts for the maximal momentum
p transfer qmax = 2µT v and can be
traded for a lower cutoff vmin =
mT ER /2µ2T in the velocity integral.
With Eq. (3.11) we can rewrite the differential scattering rate, Eq. (3.10)
as
Z
dR
f (v, t)
2ρχ σT (0)
d3 v
.
(3.12)
=
dER
mχ 4µ2T
v
vmin

For SI scattering, the WIMP-nucleus cross section at zero momentum transfer can be parameterized as
σTSI (0) =

4µ2T
2
[ZT fp + (AT − ZT )fn ] ,
π

(3.13)

with ZT (AT ) the number of protons (nucleons) in the target nucleus and fp
(fn ) the effective WIMP-proton (WIMP-neutron) couplings. Experimental
results are often quoted in terms of the WIMP-nucleon cross section, which
SI
2
is related to the effective couplings via σp,n
= 4µ2p,n fp,n
/π, where µp (µn )
is the reduced mass of the WIMP-proton (WIMP-neutron) system. Many
WIMP models feature (approximately) isospin-conserving SI interactions
fp ' fn , leading to the typical A2T enhancement of the WIMP-nucleus cross
section
µ2
σTSI (0) ' T2 A2T σpSI .
(3.14)
µp
7 This

q.

expressions holds for all WIMP-nucleus scattering operators independent of v and
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Usually, experimental constraints on σpSI are presented in the isospin-conserving
limit. However, isospin violating interactions can significantly alter the expected signal [163] as we will see below.
For SD scattering, the WIMP-nucleus cross section can be written as
σTSD (0) =

µ2T J(J + 1)
2
(ap hSp i + an hSn i) ,
π
J2

(3.15)

where J is the spin of the target nucleus and hSp i (hSn i) the average spin
carried by the protons (neutrons) in the target. The effective WIMP-nucleon
SD
=
couplings ap,n are related to the WIMP-nucleon cross section by σp,n
2
2
3µp,n ap,n . Different from the SI case, ap and an differ substantially in
typical WIMP DM models. Furthermore, in typical target materials hSn i 
hSp i, or vice versa. Thus, experimental constraints are often presented after
setting one of the ai , or equivalently, one of the σiSD , to zero.
Recalling the form of the differential recoil rate in Eq. (3.12), we find
that, assuming the local WIMP density ρχ to be constant, all of the timedependence is in the remaining velocity integral over the inverse mean speed
f (v, t)/v. Drukier, Freese, and Spergel [157] realized that the combination
of the motion of the solar system around the galactic center and the Earth
around the Sun leads to an annual modulation of the number of recoil
events with an amplitude of O(10) %, see Ref. [159] for a review. Because
most background sources are not expected to show annual modulation, and
those that do are not expected to have the same phase as the WIMP signal,
annual modulation is a powerful means of background suppression for direct
detection searches.
Assuming a standard Maxwell-Boltzmann distribution in the galactic rest
frame truncated at the galactic escape velocity for f (v, t) as in the Standard Halo Model (SHM), the modulation has a simple cosine-like time dependence with maximum around June 2nd and period of 1 yr. As discussed
in detail in paper [VII], the amplitude of the modulation depends on the
recoil energy, see also Refs. [164–168]. In order to make it independent of
the masses of the WIMP and the target nucleus,
p it is convenient to express
the energy dependence in terms of vmin = mT ER /2µ2T . The amplitude
of the modulation becomes maximal for vmin ≈ 360 km/s and vanishes for
vmin ≈ 210 km/s [VII]. For even smaller vmin the time-dependence of the
modulation reverses with the minimum now occurring around June 2nd.
This is often referred to as the phase flip of the modulation signal. In addition, as pointed out in paper [VII], see also Refs. [169,170], for recoil energies
close to those corresponding to vmin ≈ 210 km/s where the amplitude of the
modulation vanishes, the modulation of the recoil rate is not given by a
simple cosine anymore. In paper [VII] we proposed to use these effects to
test a possible WIMP signal:
For sufficiently low recoil energy threshold, one should 1) observe a decreasing modulation amplitude and finally the modulation amplitude switching sign, and 2) in the vicinity of the recoil energies corresponding to vmin ≈
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Figure 3.3: Modulation amplitude Sm as a function of ionization energy in keV
electron equivalent (keVee ) as measured by the DAMA/LIBRA collaboration after
rebinning as in paper [VII]. The left panel shows the 2013 phase1 result [173], while
the right panel includes the 2018 phase2 data [190].

210 km/s the modulation pattern should not follow a single cosine approximation. If both of these statements hold, the observed signal is consistent
with a) a WIMP interacting via canonical velocity independent interactions
and b) the local WIMP velocity being well approximated by the SHM. If
one or both of the statements 1) and 2) are not satisfied, then one of the
assumptions a) or b) must be wrong.
The DAMA/LIBRA collaboration has been searching for such an annual
modulation signal, using a target of ∼ 250 kg of NaI crystals in the current
incarnation of the experiment. The collaboration has been claiming evidence for a modulated signal for more than a decade [171–173], compatible
with a mχ ∼ 10 GeV or a mχ ∼ 70 GeV WIMP [174–179]. However, the
reported signal is in tension [179–181] with the null-results from other direct detection experiments discussed further below. Unsuccessful attempts
to reconcile the DAMA/LIBRA signal with the null results from other experiments have been made by considering a wider variety of WIMP-nucleus
interactions, see e.g. Ref. [182], or different WIMP velocity distributions, see
e.g. Ref. [183]. In addition, numerous proposals have been brought forward
for modulated background sources which could explain the signal [184–189],
all of which have been refuted by the DAMA/LIBRA collaboration or seem
implausible.
In 2018, the DAMA/LIBRA collaboration reported new results [190],
adding six more years of data to the previous 14 years of exposure [171–173].
Besides almost doubling the exposure of the DAMA/LIBRA experiment,
the upgraded detector allows to probe nuclear recoil energies a factor of
two smaller than the previous setup. In paper [VII] we performed the first
analysis of the compatibility of the updated DAMA/LIBRA results with
WIMP DM scattering. In Fig. 3.3 we compare the DAMA/LIBRA data
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prior to the new results (left panel) with the updated DAMA/LIBRA results
(right panel). The most relevant differences are 1) the addition of the two
low energy bins between 1 keV electron equivalent (keVee ) and 2 keVee , and
2) while the previous data hinted at the modulation amplitude decreasing
for the smallest energy bins, in the updated data the modulation amplitude
seems to be smoothly rising with smaller ionization energies.
As discussed in depth in paper [VII], this has profound implications for
fitting the observed modulation signal with WIMP DM. Most importantly,
the new data does not allow for a good fit for canonical isospin-conserving
SI WIMP-nucleus interactions, the best fit point (a 54 GeV WIMP) is disfavored by 2.5 σ. SI interactions do only allow for a good fit to the observed DAMA signal when allowing for isospin violation. Then, the best
fit is obtained for a 11 GeV WIMP with a WIMP-proton cross section of
σpSI = 1.05 × 10−2 pb and a ratio of the effective couplings to protons and
neutrons fn /fp = −0.666, close to the value fn /fp = −53/74 for which the
effective coupling of the WIMP to 127 I vanishes. Alternatively, a good fit to
the DAMA/LIBRA modulation signal can be obtained for spin-dependent
WIMP-nucleus interactions, we show the best-fit regions in Fig. 3.4.
The main result of paper [VII] was to demonstrate that the updated
DAMA/LIBRA data does no longer prefer the simplest WIMP interacting
with nucleons via isospin-conserving SI interactions, see also Refs. [191–193].
On the other hand, the WIMP models preferred by the DAMA/LIBRA
result are ruled out to a high level of statistical significance by the null
results of other WIMP direct detection experiments.
In Fig. 3.4 we show the leading constraints from direct detection experiments together with the proton-only and neutron-only SD best fit regions from DAMA/LIBRA. The currently strongest constraints for (isospinconserving) SI WIMP-nucleus interactions come from the CRESST-II/III
experiment for WIMPs lighter than ∼ 2 GeV [194, 195], DarkSide-50 for
masses 2 GeV . mχ . 10 GeV [196], and XENON1T for WIMPs heavier than ∼ 10 GeV [197]. In terms of the WIMP-proton cross section,
the strongest constraint is σpSI . 4.1 × 10−47 cm2 for a WIMP mass of
mχ ∼ 30 GeV.
The most stringent constraints from direct detection experiments on the
SD cross section currently come from the XENON1T experiment for SD
WIMP-neutron scattering, ruling out σnSD & 6.3 × 10−42 cm3 for mχ ∼
30 GeV [200], and from the PICO experiment for SD WIMP-proton scattering, ruling out σpSD & 2.5 × 10−41 cm2 for mχ ∼ 25 GeV [202]. Note that
these limits are approximately a factor A2 ≈ 2 × 104 (for the case of xenon)
weaker than the SI limits, the remaining difference is predominantly due to
different exposures of the respective experiments.
For reference, we also include the neutrino floor in Fig. 3.4. It corresponds
to the uncertainty on the number of background events induced by coherent
scattering of neutrinos from the Sun, supernovae, and the atmosphere off
the target nuclei leading to nuclear recoils similar to WIMP-nucleus interac-
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Figure 3.4: Left: Upper limits on the (isospin-conserving) SI WIMP-proton cross
section. The colored lines show the leading limits taken from Refs. [194–197].
The gray shaded area shows the ruled-out region of parameter space. In addition,
we indicate the neutrino floor for xenon with the light gray line [198]. Right:
Leading upper limits on the SD WIMP-nucleon cross section. Black lines are
for WIMP-neutron interactions [199, 200] and green lines are for WIMP-proton
scattering [201, 202]. The light gray (green) lines show the neutrino floor for
WIMP-proton searches using xenon as target material (WIMP-neutron searches
with C3 F8 ) [203]. In addition, the green (black) ellipses show the 2 σ goodnessof-fit regions from the DAMA/LIBRA data obtained in paper [VII].

tions. For conventional (non-directional) direct detection experiments, the
neutrino floor represents the ultimate discovery limit, see e.g. Ref. [204,205].
In the right panel of Fig. 3.4 we also show the best fit regions for the
DAMA/LIBRA data for proton-only and neutron-only SD scattering obtained in paper [VII]. As evident from that figure, explaining the DAMA/LIBRA
signal with such WIMP-nucleus interactions is incompatible with the nullresults from other experiments. Note that we do not show best-fit regions
for SI scattering since isospin-conserving SI interactions are disfavored by
the DAMA/LIBRA data itself at more than 2 σ. The best fit region for
isospin violating SI interactions is in strong tension with the null-results
from DarkSide-50 and XENON1T.
In the coming decades, direct detection experiments are envisaged to
evolve in two major directions: In order to probe WIMPs with masses
mχ & 15 GeV, liquid noble gas experiments approaching the 100 t scale are
under discussion [206–210]. For lighter WIMPs, the main challenge is to
be sensitive to the smallest possible nuclear recoil energies. Experiments
using cryogenic bolometers aim for recoil energy thresholds of O(100) eV
and target masses of a few kg [211, 212].
However, conventional direct detection experiments are becoming increasingly expensive and challenging to operate. In papers [VIII,IX,X] we have
discussed an alternative approach for the direct detection of WIMP DM we
dubbed paleo-detectors. We discuss this proposal further in Sec. 3.3.4.
For sterile neutrinos, experiments similar to WIMP direct detection ex-
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periments have been proposed, using either β-decays induced by capturing
sterile neutrino DM [νR + N (A, Z) → e± + N (A, Z ∓ 1)] or neutrino conversion on electrons (νR + e− → νSM + e− ), where νR denotes the DM
candidate, νSM an SM neutrino, and N (A, Z) a nucleus with mass number A and atomic number Z. Both processes lead to the (approximately)
monochromatic emission of an electron or positron, see Ref. [65] and references therein.
DM axions can be searched for in the laboratory using haloscopes [213],
high-Q microwave cavities with resonance frequency ω = ma , where ma is
the axion mass, located in a strong magnetic field in which the DM axions
can resonantly convert into photons via the Primakoff effect. The most sensitive experiment of this kind is currently ADMX, constraining DM axions
in the mass range 1.9 µeV . ma . 3.5 µeV [214, 215]. Recently, a number
of new approaches for the detection of axion DM have been developed, see
e.g. Refs. [216–220].
Regardless of the nature of the DM particle, direct detection experiments
depend on the knowledge of the local DM density ρloc
DM . In particular, all experiments discussed in this section essentially count the rate of DM interactions, thus, limits from null-results as well as hypothetical positive evidence
should (to first approximation) be understood as constraining (σ × ρloc
DM ),
where σ is the interaction cross section; see Ref. [221] for a review of measurements of ρloc
DM and e.g. Refs. [222–225] for recent works.

3.3.3 Capture & Annihilation
If WIMPs make up the DM, they can (elastically) scatter off the nuclei
comprising astrophysical bodies such as the Earth or the Sun. In such
collisions, they may lose sufficiently much energy to become gravitationally bound to the astrophysical body. Once bound into such orbits, the
WIMPs will frequently pass through the astrophysical body, scatter again,
and eventually become thermalized. Thus, a thermal population of WIMPs
with distribution determined by the astrophysical body’s core temperature
and gravitational potential builds up. The captured WIMPs can then pairannihilate into SM particles. Since such annihilations occur deep insides
the body, the only observable signature of such annihilations are neutrinos;
all other SM particles would be absorbed by the astrophysical body’s matter. See Refs. [226–234] for early work on the subject and Refs. [235–241]
for upper limits on the neutrino flux form the Sun or the Earth from such
capture and annihilation processes.
In paper [V] we studied some aspects of this capture and annihilation
mechanism. One of the major results of this work was to re-evaluate bounds
from WIMP capture in the Earth for a chemical composition of the Earth
updated with respect to what was previously used in the literature. Further, we studied how bounds from capture and annihilation scale with the
local WIMP density, i.e. considered the case of WIMPs making up only a
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fraction fχ ≤ 1 of the total DM density. The results depend on the so-called
equilibrium timescale τann : The rate at which WIMPs are captured is (virtually) independent of time since it is proportional to the WIMP-nucleon
scattering cross section and the local WIMP density. The WIMP pairannihilation rate on the other hand is proportional to the squared density
of capture WIMPs. Hence, at some time τann , given by the annihilation and
scattering cross sections as well as the local WIMP density and the composition and size of the capturing body, the capture and annihilation processes
equilibrate, i.e. the density of captured WIMPs becomes independent of
time. In paper [V] we found that assuming s-wave thermal production of
the WIMPs, for capturing bodies younger than τann , the signal rate ṅ (and
hence upper limits on the WIMP-nucleon scattering cross section) scales as
−1/2
with the fraction of DM made up of WIMPs fχ . If the capturing
ṅ ∝ fχ
body is older than τann on the other hand, the signal rate scales as ṅ ∝ fχ−1 .
This should be contrasted with the scaling of the signal rate (and thus upper bounds in the case of null results) in other search methods for WIMPs.
In direct detection experiments, the signal rate scales as ṅ ∝ fχ−1 . Under the
same assumption as for the capture and annihilation rate, i.e. s-wave thermal production of WIMPs, the signal rate from indirect detection searches
via pair-annihilation likewise scales like ṅ ∝ fχ−1 . Thus, signal rates/upper
limits from all search methods have the same scaling if the age of the capturing body is older than τann . However, if capture and annihilation processes
have not reached equilibrium yet, the signal rate/upper limits from capture and annihilation depreciate slower with decreasing fχ than those in
conventional direct and indirect detection experiments.

3.3.4 Paleo-Detectors for Direct Detection
Conventional direct detection experiments have set stringent limits on the
scattering cross section of WIMP DM with atomic nuclei, but have as yet
failed to observe (conclusive) evidence for WIMP-nucleus interactions, cf.
Sec. 3.3.2. While a large experimental program exists to extend the sensitivity of conventional direct detection experiments down to the neutrino
floor, such experiments are becoming increasingly expensive and challenging to build and operate. In papers [VIII,IX,X] we proposed paleo-detectors
as a radically different approach for the direct detection of (WIMP) DM:
Instead of monitoring a (large) target mass in the laboratory in real time,
we propose to search for the traces of WIMP-nucleus interactions in ancient
minerals. Instead of the O(1) number of photons, phonons, or electrons
from WIMP-nucleus interactions searched for in conventional detectors, the
experimental observable in paleo-detectors would be the 1 − 1000 nm long
damage tracks produced by the recoiling nucleus in crystalline materials.
In many materials, e.g. those long used as Solid State Track Detectors
(SSTDs) [242–245], such damage tracks would persist for geological timescales once created. Replacing large target masses with extremely long times
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over which ancient minerals could record nuclear recoils, exposures far beyond what seems feasible in conventional detectors can be realized. For
example, matching the exposure of 100 g of target material which has been
recording WIMP interactions for 1 Gyr would require to monitor 10,000 t of
target mass for 10 years in a conventional experiment.
Using long time scales in lieu of large target masses, paleo-detectors build
on a long history of experiments. For example, Refs. [246–254] searched for
magnetic monopoles accumulated in ancient rocks. In an approach more
similar to paleo-detectors, Refs. [255–259] searched for the damage tracks accumulated in ancient minerals by throughgoing magnetic monopoles. Snowden-Ifft et al. were the first to search for the traces of WIMP DM interactions accumulated in ancient muscovite mica crystals [260], see also
Refs. [261–263] for further early work on the subject.
Our paleo-detector proposal has various advantages compared to these
early works. Most importantly, in the intervening years enormous progress
has been made in techniques allowing to read-out nano-scale features in materials. This allows both for much larger target samples to be studied and for
much better track length resolution, and in turn recoil energy resolution, to
be feasible. Further, we propose to use target minerals obtained from depth
larger than ∼ 5 km underground, providing excellent shielding from cosmic
ray induced backgrounds. Finally, we explored a variety of target materials
beyond muscovite mica. In combination, these improvements potentially
allow paleo-detectors to probe WIMP-nucleon cross sections far below both
the upper limits obtained by Snowden-Ifft et al. [260] and current upper
limits from conventional direct detection experiments.
In papers [VIII,IX] we discussed in detail various possible read-out techniques, a range of background sources, and projected the sensitivity to
WIMP-nucleus interactions. Here, we give a short summary only.
The calculation of the spectrum of nuclear recoils from WIMP-nucleus
interactions was described in Sec. 3.3.2. The length of the damage tracks in
the target mineral is given by the range of a given nucleus of a given recoil
energy in the target material. Thus, the track length spectrum is obtained
as


dR
dR X dER
=
ξT
,
(3.16)
dx
dxT dER T
T

where ξT is the mass fraction of the target nucleus T , dER /dxT the stopping
power for T in the material, and dR/dER the differential recoil spectrum
for WIMPs scattering off T . The track length xT (ER ) for a nucleus with
recoil energy ER is
Z
xT (ER ) =

ER

dE
0

dE
(E)
dxT

−1

.

(3.17)

In paper [IX] we showed a semi-analytical calculation of the stopping power
following Ref. [264]. More accurate results can be obtained by using the
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Figure 3.5: Track length spectra in halite (NaCl, left) and epsomite [Mg(SO4 )·
7(H2 O), right] for WIMP DM with mχ = {5, 50, 500} GeV compared to the
background spectra induced by neutrinos (ν) and neutrons (n) scattering off nuclei
in the target as indicated in the legend. The vertical gray line shows the track
length of the 234 Th recoils from (234 U → α + 234 Th) decays. We assumed a
WIMP-proton cross section of σpSI = 10−45 cm2 and a uranium-238 concentration
of 0.01 ppb (parts per billion) in weight in the vicinity of the target volume, and
that tracks from low-Z nuclei, in particular protons (H nuclei) and α-particles (He
nuclei) do not give rise to observable tracks.

SRIM code [265,266] as done for all numerical calculations in papers [VIII,IX,
X]. In Fig. 3.5 we show the track length spectra for WIMPs with mass
mχ = {5, 50, 500} GeV together with the spectra due to the most relevant
background sources described below.
In papers [VIII,IX,X] we assumed that the entire range of the nucleus
gives rise to a reconstructible damage track in the material. As argued particularly in [IX], in light of the current state of literature we believe this assumption to be reasonable. However, experimental work is necessary to test
this assumption for each combination of target material and read-out technique. More difficult is the question of low-Z nuclei such as He (α-particles)
and H (protons) leaving damage tracks in the material. It has been long
thought that α-particles and protons would give rise to reconstructible damage tracks only in plastic materials, see e.g. Ref. [245]. More recently, tracks
from α-particles have been observed in (Al2 O3 :C,Mg) [267, 268]. In the following, we assume that only nuclei heavier than He give rise to observable
tracks, see paper [IX] for a comparison of results with and without tracks
from low-Z nuclei such as H and He.
In order to estimate the sensitivity of paleo-detectors to WIMP-nucleus
interactions, the signal spectrum must be compared to the spectra from
a variety of possible background sources. Since ultimately paleo-detectors
aim to detect nuclear recoil events, the background sources are similar to
those in conventional direct detection experiments, albeit the relevance of
the respective sources is different due to the different experimental observable. The most relevant background sources are nuclear recoils induced by
solar, atmospheric, and supernova neutrinos scattering coherently off nuclei,

34

Dark Matter

and nuclear recoils induced by neutrons from radioactive processes. A third
background component which must be taken into account are the nuclear
recoils from (238 U → 234 Th + α) decays. Because of the long recording
time, most ordinary radioactive decays do not give rise to relevant backgrounds: For example, almost all daughter nuclei from the decays of 238 U
will subsequently complete the entire decay chain down to the stable 206 Pb,
giving rise to a signature of 8 spatially connected α-decays. However, the
second α-decay in the 238 U decay chain, (234 U → 230 Th) has a relatively
234
long half-life of T1/2
∼ 2.5 × 105 yr, giving rise to a population of events
which have undergone one single α-decay only. If the α-tracks themselves
are not measurable, the damage tracks of the 72 keV 234 Th recoils from
(238 U → 234 Th + α) must be taken into account when modeling the background. In Fig. 3.5 we show the background spectra together with the signal
spectra.
In order to reduce the radiogenic backgrounds to an acceptable level,
target materials as pure as possible from radioactive contaminants such as
uranium-238 must be used for paleo-detectors. Typical minerals formed
in the Earth’s crust have prohibitively large uranium-238 concentrations
of C 238 ∼ 1 ppm (parts per million) in weight. Instead, we propose to
use minerals found in Ultra-Basic Rock (UBR) or Marine Evaporite (ME)
deposits. UBRs form from the material of the Earth’s mantle, which is
much cleaner from uranium and other heavy radioactive elements than the
Earth’s crust. In our calculations, we assume uranium-238 concentrations
of C 238 = 0.1 ppb (parts per billion) in weight for UBR minerals. MEs are
formed at the bottom of evaporating oceans. Sea water is very radiopure,
and we assume uranium-238 concentrations of C 238 = 0.01 ppb in weight
for ME minerals.
The damage tracks can be reconstructed with a number of different readout technologies. Traditionally, damage tracks from spontaneous fission of
uranium have been reconstructed using electron microscopy or optical microscopy after cleaving the crystal and enlarging the damage features by
chemical etching [243]. Snowden-Ifft et al. cleaved the minerals and used
atomic force microscopy after chemical etching in their search for traces
of DM interactions in ancient mica [260]. Modern read-out technologies
potentially allow for much faster read-out at better spatial resolution without requiring chemical etching. As discussed in detail in paper [IX], we
estimate that Helium Ion Beam Microscopy (HIBM) combined with pulsed
laser ablation of read-out layers can be used to read out O(10) mg of target mass with spatial resolutions of σx ≈ 1 nm. Sacrificing some spatial
resolution for larger target samples, we estimate that Small-Angle X-ray
scattering (SAXs) tomography can be used to read out O(100) g of target
samples with spatial resolutions of σx ≈ 15 nm. Assuming that the target
minerals were exposed to WIMP-nucleus interactions for O(1) Gyr, we thus
estimate that exposures of order ε = 0.01 kg Myr are possible with HIBM,
and ε = 100 kg Myr with SAXs.
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Figure 3.6: Projected reach for paleo-detectors for the target materials halite
(NaCl), epsomite [Mg(SO4 )·7(H2 O)], olivine [Mg1.6 Fe2+
0.4 (SiO4 )], and nickelbischofite [NiCl2 · 6(H2 O)]. The left panel is for an exposure of ε = 0.01 kg Myr and a
track length resolution of σx = 1 nm, while the right panel is for ε = 100 kg Myr
and σx = 15 nm. The shaded area shows the current upper limits [194–197], cf.
Fig. 3.4. The light gray line indicates the neutrino floor for xenon [198].

In papers [VIII,IX] we used a simple cut-and-count analysis with a sliding
window in track length to project the sensitivity of paleo-detectors, taking
into account the background sources described above and the spatial resolution of the respective read-out methods. We show the estimated sensitivity
in Fig. 3.6. The left panel is for HIBM read-out (ε = 0.01 kg Myr, σx =
1 nm) and the right panel for SAXs read-out (ε = 100 kg Myr, σx = 15 nm).
We show results for four different minerals: two examples of UBR minerals,
olivine [Mg1.6 Fe2+
0.4 (SiO4 )] and nickelbischofite [NiCl2 ·6(H2 O)], and two examples of ME minerals, halite (NaCl) and epsomite [Mg(SO4 )·7(H2 O)]. For
both classes of minerals, the former examples are very common, while the
latter minerals contain hydrogen. The presence of hydrogen in the target
mineral efficiently reduces backgrounds induced by neutrons scattering off
nuclei in the target. This is because hydrogen is an effective moderator of
fast neutrons. For the UBR minerals we assume uranium-238 concentrations of C 238 = 0.1 ppb in weight, while we assume C 238 = 0.01 ppb for the
ME minerals.
Comparing the two panels, we find that the HIBM read-out scenario
is advantageous when searching for relatively light WIMPs with masses
mχ . 10 GeV, while the SAXs read-out scenarios is mostly geared towards
heavier WIMPs. This is very similar to conventional direct detection experiments: for small WIMP masses, the most important figure of merit is
the smallest recoil energy a detector is sensitive to. For paleo-detectors,
recoil energies correspond to track length. The exquisite spatial resolution
of HIBM should allow to reconstruct tracks from nuclear recoils as small as
ER ∼ 100 eV, similar to what is achievable in cryogenic bolometric detectors aimed at mχ = O(1) GeV WIMPs [211, 212]. For heavier WIMPs, the
most important figure of merit is the exposure. Track length resolutions

36

Dark Matter

potentially achievable with SAXs correspond to a recoil energy threshold
of order keV, comparable to what is achievable in liquid noble gas experiments [206–210]. The currently largest conventional direct detection experiments have exposures of ε = O(1) t yr, about five orders of magnitude
smaller than what would be achieved by reading out 100 g of 1 Gyr old target
material.
Comparing the sensitivity projections for paleo-detectors shown in Fig. 3.6
to the current exclusion bounds, we find that paleo-detectors could probe
WIMP-DM cross sections orders of magnitude below current limits for
virtually all WIMP masses. Throughout the parameter space, epsomite
[Mg(SO4 )·7(H2 O)] is the most sensitive target material. This is because of its
favorable chemical composition, the low levels of radioactive contamination
assumed for ME minerals, and because of the presence of hydrogen which
further reduces the neutron-induced backgrounds. For light WIMPs with
masses mχ . 10 GeV, we find that WIMP-nucleon cross sections many orders of magnitude below current limits could be probed by paleo-detectors.
In this mass region, the dominant background source are nuclear recoils
induced by coherent scattering of solar neutrinos. Thus, the sensitivity
is ultimately limited by the knowledge of the flux of solar neutrinos. In
our calculations, we assign a conservatively large relative systematic uncertainty of 100 % to the normalization of the solar neutrino fluxes. For heavier
WIMPs with masses mχ & 30 GeV, WIMP-nucleon cross section approximately a factor of 100 smaller than current upper limits could be probed by
paleo-detectors. Here, the dominant background source are nuclear recoils
induced by neutrons from radioactive processes. Thus, the sensitivity could
be significantly enhanced if target samples with uranium-238 concentrations
lower than what we assumed here are available. Similar improvements of the
sensitivity with respect to current bounds are projected for spin-dependent
WIMP-nucleus interactions, cf. paper [IX].
In paper [X] we used a spectral analysis to further study the sensitivity of
paleo-detectors. Because a spectral analysis can make use of control region
where the background dominates over the signal, such an analysis projects
sensitivities approximately a factor 10 better than what we found with the
cut-and-count analysis of papers [VIII,IX]. Further, the spectral analysis
allowed us to demonstrate that our sensitivity projections are rather robust
to imperfect knowledge of the shape of the background spectra. Finally,
we investigated how well the WIMP mass could be reconstructed in the
hypothetical case of a discovery of a WIMP induced signal. While conventional direct detection experiments typically would see a few events at
the smallest WIMP-nucleon cross sections for which they could make a discovery, in paleo-detectors one would observe O(103 ) or more signal events
at the discovery limit. In addition, different from most conventional direct detection experiments, multiple target elements would be present in
any target material for paleo-detectors, leading to a richer energy (or track
length) dependence of the recoil spectra. In combination, these differences
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would allow for better mass reconstruction in paleo-detectors than in conventional direct detection experiments. For example, for heavy WIMPs,
paleo-detectors could constrain the WIMP mass from both sides even if the
true mass is as large as mχ ∼ 1 TeV and the WIMP-nucleon cross section
just below current limits. Conventional direct detection experiments could
provide only a lower bound on the mass if the true WIMP mass is larger
than ∼ 200 GeV [269].
In conclusion, in papers [VIII,IX,X] we demonstrated the potential of
paleo-detectors for covering much of the remaining WIMP parameter space.
Experimental work is required to demonstrate the feasibility of such experiments, but paleo-detectors are a timely proposal for an alternative to the
conventional direct detection approach which is becoming increasingly expensive and challenging to carry out.

4 Beyond the Standard Model
As discussed in Secs. 2 and 3, there are many reasons to believe the Standard Model (SM) of particle physics to be incomplete. On the other hand,
the success of the SM in describing high-energy experiments suggests that,
whatever the correct theory beyond the SM is, gauged Quantum Field Theory (QFT) is a promising starting place. If physics Beyond the SM (BSM
physics) is not described by a QFT, as is e.g. the case in string theory
completions of the SM, the BSM theory should at least have an effective
low-energy description in terms of QFT.
There are two principle approaches to building BSM models: Either, one
can take a bottom-up perspective, extending the SM by some additional
particles and adding the most general set of interactions allowed by the
symmetries, or, one can take a top-down approach, embedding the SM in
some larger model like Grand Unified Theories (GUTs), supersymmetric extensions of the SM, or string theory models. In practice, this is of course not
a binary choice. For example, bottom-up models often resemble structures
found in top-down completions after removing relations between different
parameters imposed by the top-down theory.
In the following, we give some examples of both BSM approaches. In
Sec. 4.1 we discuss examples of bottom-up model building, in particular
extensions of the SM with a second Higgs doublet in Sec. 4.1.1, with a
second Higgs doublet and a complex singlet scalar in Sec. 4.1.2, and some
examples of bottom-up models for DM in Sec. 4.1.3. In Sec. 4.2 we describe
some top-down models, in particular supersymmetric extension such as the
Minimal Supersymmetric Standard Model (MSSM) in Sec. 4.2.1 and the
Next-to-MSSM (NMSSM) in Sec. 4.2.2. Note that the bottom-up model
described in Sec. 4.1.1 is a generalization of the scalar sector of the MSSM,
while the model discussed in Sec. 4.1.2 is the generalized version of the
NMSSM’s Higgs sector. For each (set of models), we also discuss aspects
of the collider phenomenology in the respective sections, with a particular
focus on the phenomenology of the Higgs sector.

4.1 Bottom-up Model Building
The basic recipe for bottom-up model building is to add one or more fields
to the SM and write down the most general interactions between the new
field(s) and SM particles as well as between the new field(s) itself (themselves). Often, bottom-up models are not constructed to be complete in the
Ultra Violet (UV), for example, anomaly cancellation is often not ensured.
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A particular version of bottom-up model building are Effective Field Theory
(EFT) models, where non-renormalizable (i.e. higher dimensional) operators are included. In this approach, these non-renormalizable operators
are assumed to be generated at some higher scale, e.g. by some mediator
particle with mass much larger than the energy scales the EFT model is
considered at. While such an UV completion of the model at larger scales
entails relations between the coefficients of the non-renormalizable operators, in practice one typically treats the coefficients as independent in order
to remain agnostic to the precise form of the model’s UV completion.
In the following, we present some examples for bottom-up model bulding.
In Secs. 4.1.1 and 4.1.2 we present extensions of the SM’s Higgs sector. In
Sec. 4.1.3 we discuss some bottom-up WIMP DM models, including an EFT
model developed in paper [IV].

4.1.1 Two Higgs Doublet Models
Extensions of the SM by a second SU (2)-doublet Higgs field are probably
the most widely studied example of scalar BSM models. Such extensions
have two-fold motivation: First, as mentioned in Sec. 2, the scalar sector
of the SM is subject to much weaker constraints than the gauge sector.
Only the largest couplings of the observed 125 GeV Higgs boson have been
directly measured so far, and even for those, deviations of O(10) % from
their SM values are still allowed. Second, many top-down completions of
the SM feature augmented Higgs sectors, often containing a second Higgs
doublet.
A review of such so-called 2 Higgs Doublet Models (2HDMs) can be found
in Ref. [270], and some recent work can be found in Refs. [271–274]. 2HDMs
are usually defined in the basis of two SU (2) doublets Φ1 and Φ2 with
hypercharge Y = 1/2. The Lagrangian of the model is
X
1 2
2
/ +
+ iψ̄ Dψ
|Dµ Φi | − V (Φ1 , Φ2 ) + LYuk ,
L = − Fµν
4
i

(4.1)

where the first term stands for the Yang-Mills terms of the SM’s gauge
fields and the second and third term include the kinetic and gauge interaction terms for the SM’s fermions and the two Higgs doublets, respectively.1
The fourth term is the scalar potential, describing the interactions between
the two Higgs fields, and LYuk is the Yukawa Lagrangian containing the
interactions of the Higgs doublets with the SM fermions.
1 Note

that even at the loop level [275] it is always possible to redefine the scalar fields
such that the mass matrix and the kinetic terms are diagonalized simultaneously.
Thus, we can choose canonical kinetic terms and neglect kinetic mixing for the Higgs
doublets without loss of generality.
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The most general form of the scalar potential is given by


V2HDM = m11 Φ†1 Φ1 + m22 Φ†2 Φ2 − m12 Φ†1 Φ2 + h.c.



λ1  † 2 λ2  † 2
Φ 1 Φ1 +
Φ2 Φ2 + λ3 Φ†1 Φ1 Φ†2 Φ2
+
2
2


 λ 
2
5
†
†
+ λ 4 Φ 1 Φ2 Φ2 Φ1 +
Φ†1 Φ2
2






i
+λ6 Φ†1 Φ1 Φ†1 Φ2 + λ7 Φ†2 Φ2 Φ†1 Φ2 + h.c. ,

(4.2)

where the mij have dimension of mass squared and the λi are dimensionless.
The parameters m211 , m222 , and λ1,2,3,4 are real, while m212 and λ5,6,7 can be
complex. In the following, we will focus on CP-conserving 2HDMs, where
all parameters are manifestly real. One can perform an SO(2) rotation in
the space of the doublets (Φ1 , Φ2 ), which allows to set one of the parameters
in the scalar potential to zero [270]. Thus, the most general CP-conserving
2HDM has 9 physical parameters.
In order to break electroweak symmetry, at least one of the doublets must
acquire a vacuum expectation value (vev). It is useful to replace two of the
parameters in the potential e.g. m211 and m222 with the vevs
v1 ≡ hΦ1 i ,

v2 ≡ hΦ2 i ,

(4.3)

via the minimization conditions
∂V
∂Φ1

Φ1 =v1
Φ2 =v2

=

∂V
∂Φ2

Φ1 =v1
Φ2 =v2

=0.

(4.4)

Note that in general, even for manifestly real parameters in the scalar potential (i.e. a CP-conserving 2HDM), the vacuum is not guaranteed to conserve
CP and electric charge, see e.g. the discussion in Ref. [270]. Restricting ourselves to cases with CP and charge conserving vacua, it is always possible
to transform the Higgs doublets to a basis where both of the vevs lie along
the neutral real direction of the doublets. As customary, we re-parameterize
the vevs as
q
v2
,
v ≡ v12 + v22 .
(4.5)
tan β ≡
v1
The observed mass of the electroweak W and Z gauge bosons is obtained
for v = 174 GeV.
The interactions of the Higgs doublets with the SM fermions as well as the
generation of fermion masses after electroweak symmetry breaking proceed
via the Yukawa Lagrangian. The most general form is
ij i
ij
ij
e 1 uj
LYuk = −Ye,1
ĒL Φ1 ejR − Yd,1
Q̄iL Φ1 djR − Yu,1
Q̄iL Φ
R

ij i
ij
ij
e 2 uj + h.c. ,
− Ye,2
ĒL Φ2 ejR − Yd,2
Q̄iL Φ2 djR − Yu,2
Q̄iL Φ
R

(4.6)
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Model
Type I
Type II
Type X (lepton-specific)
Type Y (flipped)

uR
Φ2
Φ2
Φ2
Φ2

dR
Φ2
Φ1
Φ2
Φ1

eR
Φ2
Φ1
Φ1
Φ2

Table 4.1: 2HDM models with natural flavor conservation. The different columns
indicate which of the two Higgs doublets the respective types of right-handed
fermion fields couple to. In the convention chosen here, up-type quarks always
couple to Φ2 . A second set of models can be obtained by exchanging Φ1 ↔
Φ2 , the phenomenology would be unchanged when exchanging the values of the
parameters in the scalar potential accordingly.

e i ≡ iσ2 Φ∗ , QL (EL ) are the left-handed SU (2)-doublet fields of
where Φ
i
the SM quarks (leptons) and uR , dR , and eR are the right-handed uptype quarks, down-type quarks, and charged leptons, respectively. The
fermion fields should be understood as vectors in generation-space, and
the Yf,i are 3 × 3 Yukawa matrices. In general, the two Yukawa matrices
belonging to one of the right-handed fermion fields Yf,1 and Yf,2 are not
simultaneously diagonalizable, leading to tree-level Flavor Changing Neutral
Currents (FCNCs) mediated by the neutral Higgs bosons. Such FCNCs are
severely constrained experimentally.
While phenomenologically acceptable models with tree-level FCNCs can
be constructed, the most straightforward way to construct viable 2HDMs
is to forbid FCNCs. This can be achieved by allowing Yukawa couplings
to only one of the doublet fields for each type of right-handed fermions. In
Tab. 4.1 we list the possible assignments of couplings. Note that in type I
models, Φ1 has no tree-level couplings to SM fermions, thus, the model
is also known as the inert doublet model. Type II models are realized in
supersymmetric extension of the SM, cf. Sec. 4.2.
Tree-level FCNCs can be omitted by setting the values of only one Yukawa
matrix for each type of right-handed fermions different from zero. However,
such an approach allows large FCNCs to arise at the loop level, spoiling
the phenomenology. Thus, the usual approach is to implement the desired Yukawa structure via an (ad-hoc) discrete symmetry. For example, a
type I Yukawa structure can be implemented via a discrete Z2 symmetry
under which Φ1 → −Φ1 while all other fields transform trivially. A type II
structure can be enforced via a Z2 symmetry under which Φ1 → −Φ1 ,
dR → −dR , and eR → −eR , while all other fields transform trivially, etc.
Enforcing the desired Yukawa structure via a discrete symmetry removes
additional parameters from the scalar potential. For example, the Z2 symmetries under which the two doublets transform differently entail m212 = 0
and λ6 = λ7 = 0. Note that the parameter m212 is often kept different from
zero, corresponding to a soft breaking of the Z2 . This leads to calculable
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finite FCNCs induced at the loop level, which can be sufficiently suppressed
to yield acceptable phenomenology by a judicious choice of parameters.
In order to simplify the analysis, it useful to introduced the Higgs basis2 [276–282]


G+

= cos βΦ1 + sin βΦ2 ,
(4.7)
√1
H SM + iG0
2


H+
 = − sin βΦ1 + cos βΦ2 .
(4.8)
1
NSM
√
H
+ iANSM
2
The states G0 and G± are the would-be Goldstone bosons of electroweak
symmetry breaking, constituting the longitudinal degrees of freedom of the
Z and W ± bosons.
Regardless of the mechanism ensuring the desired Yukawa structure, the
tree-level couplings of the Higgs states to pairs of SM particles take a particularly simple form in the Higgs basis. Setting the Yukawa matrices to values
yielding the observed fermion masses and structure of the CKM matrix, we
find
H SM (f1 , f2 , V V ) = (gSM , gSM , gSM ) ,

(4.9)

H

NSM

(f1 , f2 , V V ) = (−gSM tan β, gSM / tan β, 0) ,

(4.10)

A

NSM

(f1 , f2 , V V ) = (gSM tan β, gSM / tan β, 0) ,

(4.11)

where “f1 ” (“f2 ”) stands for SM fermions coupling to Φ1 (Φ2 ), “V V ” for
pairs of W or Z bosons, and gSM is the coupling of an SM Higgs boson
to pairs of such particles. The H SM interaction eigenstate has the same
couplings to pairs of SM particles as the SM Higgs boson. The CP-even
state H NSM and the CP-odd states ANSM on the other hand have tan β
enhanced or suppressed couplings to pairs of SM fermions and do not couple
to pairs of electroweak gauge bosons at tree level.
The pseudo-scalar interaction eigenstate ANSM coincides with a mass
eigenstate A. Likewise, the charged Higgs H ± is a mass eigenstate. The
two CP-even neutral interaction eigenstates H SM and H NSM mix into the
mass eigenstates hi = {h125 , H},
hi = SiSM H SM + SiNSM H NSM .

(4.12)

The mixing angles Sij are obtained by diagonalizing the (squared) mass
matrix, whose entries are obtained from the scalar potential by
M2Φi Φj =

∂2V
,
∂Φi ∂Φj

(4.13)

with the Higgs fields in the chosen basis Φi . The Goldstone modes G± and
G0 are massless and do not mix with any of the other states by construction.
2 Note

that there are different conventions in the literature for the definition of the Higgs
basis differing by an overall sign of H NSM and ANSM .
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In order to be compatible with the observed phenomenology of the observed 125 GeV SM-like Higgs, any viable model must feature a 125 GeV
state with approximately SM-like couplings. Thus, in 2HDMs one of the
neutral CP-even mass eigenstates must play this role; as suggested by our
notation we assume this to be h125 . This state is ensured to have the correct
phenomenology if
ShSM
≈1,
125

1,
ShNSM
125

mh125 ≈ 125 GeV ,

(4.14)

or in words, if h125 is approximately aligned with H SM and has a mass of
125 GeV. Denoting the entries of the CP-even squared mass matrix as M2S,ij ,
in the Higgs basis {H SM , H NSM }, (approximate) alignment is achieved if
M2S,12  M2S,22 − M2S,11 .

(4.15)

There are two ways to satisfy this condition: Either, the left-hand side of
Eq. (4.15) goes to zero due to a cancellation of the various terms contributing to M2S,12 , or, the right-hand side becomes large while the left-hand
side remains sizable. The former option is referred to as alignment without
decoupling, while the latter option is dubbed the decoupling limit. In the
decoupling limit, m2H ≈ M2S,22  (125 GeV)2 , i.e. the additional CP-even
state will hardly be accessible at the LHC. Further, in consistent 2HDMs it
is difficult to achieve large mass splittings between the non SM-like states
H, A, and H ± , see e.g. Ref. [283], making it even more difficult to probe
2HDMs in the decoupling limit at the LHC. In the alignment without decoupling limit on the other hand, the non SM-like Higgs states can remain
comparatively light and thus be accessible at the LHC, making this limit
particularly interesting for LHC phenomenology.
The most straightforward way to search for the non SM-like Higgs bosons
at the LHC is by direct production, e.g. via gluon-fusion, vector-boson
fusion, or associated production, and the subsequent decay into pairs of
SM particles. The most constraining decay modes are (H/A → τ + τ − ),
(H/A → bb̄), (H/A → γγ), and (H → ZZ). Note that while the (H/A → tt̄)
channel has a large branching ratio for mH/A & 2mt ≈ 350 GeV, this final
state interferes with the QCD background [(gg → tt̄) t-channel processes],
making searches in the tt̄ final state challenging [284–291]. Charged Higgs
bosons are in addition strongly constrained by flavor physics, in particular
by bounds on the b → sγ branching ratio.
Combining indirect and direct constraints, the masses of the non SMlike Higgs bosons in 2HDMs with (at most) softly broken Z2 symmetries
are constrained to mH/A/H ± & 700 GeV in type II and Y models and
mH/A/H ± & 450 GeV in type X 2HDMs, see e.g. Refs. [292, 293]. Note
that in type X models, the constraints are weaker because the couplings of
H/A/H ± to quarks can be suppressed. For type I models, the non SM-like
Higgs bosons can be entirely decoupled from SM particles in the large tan β
limit, rendering such an inert Higgs model free from collider constraints.
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4.1.2 Two Higgs Doublets and a Complex Singlet
In paper [II] we performed the first systematic study of an extension of
2HDMs with a complex SM-singlet scalar, dubbed the 2HDM+S model.3
There are two lines of thought which motivate such a model: from a bottomup perspective, extending 2HDMs with an additional singlet is e.g. motivated from SM singlet scalar fields facilitating baryogenesis [294–296] and
being useful to explain the observed flavor structure of the SM [297, 298] as
well as for constructing DM models, see e.g. paper [IV] and Sec. 4.1.3. From
a top-down perspective, such a Higgs sector is motivated by the existence
of UV complete models which feature such a scalar sector, in particular
the Next-to-Minimal Supersymmetric Standard Model (NMSSM) discussed
further in Sec. 4.2.2. Some particular aspects of extensions of 2HDMs with
a complex singlet have been discussed in Refs. [299, 300] and extensions of
2HDMs with a real singlet have been discussed in Refs. [301–305].
The most general scalar potential for the 2HDM+S is obtained by adding
the additional terms

 02
mS 2
2 †
S + h.c.
VS = (ξS + h.c.) + mS S S +
2
µ

µS2
S1 3
+
S +
SS † S + h.c.
6
2

 00
2
λ00
λ1 4 λ002 2 †
S +
S S S + h.c. + 3 S † S
+
24
6
4
(4.16)
h 

i
†
†
†
†
+ S µ11 Φ1 Φ1 + µ22 Φ2 Φ2 + µ12 Φ1 Φ2 + µ21 Φ2 Φ1 + h.c.
h

i
+ S † S λ01 Φ†1 Φ1 + λ02 Φ†2 Φ2 + λ03 Φ†1 Φ2 + h.c.
h 

i
+ S 2 λ04 Φ†1 Φ1 + λ05 Φ†2 Φ2 + λ06 Φ†1 Φ2 + λ06 Φ†2 Φ1 + h.c. ,
to the 2HDM scalar potential V2HDM , Eq. (4.2), such that the scalar potential for the 2HDM+S model is given by
V = V2HDM + VS .

(4.17)

In Eq. (4.16), S is the complex scalar SM gauge singlet, ξ is a parameter of
dimensions mass cubed, the m2S and m02
S are of dimension mass squared, the
{µSi , µij } of dimension mass, and the {λ0i , λ00i } are dimensionless parameters.
As for the 2HDM in Sec. 4.1.1 we focus on the CP conserving case. Then,
all the parameters can be written manifestly real. Out of the superficially
29 parameters (10 from the 2HDM potential and 19 from VS ), only 27 are
physical: As before, an SO(2)-rotation in (Φ1 , Φ2 )-space renders one of the
parameters in the 2HDM sector unphysical, while a real shift of S can be
used to remove one parameter from the singlet sector. Since S can acquire
3A

more entertaining name is the 2.5HDM.
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a vev as well, there are now three minimization equations
∂V
∂Φ1

Φ1 =v1
Φ2 =v2
S=vS

=

∂V
∂Φ2

Φ1 =v1
Φ2 =v2
S=vS

=

∂V
∂S

Φ1 =v1
Φ2 =v2
S=vS

=0,

(4.18)

which can be used to trade three parameters, e.g. {m211 , m222 , m2S }, for the
vevs
v1 ≡ hΦ1 i ,
v2 ≡ hΦ2 i ,
vS ≡ hSi .
(4.19)
Assuming aligned vevs in the doublet sector, cf. the discussion in Sec. 4.1.1,
all vevs can be chosen real and positive without loss of generality.
As in the case of the 2HDM, it is useful
to parameterize the vevs of the
p
doublets by tan β = v2 /v1 and v = v12 + v22 , and to rotate the doublet
fields to the Higgs basis. The basis of interaction eigenstates is completed
by representing S by two real fields
S=


1
H S + iAS .
2

(4.20)

After electroweak symmetry breaking, the physical fields are three neutral
CP-even states hi = {h125 , h, H},
hi = ShSM
H SM + ShNSM
H NSM + ShSi H S ,
i
i

(4.21)

two CP-odd states ai = {a, A},
ai = PaNSM
ANSM + PaSi AS ,
i

(4.22)

and one charged Higgs H ± . We use a notation where h (a) is lighter than H
(A), and h125 is identified with the observed SM-like 125 GeV Higgs boson.
As in 2HDMs, the h125 mass eigenstate must be approximately aligned
with the interaction eigenstate H SM and have a mass of mh125 ≈ 125 GeV
in order to be compatible with the phenomenology of the observed SMlike Higgs boson. Different from the 2HDM case, in the 2HDM+S there
are three CP-even neutral interaction states which mix into the three mass
eigenstates h125 , h, and H. In order to achieve approximate alignment the
entries of the CP-even squared mass matrix in the basis {H SM , H NSM , H S }
must satisfy
M2S,12  M2S,22 − M2S,11 ,
M2S,13



M2S,33

−

M2S,11

(4.23)

,

(4.24)

1.

(4.25)

in order to ensure
≈1,
ShSM
125



ShNSM
, ShS125
125

The case of alignment-without-decoupling, i.e. small values of the left-hand
sides of Eqs. (4.23), (4.24), is of particular interest for collider phenomenology since it allows the additional CP-even states h and H to remain relatively light and thus potentially accessible at the LHC.
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As discussed in detail in paper [II], one can re-parameterize the model
in terms of the six physical masses of the Higgs bosons, the four indepenS
S
dent mixing angles {ShNSM
, SH
, PAS }, 10 independent trilinear and four
125 , Sh
125
quartic couplings between the Higgs basis interaction eigenstates, and the
three parameters fixing the vevs, {v, tan β, vS }. This set of parameters is
much more transparently connected to physical observables than the 27 free
parameters in the scalar potential. Out of the dependent trilinear couplings,
it is interesting to note that the trilinear coupling between a pair of H SM
states and an H NSM is proportional to M2S,12 , while the coupling between
a pair of H SM ’s and an H S is proportional to M2S,13 . Thus, the couplings
of the non SM-like CP-even mass eigenstates h and H to pairs of SM-like
h125 states are suppressed in proximity of alignment and vanish (at tree
level) for perfect alignment. Further, the only non-vanishing coupling of a
Z boson to two neutral states of the Higgs basis is (ZANSM H NSM ). Thus,
the trilinear couplings of any of the CP-even neutral mass eigenstates to a
Z boson and an SM-like h125 are likewise suppressed by alignment.
The addition of the two singlet interaction states H S and AS (and in turn,
the two additional mass eigenstates) has considerable impact on the collider
phenomenology. Because the new interaction eigenstates are singlets under
the SM gauge group, they have no (tree-level) interactions with SM particles, but interact only with the remaining states in the Higgs sector. Thus,
the couplings of any Higgs mass eigenstate with SM particles are suppressed
by its singlet component. Most importantly, the singlet component reduces
the production cross sections at the LHC. For example, the gluon fusion
production cross section of a CP-even mass eigenstate hi is to leading order
reduced by a factor
2
σ(gg → hi )/σ(gg → hSM ) = ShSM
− ShNSM
/ tan β ,
(4.26)
i
i
where σ(gg → hSM ) is the gluon fusion production cross section of an SM
Higgs boson of the same mass as hi , and the H SM fraction of hi is given
by (ShSM
)2 = 1 − (ShNSM
)2 − (ShSi )2 . Thus, a sizable singlet component
i
i
allows for Higgs states with masses below the bounds for 2HDMs discussed
in Sec. 4.1.1.
While complicating conventional (i.e. pp → Φ → SM + SM) searches for
additional Higgs bosons by suppressing the production cross section, the
presence of the singlet interaction states also facilitates new search channels. In particular, so-called Higgs cascade processes, examples of which
are illustrated in Fig. 4.1, can occur copiously in the 2HDM+S. In such
processes, a heavy Higgs state is directly produced, e.g. via gluon-fusion,
and subsequently decays into two lighter Higgs boson [Fig. 4.1 (b)], or a
light Higgs and a Z boson [Fig. 4.1 (a)]. The SM-like nature of the observed 125 GeV Higgs boson has profound implications on such decays: as
discussed above, the couplings between pairs of h125 ’s and a non SM-like
Higgs boson, as well as the coupling between one h125 , one Z boson, and
one non SM-like Higgs, are suppressed in proximity to the alignment limit.
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Figure 4.1: Illustration of Higgs cascade processes. The Φi stand for any of the
2HDM+S’s neutral Higgs bosons. CP-conservation demands that for diagram (a)
one of the states must be CP-even and the other one CP-odd, e.g. (gg → A → Zh)
or (gg → H → Za). For diagram (b), either all three states must be CP-even,
e.g. (gg → H → hh125 ), or two of them must be CP-odd and one CP-even, e.g.
(gg → A → ah125 ).

Thus, the branching ratios relevant for Higgs cascades resulting in a pair
of SM-like Higgs bosons, or one SM-like Higgs and one Z boson, are suppressed. The most promising search channels are Higgs cascades into an
SM-like Higgs and an additional non SM-like Higgs state, or, into a Z boson and a non SM-like Higgs. This is because the corresponding branching
ratios are not suppressed by alignment, and the presence of the h125 or Z
boson with known masses and branching ratios allows to tag such processes.
Depending on the decay modes of the non SM-like Higgs boson produced
in the cascade decay, such processes lead to a variety of different final states.
As discussed in depth in paper [II], in the low tan β regime the branching
ratios of the non SM-like Higgs boson are similar to those of an SM Higgs
boson of the same mass. However, if additional fermions are present in the
model, e.g. in supersymmetric completions or as DM candidates, cf. the
model developed in paper [IV] and discussed further in Sec. 4.1.3, the non
SM-like Higgs states may also have large branching ratios into such new
fermions. If these fermions are neutral and stable on collider time scales, as
would be the case for DM candidates, they would leave the detector without
miss
depositing energy, manifesting as missing transverse energy (ET
).
In paper [II] we categorized the detector signatures arising from Higgs
cascades by the decay modes of the non SM-like Higgs bosons as
• h125 +visible: Higgs cascades into an h125 and a non SM-like Higgs
boson which decays into a pair of SM particles,
• mono-h125 : Higgs cascades into an h125 and a non SM-like Higgs
boson which decays into new states which do not deposit energy in
miss
the detector, manifesting as ET
,
• Z+visible: Higgs cascades into a Z and a non SM-like Higgs boson
which decays into a pair of SM particles, and
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• mono-Z: Higgs cascades into a Z and a non SM-like Higgs boson which
decays into new states which do not deposit energy in the detector,
miss
manifesting as ET
.
Combining all of the Higgs cascade channels considered, we demonstrated
in paper [II] that such search channels are a powerful means to probe the
2HDM+S parameter space at the future LHC. Since none of the different
classes of finals states arising from Higgs cascades searches prevails throughout the parameter space, it is important to carry out searches in as many
different final states as possible. If signals of additional Higgs boson should
be observed in the future, Higgs cascade searches also provide an important
handle for identifying the underlying model, in particular differentiating between a 2HDM and a model with a larger Higgs sector such as the 2HDM+S.

4.1.3 Dark Matter Model Building
Given the wealth of DM models developed in the last decades, it is fruitless to attempt to give an overview here. Instead, we will focus on a few
exemplary classes of WIMP DM models in this section. Some models for
non-WIMP DM candidates, e.g. sterile neutrinos and axions, have been
briefly discussed in Sec. 3.2. Given the stringent direct detection bounds,
in particular on the spin-independent cross section, discussed in Sec. 3.3.2,
one of the challenges of WIMP model building is to achieve the correct relic
density via thermal production, i.e. in the WIMP paradigm, while evading
the stringent direct detection constraints.
The perhaps most bottom-up version of DM model building are so-called
simplified models, in which the SM field content is extended by the DM
candidate and one additional state mediating interactions between DM and
SM particles, see e.g. Refs. [306–312]. One of the main motivations for the
simplified model approach is to provide a unified framework in which results
from direct detection and collider searches can be compared. Before simplified models became popular, an Effective Field Theory (EFT) approach
was widely used to set limits on DM models from null-results from collider
experiments; however, the energy scales probed e.g. at the LHC are too
large to safely allow for such an EFT approach where the mediator is integrated out. Thus, since 2015 (i.e. the LHC Run 2), simplified models are
the preferred framework used by the LHC collaborations to present limits
on DM models. Note that in simplified models the observed relic density
can usually only be obtained by resonant annihilation if direct detection
limits are to be satisfied simultaneously, see e.g. Ref. [313].
Prototypical collider search channels for DM are so-called mono-X searches:
since typical DM candidates are neutral and stable (at least on time-scales
much longer than those relevant for colliders), DM particles produced at
colliders would leave the detector without depositing any energy. Thus, in
order to give rise to a detectable signature, one must search for processes
where DM particles are produced in association with SM particles. Then,
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miss
the produced DM particles manifest as missing transverse energy (ET
)
in the detector since they must balance the visible transverse momentum of
the SM particles. The canonical example at the LHC are mono-jet searches,
where one searches for a single (hard) hadronic jet from a quark or a gluon,
miss
e.g. from initial state radiation, accompanied by sizable ET
; see e.g.
Ref. [314] for a review of DM searches at the LHC. In the context of simplified models, resonant dijet searches, where one searches for the resonant production of the mediator which subsequently decays into a pair of quarks or
gluons, are also interesting. Different from mono-X searches, dijet searches
do not involve the DM candidate directly but may yield complementary
information about the underlying model by constraining the properties of
the mediator. A study of the complementarity of direct detection, monojet, and dijet searches in the simplified model framework can be found in
papers [A,B,C].
A class of DM models in some respects even more simple than simplified models is minimal DM [315,316], in which an SU (2)-multiplet is added
to the SM and the neutral state in that multiplet serves as the DM candidate. Besides the choice of the multiplet, the only free parameter of
minimal DM models is the multiplet’s mass parameter, all interactions with
SM particles are then fixed by the SM’s gauge couplings. These are examples of the literal interpretation of “weak” in weakly interacting massive
particles; all interactions with the SM are mediated by the electroweak
gauge bosons. The most promising candidate is the neutral component of
a fermionic SU (2) quintuplet, which would have the observed relic density
for mDM ≈ 9.6 TeV assuming standard thermal freeze-out production [316].
However, the corresponding spin-independent direct detection cross section
of σpSI = 1.2×10−44 cm2 is disfavored by the latest XENON1T bounds [197].
A slightly more complicated variant of WIMP DM is the singlet-doublet
model [317], see also Refs. [318–323]. In this model, the SM is extended by
an SU (2) doublet and a gauge singlet, either both fermionic4 or both spin 0
particles5 . After electroweak symmetry breaking, the neutral component of
the doublets mix with the singlet, and the lightest neutral state serves as the
DM candidate. The stability of the DM candidate is ensured by imposing
a Z2 symmetry under which the new doublet(s) and the singlet are odd,
while all SM fields are even.
In the following we will focus on the fermionic singlet-doublet model.
All tree-level interactions of the neutral states composed of the singlets and
neutral components of the doublets with SM particles are mediated by the Z
boson and the SM Higgs. Thermal production of the correct relic density can
either proceed via s-channel annihilation via the Z, resonant annihilation via
the Z or the SM Higgs boson, or via co-annihilation involving the charged
4 In

the fermionic singlet-doublet model, usually a pair of SU (2) doublet Weyl fermions
with hypercharge Y = +1/2 and Y = −1/2, respectively, is added in order to ensure
anomaly cancellation.
5 The scalar singlet-doublet model is a variant of an type I (inert) 2HDM augmented by
an additional real scalar gauge singlet.
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components of the doublets. Spin-Independent (SI) direct detection cross
sections are mediated by the SM Higgs boson, while Spin-Dependent (SD)
interactions are mediated by the Z boson. The model allows for so-called
blind-spot solutions, where the parameters of the model conspire to cancel
the couplings of the DM candidate to Z bosons or the Higgs. However, for
a mostly singlet-like DM candidate preferred by satisfying the relic density
constraint and direct detection limits simultaneously, only one of the blindspot conditions can be satisfied simultaneously, i.e. either the SD or the SI
cross section, not both, can be suppressed.
This leads to a rather well-defined prediction for the model: Focusing on
the region of parameter space where the correct relic density is achieved via
vanilla freeze-out production into pairs of top-quarks, the SI WIMP-proton
cross section is approximately σpSI ∼ 10−43 cm2 and the WIMP-proton SD
cross section is σpSD ∼ 10−40 cm2 unless they are suppressed by proximity to
the respective blind spots. Comparing to the current bounds, cf. Fig. 3.4,
we find that such SI cross sections are ruled out by XENON1T for all of
the relevant mass range, while SD WIMP-proton cross sections of this size
are not yet probed by experiments. Thus, singlet-doublet DM with vanilla
thermal production via Z bosons is only viable if the SI direct detection
cross section is suppressed below the usual value by proximity to the blindspot solution for the coupling to the SM Higgs. Further viable regions
of parameter space open up when allowing for t-channel annihilation via
the charged components of the doublets or co-annihilation involving the
doublet-like states; in both cases the coupling of the DM candidate to Z
and Higgs bosons can be sufficiently suppressed to mitigate direct detection
bounds.
In paper [IV] we proposed a DM model which can be interpreted as a
variant of a fermionic singlet-doublet model. In [IV] we assumed the DM to
be made up by an SM singlet Majorana fermion χ. In order to ensure the
stability of χ, we imposed a matter parity P = (−1)3(B−L) on the model,
where B is the baryon and L the lepton quantum number of the respective
particle. Similar to a Z2 symmetry, such a parity forbids all renormalizable
interactions of χ with SM particles (before EW symmetry breaking) when
assuming that the new fermion carries neither B nor L. In order to allow
for more general interactions of the DM candidate with SM particles, we
assumed a type II 2HDM sector, see Sec. 4.1.1 for motivations of 2HDM
extensions of the SM. In order to naturally generate a mass term for the new
fermion of the order of the electroweak scale, we forbid the explicit Majorana
mass term by introducing a Z3 symmetry under which all scalar and fermion
fields transform like6 Ψ → e2πi/3 Ψ and instead generated the mass of the
new fermion by introducing an an additional complex scalar SM singlet field
S, i.e. augmenting the Higgs sector to the 2HDM+S discussed in Sec. 4.1.2.
If S acquires a vev similar to the vevs of the doublet, the generated effective
6 Note

that we defined the transformation in the Hu , Hd basis for the Higgs doublets,
i
i
related to the usual 2HDM basis as Hdi = ij Φj∗
1 , Hu = Φ 2 .
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Majorana mass of χ is of the desired scale for a WIMP. Further, we assumed
that the model contained an SU (2)-doublet Dirac fermion with mass µ,
which we integrated out. Including the corresponding higher dimensional
operators up to dimension 6, the corresponding Lagrangian reads [IV]
!
!
Hd† Hd + Hu† Hu
χχ
λŜ
L = −δ
(Hu · Hd ) 1 −
− κSχχ 1 + ξ
+ h.c.
µ
µ
|µ|2




g1
α
† † µ
2
χ Hu σ̄ i∂µ −
T3 − QsW Zµ (χHu )
+
|µ|2
sW




g1
2
† † µ
T3 − QsW Zµ (χHd ) ,
+ χ Hd σ̄ i∂µ −
sW
(4.27)
where S = µ/λ + Ŝ ≡ hSi + Ŝ, Q and T3 are the charge and weak isospin
operators, respectively, sW ≡ sin θW with the weak mixing angle θW , and
g1 = e/ cos θW is the hypercharge coupling. Now we can see how this
model can be interpreted as a fermionic singlet-doublet model with an extended scalar sector: The SU (2)-doublet Dirac fermion we integrated out
can be interpreted as being composed of the two Weyl fermions in the usual
singlet-doublet model. Integrating out the fermion yields the same operators
as instead mixing the singlet and the doublet after electroweak symmetry
breaking.
From Eq. (4.27) one can read off the couplings of χχ to the Higgs interaction eigenstates. Recalling that the SM-like h125 must be dominantly
composed of the H SM interaction eigenstate of the Higgs basis, we find in
particular
√ 

2v
(ξ − α) mχ
gχχh125 ' gχχH SM =
δ sin 2β −
,
(4.28)
µ
µ∗
where tan β is the usual ratio of the vevs of Hu and Hd (or, in the usual
2HDM language of Φ2 and Φ1 ). Hence, we find the blind-spot condition
where the coupling of H SM to pairs of χ’s vanishes
sin 2β =

(ξ − α) mχ
.
µ∗ δ

(4.29)

The regions of parameter space compatible with current direct detection
bounds and vanilla thermal freeze-out production are similar to what is
found in the conventional singlet-doublet model. In order to satisfy the SI
direct detection bounds, the coupling of χ to the SM-like Higgs must be
suppressed by proximity to the blind-spot condition, Eq. (4.29). The most
straightforward production mechanism is via s-channel χχ → tt̄ annihilation mediated by the longitudinal mode of the Z boson (i.e. the neutral
Goldstone mode of the Higgs sector) and the mostly doublet-like CP-odd
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Higgs mass eigenstate. Note that in the conventional fermionic singletdoublet DM model such new Higgs states are not present, hence, the model
discussed here somewhat broadens the viable regions of parameter space.
The SD direct detection cross section cannot be suppressed simultaneously
with the SI cross section, but is smaller than what is currently probed by
direct detection experiments.
Considering the field content of the model proposed in paper [IV] - an
SM singlet DM candidate, an SU (2)-doublet Dirac fermion [which can be
understood as consisting out of two SU (2)-doublet Weyl fermions with a
Dirac-like mass term], and a 2HDM+S Higgs sector - it is straightforward
to see how this model can be UV-completed in the NMSSM. There, the
bino or singlino would play the role of the singlet fermion and the higgsinos
the role of the Dirac fermion doublet. In paper [IV] we studied such an
embedding, the results of which are briefly discussed in Sec. 4.2.2.

4.2 Top-down Model Building
In the previous section, we discussed various examples of bottom-up model
building. An alternative approach is to instead construct a consistent BSM
model at as high scales as possible and then explore the phenomenology at
the scales relevant for experiments (typically much lower than the scale at
which the model is constructed). In some sense, such a top-down approach
can be understood as being more directly driven by theoretical considerations about the consistency (and aesthetics) of a model, while bottom-up
models are often driven by wanting to achieve some particular phenomenological behavior of the model.
Our understanding of modern physics and the construction of the underlying mathematical models relies to a large extent on assuming invariance
under symmetries. For example, requiring general covariance, the invariance under differentiable coordinate transformations, is a crucial ingredient
for the construction of general relativity. Attempts to re-formulate quantum mechanics in a language compatible with the symmetries of special
relativity led to the development of Quantum Field Theory (QFT). The
structure of the SM is essentially specified by formulating a QFT with a
particular gauge symmetry group, and defining the transformations of the
SM’s matter content under these symmetries.
Supersymmetry (SUSY) can be understood as an extension of space-time
symmetries. The generators of the Poincaré group, i.e. the generators of
translations, rotations, and boosts, do not alter the spin of particles they
act upon - they transform bosons into bosons and fermions into fermions.
In the 1970s, it was realized that it is possible to construct symmetry generators which transform bosons into fermions and vice versa, if the algebra
of such operators is not described by commutation or anti-commutation
relations alone, but by graded algebras (known as superalgebras in the context of SUSY), involving both commutators and anti-commutators; see e.g.
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Refs. [324–326] for introductions to SUSY. Besides SUSY’s motivation from
aesthetic grounds, it appears to be a crucial ingredient in attempts to construct theories unifying general relativity (or more general theories of gravity) and particle physics: For example, elevating SUSY to a local (gauge)
symmetry gives rise to supergravity (SUGRA), and realizing the relation between string theory, which requires SUSY to accommodate fermionic states,
and SUGRA led to the development of M-theory.
Since SUSY connects fermions and bosons, fermionic states receive bosonic
partners, and vice versa, in supersymmetric theories, where these superpartners share the same gauge charges and masses. However, since such partners
of the SM particles have not been observed, SUSY must be broken if supersymmetric extensions of the SM are realized in nature. From the standpoint
of constructing SUGRA or string theory extensions of the SM, the breaking
scale of SUSY may be as high as the Planck scale. However, if SUSY is
broken at scales not much higher than the electroweak scale, which we will
refer to as low-scale SUSY in the following, supersymmetric extensions of
the SM may provide solutions to some of the SM’s shortcomings discussed
in Secs. 2.1 and 2.2. One of the most widely discussed motivations for lowscale SUSY is the solution of the fine-tuning problem of the Higgs mass: In
the SM, the Higgs mass, or the µ2 parameter, receives quadratic radiative
corrections. The dominant contribution comes from the top quark, and is
given by
∆µ2 ∝ −yt2 Λ2 ,
(4.30)
where yt is the top Yukawa coupling and Λ the cutoff regulator. However,
t† e
t to the SM Higgs
if there is a scalar particle e
t with coupling L ⊃ −yt2 Φ† Φe
Φ as required by SUSY, this will induce a contribution
∆µ2 ∝ +yt2 Λ2 ,

(4.31)

canceling the fermionic contribution and thus solving the fine-tuning problem of the Higgs mass. Note that although the quadratic contributions to
∆µ2 cancel, a logarithmic correction remains

∆µ2 ∝ yt2 am2t − bme2t ln Λ ,
(4.32)
where a and b are group theory factors of order 1. Since the mass difference of particles and their superpartners is parametrically given by the
SUSY breaking scale, SUSY solves the fine-tuning problem only if the SUSY
breaking scale is not much larger than |µ|. From the null-results of searches
for superpartners at the LHC we know that the SUSY breaking scale must
be at least of order TeV; why |µ| is smaller than the SUSY scale, or why the
bare value of µ2 is fine tuned with respect to the corrections in Eq. (4.32) to
obtain the correct effective µ2eff = µ2 + ∆µ2 is known as the little hierarchy
problem.
A further motivation for low-scale SUSY is gauge coupling unification:
As mentioned in Sec. 2.1, the three gauge couplings of the SM become
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Name
(s)quarks

(s)leptons
Higgs(inos)

b
Q
b̄
u
b̄
d
b
L
b̄
e
bu
H
bd
H

Name
gluon (gluino)
W bosons (winos)
B boson (bino)
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Chiral supermultiplets
spin
0
spin 1/2
SU(3)c , SU(2)L , U(1)y


e
u
eL , dL
(uL , dL )
3, 2, 16

u
e∗R
u†R
3̄, 1, − 23

de∗R
d†R
3̄, 1, 13

(e
ν , eeL )
(ν, eL )
1, 2, − 21
†
ee∗R
(1, 1, 1)
 eR 


e +, H
e0
1, 2, 12
Hu+ , Hu0
H
u
u
  0 −

e ,H
e
Hd0 , Hd−
1, 2, − 12
H
d
d
Gauge supermultiplets
spin 1/2
spin 1
SU(3)c , SU(2)L , U(1)y
ge
g
(8, 1, 0)
± f0
±
f
W ,W
W ,W
(1, 3, 0)
e
B
B
(1, 1, 0)

Table 4.2: Field content of the MSSM. The quark and lepton superfields should
be understood as vectors in family space, and spin-1/2 fields are left-handed Weyl
fermions. Adapted from Ref. [324].

tantalizingly close to each other at a scale of Q ∼ 1016 GeV but fail to
unify. The running of the gauge couplings is modified at scales above the
mass of any new particle, allowing for successful unification in low-scale
SUSY models.
In the following, we discuss some examples of low-scale SUSY models:
the Minimal Supersymmetric Standard Model (MSSM) in Sec. 4.2.1 and
the Next-to-MSSM (NMSSM) in Sec. 4.2.2. Before continuing the discussion, let us note that of course SUSY is not the only avenue for top-down
model building. For example, non supersymmetric Grand Unified Theories,
e.g. based on SU (5) [327, 328] or SO(10) [329, 330], may explain some of
the SM’s shortcomings, see also Ref. [13]. Another approach are models
where the electroweak W and Z gauge bosons and/or the Higgs are composite particles, see e.g. Refs. [331, 332] for reviews. A discussion of such
approaches is beyond the scope of this thesis.

4.2.1 Minimal Supersymmetric Standard Model
The Minimal Supersymmetric Standard Model (MSSM) is the supersymmetric extensions of the SM with the minimal field content, see e.g. Refs. [324–
326] for introductions.
In Tab. 4.2 we show the particle content of the MSSM. Each SM particle
receives a superpartner with spin differing by 1/2: The superpartners of
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the quarks are called squarks, e.g. the partner of the top is the stop, and
those of the leptons are called sleptons. The superpartners of the SM gauge
bosons are called gauginos, e.g. the superpartners of the gluons are the
gluinos. Similarly, the superpartner of the Higgs is called higgsino. Note
b u and H
bd.
that the MSSM contains two SU (2)-doublet Higgs superfields, H
There are two reasons why supersymmetric extensions of the SM contain
(at least) two Higgs doublets: First, if there would be only one doublet, the
corresponding higgsinos would spoil the anomaly cancellation of the electroweak gauge group. This is alleviated by adding a second doublet, where
one of the doublets is assigned hypercharge Y = +1/2 and the other doublet
Y = −1/2. Second, supersymmetry forbids terms involving fermions and
complex conjugates of scalar fields in the Lagrangian. Since right-handed
up-type quarks have different hypercharge than the right-handed down-type
quarks, one must use the complex conjugate of the Higgs doublet to give
mass to both types of quarks in a model with one Higgs doublet only, cf.
Eq. (2.2). Thus, in order to give mass to all quarks, (at least) two Higgs
doublets are needed in supersymmetric models.
When constructing the Lagrangian of supersymmetric theories, it is useful
to start from the superpotential, a holomorphic function of the chiral superfields containing terms at most trilinear in the superfields and compatible
with the symmetries of the model. The superpotential for the MSSM is
given by
b·H
b u − b̄
b·H
b d − b̄
b·H
b d + µH
bu · H
bd ,
b̄ u Q
WMSSM = −uY
dYd Q
eYe L

(4.33)

where the Yukawa matrices Yu , Yd , and Ye are the same as in the SM7 ,
cf. Eq. (2.2) and should be understood as (dimensionless) 3 × 3 matrices in
family space, and µ is a parameter of dimension mass. We use a dot-notation
for products of SU (2)-doublets, e.g.
bu · H
b d = εαβ (H
b u )α (H
b d )β = H
b u+ H
b− − H
b u0 H
b d0 .
H
d

(4.34)

Note that in Eq. (4.33) we omitted the terms
W∆L,∆B =

1 ijk b b
b i ·Q
b j b̄
b i ·H
b u + 1 λ00ijk u
b̄i b̄
dk , (4.35)
λ Li ·Lj b̄
ek +λ0ijk L
dk +µ0i L
dj b̄
2
2

although they are gauge invariant and would lead to renormalizable interactions. Such terms would allow for baryon and lepton number violating
processes, in particular, for proton decay. Reasonable choices of the parameters and particle masses lead to lifetimes of the proton much smaller than
the experimental lower limit of ∼ 1029 yr [13]. To avoid this problem, one
usually imposes an R-parity on SUSY models, defined as
PR = (−1)3(B−L)+2s ,
7 Note

(4.36)

that compared to Eqs. (2.2), (2.9) and (4.6) we suppressed the generation indices
here, using a matrix notation instead.
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where B and L are the baryon and lepton numbers of a particle, respectively,
and s its spin. The definition of PR is chosen such that PR = +1 for all SM
particles and PR = −1 for their superpartners. Besides forbidding the B
and L violating terms in Eq. (4.35), imposing such an R-parity has the phenomenologically important effect of rendering the lightest supersymmetric
particle (LSP) stable.
From the superpotential, one obtains the interaction Lagrangian
1
Lchiral
= W i Fi − W ij χi · χj + h.c. ,
int
2

(4.37)

where the χi are the fermionic parts of the superfields, and
Wi ≡

∂W
,
∂φi

W ij ≡

∂2W
,
∂φi ∂φj

(4.38)

are the partial derivatives of the superpotential with respect to the bosonic
parts of the superfields φi . The Fi are auxiliary fields which can be removed
from the Lagrangian using their equation of motion Fi = −Wi† ; they are
introduced to account for the difference of the off-shell number of degrees of
freedom of the fermionic (i.e. a Weyl fermion) and bosonic (i.e. a complex
scalar) components of a chiral superfield.
The free Lagrangian for chiral supermultiplets is
† µ
† µ
†
Lchiral
free = ∇µ φi ∇ φi + iχi σ̄ ∇µ χi + Fi Fi ,

(4.39)

where ∇µ is the covariant derivative. For gauge supermultiplets, the free
Lagrangian is given by
1
1 a a;µν
a
+ iλa† σ̄ µ (∂µ λ) + Da Da ,
Lgauge
free = − Fµν F
4
2

(4.40)

where Fµν is the Yang-Mills field strength, the λa are the gauginos. and
the Da are a set of auxiliary fields introduced to account for the mismatch
of the off-shell number of degrees of freedom of the gauge fields and the
gauginos. They can be eliminated from the Lagrangian by Da = gφ†i T a φi ,
where g is the gauge coupling, the T a are the generators of the gauge group,
and the sum over i runs over all fields charged under the gauge group.
Finally, one gets additional interaction terms from the gauge fields


i


√ h
Lgauge
= − 2g φ†i T a χi · λa + λa† · χ†i T a φi − g φ†i T a φi Da ,
int
(4.41)
where the sum over i runs over all fields charged under the gauge group.
The SUSY invariant Lagrangian is the sum of these pieces
gauge
chiral
LSUSY = Lgauge
+ Lchiral
.
int
free + Lfree + Lint

(4.42)

As discussed above, if SUSY is realized in nature, it must be broken at the
scales which have been probed experimentally. On a phenomenological level,
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SUSY breaking is achieved by adding so-called soft breaking terms, superrenormalizable terms breaking SUSY but respecting the gauge symmetries,
to the Lagrangian8 . In the MSSM, the set of allowed soft breaking terms is

1
e·B
e + M2 W
fa · W
f a + M3 geA · geA + h.c.
M1 B
2


e · Hu − ē
e · Hd − ē
e · Hd + h.c.
ē u Q
− uA
dAd Q
eAe L

Lsoft = −

e†

−Q

e
m2Q Q

e†

−L

e
m2L L

−

ē 2u u
ē†
um

(4.43)

†
†
d − ē
em2eē
e
− ē
dm2d ē

− m2Hu Hu† Hu − m2Hd Hd† Hd − (bHu · Hd + h.c.) ,

where the Ai are 3 × 3 complex matrices in family space with dimension
mass, and the m2i are hermitian 3×3 matrices with dimension mass squared.
The gaugino mass parameters M1 , M2 , and M3 are complex and have dimension mass. The Higgs mass parameters m2Hi as well as the b parameter have
dimension mass squared, but b may be complex while the m2Hi are real. The
soft breaking terms can potentially lead to flavor changing and CP-violating
effects in conflict with stringent experimental bounds. To avoid this, one
can break SUSY universally by taking the sparticle mass parameters to be
diagonal and generation blind, e.g. m2Q = m2Q I, and choosing the trilinear couplings proportional to the Yukawa matrices, e.g. Au = Au Yu . In
phenomenological models one enforces such restrictions by hand, while in
UV-complete models, the soft breaking terms are induced at some higher
scale, e.g. by an additional sector which is weakly coupled to the MSSM
and spontaneously breaks SUSY; see e.g. Refs. [324–326] for discussions of
different SUSY breaking scenarios.
It is interesting to note the number of free parameters in the MSSM: After
removing all unphysical degrees of freedom by field-redefinitions, see e.g.
Ref. [333], the most general version of the MSSM has 124 free parameters.
In comparison, the SM has 19 free parameters.9 Most of the MSSM’s free
parameters stem from the soft breaking terms, in fact, the supersymmetric
Lagrangian has one free parameter less than the SM because the quartic
self-coupling of the Higgs (λ in our notation of the SM in Sec. 2) is not a
free parameter in the MSSM. However, assuming universal breaking removes
∼ 100 of the free parameters from the MSSM.
Electroweak symmetry breaking and much of the phenomenology of the
Higgs sector can be understood from the scalar potential. Note that the
Higgs sector is a type II 2HDM with particular relations between the parameters. However, instead of using a basis of two hypercharge Y = +1/2
doublets Φ1 and Φ2 as commonly done in the 2HDM literature, in SUSY
8 The

set of allowed soft breaking terms is in addition constrained by requiring them to
not give rise to power-like radiative corrections to the model’s parameters.
9 Here, we counted the θ-angle of QCD both for the SM and the MSSM, but did not
include additional parameters arising when implementing neutrino masses, cf. the
discussion in Sec. 2.
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models one typically writes the Higgs sector in terms of the Hu and Hd
appearing in the superpotential. The two bases are related via
Hdi = εij Φj∗
1 ,

Hui = Φi2 .

(4.44)

In the usual SUSY basis, the terms in the scalar potential involving the
neutral components of the Higgs fields only are



2
2
V 0 = |µ|2 + m2Hu Hu0 + |µ|2 + m2Hd Hd0 − bHu0 Hd0 + h.c.

(4.45)
g 2 + g22  0 2
2
Hu − Hd0
.
+ 1
8
As in the 2HDM, it is useful to use the minimization conditions to replace
two of the parameters in the potential, e.g. m2Hu and m2Hd , with the vevs,
vu and vd . Note that in the MSSM, both vevs can always be rotated to the
neutral real direction, unlike the case of general 2HDMs where the minimum
may break charge or CP symmetry. As usual, one can then rewrite the vevs
in terms of
q
v = vu2 + vd2 ,
tan β = vu /vd ,
(4.46)
and the observed mass for the W and Z bosons is obtained for v = 174 GeV.
With this re-parameterization of the vevs, and replacing v with mZ , one
can write the minimization conditions as

2
|µ|2 + m2Hu − b cot β ,
(4.47)
m2Z =
cos 2β

2
m2Z = −
|µ|2 + m2Hd − b tan β .
(4.48)
cos 2β
This leads to the µ-problem of the MSSM [334]: in order to obtain the observed mass of the Z boson without fine-tuning, all dimensionful parameters
appearing in these equations should be of the same order of magnitude as
m2Z . m2Hu , m2Hd , and b are soft SUSY breaking parameters, thus, if the
SUSY breaking scale is not much higher than the electroweak scale, as preferred in SUSY models which alleviate the fine-tuning problem of the Higgs
mass, these parameters naturally have values comparable to m2Z . However, the µ parameter stems from the SUSY-invariant superpotential and is
hence rather expected to be of the order of the MSSM’s cutoff scale, perhaps
MGUT ∼ 1016 GeV, or the Planck scale, ∼ 1019 GeV.
As in the general 2HDM, it is useful to rotate the doublet fields to the
Higgs basis. In terms of the doublets Hu and Hd , the Higgs basis interaction
eigenstates read
√

(4.49)
H SM = 2Re cos βHd0 + sin βHu0 ,
√

NSM
0
0
H
= 2Re − sin βHd + cos βHu ,
(4.50)
√

ANSM = 2Im sin βHd0 + cos βHu0 ,
(4.51)
H ± = sin βHd± + cos βHu± .

(4.52)
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The squared mass of the neutral CP-odd mass eigenstate A which coincides
with the Higgs basis interaction eigenstate ANSM is given by
MA2 = 2b/ sin(2β) .

(4.53)

The CP-even neutral interaction eigenstates H SM and H NSM mix into two
mass eigenstates h125 and H, cf. the discussion in Sec. 4.1.1. In order
to be compatible with the observed phenomenology of the SM-like 125 GeV
Higgs, the spectrum must contain a CP-even state, h125 , with approximately
125 GeV mass and mostly comprised of H SM . Because of the relations
between the parameters in the scalar potential, it is even more difficult to
achieve alignment without decoupling in the MSSM than in general 2HDMs,
see e.g. Ref. [335]. Thus, the most straightforward way to achieve viable
Higgs phenomenology is via the decoupling limit, MA2  m2h125 . Further
complicating matters is that the mass of the SM-like Higgs mass eigenstate
at tree-level is given by
mh125 . mZ | cos 2β| ≤ 91.2 GeV .

(4.54)

Hence, in order to accommodate a 125 GeV mass for the SM-like Higgs
boson, large radiative corrections are required to lift the Higgs mass to the
observed value. This can be achieved either via heavy top squarks with
met  1 TeV or by approximately maximal stop mixing, see e.g. Ref. [336]
for a discussion.
The Higgs sector of the MSSM can be probed at colliders most efficiently through the channels discussed for 2HDMs in Sec. 4.1.1. Besides
constraining the properties of the discovered SM-like state further, the
most sensitive direct probes are searches for the decay products of directly
produced non SM-like Higgs bosons, in particular (H/A → τ + τ − ) and
(H → ZZ). In addition, stringent constraints on the mass of the charged
Higgs boson come from flavor physics, in particular (b → sγ), yielding
mH ± ∼ mH ∼ mA ∼ MA & 600 GeV. An exhaustive (pre Higgs discovery)
review of the MSSM Higgs sector can be found in Ref. [337].
The new fermions in the MSSM are the superpartners of the Higgs fields
and of the gauge bosons. After electroweak symmetry breaking, the elec, Eq. (4.41).
troweakinos and the higgsinos mix via terms introduced by Lgauge
int
e u+ and H
e + mix with the charged winos W
f + and
The charged Higgsinos H
d
f − to two charginos χ
e0
W
e±
e±
1 and χ
2 . Likewise, the neutral higgsinos Hu and
0
0
e
f
e
Hd , the neutral wino W , and the bino B mix into four neutralinos
e + Ni2 W
f 0 + Ni3 H
e 0 + Ni4 H
e0 .
χ
e0i = Ni1 B
d
u

(4.55)

The mixing angles Nij are obtained from diagonalizing the neutralino mass
e W
f0, H
e 0, H
e u0 } reads
matrix, which in the basis {B,
d


M1
0
−mZ sW cβ mZ sW sβ

0
M2
mZ cW cβ −mZ cW sβ 
 ,
Mχe = 
(4.56)
−mZ sW cβ mZ cW cβ

0
−µ
mZ sW sβ −mZ cW sβ
−µ
0
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where we used a shorthand notation sβ ≡ sin β, sW ≡ sin θW , etc., with the
weak mixing angle θW .
In the R-parity conserving MSSM, the lightest neutralino is potentially
a good WIMP DM candidate if it is the lightest supersymmetric particle
(LSP). From the mass matrix we can see that sizable mixing between the
gauge eigenstates occurs only for |M1 ± µ| . mZ or |M2 ± µ| . mZ . For
a pure gauge eigenstate LSP, a bino would overclose the Universe, since its
coupling to SM particles is too small to achieve the required annihilation
cross section of hσvi & 3 × 10−26 cm3 s−1 . A pure higgsino LSP would have
the observed relic density for mχ ≈ |µ| ≈ 1.1 TeV and would be compatible
with current direct and indirect detection constraints. However, such a
large value of |µ| would give rise to rather severe fine-tuning to achieve an
electroweak scale of v = 174 GeV. Finally, a pure wino LSP would yield the
observed relic density for M2 ∼ 2.5 TeV, implying even worse fine-tuning
since |µ| > M2 in order for the wino to be the LSP.10
Thus, the traditional regions for neutralino DM in the MSSM feature
mixed neutralino DM and/or enhanced annihilation cross sections via coannihilation or resonant annihilation, see e.g. Refs. [341–343] for discussions:
• well-tempered neutralinos: While a pure bino has a too small annihilation cross section, and pure higgsinos or winos have too large annihilation cross sections (for masses below ∼ 1 TeV), a mixed bino-higgsino
or bino-wino state allows to achieve the correct relic density. However, such solutions require M1 ≈ |µ| or M1 ≈ |µ| ≈ M2 , respectively.
Note that this is a SUSY realization of a fermionic singlet-doublet DM
model, albeit with additional mediator particles.
• Z/h125 /A-funnel solutions: The annihilation cross section of a binolike LSP can be boosted via resonant annihilation if mχ ≈ mZ /2,
mχ ≈ mh125 /2, or mχ ≈ mA /2.
• τe/e
t/e
g co-annihilation: The effective annihilation cross-section for a
bino-like LSP can be increased to the required level to achieve the
observed relic density if it can co-annihilate with a state more strongly
coupled to SM particles, e.g. a stop, stau, or gluino. However, this
requires the mass of the LSP and the co-annihilation partner to be
nearly degenerate.
All of these regions require some amount of fine-tuning to realize a viable
DM candidate. In addition, they have come under pressure by a combination of constraints from direct and indirect detection as well as colliders, see
e.g. Refs. [344–346].
Here, we have focused on constraints on the Higgs and neutralino sector
of the MSSM. Complementing such probes, extensive searches for the su10 In

addition, ∼ 2.5 TeV wino DM is constrained by indirect detection, see e.g.
Refs. [338–340].
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perpartners of the remaining SM particles have been carried out. For many
electromagnetically charged superpartners, the Large Electron-Positron collider (LEP) still sets the strongest bounds. Unless in very particular scenarios, LEP constraints rule out sparticles charged under electromagnetism
and neutral under QCD with masses below ∼ 100 GeV [347]. In particular,
this constrains the µ-parameter to |µ| & 100 GeV from the non-observation
of charginos.11 For sparticles charged under QCD, the bounds from hadron
colliders, first the Tevatron and now the LHC, have long surpassed the LEP
bounds. The details of the bounds depend on the complete spectrum of
the model, but current LHC bounds approximately rule out squarks lighter
than ∼ 1 TeV and gluinos lighter than ∼ 2 TeV [348, 349]. A detailed discussion of these bounds and the particular regions of parameter space they
apply to is beyond the scope of this thesis.

4.2.2 Next-to-Minimal Supersymmetric Standard Model
The MSSM suffers from the µ-problem and that a 125 GeV SM-like Higgs
boson can only be accommodated if its mass is lifted by large radiative corrections, cf. the discussion in the previous section. Both of these problems
can be alleviated in the Next-to-Minimal Supersymmetric Standard Model
(NMSSM), which augments the particle content of the MSSM with a chiral
superfield Sb which is a singlet under the SM gauge group. Its bosonic component gives rise to a CP-even singlet H S and a CP-odd singlet AS which
mixes with the MSSM-like states from the Higgs doublets, H SM and H NSM
and ANSM , respectively. Likewise, the fermionic component of Sb gives rise
to the singlino Se which mixes with the MSSM-like neutralinos. Reviews of
the NMSSM can be found in Refs. [350, 351].
The superpotential of the general R-parity and CP-conserving NMSSM
is given by


0
bu · H
b d + ξF Sb + µ Sb2 + κ Sb3 + WYuk ,
W = µ + λSb H
2
3

(4.57)

where λ and κ are dimensionless couplings, µ and µ0 have dimensions of
mass, and ξF is a parameter with dimension mass squared. WYuk stands
for the Yukawa terms which are identical to the MSSM, cf. the first three
terms in Eq. (4.33). The dimensionful parameters µ, µ0 and ξF must be
of order of the weak scale (squared) in order to solve the µ-problem of
the MSSM. The µ-parameter itself can be removed by redefinitions of the
singlet field and the other dimensionful parameters, however, this still leaves
µ0 and ξF . This issue can be avoided by demanding the NMSSM to be scaleinvariant, forbidding all dimensionful terms in the superpotential. This can
be achieved by imposing a Z3 symmetry under which all chiral superfields
11 Under

particular assumptions on the particle spectra and decay modes, LHC searches
have recently surpassed the LEP bounds, ruling out charged sleptons below ∼ 300 GeV
and charginos below ∼ 500 GeV [348, 349].
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transform as Ψ → e2πi/3 Ψ. In the following, we discuss the scale-invariant
(or Z3 -invariant) NMSSM unless noted explicitly.
In the full NMSSM, the soft breaking terms involving the Higgs doublets
and the singlet are
†
2
†
2
2 †
LH
soft = −mHu Hu Hu − mHd Hd Hd − mS S S


m02
κ
3
2
S 2
S + ξS S + h.c.
− λAλ Hu · Hd S + Aκ S + m3 Hu · Hd +
3
2


e · Hu − ē
e · Hd − ē
e · Hd + h.c. ,
ē u Q
− uA
dAd Q
eAe L

(4.58)

and the terms involving quark and lepton fields only are identical to those
in the MSSM, cf. Eq. (4.43). In the scale-invariant NMSSM, m23 = m02
S =
ξS = 0. The Higgs sector is then described by seven parameters
pi = {λ, κ, m2Hu , m2Hd , m2S , Aλ , Aκ } ,

(4.59)

all of which are real in the CP-conserving NMSSM. Out of the soft terms,
m2Hu , m2Hd , and m2S have dimension mass squared, while Aλ and Aκ have
dimension mass. The terms in the scalar potential involving the neutral
components of the Higgs fields only are
g 2 + g22  0
2
Hu
+ m2S |S| + 1
8


2
2
2
2
+ λ2 |S|
Hu0 + Hd0
+ κS 2 − λHu0 Hd0

κ
Aκ S 3 − λAλ SHu0 Hd0 + h.c. .
+
3

V 0 = m2Hu Hu0

2

+ m2Hd Hd0

2

2

− Hd0


2 2

(4.60)

Via the minimization conditions
∂V
∂Hd

Hd =vd
Hu =vu
S=vS

=

∂V
∂Hu

Hd =vd
Hu =vu
S=vS

=

∂V
∂S

Hd =vd
Hu =vu
S=vS

=0,

(4.61)

one can trade three of the parameters in Eq. (4.59), e.g. the m2i , for the
vevs. Note that S acquires a vev as well. In the scale-invariant NMSSM,
the vev of S is due to the soft breaking terms, and hence expected to be of
the size of the SUSY breaking scale. It gives rise to an effective parameter
µ = λhSi ,

(4.62)

which plays the role of the µ parameter in the MSSM. Thus, for low scale
SUSY this solves the µ problem. Further, (κ2 µ2 /λ − µAλ ) plays the role of
the MSSM’s b parameter.
As in the case of the 2HDM+S, it is useful to rotate the Higgs fields to
the Higgs basis extended with the states arising from S, {H SM , H NSM , H S }
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for the neutral CP-even, {ANSM , AS } for the neutral CP-odd, and H ± for
the charged interaction eigenstates. The remaining components of the doublets make up the longitudinal components of the W and Z bosons after
electroweak symmetry breaking. Trading p
the vev of S for the µ parameter,
defining tan β = vu /vd , and setting v = vu2 + vd2 = 174 GeV in order to
reproduce the correct Z boson mass, the Higgs sector is described by six
free parameters
pi = {λ, κ, tan β, µ, Aλ , Aκ } .
(4.63)
Without loss of generality, one can take λ and tan β positive, while κ and
the dimensionful parameters µ, Aλ , and Aκ can have both signs [351].
The elements of the symmetric squared mass matrix for the CP-even
Higgs bosons in the basis {H SM , H NSM , H S } are at tree-level
M2S,11 = m2Z c22β + λ2 v 2 s22β ,

M2S,12 = − m2Z − λ2 v 2 s2β c2β ,


κ
MA2 2
2
s2β ,
MS,13 = 2λvµ 1 − 2 s2β −
4µ
2λ

M2S,22 = MA2 + m2Z − λ2 v 2 s22β ,

 2
κ
MA
2
s2β +
,
MS,23 = −λvµc2β
2µ2
λ




λ2 v 2
κ
κµ
4κµ
MA2
2
MS,33 =
s2β
s2β −
+
Aκ +
,
2
2µ2
λ
λ
λ

(4.64)
(4.65)
(4.66)
(4.67)
(4.68)
(4.69)

where we traded Aλ for MA2 , defined as
MA2 ≡

2µ 
κµ 
Aλ +
,
s2β
λ

(4.70)

and used a shorthand notation sβ ≡ sin β, cβ ≡ cos β, etc.
The tree-level elements of the symmetric squared mass matrix for the
CP-odd Higgs bosons in the basis {ANSM , AS } are
M2P,11 = MA2 ,

 2
MA
3κµ
2
MP,12 = λv
s2β −
,
2µ
λ
 2

MA
3κ
3κµ
2
2 2
MP,13 = λ v s2β
s2β +
−
Aκ ,
4µ2
2λ
λ

(4.71)
(4.72)
(4.73)

and the mass of the charged Higgs boson is
m2H ± = MA2 + m2W − λ2 v 2 .

(4.74)

The CP-even neutral states mix into three mass eigenstates {h125 , h, H} and
the CP-odd neutral states into two mass eigenstates {a, A}, cf. Sec. 4.1.2.
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In order to be compatible with the observed phenomenology of the 125 GeV
SM-like Higgs boson, the model must feature a mh125 ≈ 125 GeV state
dominantly composed of the H SM interaction eigenstate. Neglecting minor
modifications from mixing, the mass of this SM-like state is at tree-level
m2h125 ≈ M2S,11 = m2Z cos2 (2β) + λ2 v 2 sin2 (2β) .

(4.75)

Comparing this to the case in the MSSM, cf. Eq. (4.54), we find an extra
contribution λ2 v 2 sin2 (2β). For moderate values of 1 . tan β . 5, this extra
contribution allows for a tree-level mass of mh125 ≈ 125 GeV for 0.7 . λ .
0.8. In addition, m2h125 receives radiative corrections, which allow to easily
achieve mh125 ≈ 125 GeV for moderate values of tan β and λ ∼ 0.6 with
stop masses of ∼ 1 TeV and negligible stop mixing.
As in the extended Higgs sector models discussed earlier, the alignment
of h125 with H SM can be achieved either via decoupling, i.e. by non SMlike Higgs boson with masses much larger than that of the SM-like state,
or by judicious choices of the parameters to cancel the mixing terms. This
latter alignment without decoupling limit is of particular relevance for LHC
phenomenology since it allows the non SM-like states to have masses comparable to that of the SM-like state and hence to be experimentally accessible.
In order to derive the alignment conditions on the parameters, it is useful
to rewrite the entry of the mass matrix corresponding to the mixing of H SM
with H NSM as [300]
M2S,12 =


1
M2S,11 − m2Z c2β − 2λ2 v 2 s2β .
tan β

(4.76)

This form has the advantage of absorbing the largest radiative corrections
to the matrix elements. Setting M2S,11 = m2h125 , one can then read off the
condition for M2S,12 = 0,
λ2 =

m2h125 − m2Z c2β
,
2v 2 s2β

(4.77)

which suppresses the mixing of H SM with H NSM . Intriguingly, for moderate
values of tan β, Eq. (4.77) is satisfied for a narrow range of values of λ =
0.6 − 0.7, coinciding with the values of λ which yield mh125 ≈ 125 GeV
without the need for large radiative corrections.
Suppressing the mixing of H SM with H S yields a second alignment condition from M2S,13 → 0,
MA2 2
κ
s2β = 1 −
s2β .
2
4µ
2λ

(4.78)

In papers [I,III] we demonstrated that approximate alignment allows to
effectively compress the parameter space of the NMSSM which allows for
consistent h125 phenomenology. To this end, we performed a random scan
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of the NMSSM parameter space, drawing from linear flat distributions over
the parameters in Eq. (4.63)12 without enforcing the alignment conditions
a priori. However, enforcing compatibility of the obtained parameter points
with the phenomenology of the observed SM-like Higgs13 compresses the parameter space to regions approximately satisfying the alignment conditions
in Eqs. (4.77) and (4.78).
In addition, the presence of the SM-like Higgs induces correlations between the remaining parameters. In paper [III] we devised a re-parameterization of the NMSSM’s Higgs sector in terms of parameters which account
for these correlations and are much more intuitively related to the models
phenomenology. As discussed in Ref. [300] and papers [I,III], the masses of
the non SM-like Higgs states, in particular the charged Higgs, the two CPeven modes h and H, and the doublet-like CP-odd state are quite tightly
correlated. The mass of the singlet-like CP-odd state on the other hand is
less tightly correlated with the masses of the remaining states. Thus, we
used the physical masses of the CP-odd Higgs bosons ma and mA as well
as the mixing angle PAS to re-parameterize the NMSSM’s Higgs sector. To
describe the remaining freedom in the parameter space, we use tan β, which
is transparently connected to the branching ratios of the Higgs bosons. To
allow for some deviations from perfect alignment, we keep the parameters λ
and κ appearing in the superpotential, although fixing them to their alignment values provides a good approximation of the relevant parameter space.
Our new basis of parameters is thus
pi = {mA , ma , PAS ; tan β, λ, κ} .

(4.79)

Recall that a 125 GeV mass of the SM-like Higgs boson is most naturally
achieved in the low to moderate tan β regime. Hence, this region of parameter space is of particular interest for the NMSSM; there, the precise value
of tan β has small effect on the phenomenology of the Higgs and neutralino
sector, such that the phenomenology can, to a large degree, be described in
terms of the three parameters
{mA , ma , PAS } .

(4.80)

Note that not all values for these parameters are feasible, as certain choices
e.g. lead to a tachyonic mass of h.
12 We

also scanned over the stop mass parameter, MQ3 , in order to allow the size of the
radiative corrections to the Higgs masses to vary.
13 In addition, we also enforced the lightest neutralino to be the LSP, rejected points with
unphysical global minima, soft Higgs masses much larger than the SUSY breaking
scale, and required compatibility with constraints from the Large Electron-Positron
collider (LEP), Tevatron, and searches for sparticles and charged Higgs bosons as
implemented in NMSSMTools [352–356]. For the regions of parameters scanned, the
most relevant constraints come from LEP, which enforce |µ| & 100 GeV to avoid
chargino constraints. None of these constraints should compress the parameter space
to the approximate alignment region.
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We find that the non SM-like doublet-like CP-even state, the doublet-like
CP-odd state, and the charged Higgs are approximately mass degenerate
and heavier than the singlet-like states. Thus, out of the neutral mass
eigenstates, H and A should be identified with the doublet-like states. The
mass of the singlet-like CP-even state is mostly governed by mA and is
bounded from above by mh . mA /2. The correlation of the mass of the
singlet-like CP-odd state a with the masses of the remaining Higgs states is
rather week, most prominently, the mass of the singlet-like CP-even state h
is anti-correlated with the mass of a.
The neutralino sector of the NMSSM is augmented by the fermionic comb the singlino S.
e After electroweak symmeponent of the singlet superfield S,
e
try breaking, S mixes with the neutral electroweakinos and higgsinos. The
e W
f3, H
e 0, H
e 0 , S}
e reads
symmetric tree-level mass matrix in the basis {B,
u
d


M1
0 −mZ sW cβ mZ sW sβ
0

M2 mZ cW cβ −mZ cW sβ
0 



0
−µ
−λvs
Mχ0 = 
(4.81)
β ,


0
−λvcβ 
2κµ/λ
where we omitted the entries below the diagonal. In papers [I,III] we studied
the region of parameter space where the bino and wino mass parameters are
much larger than the higgsino mass parameter, {|M1 |, |M2 |}  |µ|. In this
limit, the three lightest neutralinos are dominantly composed out of the
higgsinos and the singlino. As discussed in paper [III], the higgsino mass
parameter is approximately given by
|µ| ∼

mA s2β
MA s2β
≈
.
2
2

(4.82)

The composition of the three lightest neutralino eigenstates is governed by
the value of 2κ/λ. For |2κ/λ| . 1, the lightest neutralino is mostly singlinolike with mass ∼ |2κµ/λ|, and the second and third lightest neutralino
states are higgsino-like. The mass of the second-lightest state is given by
|µ|, while mixing effects with the singlino push the mass of the third lightest
neutralino to slightly larger values. In the opposite regime where |2κ/λ| & 1,
the two lightest neutralinos are higgsino-like, while the third-lightest state
is singlino-like with mass ∼ |2κµ/λ|. The mass of the second-lightest state
is again given by |µ|, while mixing effects with the singlino lower the mass
of the lightest state somewhat below |µ|.
In papers [I,III] we also studied the collider phenomenology of the NMSSM’s
Higgs and neutralino sector in detail. As in the general 2HDM+S discussed
in Sec. 4.1.2, the presence of the singlet-like modes weakens constraints from
direct (pp → Φ → SM+SM) searches, where Φ stands for any of the neutral
Higgs bosons, and “SM” indicates an SM particle. This is because the singlet component of Φ reduces the direct production cross section of Φ at the
LHC. On the other hand, new search channels, in particular (Φi → Φj +Φk )
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and (Φi → Φj + Z) Higgs cascade decays, appear ubiquitously with large
branching ratios. As discussed in Sec. 4.1.2, the presence of the SM-like
mode suppresses the coupling of the non SM-like Higgs bosons to a pair of
h125 states as well as the coupling of the non SM-like Higgs bosons to a h125
and a Z boson. Thus, Higgs cascade decays into pairs of h125 ’s or a h125
and a Z boson do not have large branching ratios in the viable parameter
region, instead, promising search channels proceed via Higgs cascade decays
into one SM-like Higgs boson and a non SM-like state, or into a Z boson
and a non SM-like Higgs. Compared to cascade decays into two non SM-like
Higgs bosons, these channels have the advantage of a particle with known
mass and branching ratios being produced, which allows to tag such events.
Depending on the decay mode of the non SM-like state produced in the
Higgs cascade decay, such cascades lead to a range of different collider signatures, cf. the discussion in Sec. 4.1.2. Most relevantly, if kinematic decays
of the non SM-like states into pairs of lightest neutralinos are kinematically
allowed, the corresponding branching ratios are usually sizable. Since such
neutralinos are neutral and stable, they would leave the detector without
miss
depositing energy, manifesting as missing transverse energy (ET
). Depending on the initial Higgs cascade decays being into a h125 or a Z boson
accompanied by the additional non SM-like state, such decays lead to monoh125 or mono-Z signatures, respectively. If the non SM-like Higgs instead
decays into a pair of SM particles, which would lead to a visible signal in the
detector, the Higgs cascades lead to h125 +visible or Z+visible signatures.
In paper [I] we studied the potential of the mono-h125 channel to probe
the NMSSM parameter space in future runs of the LHC. We showed that the
future LHC with 3000 fb−1 of data could probe regions of the NMSSM parameter space with doublet-like Higgs bosons as heavy as mA ∼ 1 TeV, even
in the low tan β regime. This is particularly interesting because the large
mA , low tan β regime is challenging to probe with conventional search strategies, because for mA/H & 2mt ≈ 350 GeV, decays into pairs of top quarks
dominate the decays into pairs of SM particles. As discussed in Sec. 4.1.1,
resonant production of top quarks is difficult to constrain at the LHC because the process interferes with the QCD background, cf. Refs. [284–291].
Similar to the approach of paper [I], a number of authors have studied
the potential of Higgs cascade decay channels for probing the NMSSM, see
e.g. Refs. [300, 357–362]. However, these studies typically consider only
a small subset of the possible final states which could arise from Higgs
cascade channels. In paper [III], we performed a systematic study of the
potential of a combination of a number of Higgs cascade decay channels with
conventional direct search strategies to comprehensively cover the NMSSM
parameter space in future runs of the LHC. Combining all search channels,
we demonstrated that the future LHC with 3000 fb−1 of data could probe
most of the viable NMSSM parameter space with a Higgs sector with masses
below 1 TeV. The different search channels are complementary and no single
class of final states dominates throughout parameter space, thus, searches
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in as many different finals states as possible must be used.
The phenomenology of the NMSSM’s neutralino sector is intimately related to that of its Higgs sector. This is because the same parameters which
control the NMSSM’s Higgs sector, in particular λ, κ, and µ, also control much of the neutralino phenomenology. As in the MSSM, the lightest
neutralino is a good DM candidate if it is the LSP and R-parity is conserved. DM in the NMSSM has been studied by a number of authors, see
e.g. Refs. [363–369] for recent works. Since the NMSSM features the same
particle content as the MSSM with the addition of the states arising from
b the typical MSSM DM scenarios discussed in the Sec. 4.2.1
the singlet S,
can be realized in the NMSSM as well. However, the addition of the singlino
allows for additional scenarios. Similar to the bino, the singlino is a gauge
singlet. However, different from the bino which is the fermionic component
of a gauge superfield, the singlino arises from a chiral superfield. Thus, its
interactions are not controlled by the gauge couplings but instead by the
Yukawa couplings λ and κ appearing in the superpotential. In particular, its
only interactions are with the Higgs bosons and the higgsinos; the coupling
λ gives rise to singlino-higgsino-H SM /H NSM /ANSM couplings, while κ gives
rise to singlino-singlino-H S /AS couplings. Even for sizable values of λ and
κ, the interactions of pairs of singlino-like mass eigenstate with SM particles can be extremely feeble, they are suppressed either by singlino-higgsino
mixing, or by the mixing of the singlet-like Higgs interaction eigenstates
with the doublet-like Higgs states.
The classical new DM region in the NMSSM is thus singlino-higgsino
DM. The relic density can be obtained via t-channel exchange of higgsinolike charginos or s-channel annihilation via the Z and the Higgs bosons.
Note that the latter option includes resonant annihilation (the so-called
funnel regions). Similar to the well-tempered region of the MSSM, the higgsino component of the DM candidate allows to tune the annihilation cross
section to match the observed relic density. Further, the SI direct detection
cross section can be suppressed by so-called blind-spot solutions [363, 364],
where the coupling of pairs of lightest neutralinos to the SM-like Higgs mass
eigenstate h125 vanish, cf. the discussion in Sec. 4.1.3. In the NMSSM, the
blind spot condition is
mχ = ±µ sin 2β ,
(4.83)
where “+” yields the blind-spot condition for singlino-higgsino and “−” for
bino-higgsino DM.
However, similar to the case of the MSSM, the canonical DM regions
in the NMSSM have come under pressure from the stringent constraints
from direct detection experiments. In paper [IV], we studied the viability of
DM in the NMSSM. As mentioned in Sec. 4.1.3, the bottom-up DM model
developed in paper [IV] can be embedded in the NMSSM, and we have
carried out extensive numerical scans to search for remaining regions of the
parameter space where thermal freeze-out production is feasible while direct
detection constraints are satisfied. We identified two interesting scenarios:
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• A singlino-like DM candidate with small higgsino component. The
thermal relic density is obtained through s-channel annihilation via
the Z boson, where the longitudinal mode (i.e. the neutral Goldstone
boson) plays a crucial role. The SI direct detection cross section must
be suppressed by proximity to the singlino-higgsino blind spot condition mχ = µ sin 2β. In addition, since a singlino-like DM candidate
has sizable couplings to the singlet-like Higgs states via κ, destructive
interference between diagrams mediated by the CP-even Higgs bosons
h125 , h, and H is required to suppress the SI cross section. Then, the
SI cross section can be reduced to values far beyond current limits,
but the SD direct detection cross section is only a factor of ∼ 10 below
current limits and can hence be probed in the near future.
• A bino-like DM candidate with small higgsino component. The correct relic density requires co-annihilation with the singlino-like mass
eigenstate, i.e. |M1 | ≈ |2κµ/λ|. The SI direct detection cross section can be sufficiently suppressed by proximity to the bino-higgsino
blind-spot condition mχ = −µ sin 2β, no additional destructive interference between the CP-even mass eigenstates is required since the
bino couples very weekly to the singlet-like Higgs states. The prediction for the SD direct detection cross section is less sharp than for the
singlino-like DM candidate. In order to probe most of the parameter
space, the reach of SD direct detection experiments must be improved
by a factor of 100 − 1000 with respect to current upper limits.

Note that the first region has been previously discussed in the literature
although the requirement of destructive interference in order to sufficiently
suppress the SI direct detection cross section has not been explicitly pointed
out before. The latter bino-like region, which we dubbed the new welltempered neutralino, was discussed for the first time in paper [IV]. The
name new well-tempered neutralino was chosen because this DM region is
similar to the well-tempered neutralino in the MSSM in proximity to the
bino-higgsino blind spot condition.14 In the NMSSM, the presence of the
singlino allows to enhance the effective thermal annihilation cross section
via co-annihilation.

14 Note

that LHC constraints on Higgs phenomenology make it difficult to realize the
blind spot scenario in the MSSM [344].

5 Conclusions & Outlook
The Standard Model of particle physics (SM) has enjoyed remarkable success in accurately describing virtually all particle physics observable in the
laboratory. At the same time, there are a number of reasons to believe that
the SM is not the final theory. As discussed in Sec. 2, many of the SM’s
shortcomings are intimately related to its Higgs sector, which simultaneously is the least well constrained part of the SM. Further, from observations ranging from the smallest know galaxies to structures spanning the
entire visible universe, we have learned that ordinary SM particles make up
only about one sixth of the Universe’s matter budget, while the remaining
portion is comprised of some unknown form of feebly interacting matter
dubbed Dark Matter (DM), cf. Sec. 3. Thus, the need for physics Beyond
the SM (BSM) is clear.
During the past decades, theoretical physicists have developed a large
number of BSM models to solve the SM’s shortcomings. Experimentalists have not been idle either, building ever bigger and better experiments.
Most important for what is discussed in this thesis, DM particles have been
searched for in a series of direct detection experiments, pinnacling in tonscale experiments like XENON1T, and particle colliders have become ever
more powerful, reaching a center-of-mass energy of 13 TeV at the Large
Hadron Collider (LHC). However, these experiments have come up empty
handed. Failing to find (conclusive) evidence for new physics, they have set
stringent constraints instead. Of course, this does not imply that these experiments were unsuccessful - for example, the LHC has delivered the Higgs
boson, the long sought-after final ingredient of the SM.
The absence of experimental evidence for new physics motivates two directions of research: On the one hand, the experimental null-results severely
constrain some of the simplest BSM models. This motivates to look beyond
those minimal extensions of the SM. In Sec. 4 we have described some examples for such non-minimal BSM models. In paper [II] we studied an
extension of the SM’s scalar sector to two SU (2) Higgs doublets and a complex scalar gauge singlet (2HDM+S), and in papers [I,III] we studied the
Next-to-Supersymmetric Standard Model (NMSSM), which embeds such a
2HDM+S scalar sector in a supersymmetric BSM model. In paper [IV] we
developed a DM model which features a gauge singlet Majorana fermion
as the DM candidate whose interactions with the SM are mediated by a
2HDM+S scalar sector and an SU (2) doublet Dirac fermion. Supersymmetrizing this model, we embedded it in the NMSSM and gained improved
analytic understanding of DM scenarios in the NMSSM.
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On the other hand, new experimental approaches are needed to probe
BSM physics. After approximately a decade of data taking, the LHC has
become a mature experiment. Scheduled to run for another ∼ 15 years, a
wealth of additional data will be collected. To make the best use of this
data, strategies to cover as much of the parameter space of as many BSM
models as possible must be developed. In papers [I,II,III] we focused on
a particular subclass of collider signatures induced via so-called Higgs cascade decays, cf. Secs. 4.1.2 and 4.2.2. While such signatures are difficult to
produce in minimal models such as two Higgs doublets models or the Minimal Supersymmetric Standard Model, they appear ubiquitously in models
with extended particle content such as the 2HDM+S or the NMSSM. In
papers [II,III] we demonstrated that combining Higgs cascade searches with
more conventional probes of BSM Higgs bosons will allow to make significant progress towards covering the parameter space of such models in the
future runs of the LHC.
Likewise, direct detection experiments have set impressive limits on the
interaction of Weakly Interacting Massive Particle (WIMP) DM with atomic
nuclei, cf. Sec. 3.3.2. A large ongoing experimental program exists to extend
the reach of direct detection experiments to ever smaller WIMP-nucleus
interaction cross sections and lighter WIMPs. However, such experiments
are becoming increasingly expensive and challenging to build and operate.
In papers [VIII,IX,X] we have proposed paleo-detectors as an alternative
approach for direct detection: Instead of monitoring a large target mass in
the laboratory for nuclear recoils, in paleo-detectors, one would search for
the traces of WIMP-nucleus interactions imprinted in ancient minerals, cf.
Sec. 3.3.4. In these paper, we have demonstrated that paleo-detectors are
a promising approach to probe much of the remaining WIMP parameter
space.
While not a central part of this thesis, axions are a well motivated alternative DM candidate, cf. Sec. 3.2.3. As yet, much of the best motivated
parameter space for axion DM remains unprobed. Arguably fueled by the
absence of evidence for new physics in other fields, axions physics has enjoyed much increased activity in the past years. In paper [VI] we studied
axion stars, gravitationally bounds lumps of axions which may contain a sizable fraction of the Universe’s matter if DM is comprised of axions. However,
a list of questions remains to be answered about compact objects formed of
axions such as axion stars. For example, we are still lacking reliable calculations of how much of axion DM could be confined in such objects, what
their mass function would be, or how they would be distributed in space.
Further, the impact on experimental probes is not fully understood yet. On
one hand, they may make it more difficult to detect axions in terrestrial
experiments. On the other hand, axions stars coulds offer new signatures
in astrophysical probes such as radio astronomy searches for axions.
Similarly, much work is required on paleo-detectors. In papers [VIII,IX,X]
we demonstrated the potential of paleo-detectors for probing WIMP DM.
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In the near future, a number of small-scale experiments are envisaged to
demonstrate the feasibility of paleo-detectors before attempting to carry out
a DM search with paleo-detectors. Further, paleo-detectors could be used to
probe a number of phenomena beyond DM. For example, the long exposure
times make paleo-detectors a promising means to probe core-collapse supernova rates via the coherent scattering of supernova neutrinos off atomic
nuclei. Further, paleo-detectors could achieve exposures comparable to, or
even larger than, planned neutrino experiments such as Hyper-Kamiokande
and DUNE. Although detailed calculations need to be carried out, initial
results indicate that paleo-detectors may be a promising means to probe
proton decay.
While some frustration has set in over the lack of evidence for BSM
physics, particle physics remains a very active area of research. A number of mature experimental techniques have allowed to set stringent bounds
on many BSM scenarios, forcing us to rethink some of the conventional
wisdoms. However, the next decades hold much to come. Theorists remain creative in finding new BSM scenarios, and theoretical breakthroughs
could occur any time. Likewise, a number of well-trodden experimental approaches enjoy continuous improvement in their sensitivity to new physics,
while new experiments are proposed on a virtually daily basis. Ultimately,
nature will decide which of the many possible BSM scenarios turns out to
be correct - but until experimental evidence is found for some particular
incarnation of new physics, it remains crucial to explore as many scenarios
as possible.
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