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Abstract
Dark matter is a central part of our understanding of the Universe. The nature of its
constituents is yet unknown, and relic particles produced by thermal processes in the early
Universe are a prime candidate. This thesis studies scenarios where the relic abundance
and observational prospects are not determined by the interactions of dark matter with
the visible sector alone, but are instead crucially affected by the presence of additional
dark matter flavours or self-interactions in the dark sector. We characterise the production
mechanisms of multi-flavour scalar and fermionic dark matter in simple scenarios and find
signatures not present in the minimal setup, in particular in cosmic gamma rays. Further,
a non-minimal scenario of sterile neutrino dark matter is investigated, where strong selfinteractions determine the relic abundance.

Zusammenfassung
Dunkle Materie ist ein zentraler Teil unseres Verständnisses des Universums. Ihre Bestandteile sind noch immer unbekannt, und durch thermische Prozesse im frühen Universum
produzierte Reliktteilchen sind ein führender Kandidat. Diese Arbeit untersucht Szenarien
in denen Reliktvorkommen und Nachweismöglichkeiten nicht allein durch die Interaktion
der Dunklen Materie mit dem Lichtsektor bestimmt werden, sondern stattdessen entscheidend von zusätzlichen Dunkle Materie Flavours oder Selbstwechselwirkungen innerhalb des
Dunkelsektors betroffen sind. Die Produktion von skalarer und fermionischer multi-flavour
Dunkler Materie in einfachen Modellen wird beschrieben, was Nachweismöglichkeiten insbesondere durch kosmische Gammastrahlen aufzeigt, die im minimalen Modell nicht möglich
sind. Desweiteren wird ein nicht-minimales Szenario von Steriler Neutrino Dunkle Materie
untersucht, in dem starke Selbstwechselwirkungen das Reliktvorkommen bestimmen.
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Chapter 1

Introduction
The nature of dark matter (DM) is a major open question in physics. Identifying the dark
matter in the Universe would be a triumph for cosmology, where it would spectacularly
confirm the standard Lambda-Cold-Dark-Matter (ΛCDM) cosmological model [1, 2], that
has been very successful in explaining observations from cosmology down to the structures
of galaxies. Dark matter may consist of elementary particles and the sheer amount of astrophysical and cosmological evidence for this unidentified matter component in the universe
has led to the situation where this astrophysical/cosmological issue drives a large part of
particle physics research.
In particle physics, the Standard Model of Particle Physics (SM) has just recently been
completed by the discovery of a massive scalar boson at the Large Hadron Collider (LHC),
whose properties measured so far perfectly match those expected of the Standard Model
Higgs boson [3–5]. Big open questions remain, in particular regarding the origin of the mass
scale and structure of the Standard Model. Interesting ideas like Supersymmetry, Grand
Unification or extra dimensions, have been developed to address them. Many of these ideas
for beyond the Standard Model (BSM) physics predict new neutral stable particles that
could play the role of dark matter, which has been studied extensively in these contexts.
The contemporary absence of positive experimental results for theory-driven models
containing particle dark matter has popularised the bottom-up perspective, focusing on the
necessary features of dark matter and determining the associated phenomenology in a “no
stone left unturned” approach [6]. This entails relating what we know about dark matter
–the average relic density ρDM , as well as aspects of its distribution ρDM (~r)– to distinctive
signatures today, via general models.
In this spirit, particle dark matter candidates can be classified by their production
mechanism. This work focuses on thermal dark matter production, understood to refer
to scenarios where the dark matter abundance today is calculable from reactions with the
thermal plasma of Standard Model particles in the early Universe. The simplest thermal
dark matter candidates are weakly interacting massive particles (WIMPs), where the relic
abundance is determined when dark matter annihilation in the early Universe freezes-out
and stops [1]. This relates dark matter production to dark matter annihilation signals in
overdense regions of the Universe today, and possibly dark matter scattering off terrestrial
detectors or dark matter production at colliders. Equally simple in terms of model, but
relying on stronger assumptions on cosmology, is feebly-interacting-massive-particle (FIMP)
dark matter, whose relic density freezes-in through rare production reactions from the SM
bath [7]. It is much more feebly coupled than WIMP dark matter, making it challenging to
1
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test in the minimal setup.
In these phenomenological studies, minimality is often a guiding principle, hoping that it
will reduce the specificity of the results to the particular model choices made, so that general
conclusions can be drawn. However, the dark sector (referring to the particles and forces
involved in dark matter production, often separated from the Standard Model visible sector
by the symmetry that prevents dark matter decay) may consist of many particle species and
new interactions, such that crucial signatures can be missed when only looking at minimal
scenarios. This work goes beyond minimality by investigating the effects of additional dark
matter flavours on the relic abundance and detectability for FIMP and WIMP dark matter.
Further, we consider strong forces within the dark sector, which can determine the relic
abundance by the freeze-out of number-changing self-annihilations (the SIMP mechanism,
for strongly interacting massive particles [8, 9]).
We start out by reviewing the standard models of particle physics and cosmology in
chapter 2, concluding with a brief thermal history of the Universe. Chapter 3 makes the
case for dark matter based on the gravitational evidence across astrophysical and cosmological scales. It then situates thermal relic particles among the various viable dark matter
candidates. Implications and prospects for the identification of thermal relic dark matter
are reviewed in chapter 4. Chapter 5 describes the evolution of particle abundances in the
early universe and presents standard relic abundance calculations in the WIMP and FIMP
scenarios.
With this understanding of production and the strategies for detection of thermal relic
dark matter, we go beyond the minimal scenario of one DM particle species whose relic
abundance is determined by its interaction with the visible sector. In chapter 6, we add
a second dark matter flavour to the minimal real-scalar FIMP model, finding promising
detection possibilities in gamma ray telescopes. Chapter 7 repeats this analysis for multiflavour fermionic dark matter and extends it to the full parameter space of dark matter
couplings, allowing dark matter production via freeze-in or freeze-out. There can be strong
interplay between the two flavours in the freeze-out case and we identify several distinct
production regimes. We find that the overabundance constraint, together with constraints
on dark matter decay, already rules out large parts of parameter space. Implications for
dark matter indirect detection include much larger annihilation signals than expected in
the single-flavour scenario. In chapter 8, we study a simple dark matter candidate, the
sterile neutrino. We go beyond minimality by adding self-interactions, demonstrating the
viability of Majorana fermion SIMP dark matter. In this case, the relic abundance can not
be related to conventional dark matter indirect detection signatures, but to dark matter
self-interactions, which can manifest themselves in the structures of dark matter halos.
Chapter 9 summarises these results.
Parts of the work presented in this thesis have been published at:
• Johannes Herms, Alejandro Ibarra, and Takashi Toma. A new mechanism of sterile
neutrino dark matter production. JCAP, 06:036, 2018. arXiv:1802.02973, doi:
10.1088/1475-7516/2018/06/036
• Johannes Herms and Alejandro Ibarra. Probing multicomponent FIMP scenarios
with gamma-ray telescopes. JCAP, 03:026, 2020. arXiv:1912.09458, doi:10.1088/
1475-7516/2020/03/026
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Chapter 2

The Standard Models of Particle
Physics and Cosmology
Both particle physics and cosmology are today dominated by central “standard” models,
underpinned by large amounts of evidence, from which exploration into the unkonwn is
launched. In the case of the Standard Model of Particle Physics, its final predicted component –the Higgs boson– has been discovered, leading to the expectation that further
measurements and theories of particle physics beyond the Standard Model (BSM physics)
will refine and extend, rather than overthrow the Standard Model. In cosmology, this degree
of confidence in a model has not yet been reached. However, the Lambda-Cold-Dark-Matter
model is supported by increasingly precise observations and is proving very hard to dislodge from its position at the center of attention. The nature of its hypothesised central
constitutents –the cosmological constant Λ and cold dark matter– are however still poorly
understood.
In this chapter, the Standard Model of Particle Physics is introduced as the particle
physics reality that all models of particle dark matter need to be compatible with within
experimental accuracy, before introducing the ΛCDM-model of Big Bang cosmology that is
both the motivation, as well as the basis to study the production and signatures of particle
dark matter.
Throughout this text, natural units ~ = c = kB = 1 are used, with sign convention
(+, −, −, −) for the metric.

2.1

The Standard Model of Particle Physics

The Standard Model of particle physics is a quantum field theory that describes all known
particles and their electromagnetic, weak and strong interactions in terms of the exchange
of spin-1 gauge bosons. It is based on the gauge group
U(1)Y × SU(2)L × SU(3)c
that is spontaneously broken to that of the electromagnetic and strong interactions
U(1)em × SU(3)c
by the vacuum expectation value of the spin-0 Higgs field. The spin-1 gauge bosons that
mediate the electromagnetic, weak and strong nuclear forces are the massless photon γ,
3
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Table 2.1: Fermions of the Standard Model and their charges and representations under the SM
gauge group.

the massive Z, W ± bosons and the massless gluons g respectively.1 The flavours of uptype quarks (u, c, t), down-type quarks (d, s, b), charged leptons (e, µ, τ ) and neutrinos
(νe , νµ , ντ ) are arranged into three generations of left-chiral SU(2)L -doublets and rightchiral SU(2)L -singlets, charged under the gauge group as shown in table 2.1.
The Lagrangian of the Standard Model in the unbroken phase is given by (following [12])

2
1
1 2
1
a 2
Wµν
− Bµν
−
Gaµν
4
4
4
+ (Dµ H)† (Dµ H) + m2 H † H − λ(H † H)2

LSM = −

(2.1)

/ µ Li + iēiR D
/ µ eiR + iQ̄i D
/ µ Qi + iūiR D
/ µ uiR + id¯iR D
/ µ diR
+ iL̄ D
i

− Yije L̄i Hejr − Yiju Q̄i H̃ujr − Yijd Q̄i Hdjr + h.c.
Here, in the first line Bµν = ∂µ Bν − ∂ν Bµ is the field strength of the hypercharge gauge
a is the field strength of the SU(2) gauge bosons W a and Ga is the field
boson Bµ , Wµν
L
µ
µν
strenght of the SU(3)c gauge bosons gµa . The second line accounts for the kinetic terms of
the Higgs doublet H = (φ+ , φ0 )T with covariant derivative Dµ = ∂µ − igWµa τ a − yH ig 0 Bµ ,
where g, g 0 are the SU(2)L and U(1)Y gauge couplings, respectively, τ a is are the generators
of the doublet representation of SU(2)L and yH = 1/2 is the hypercharge of the Higgs field.
The third line consists of the fermion kinetic terms, with covariant derivatives as appropriate
to the representation of the respective fermion (see table 2.1). The last line contains the
Yukawa couplings between the Higgs field and the charged fermions, with H̃ ≡ iσ2 H ∗ . The
gauge structure and particle content of the Standard Model has been confirmed at particle
colliders and precision experiments, and any theory of particle physics beyond the Standard
Model (BSM physics) has to accommodate these successes (for a review, see [5]).
The Universe today is in the broken phase of the Standard Model,
√
√ where the Higgs-field
has acquired a non-zero vacuum expectation value (vev) hφ0 i = v/ 2 with v = m/ λ =
247 GeV, leaving the subgroup U(1)em ×SU(3)c of the SM gauge group unbroken and electromagnetic charge conserved. As a result, the particle spectrum today includes three massive
spin-1 bosons W ± , Z and the massless photon γ.
The Yukawa couplings of eqn. (2.1) generate mass matrices for the quarks and charged
leptons as Mije,u,d = √v2 Yije,u,d , which upon diagonalisation yield the mass eigenstates we
1

The forces associated to U(1)Y × SU(2)L are often referred to as the electroweak forces, and the strong
force related to SU(3)c is also called quantum chromodynamics (QCD).
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observe as propagating particles. The rotation Uu,d,e,ν of flavours from the mass basis to the
flavour basis of the SU(2)L doublets (i.e. that of eqn. (2.1)) generates mixing effects that
can be parameterised by the Cabbibo-Kobayashi-Maskawa matrix VCKM = Uu† Ud in the case
of quarks and the Pontecorvo-Maki-Nakagawa-Sakata matrix VPMNS = Ue† Uν .
The Standard Model, as introduced above, does not include masses for the neutrinos, for
which there exists overwhelming evidence from the observation of neutrino flavour oscillations [5]. Eqn. (2.1) includes only renormalisable terms, up to mass dimension 4. Extending
the theory to include also non-renormalisable operators, neutrino masses arise already at
mass dimension-5, through the Weinberg operator Ldim−5 = −κij (L̄i H̃)(H̃ T (Lj )c ) (with
(Lj )c the charge conjugate of Lj ). The origin of neutrino masses in a renormalisable model
implies BSM physics, and one possibility is encountered in passing in chapter 8.
Of particular importance to the study of relics from the early Universe is the question
of stability. Heavy particles decay into lighter ones, unless this is forbidden by a symmetry.
In the following, we review the stable particles in the Standard Model that make up the
visible sector of our Universe.
The lightest particle is the photon. It is exactly massless in the Standard Model and
hence absolutely stable. Next by mass are the neutrinos, the lightest fermions. Their
decay into the lighter photons is forbidden by spacetime symmetry. The electron is the
lightest charged particle and is stabilised by electromagnetic charge conservation. Quarks
and gluons confine to SU(3)c -singlet, composite objects at energies below the QCD scale
ΛQCD ∼ 200 MeV. They form bosonic mesons (the lightest of which are the pions π ± , π 0 )
and fermionic baryons (the lightest of which are the proton and the neutron). Mesons
decay into leptons or photons, but the lightest baryon, the proton, has never been observed
to decay. Although its decay into e.g. a positron and a pion, p → e+ π 0 is not forbidden
by charge conservation or Lorentz symmetry, experiments constrain this decay rate to be
smaller than (1.6 × 1034 yr)−1 [13]. This is a consequence of the accidental symmetry of
baryon number conservation: Given the symmetries and particle content of the Standard
Model, there is a conserved global U(1)B symmetry under which all quarks carry charge
1/3. The proton is the lightest baryon (containing three quarks) and hence stable.
To conclude this brief review of the Standard Model of particle physics, note should be
taken of its limitations: It is a very predictive model, able to explain virtually all particle
physics observations to date in terms of a very limited number of free parameters, in a
beautiful framework defined by symmetries. The absence of relevant neutrino masses in
the Standard Model is an obvious blind spot, which is however easily covered by extensions
that hardly modify non-neutrino-oscillation observables and offer little guidance on the
possible embedding of the Standard Model in a more complete theory (though this is only a
possibility; neutrino masses may well turn out to be key to understand physics beyond the
Standard Model). Besides this, there are some lingering tensions between SM predictions
and experimental data in precision or flavour observables, maybe the most significant one
being the anomalous magnetic moment of the muon (e.g. [14]). The strongest reasons to
be interested in particle physics beyond the Standard Model, however, are the absence of
any explanation of its parameters, as well as the fact that the origin of the Universe we
live in is far from anything expected from Standard Model physics alone. The origin of
the electroweak scale v motivates many models of BSM physics (the hierarchy problem of
stabilising the electroweak scale against quantum corrections from heavy new physics or the
Planck scale, see e.g. [15]). Likewise, the flavour structure of the Yukawa couplings looks far
from random and suggests that they are not independent free parameters in a more complete
model (the flavour problem). The CP-violation in the QCD sector is tiny without apparent
5
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reason, which has inspired explanations, such as the axion [16]. Further, the matter fields
and forces of the Standard Model suggest the intriguing possibility of unification into a
larger gauge group in a Grand Unified Theory (GUT).
Looking at the Universe today, glaring holes in the Standard Model as a fundamental
theory of matter open up: While the Standard Model of particle physics is nearly completely symmetric between particles and antiparticles, people, stars and galaxies are made
of baryons and electrons, with little trace left of antimatter. The Standard Model has no
mechanism to address this question of baryogenesis. Of most relevance to this thesis, the
bulk of the matter in the Universe appears to not actually be made up of Standard Model
particles (or at least not in any form we have observed on Earth), but of Dark Matter, as
discussed in section 3.1. While explanations exist that go beyond particle physics, it appears that all explanations do require particle physics beyond the Standard Model to work.
Additionally, many of the particle physics models build to address questions originating in
particle physics contain stable neutral particles that naturally play the role of dark matter.
In this thesis, simple extensions of the Standard Model that can account for particle dark
matter are studied. They are often at least tangentially motivated by other open questions in
particle physics, but primarily serve to explore particle dark matter phenomenology related
to relic abundance and detection.

2.2

ΛCDM cosmology

The Lambda-Cold-Dark-Matter model of cosmology is a particular realisation of the Big
Bang scenario, asserting that the Universe as observed today was once in a much hotter,
denser state, with evolution to today governed by general relativity and the energy content
of the Universe. This section briefly recapitulates Big Bang cosmology in the theory of
General Relativity, before introducing the ΛCDM-model and its supporting observations.
Model On large scales, the Universe is observed to be strikingly homogeneous and isotropic. The metric describing a homogeneous, isotropic spacetime is the Robertson-Walker
metric, described by the line element (see e.g. [1, 17])
2

2

2

ds = dt − R(t)



dr2
+ r2 dθ2 + r2 sin2 θdϕ2
1 − kr2


(2.2)

with t the cosmic time parameter, R(t) the scale factor and (r, θ, ϕ) comoving spatial coordinates, while k ∈ {−1, 0, 1} is the curvature parameter. The evolution of the spacetime
described by (2.2) depends on the matter content of the universe, described by the energy
momentum tensor Tµν , and is governed by the Einstein equation
1
Rµν − gµν R = 8πGTµν + Λgµν
2

(2.3)

with Rµν the Ricci tensor that contains the evolution of the metric gµν , R = g µν Rµν the
−19 GeV).
Ricci scalar and G = m−2
Pl Newton’s constant (with Planck mass mPl = 1.22 · 10
Λ is the cosmological constant.
To understand the evolution of the scale factor in the Robertson-Walker universe with
homogeneous matter content, it is sufficient to look at the 00-component of the Einstein
equation. This leads to the Friedmann-Lemaitre equation for the expansion rate H ≡ Ṙ/R
6
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(the Hubble rate) of the universe
8πG
1
k
(2.4)
ρ+ Λ− 2 ,
3
3
R
where ρ = T00 is the energy density. The energy content of the Universe can be modeled as
a homogeneous, isotropic perfect fluid with density ρ(t), and pressure P(t):
H2 =

T µν = diag(ρ, −P, −P, −P)

(2.5)

Energy conservation ∇µ T µν = 0 in the expanding universe implies for the evolution of the
energy density
3Ṙ
ρ̇ + (ρ + P)
= 0.
(2.6)
R
For the simple equation of state


matter
0
P = ωρ,
with ω = 1/3 radiation
(2.7)


−1 vacuum energy
this leads to
ρ∝R

−3(1+ω)


−3

R
= R−4


const.

matter
radiation
vacuum energy .

(2.8)

The scale factor dependence indicates that while vacuum energy dominates the energy density of the Universe today, there can be (and has been) an earlier epoch of matter domination,
preceded by an epoch of radiation domination at very early times (small R).
The content of the universe is often expressed in terms of dimensionless density parameters Ωi by normalising to the critical density ρC :
Ωi ≡

ρi
ρC

ρC ≡

3H 2 (t)
.
8πG

(2.9)

They take on special meaning when rewriting the Friedmann-Lemaitre eqn. (2.4) as
1 = ΩM + Ωr + ΩΛ −

k
H 2 R2

,

(2.10)

(with ΩΛ = Λ/8πG) showing that Ω = ΩM + Ωr + ΩΛ = 1 corresponds to a spatially flat
universe. Observation suggests that our Universe is spatially flat at the level of |Ωk | ≡
|k/H 2 R2 | . 0.002 [18].
This short review enables us to formulate today’s standard model of cosmology, the
ΛCDM-model. The ΛCDM-model models the Universe as a spatially flat (k = 0) FriedmannLemaitre-Robertson-Walker Universe with metric eqn. (2.2) obeying eqn. (2.4). Its homogeneous energy content is characterised by the fractions of the critical density in radiation Ωr ,
matter ΩM and vacuum energy/cosmological constant (Λ) ΩΛ today. The matter content of
the universe has two contributions ΩM = Ωb + ΩDM : one from baryons, Ωb , and one from
cold dark matter (CDM), ΩDM , a collisionless, non-relativistic perfect fluid. Also accounting
for three parameters that are of little relevance in this thesis,2 the ΛCDM-model is a simple
6-parameter model for the Universe at large (for a recent review, see e.g. [2]).
2

These are the optical depth τ to the cosmic microwave background, as well as the amplitude A and
spectral index ns of the adiabatic curvature fluctuations that seeded the growth of structure in the Universe.
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Evidence The evidence in support of ΛCDM reaches from the earliest available tracer of
cosmological evolution to the present-day accelerated expansion of the Universe.
The ΛCDM-model allows to calculate the relic densities of particles and nuclei from the
early Universe, using understanding of the microphysics in the associated production processes. The Standard Model of particle physics does not include physics to explain the huge
relic abundance of baryons left after all antibaryons annihilated, and this baryon asymmetry
η can be taken as one of the free parameters of ΛCDM (instead of Ωb ). Given an input
value for this primordial abundance of baryons, the model predicts the abundances of light
nuclei produced in Big Bang Nucleosynthesis (BBN) when the temperature of the Universe
dropped below 1 MeV, yielding compatible results for η from the observed primordial ratios
of D/H and 4 He/H [19]. This is the earliest evidence for ΛCDM, from a time when the
energy density in the Universe was dominated by relativistic SM particles.
The most precise measure of the energy content of the Universe results from the measurement of correlations of anisotropies in the cosmic microwave background (CMB) and
the distribution of matter in the Universe. When matter starts to dominate the evolution
of the universe, the small inhomogeneities (that are taken as an initial condition in the
ΛCDM-model, characterised by amplitude A and spectral index ns ) in the dark matter
density begin to grow. While the baryon-photon plasma is still tightly coupled, it falls into
the potential wells created by the dark matter, bouncing back from its own pressure when
it becomes sufficiently overdense, creating acoustic density waves at the characteristic scale
of the speed of sound of the plasma. The oscillation stopped when photons decoupled from
baryons when their temperature dropped below T ∼ 1 eV, causing baryons and electrons to
form neutral atoms and the Universe to become transparent to light. At this time of recombination, the density waves froze into place, forming the baryon acoustic oscillations (BAO),
which determine the large scale structure of the Universe today. The released photons form
the CMB, which carries the same pattern of inhomogeneities (observed as anisotropy of
the CMB). Combined, the measurements of BAO and CMB anisotropies allow to precisely
determine all ΛCDM parameters [18]. They find consistency with η determined from BBN.
Further, both BBN and BAO/CMB are compatible with the Standard Model expectation
of three neutrino species, decoupling from the baryon-electron-photon bath as predicted by
particle physics.
The observed flatness of the universe, along with its measured matter and radiation
contents, imply that the expansion of the Universe today is dominated by the cosmological
constant term, ΩΛ . Local tracers of the cosmic expansion can measure the Hubble rate
today [20], finding values in the same ballpark as those inferred from the CMB [21].
There are two significant disagreements between ΛCDM-prediction and data: The longstanding lithium problem is that the primordial abundance of 7 Li is only about a third of
that predicted from the other light element abundances [22], which is a topic of ongoing
investigation [23]. Recently, with increased precision in the CMB measurements by the
Planck-satellite, tension has emerged between the value of the Hubble constant today H0 as
implied by ΛCDM fitted to CMB and BAO observations [18], and the direct determination of
the cosmic expansion rate by the measurement of luminosity distances to supernovae serving
as standard candles [20]. This Hubble tension is yet unresolved, and many extensions and
refinements of ΛCDM have been proposed to address it (see e.g. [24]).
The observational status lends good support to the ΛCDM model, and the puzzling open
issues may indicate a need for refinement rather than overhaul. The main difference between
the status of the Standard Model of particle physics and the status of ΛCDM is then that
the nature of the main component of the latter, dark matter, has not been identified.
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Dark matter This thesis investigates particle physics processes that determine the presentday density of dark matter, which is a central observable. The Planck collaboration [18]
gives its results from combining CMB and BAO observations in terms of present-day values
ΩDM h2 = 0.120 ± 0.001

(2.11)

with h = H0 /(100 km s−1 Mpc−1 ) the present expansion rate of the Universe
H0 = 67.4 ± 0.5 km s−1 Mpc−1 .

(2.12)

The critical density can be written in terms of h as ρC = 1.87840(9) · 10−29 h2 g cm−3 =
1.05371(5) · 10−5 h2 GeV cm−3 [5], leading to the present-day average dark matter density
−6
ρobs
GeV cm−3 .
DM,0 = 1.26 · 10

(2.13)

The work presented in this thesis focuses on particle dark matter models whose relic density
is related to thermal processes. Chapter 3 presents more evidence for cold dark matter and
reviews classes of candidates.

A brief history of the early Universe
Just as in archaeology, studying relics of bygone eras enables us to look back into history.
Using the standard models of particle physics and cosmology, we can interpret what observations we have, and extrapolate into the far prehistory. A note on Big Bang timekeeping is
in order: Instead of counting time in seconds, dates in the early Universe are most usefully
given in terms of temperature T (specifically, temperature Tγ of the photon gas), which
characterises the energies available to particles at that moment. Later in time, dates are
often given in redshift 1 + z ≡ R0 /R, which is directly observable in astronomy through the
reddening of emission lines of light emitted at smaller scale factor R.
The history of the early Universe (see e.g. [1,5]) starts with speculative pre-history, about
which little is known for certain:
• T = ?, Inflation: The observable Universe is strikingly homogeneous, regions that are
causally disconnected still have very similar density. This, together with the observed
flatness of the Universe, can be explained by an initial period of inflation, where the
Universe expanded exponentially.
• T = TRH , Reheating: The reheating temperature marks the start of radiation domination (i.e. the radiation era), and hence the start of the applicability of ΛCDM.
History before reheating is unclear, and the reheating temperature is only constrained
by BBN to be TRH & 4 MeV [25], with the implication that any cosmic history at
larger temperatures includes speculation.
• TEWPT ∼ 160 GeV, Electroweak phase transition: At temperatures larger than TEWPT ,
the Higgs vev is zero, and electroweak symmetry is restored.
• T ∼ ΛQCD ∼ 200 MeV, QCD phase transition: At energies above ΛQCD , unbound
quarks and gluons populate the Universe. At the QCD phase transition, they confine
into composite mesons and baryons.
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Since we do not know the reheating temperature, we cannot be certain about what happened
at these early times. However, we are probing the Standard Model of particle physics up
to the TeV scale in the laboratory. This allows to meaningfully extrapolate the radiation
dominated era to high temperatures when studying e.g. dark matter production, by the
simple assumption that there should be no BSM effects beyond the one being studied. At
T ∼ MeV, we enter well-established territory:
• T ∼ 1 MeV, t ∼ 1 s, Neutrino decoupling: Neutrinos decouple from the baryon-photon
gas. Their relic density is determined by the value of the decoupling temperature,
which can be calculated in the Standard Model and agrees with observation.
• T . 1 MeV, Big Bang Nucleosynthesis: Neutrons decouple and form light nuclei with
protons. The primordial abundance of light nuclei, together with the neutrino relic
density, is the earliest probe of cosmology.
• T ∼ 1 eV, z ∼ 3350, Matter-radiation equality [5]: Start of the matter dominated era.
• z ∼ 1100, T ∼ 0.2 eV, t ∼ 1013 s Recombination / CMB decoupling: Electrons and nuclei combine into atoms, the Universe becomes transparent to photons. Relic photons
form the cosmic microwave background.
As discussed above, the CMB carries the first and most precise information about the
average density of dark matter in the Universe. Dark matter production hence needs to
have happened at earlier times, and we stop our review of the history of the early Universe
here, at roughly 400 thousand years after the Big Bang.
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Chapter 3

Dark matter – Evidence and
Candidates
This chapter recapitulates the evidence counted towards the existence of dark matter (section 3.1), which determines the basic properties a dark matter candidate needs to fulfil. This
is followed by a review of dark matter candidates in section 3.2. The aim of this chapter
is to present a compelling argument for dark matter and situate thermally produced relic
particles in the context of dark matter candidates; a review of the history of dark matter
can e.g. be found at [26].

3.1

Evidence of Dark Matter

Dark matter is a common interpretation of numerous types of observations that range from
the scale of hundreds of parsec in dwarf galaxies up to the gigaparsec scale of the observable
Universe. The result that the ΛCDM cosmological model with cold dark matter as its
centerpiece can account for all of these observations is the reason for the joint effort of
astronomers, cosmologists and particle physicists to identify the nature of dark matter.

3.1.1

Galactic scales

The most illustrative evidence for dark matter is found in galactic rotation curves, i.e. the
circular velocities of stars and gas as they rotate around their galactic center as a function of
the distance from the center. They are obtained by measuring the Doppler shift of emission
lines in visible light [27] or radio spectra [28], with the generic result that the rotation
velocities of galaxies approach constant values at large distance, well beyond the extent of
the optical disk of the galaxy (an example is shown in fig. 3.1). This is in contrast to the
expectation from Newtonian gravity, where the rotation velocity at radius r is related to
the enclosed mass M (r) within that radius by
r
GM (r)
v(r) =
,
(3.1)
r
which should be falling as v ∝ r−1/2 at large distances if M (r) ∼ const. beyond the extent
of the galactic disk (dashed line in fig. 3.1). Instead, sticking to Newtonian dynamics,1 the
1

It should be noted that dark matter halos are neither the only, nor the simplest model that can explain
galactic rotation curves. Instead, modifying Newtonian dynamics at low accelerations (MOND) [29] can
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flat rotation curves imply the existence of non-luminous halos with mass profile M (r) ∝ r
that extend beyond the stellar disks of galaxies. Kinematic tracers of the mass contained in
galaxies offer detailed measurements of dark matter density profiles of galaxies, and together
with simulations of galaxy formation offer insights on the nature of dark matter, as well as
its expected local density in the Solar sytem (e.g. [32]).

Figure 3.1: Example rotation curve of dwarf spiral galaxy NGC 6503 with inferred contribution
of stellar disk, galactic gas and the dark matter halo to the rotation velocity. Figure adapted from
fig. 1 of [33].

3.1.2

Galaxy clusters

Just as in rotating galaxies, kinematic tracers can also be used to determine the mass of
galaxy clusters. In this case the velocity dispersion (determined again from Doppler-shift of
emission lines) of individual galaxies in the cluster can be related to the mass of the cluster:
Assuming equilibrium, the observed average kinetic energy hT i is related to the average
gravitational potential energy hU i by the Virial theorem hT i = 1/2 · hU i. This argument,
applied to the Coma cluster by [34], was one of the first strong indications for large amounts
of dark matter present in galaxy clusters, finding that the Coma cluster would have 400 times
the mass estimated there for the galaxies in the cluster. This number becomes considerably
smaller when taking into account the intracluster gas that dominates the baryonic mass of
the cluster, but the conclusion that large amounts of dark matter are required to explain
observations remains [35].
It is also possible to infer the masses of galaxy clusters from the X-ray luminosity of the
hot cluster gas that is taken to be in hydrostatic equilibrium in the gravitational field of the
cluster (e.g. [36]).
A third way of measuring the mass distribution inside galaxy clusters is via gravitational
lensing, where the light from a background galaxy is distorted by the foreground cluster.
This results in spectacular drawn-out arcs in the case of strong lensing or slight distortions
of galaxy shapes in the case of weak lensing, both of which allow the reconstruction of the
mass distribution of the lensing system. This has been put to use in characterising systems
of colliding clusters [37], where the bulk of the baryonic mass contained in the intracluster
result in a one-parameter model that in principle predicts rotation curves from the visible baryonic matter
alone and has proven hard to disentangle from the dark matter hypothesis on the basis of rotation curves
alone (e.g. [30, 31]).
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gas can become separated from the pressureless galaxies. The most impressive example is
the Bullet cluster [38], shown in fig. 3.2, where a small cluster (the “bullet”) passed through
a larger one, leaving the fluid-like gas (visible in X-ray) trailing behind the collisionless
constituent galaxies. Gravitational lensing reveals the gravitational potential of the system,
dominated by the dark matter component. The fact that the centers of the gravitational
potentials of the two clusters are still centered on the galaxies after the collision implies that
dark matter is collisionless (the implications for dark matter self-interactions are discussed
in sec. 4.2).

Figure 3.2: The Bullet Cluster system. The “bullet” on the right passed through the larger cluster
on the left ∼ 100 Myr ago. Shown is a visible light image (galaxies), with X-ray intensity (pink) and
mass distribution inferred from gravitational lensing (blue) superimposed. The offset between the
mass distribution and the X-ray emitting plasma shows that the latter cannot dominate the mass of
the system. Insted, the bulk of the mass is contained in the dark matter halos, which have passed
through each other with little interaction and remained centered on the constitutent galaxies of the
two subclusters [38]. NASA image from [39].

3.1.3

Large Scale Structure and the Cosmic Microwave Background

Having reviewed the evidence for dark matter in collapsed structures, we turn to the most
precise measurements of the overall dark matter content of the Universe, which come from
cosmology and are precisely those that underpin the ΛCDM cosmological model introduced
in section 2.2. In particular, the density in protons and neutrons can be inferred precisely
from the primordial abundances of light elements. Both the baryon density and the total
matter density affect the evolution of matter density inhomogeneities from the start of
matter domination to the decoupling of baryons from photons at recombination, which
is observed today as the baryon acoustic oscillation feature in correlations of both CMB
anisotropies and galaxy surveys at distance ∼ 100h−1 Mpc [40]. The non-trivial interplay of
cosmological parameters entering the correlation of CMB anisotropies can be used to give
the most precise determination of cosmological parameters from observation [18], as well as
constrain departures from the ΛCDM-model.
Small scales are more sensitive to detailed astrophysics affecting galaxy formation (“baryonic effects”) and hence harder to interpret in terms of fundamental cosmological parameters
or properties of dark matter. Detailed measurements of the matter power spectrum down to
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small scales by observations of absorption lines in the spectra of distant quasars imprinted by
intervening clouds of hydrogen (the Ly-α forest) are providing information on the smallest
collapsed objects, important in identifying the nature of dark matter (e.g. [41]).
One should also note the role of simulation in the study of structure formation, translating the near-homogeneous CMB into the collapsed structures we observe today and shaping
our expectations for what dark matter halos today should look like. Figure 3.3 illustrates
the success of ΛCDM structure formation simulations in reproducing observed galaxy distributions [42]. The same general agreement between simulation and observation holds is the
case for the shape of dark matter halos in galaxies and galaxy clusters, where dark-matteronly simulations find that a universal halo profile can fit simulated data across a wide range
of halo masses [43, 44]. There remain discrepancies, especially in the centers of halos, where
observations favour constant-density cores instead of the predicted cuspy profiles, which is
discussed in more detail in section 4.2.

Figure 3.3: Galaxy distribution obtained from galaxy surveys (blue) and constructed from cosmological simulations (red) by [42], illustrating the agreement of ΛCDM with observation at the largest
scales.
Reprinted by permission from Springer Nature: “The large-scale structure of the Universe”, Volker Springel,
Carlos S. Frenk and Simon D.M. White , Nature, 440:1137, copyright 2006 [42].

Summarising the evidence, dark matter appears central to the formation and shape
of structures in the Universe at large. It evidently cannot dissipate energy and collapse
to the same extent that baryons can, leaving the latter to shape the densest parts of the
Universe. The ΛCDM model describes cosmological observables well, but leaves us with a
major question: What is dark matter made of?
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3.2

Dark Matter Candidates

This section reviews classes of dark matter candidates, sorting them roughly by production
phenomenology instead of focusing on particular BSM models that can result in dark matter.
There are few generic constraints on dark matter besides the one that dark matter
should be dark, i.e. not interact with photons too much (e.g. [45]). Individual compact dark
matter objects can not be too massive, mDM . 10M , from bounds on excessive kinetic
heating of dwarf galaxies [46]. From the lower end, the dark matter mass is bounded by
mDM & 10−21 eV from the requirement that its astrophysical-scale wave nature should not
interfere with structure formation [47] (i.e. dark matter is not too “fuzzy”, see however [48]).
This leaves a vast range of possibilities to be explored, and only by looking at particular
plausible models can we get a better sense of what signatures to search for.

3.2.1

Massive compact halo objects

Dark matter could be made of large objects, called MACHOs (massive compact halo objects).
Planets, comets and asteroids are non-luminous and collisionless on astronomical scales.
Such objects, formed from the baryons participating in Big Bang Nucleosynthesis, cannot
account for the bulk of dark matter, since the baryon abundance determined from BBN
matches that determined from the CMB and is insufficient to make up dark matter.
Earlier formation of compact objects is possible, and primordial black holes (PBHs)
that formed before BBN from large density inhomogeneities are a viable dark matter
candidate (see e.g. [49, 50]). They are constrained towards small masses by MPBH &
1017 g (10−16 M ) from non-observation of their evaporation through Hawking radiation
(a PBH specific bound) and towards large masses by MPBH . 1023 g (10−10 M ) from microlensing surveys, which are MACHO-specific dark matter searches looking for changes
in the brightness of stars due to lensing by massive compact objects passing the line of
sight [49].

3.2.2

Particle dark matter

When not restricting the possibilities by imposing a particular production mechanism, the
only lower bounds on the dark matter mass is the fuzzy-ness bound discussed above for
bosonic particles, and a much stricter bound of mfermion
& 0.4 keV for fermionic dark matDM
ter on Pauli exclusion grounds [51, 52]. Much of the extensive particle mass range from
10−21 eV to the Planck scale has been populated with viable dark matter candidates, often
in the context of models addressing open issues in particle physics not originally linked
to dark matter. Dark matter candidates lighter than ∼ few keV are not necessarily cold,
i.e. may have had a primordial velocity dispersion large enough to interfere with structure
formation [53] (see sec. 4.1).
A class of dark matter candidates that can populate smaller masses are light pseudoscalar
fields, like the axion as a solution to the strong-CP problem [16] and axion-like-particles
(ALPs) that can arise in string theory [54]. They can be produced non-thermally i.e. without
connection to the thermal bath of Standard Model particles. In the misalignment scenario,
the axion starts out as a homogeneous field away from its minimum (which contributes to
dark energy) and only behaves as cold dark matter once it starts oscillating when its mass
term becomes significant compared to the cosmic expansion [54]. Their nature as coherently
oscillating field on astrophysical length scales makes for signatures very distinct from more
massive DM candidates.
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Thermal relic particles
Most particle physics dark matter candidates fall into the class of thermal relics, i.e. relic
particles whose abundance today is determined by their contact to the thermal bath of
Standard Model particles in the early Universe.
Very large dark matter masses are possible in this case, and models with mDM just two
orders of magnitude below the Planck scale have been formulated [55], which would require
a very large reheating temperature. A further example of a dark matter candidate that
depends sensitively on the reheating temperature is the gravitino in supersymmetry [56].
In these cases where production is efficient only at high energies, direct searches for dark
matter interactions in astrophysics or the laboratory are difficult, and one has to rely on
different tests of the associated particle physics models.
Very attractive scenarios of thermal relic particle production arise when there exist
renormalisable couplings between the dark and visible sectors, and the maximum interaction
rate between the sectors is reached during radiation domination. This requires extrapolation
of standard cosmology only to temperatures of order of the masses of new particles added
to the Standard Model. Particular production mechanisms then relate the dark matter relic
density to testable properties of the candidate particles.
If the interactions between visible and dark sector are very small, the DM relic abundance
may be determined by rare reactions in the SM thermal bath, without itself reaching equilibrium. This is the freeze-in mechanism [7], which is treated in more detail in section 5.4.
Sterile neutrinos also fall into this broad category [57], see section 8.1.
If the interactions between the visible and dark sectors are sizable, the sectors will equilibrate. The equilibrium abundance of massive particles becomes Boltzmann suppressed once
the temperature drops below their mass, and the energy stored in them is converted to other
particles. In the expanding Universe, this conversion process is bound to eventually become
inefficient compared to the Hubble rate, if the particle under consideration is stable. At that
time, the dark matter candidate freezes out, relating the final abundance to the strength
of the interaction that depletes the number of dark matter particles. Dark matter particles
produced this way are called weakly-interacting-massive-particles (WIMPs). In the standard
WIMP mechanism, the relic abundance is determined by 2 → 2 annihilation reactions of
WIMPs into Standard Model particles. This can naturally result in the observed relic abundance for DM masses around the electroweak scale, with electroweak-strength interactions.
These often appear in theories addressing the hierarchy problem of the electroweak scale
(e.g. the neutralino in supersymmetry [15]), which is referred to as the “WIMP miracle”
(e.g. [58]). The freeze-out mechanism is however rather general and need not involve particles charged under the gauge group of the Standard Model [59]. The standard calculation
of the WIMP relic abundance is introduced in section 5.3.
Many variants of the freeze-out scenario have been pointed out in the literature, depending on what kind of interaction is most effectively depleting the dark matter abundance. For
example, it is possible that this freeze-out happens entirely within the dark sector [8]. In
chapter 8, a scenario is presented where the strength of 4 → 2 number-changing interactions
within the dark sector determines the relic abundance and possible signatures of a strongly
interacting massive particle (SIMP) dark matter candidate.
Further, there are scenarios where the relic abundance depends crucially on out-ofequilibrium processes. This is the case for the massive relics of the Standard Model, where
the baryon asymmetry determines the baryon and electron abundances today. If dark matter
carries an additive conserved quantum number, asymmetric dark matter is possible, whose
16
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relic abundance may be linked to baryogenesis (e.g. [60]).
Concluding note This chapter discussed observations on astrophysical and cosmological
scales that can jointly be explained by cold dark matter. There are vastly different candidates for cold dark matter, from ultralight axions with wavelengths on astrophysical scales,
over thermally produced dark matter particles with masses that range from those of the SM
particles to the Planck scale, to massive objects as heavy as the Sun. The mechanism that
determines their abundance today is a key ingredient in linking the observational evidence
for dark matter to model-specific signatures that would allow to identify the nature of dark
matter.
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Chapter 4

Signatures of Particle Dark Matter
The identification of dark matter entails measuring signatures specific to a dark matter
model. This may consist in finding non-gravitational interactions of dark matter with the
visible sector for positive identification, but gravitational signatures of specific dark matter
properties can also narrow down the search to dark matter models that have those properties.
This section reviews classes of signatures of thermally produced particle dark matter,
from general constraints on its velocity dispersion (section 4.1), through signatures of dark
matter self-interactions (section 4.2) to interactions with the visible sector searched for in
dark matter indirect detection (section 4.3) and at laboratory experiments (section 4.4).
Particular emphasis is given to the self-interaction and indirect detection signatures that
are encountered in chapter 8 and chapters 6 and 7, respectively.

4.1

Free streaming

In the ΛCDM model, the structures in the Universe we observe today were seeded by primordial density fluctuations that on larger scales have been observed in the CMB anisotropies.
The spectrum of density fluctuations can be summarised in the matter power spectrum,
which provides a powerful probe of cosmology. This matter power spectrum can be measured from correlations of galaxies in galaxy surveys and at smaller scales in Ly-α absorption
lines imprinted on the spectra of quasars (e.g. [61, 62]).
These density fluctuations start to grow and form structures once the matter dominated
era begins. If dark matter is not very cold, small scale overdensities are erased by freestreaming of dark matter, suppressing the matter power spectrum. The observation of
structures at small scales constrains this free-streaming scale, while non-observation could
indicate significant free-streaming (see next section for a review of the “small scale crisis of
ΛCDM”, in particular the missing satellites problem).
The co-moving free streaming scale is given by the distance travelled by the free streaming particle before matter-radiation equality at tEQ .
Z tEQ
hvi(t0 ) 0
λFS =
dt ,
(4.1)
R(t0 )
ti
with hvi the velocity dispersion [1, 62]. If the particle becomes non-relativistic during the
radiation dominated era, this approximately gives

 T 
2π
ν
−1 mDM
' 5 Mpc
,
(4.2)
kFS =
λFS
1 keV
TDM
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where the phase space distribution of dark matter is assumed to be thermal with temperature
TDM and Tν is the temperature of SM neutrinos [63]. The effect of free streaming on the
matter power spectrum is usually determined using simulations, obtaining constraints by
subsequently comparing the power spectrum to observations. Results are commonly given
in terms of a bound on the mass of warm dark matter, which is defined as a dark matter
candidate obeying [63]:1


TWDM 3  mWDM 
2
ΩDM h =
,
(4.3)
Tν
94 eV
which small-scale structure observations constrain to be (at 2σ CL) [53]
mWDM > 5.3 keV .

(4.4)

Equation (4.3) and the dependence of eqn. (4.2) on mDM /TDM can then be used to find
the corresponding bounds on dark matter particles with different temperature. In dark
matter models with multiple relic populations, higher velocity dispersions may be allowed
for a subdominant dark matter component (e.g. [62, 64]). Although currently there are only
limits, a positive detection of a cutoff in the dark matter halo mass function could rule out
many models of particle dark matter (e.g. [65]).

4.2

Self-interactions

The ΛCDM model for cosmology at the largest scales assumes that dark matter behaves
as “dust”, a collisionless perfect fluid that has no interactions with other particles or itself,
beyond gravitational attraction. The quest for the identification of particle dark matter is
looking for non-gravitational interactions of dark matter. While non-gravitational interactions with Standard Model particles can be searched for in the laboratory or by looking
at the cosmic flux of SM particles with telescopes and cosmic ray detectors, dark matter
self-interactions cannot be directly probed. Instead, we need to rely on cosmological and
astrophysical signatures.
Excitingly, there is evidence in favor of non-gravitational interactions of dark matter in
the form of self-interactions (for a review, see [66]). The ΛCDM paradigm is experiencing
what is sometimes referred to as the “small scale crisis” [66], that is fuelled by the predictivity
of CDM-only N-body simulations that generate universal, cuspy/singular “Navarro-FrenkWhite”(NFW) dark matter density profiles for small and large dark matter halos alike [43,
44], with a large abundance of small dark matter halos [67]. The comparison of observations
to CDM-only simulations leads to discrepancies that are significant enough to have been
given names. They are briefly reviewed in the following, before addressing their relation to
dark matter self-interactions.
1. Missing satellites problem: CDM-only simulations predict hundreds of dark matter
subhalos massive enough to host dwarf galaxies in a galactic halo like that of the Milky
Way, yet we know of only tens of dwarf satellite galaxies [68]. This problem has been
historically important in the study of dark matter properties, but better understanding
of suppression of star formation in small halos, combined with accounting for the
imperfect completeness of surveys looking for dwarf galaxies have ameliorated the
apparent discrepancy [69].
1

Counterintuitively, for mWDM & keV, this makes warm dark matter actually rather cold in terms of
temperature.
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2. Too-big-to-fail problem: There is a lack of Milky Way satellites that can account
for the largest subhalos expected for a Milky-Way-sized galaxy in CDM-only simulations (these halos would be too big to fail at becoming luminous galaxies, hence the
name) [70, 71]. It is yet unclear whether accretion history and baryonic feedback can
resolve this mismatch within the cold dark matter paradigm [72].
3. Core-cusp problem: CDM-only N-body simulations universally find cuspy DM halo
profiles ρDM ∝ r−1 [43, 44], while many measured rotation curves indicate density
profiles with a constant density core ρDM ∝ r0 (e.g. [73,74]). Violent baryonic processes
have the potential to produce flat cores from cusps (e.g. [75]), but it has been argued
that heavily dark matter dominated dwarf galaxies would still provide an environment
to test CDM predictions (e.g. [76]).
4. Diversity problem: The universal density profiles found in CDM-only simulations [44],
or predictive models of cored halos (e.g. from WDM) fail to accommodate the observed
variation in density profiles in galactic interiors [77, 78].
These issues originally arose from comparison of observations to early CDM-only simulations. There is ongoing work to determine to what degree they are alleviated when baryonic
processes such as violent disturbances of the gravitational potential by supernova explosions
and stellar winds, suppression of galaxy formation by reionisation and tidal disruption of
subhalos are taken into account [66].
It is an exciting possibility that these small scale issues are evidence of dark matter
dynamics beyond gravitational interactions. In particular, they can be addressed in the
context of self-interacting dark matter (SIDM) [66]. The dark matter collision rate per
particle is given by Rscatt = σ2→2 vrel ρDM /mDM where ρDM and mDM are the dark matter
density and mass, while σ2→2 is the self-interaction cross section and vrel the relative velocity
of dark matter particles. The scaling with ρDM conserves the successes of cold dark matter in
the formation of large scale structure (where the dark matter overdensity is not very large),
while highly overdense regions in the centres of dark matter halos can be affected by large
scattering rates [79]. In CDM halos, the central cusp is constituted by the lowest velocity
dispersion/coldest dark matter particles. Collisions lead to heat transfer from the outer
parts of the halo to the central region, turning the cusp into an isothermal core (solving
the cusp-core problem) and lowering the central density (ameliorating the too-big-to-fail
problem) [80]. Figure 4.1 shows results from [81], who compare a simple model for selfinteracting dark matter halos to observations of cored galaxies and clusters. They model
the SIDM halos by an inner isothermal core, induced by frequent self-interactions, matched
to an outer halo following an NFW profile at a matching radius related to the rate of
scattering Rscatt × age = 1. The fits to cluster stellar dynamics data and galactic rotation
curves determine the value of the self-interaction cross section at the characteristic collision
velocity scale, finding that cored galaxies are explained by σ/m ∼ 1 cm2 /g, while galaxy
clusters favour σ/m ∼ 0.1 cm2 /g at larger characteristic velocities.
As an additional signature, self-interactions isotropise particle velocities and lead to more
spherical halo shapes, possibly distinguishing them from CDM halos [82]. The diversity of
dark matter halos can be enhanced by self-interactions: Core formation leaves them more
susceptible to tidal mass loss in their individual environment, while the densest halos may
undergo gravothermal collapse for cross sections σ/m & few cm2 /g [83].
Even if not taking the small scale issues of ΛCDM seriously, the dark matter selfinteraction cross section is a fundamental property of particle dark matter that is constrained
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by astronomical observations. The most robust constraints on dark matter self-interactions
are from colliding galaxy clusters. If dark matter interactions are frequent, they will act as
a drag force on colliding dark matter halos, which will then lag behind the galaxies that are
effectively collisionless due to the large distances between them. As most of the matter in the
Universe is in the form of dark matter, this would lead to an offset between the center of the
mass distributions of the colliding clusters (as inferred from gravitational lensing) and the
center of the luminous galaxies constituting the clusters (as inferred from optical images).
An analysis of the Bullet Cluster (fig. 3.2) finds an upper limit of σ/m < 0.7 cm2 /g [84],
while a joint analysis of 30 merging galaxy cluster systems finds σ/m < 0.47 cm2 /g [37] (at
68%CL).
In summary, dark matter self-interactions can leave signatures in astrophysical settings
if their cross section is large enough, potentially solving small scale issues of ΛCDM. They
are bounded from above by observations of colliding galaxy clusters, indicating that the
range of interesting self-interaction cross sections is
0.1 cm2 /g .

σ2→2
. 1 cm2 /g .
mDM

(4.5)

In this thesis, only velocity-independent cross sections are considered. Larger cross sections
in small systems like dwarf galaxies are possible without violating the cluster constraints in
models with velocity-dependent cross section (see Figure 4.1).
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Figure 4.1: Velocity averaged dark matter self-interaction cross section determinations [81] from
the core sizes of dark matter dominated galaxies (red, blue) and galaxy clusters (red), as well as
from SIDM simulations with σ/m = 1 cm2 /g (gray). Diagonal lines indicate velocity-independent
self-interaction cross sections, while the orange dashed line is an example for velocity dependent
scattering via a light mediator. Reprinted figure with permission from [81] Copyright (2016) by the
American Physical Society.

4.3

Dark matter indirect detection

Dark matter indirect detection refers to the search for non-gravitational interactions of
particle dark matter in the cosmos, as opposed to direct detection of Galactic dark matter
interacting with a detector in the laboratory. If dark matter consists of massive particles,
transitions to lower mass states with large kinetic energy may be possible, either through
decay of single dark matter particles or annihilation of multiple dark matter particles. While
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decay is a generic expectation for a massive particle unless exactly forbidden by symmetry,
dark matter annihilation plays a special role in the framework of WIMP dark matter, where
the observed relic abundance implies a specific value of the thermally averaged annihilation
cross section (see section 5.3, eqn. (5.45)), assuming standard cosmology.
If energetic Standard Model particles are produced in these processes, they may find their
way to Earth and can be detected by cosmic ray detectors like AMS-02 [85], X-ray/gammaray telescopes like Fermi-LAT [86], or even neutrino telescopes (e.g. [87]). They may have
even more indirect effects by modifying the ionization history of the Universe (e.g. [88]) or
emitting radio waves as they encounter galactic magnetic fields (e.g. [89]). Non-observation
of such signals can be used to constrain dark matter models, and positive observation of a
highly specific signal would go a long way in identifying the nature of dark matter.
In all indirect searches, the potential dark matter signal has to compete with astrophysical backgrounds. In the Galaxy, supernova remnant shockwaves can accelerate the particles
present in the interstellar gas to hundreds of TeV (for a review see e.g. [90]), and pulsars are
now likewise understood to create and accelerate high energy electrons and positrons [91].
Different strategies are employed to separate astrophysical backgrounds from potential dark
matter signals. Dark matter searches in antimatter cosmic rays (e.g. antiprotons) use the
fact that there is no antimatter in the interstellar gas to be accelerated by astrophysical processes, while high energy particle physics processes typically distinguish very little between
particles and antiparticles (e.g. [92]). Looking for larger antinuclei like antideuterons and
antihelium additionally suppresses the background from antimatter production in cosmic
ray collisions (e.g. [93, 94]). Dark matter has a different spatial distribution from that of
baryons, which predicts characteristic spatial signatures (see e.g. [95]) and enables us to
look for dark matter in places where little stellar activity is expected, like dwarf spheroidal
galaxies (e.g. [96]). Finally, the energy spectra of particles produced in dark matter decay
or annihilation and those accelerated by interstellar shockwaves or produced in cosmic ray
collisions are very different. While the latter result in smooth, often soft power-law spectra,
high energy particle physics processes generically produce harder spectra, potentially with
sharp spectral features from kinematic cutoffs (for a review see e.g. [95]).

Gamma ray signals from Dark Matter
In this thesis, the focus is on gamma rays as messengers from dark matter annihilation and
decay (for reviews, see e.g. [95,97]). In contrast to charged cosmic rays that are deflected by
magnetic fields, gamma rays point to their source, allowing to make use of spatial information
to optimize the sensitivity of searches and test the dark matter origin of a possible signal.
The detection of the gamma ray spectral features investigated in chapters 6 and 7 could have
sufficient specificity to serve as compelling, “smoking-gun” evidence on non-gravitational
interactions of dark matter.
Gamma ray telescopes measure the gamma ray flux dΦ/dEγ in direction ψ given by
dΦ
1
(Eγ , ψ) =
dEγ
4π

Z
ds Q (Eγ , ~r(s, ψ)) ,

(4.6)

l.o.s.

integrating a source term Q(Eγ , ~r) = dNγ / dEγ dt dV over the line of sight. The source
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terms from dark matter decay and annihilation are given by


ρDM (~r) dNγ
Qdec (E, ~r) = Γdec
,
mDM
dE


ρDM (~r) 2 dNγ
Qann (E, ~r) = hσviann
,
mDM
dE

(4.7)
(4.8)

where ΓDM is the dark matter decay rate into the channel of interest, and hσviann is the
velocity averaged annihilation cross section. If the latter is velocity-independent, this velocity averaged annihilation cross section corresponds to the thermally averaged annihilation
cross section in the early Universe (eqn. (5.34)), providing a direct link between dark matter
production in the WIMP paradigm and dark matter indirect detection. ρDM (~r) is the dark
matter mass density at position ~r along the line of sight, and dNγ /dE is the gamma ray spectrum produced in a single decay/annihilation event. Both spatial and spectral information
is used to separate astrophysical backgrounds from dark matter signals.
Targets for gamma ray dark matter searches Depending on the direction looked
at in the sky, different contributions to the line of sight integral may dominate. Three
contributions are of interest: that of the Milky Way dark matter halo, a contribution from
localised sources of small angular diameter, and finally the isotropic cosmic gamma ray
background. While the gamma ray flux from dark matter decay only depends on the lineof-sight integrated dark matter density, the flux from annihilation depends on the square of
the density, favouring particularly overdense regions of the Universe as targets for gamma
ray searches.
As we are situated within the Milky Way, there is always a contribution from our own
dark matter halo. Different dark matter profiles are assumed in the literature to predict
the gamma ray emission from the Galactic dark matter halo. Dark-matter-only simulations
of galaxy formation find density profiles rising as a power law towards the center, like the
Navarro-Frenk-White (NFW) profile [44] (see also section 4.2):
ρNFW (~r) = ρ

r (1 + r /rs )2
,
|~r| (1 + |~r|/rs )2

(4.9)

where |~r| is the distance from the Galactic center and rs ∼ 24 kpc is the scale radius
characterising the profile, ρ ' 0.3 GeV/cm3 is the dark matter density at the location
of the Sun and r = 8.5 kpc is the distance of the Sun from the Galactic center [98]. In
the inner Galaxy, baryons have an important effect on galaxy formation, which in different
hydrodynamical simulations is found to be able to steepen the slope of the dark matter
density profile or conversely to lead to the formation of a constant-density core. This is
a major uncertainty in the search for dark matter annihilation at the Galactic center, as
the annihilation rate depends on the square of the density [99]. The Galactic center would
be the brightest source of DM-produced gamma rays and as such is a promising target for
dark matter indirect detection. There is ongoing debate around the Galactic Center Excess
(e.g. [100]), which is an extended excess of ∼ few GeV gamma rays surrounding the Galactic
center that is consistent with dark matter of masses in the tens of GeV annihilating into
hadronically decaying SM particles with annihilation cross section close to the one naively
expected for WIMPs. Advanced techniques of using spatial information have been employed
to try to distinguish its possible DM origin from a contribution from unresolved point sources
(e.g. [101–103]).
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Weaker, but cleaner signals of dark matter annihilation or decay may come from dwarf
spheroidal galaxies close to the Milky Way that have a large mass to light ratio, i.e. promise
a large dark matter signal relative to little astrophysical background. Their angular extent
is smaller than the resolution of current gamma ray telescopes, such that their dark matter
content can be summarised by the line-of-sight integrated ρ2DM , integrated over the solid
angle ∆Ω spanned by the dwarf galaxy (so-called J-factors). In contrast to the galactic
center, which is limited by systematic uncertainty in the backgrounds, the search for dark
matter annihilation in dwarf galaxies is mostly exposure limited [104].
Finally, for dark matter decay, which is not sensitive to the degree of clustering, there
is a contribution to the gamma ray flux from the integrated emission throughout cosmic
history, resulting in an isotropic extragalactic contribution to the flux
dΦdec
extragalactic
dEγ

1 ΩDM ρc
(Eγ ) =
4π mDM

Z

∞

dz
0

1 dΓ
(Eγ (1 + z)) e−τ (Eγ ,z) ,
H(z) dEγ

(4.10)

accounting for the effect of redshift z [105]. Here ΩDM is the DM relic density in units of
the critical density of the Universe ρc , H is the Hubble expansion rate (see section 2.2) and
τ the optical depth.
The relations above correspond to the scenario where all dark matter decays or participates in annihilation. They are easily extended to the case where only a fraction of the
dark matter decays or annihilates, by assuming that all dark matter components have the
same spatial distribution, ρi (~r)/ρDM (~r) = Ωi /ΩDM . This is expected for cold dark matter.
Discriminating dark matter signals in gamma ray spectra The gamma ray spectra predicted by dark matter processes can be strikingly different from those believed to
be possible to create in astrophysical scenarios. Figure 4.2 shows several gamma ray spectra that can result from dark matter decay/annihilation, distinguishing between secondary
gamma rays (gray) produced as final products from dark matter decay/annihilation into SM
states that decay predominantly hadronically and distinctive gamma ray spectral features
(colored) that can result in many models, either at leading order, or at loop-level.
These have to be contrasted with the leading astrophysical contributions. Known astrophysical point sources can be masked in searches for dark matter signals, but this is not
possible for the diffuse gamma ray emission from cosmic ray interactions with the interstellar gas or magnetic and radiation fields. This diffuse emission needs to be modeled in
detail [106] and subtracted from the data to enable the most sensitive searches for dark matter. At high energies & GeV, these backgrounds scale as power laws with dΦastro /dE ∼ E −γ
with spectral index γ & 2, allowing dark matter signals to stand out.
When searching for sharp spectral features above a smooth astrophysical background,
no detailed background modeling is necessary. A sliding energy window technique is often
used, deriving constraints from small energy ranges around the spectral feature of interest
by fitting a smooth power law background plus a sharp signal contribution (e.g. [107, 108]).
A precise measurement would provide detailed kinematical information on the decay or
annihilation process, such that gamma ray spectral features are not only a very clean signal,
but also a rich one.
Ultimately, detection of dark matter annihilation or decay producing sharp photon spectra would result in a completely new tracer of dark matter in the Universe, and may allow
to map the dark matter density in our own Galaxy [107, 109] and the cosmos.
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Figure 4.2: Example gamma ray spectra expected from dark matter decay/annihilation processes [95]. The gray band corresponds to the relatively featureless secondary gamma rays produced in annihilations/decays into unstable SM final states that decay predominantly hadronically.
The coloured lines correspond to sharp spectral features, broadened by the energy resolution of the
detector. Gamma ray lines (blue) are encountered in chapters 6 and 7, while the virtual internal
bremsstrahlung feature (red) appears in section 7.2.2. The “box” spectral feature (green) can result
from cascade decays, where the annihilation/decay produces an unstable particle that directly decays
to two photons [95]. Figure reprinted from [95].

4.4

Laboratory probes of Dark Matter

Observing dark matter induced processes in a controlled environment on Earth would possibly be the most specific test of particle dark matter. On the flip side, this specificity makes
the sensitivity and interpretation of laboratory tests very model dependent. Searches for
particle dark matter on Earth take two forms: First, processes involving particle species that
constitute dark matter can occur at general purpose particle physics experiments like the
Large Hadron Collider, where specific search strategies have been developed to detect them.
Second, dark matter direct detection (DMDD) experiments have been developed that seek
to detect particles from the Galactic dark matter halo interacting in the detector. Further,
precision tests in electroweak- and flavour physics play an important role in guiding the
construction of viable dark matter models. They are not further discussed here, since they
lack the specificity needed to positively identify dark matter.
Note that the discussion in this chapter is focused on WIMP dark matter and related
models, and in particular dark matter models involving new light degrees of freedom have
different signatures to those discussed here.

4.4.1

Dark matter at particle colliders

Dark matter searches at particle colliders have traditionally been dominated by searches for
signatures of big visions of physics beyond the Standard Model, in particular for Supersymmetry (see [110] for an illustration). As the attractiveness of low-scale Supersymmetry as
a solution to the electroweak hierarchy problem shrinks, there is growing interest in more
model-independent signatures of BSM physics, including dark matter.
A systematic way of looking for signatures of WIMP dark matter at colliders is to study
its production in an effective field theory (EFT) framework, yielding a limited number of
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higher dimensional operators that can lead to dark matter production at colliders (e.g. [111]).
Collider results on these operators can then be compared to the relic density expectation
and contrasted with direct and indirect dark matter searches.
Such effective field theories that include only the dark matter particle as new degree of
freedom are faithful simplifications of dark sectors in which all other particles of relevance
are much heavier than the energy scales of interest. This may not be the case in dark matter
production, if the dark sector contains particles close in mass to the DM candidate, or at the
TeV-scale energies of the Large Hadron Collider. As a consequence, simplified dark matter
models have been developed (e.g. [112, 113]), which postulate a dark sector that next to the
dark matter candidate contains just the minimal set of particles required to couple it to the
Standard Model in the desired way. The aim of this is to search for realistic and specific
dark matter signatures, while remaining as general as possible. In chapters 6 and 7, two
examples of simplified dark matter models are extended by additional dark matter flavours,
finding signatures that cannot appear in their minimal realisations.
The actual signatures looked for can be split into two groups. The first looks for dark
matter production directly, the second constrains mediator particle properties. Dark matter
candidates are neutral particles that leave no track in detectors. Still, the absence of energy
deposition in the detector can be inferred from momentum conservation when precisely
measuring the energies of all other products of a collision. At hadron colliders, this can only
be done in the direction transverse to the beam, as the beam momentum fraction carried
by the individual interacting partons in the beam direction is not known. The central dark
/ T . For such
matter observable in a hadron collision is hence the missing transverse energy E
events to be recorded, they must be visible to the detector trigger system, which cannot
operate on missing energy/momentum alone. For the transverse momentum to be missing
in the first place, it needs to recoil against something, which automatically provides a trigger
signal. This can for instance be the initial state radiation of a gauge boson, resulting in
/ T events (see e.g. [111]).
mono-X +E
In many models, the dark matter particle is not the only new particle, and a new mediator
particle charged under the SM gauge group plays an important role in determining the relic
abundance. In scenarios of feebly coupled dark matter, the mediator may be the only
particle that can be promptly produced at colliders at appreciable rates. If the mediator
is not charged under a stabilising symmetry, it can be produced in a particle collision and
decay again into SM particles via the interaction that formed it. Searches for e.g. di-jet
resonances can be sensitive to this process (see e.g. [114]). If the mediator is charged under
a stabilising symmetry, it needs to be pair-produced and will ultimately decay into the dark
matter candidate. If this decay is prompt, as is typical in WIMP models, this results in
missing energy plus SM particles with characteristic kinematic relations that can be used
to increase sensitivity (see e.g. [115, 116]). If the mediator has a macroscopic decay length
cτ & 1 mm, it can give rise to unique signatures with little Standard Model background, such
as displaced vertices, disappearing tracks, and anomalous charged tracks (e.g. [113, 117]).
A caveat in dark matter searches at colliders is that in the best case they can find proof
of the existence of a somewhat stable, neutral massive particle. If its interactions can be
measured precisely, conclusions about its plausible relic abundance may be drawn. But
its cosmological stability cannot be tested, neither can its local abundance be determined
without assumptions about cosmology. This highlights that, even though production at a
collider may be the gold standard of discovering a new particle, the search for particle dark
matter necessarily involves complementary approaches.
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4.4.2

Direct detection of the Galactic dark matter halo in the laboratory

If the Galactic dark matter halo consists of particles χ, the interactions of these particles
with Standard Model objects may be observable. Dark matter direct detection (DMDD)
experiments look for scattering of Galactic halo dark matter off detector material by looking
for the deposited recoil energy [118, 119]. The rate of χT → χT scattering events per unit
target mass is given by
Z ∞
dσχT →χT
ρχ
dR
=
(v, ER ) ,
(4.11)
dv vf (v)
dER
mT mχ vmin
dER
where the astrophysical quantities of the local DM-density ρχ and the dark matter speed
distribution f (v) in the laboratory frame enter, as well as the particle physics quantities
related to the DM candidate χ and target T : mχ and mT are the DM and target masses
respectively and dσχT →χT /dER is the elastic scattering cross section. The maximal recoil
energy is given by
2µ2 v 2
ER ≤ T ,
(4.12)
mT
where µT = mχ mT /(mχ +mT ) is the reduced mass of the DM-target system. The local dark
matter density is of order ρχ ∼ 0.3 GeV/ cm3 and the speed distribution is characterised by
the velocity distribution of the Galactic dark matter halo, which is often approximated as
isothermal with characteristic speed ∼ 270 km/s, to which the Solar system’s speed relative
to the DM halo (∼ 220 km/s) is added, modulated by the Earth’s rotation around the Sun
(∼ 30 km/s) [119].
These expressions already illuminate the current experimental situation: The search for
WIMPs has been focused on electroweak-scale masses, accordingly choosing heavy elements
like xenon as target material to optimise the available recoil energy, as well as maximise
the possible coherence effect in spin-independent scattering, where σSI ∼ A2 σnucleon , with A
the mass number of the target nucleus. This has led to tremendous success in constraining
electroweak-scale dark matter that couples coherently to nucleons by ton-scale experiments
sensitive to keV recoil energies (e.g. [120]), as long as the coupling is not suppressed e.g. by
the dark matter velocity2 . Complementary experiments target dark matter at lower masses
by pushing sensitivities to lower ER , as well as dark matter coupling to electrons or the spin
of nuclei. Originally designed for WIMP searches, dark matter direct detection can also be
sensitive to feebly coupled dark matter candidates in the case of light mediators [122].
The dark matter models considered in chapters 6, 7 and 8 of this thesis are generally
not easy to probe by dark matter direct detection, either because they couple primarily
to leptons and only at loop-level to nucleons, or because they are feebly coupled to heavy
mediators.

2

There is a positive signal from the DAMA/LIBRA experiment at high statistical significance [121]. This
signal has not been corroborated by other experiments, making a dark matter interpretation difficult.
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Chapter 5

Thermal Relics from the Early
Universe
This chapter describes the evolution of particle populations that are governed by thermal
processes, i.e. reactions between particles where at least one reactant is taken to follow an
equilibrium phase space distribution. Section 5.1 introduces the equilibrium description of
the thermal bath of Standard Model particles during the radiation era. Section 5.2 covers
the Boltzmann equation that is used to determine the phase space distribution of particles
that are not in equilibrium. These results are then used in sections 5.3 and 5.4 to analytically
calculate the dark matter relic abundance in the minimal freeze-out and freeze-in scenarios.
This lays the foundation for the calculation of thermal relic abundances in non-minimal
dark sectors that is the topic of the remainder of this thesis.

5.1

Equilibrium thermodynamics in the expanding Universe

In general, a population of particles of some particle species is described by its phase space
distribution f (~x, p~), which in a homogeneous, isotropic setting only depends on p = |~
p|. For
a dilute gas of these particles, with g internal degrees of freedom, the number density n,
energy density ρ and pressure P are given by [1]
Z
g
n=
f (~
p)d3 p
(2π)3
Z
g
ρ=
E(~
p)f (~
p)d3 p
(2π)3
Z
|~
p|2
g
P=
f (~
p)d3 p ,
(2π)3
3E(~
p)

(5.1)
(5.2)
(5.3)

with E 2 = m2 + |~
p|2 . If momentum transfer among the particles is frequent (i.e. fast
compared to the Hubble rate), kinetic equilibrium holds, and the phase space distribution
is given by the Fermi-Dirac or Bose-Einstein distributions for fermionic (+) or bosonic (−)
particles respectively:
1
,
(5.4)
f (~
p) = (E−µ)/T
e
±1
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characterised by the particle’s mass m, the temperature T and chemical potential µ. In the
relativistic limit, for T  m, µ, this results in
(
(ζ(3)/π 2 )gT 3
bosons
n=
(5.5)
2
4
(3/4)(ζ(3)/π )gT
fermions
(
(π 2 /30)gT 4
bosons
ρ=
(5.6)
2
4
(7/8)(π /30)gT
fermions
P = ρ/3 ,

(5.7)

while for the non-relativistic limit, T  m, the distribution function approaches the MaxwellBoltzmann distribution for both bosons and fermions, resulting in


mT 3/2
n=g
exp [−(m − µ)/T ]
(5.8)
2π
ρ = mn
(5.9)
P = nT .

(5.10)

If one assumes Maxwell-Boltzmann statistics, eqn. (5.1) has a simple expression in terms of
modified Bessel functions Kn (x) in thermal equilibrium:
nMB = g

m 
m2 T
χ
K
.
2
π2
T

(5.11)

If there are multiple species i, their temperatures Ti are equal if they are in kinetic equilibrium with each other. In addition, if interactions that, for example, change particles i and j
into particles k and l (and vice versa), are frequent, chemical equilibrium holds and relates
the chemical potentials to one another,
i+j ↔k+l

frequent

⇒

µ i + µj = µk + µ l .

(5.12)

From eqns. (5.6), (5.9), it is clear that relativistic species dominate the energy density
in the Universe, unless there are large chemical potentials µi ∼ mi . It is then convenient to
summarise all particle species with µi  mi into a thermal bath of temperature T with an
energy density of
π2
ρR =
geff (T )T 4 ,
(5.13)
30
where geff (T ) is the effective number of degrees of freedom compared to a massless boson at
temperature T [123]:

,
 2 
Z
X
g
π 4
i
3
geff (T ) = 
fi (~
p)Ei (~
p) d p
T
(5.14)
3
(2π)
30
species i

yielding the familiar approximate expression counting only relativistic species with mi  T :
 4
 4
X
X
Ti
7
Ti
geff (T ) =
gi
+
gi
.
(5.15)
T
8
T
i∈rel. bosons

i∈rel. fermions

For the thermal bath of Standard Model particles, the evolution of Ti can be calculated,
and tabulated values for geff (T ) are available [123]. It varies from geff = 106.75 at T ≥ mtop
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to geff (10 MeV & T & 1 MeV) = 10.75 before and geff (T  1 MeV) = 3.36 after neutrino
decoupling. When ρR dominates the energy density, eqn. (5.13) and the Friedmann eqn. (2.4)
yield a simple expression for the Hubble rate during the radiation era:
r
8π 3 1/2
T2
H=
geff (T )
.
(5.16)
mPl
| {z90}
'1.66

When calculating relic densities, conserved quantities are useful to relate yields at time of
production to the relic density today. In thermal equilibrium (which is a good approximation
for the SM bath), the entropy S contained in a comoving volume V is constant. This means
the entropy density s ≡ S/V scales as
s≡

S
ρ+P
=
∝ R−3 ,
V
T

(5.17)

no matter whether the particles constituting the thermal bath are relativistic or not. In
analogy to the formula for the density eqn. (5.13), the entropy density of a thermal bath of
temperature T can be written in terms of an effective number of relativistic bosonic degrees
of freedom in the bath,
2π 2
s=
heff (T )T 3
(5.18)
45
with number of relativistic degrees of freedom relevant to the entropy density [123]

,


 2 
Z
2
X
1
gi
|~
p|
2π 3
3 

heff (T ) =
fi (~
p) Ei (~
p) +
d p
T
(5.19)
3
T
(2π)
3Ei (~
p)
45
species i
 3
 3
X
X
7
Ti
Ti
+
gi
.
(5.20)
'
gi
T
8
T
i∈rel. bosons

i∈rel. fermions

The entropy density has two important uses in the calculation of relic densities. First,
the relations (5.17) and (5.18) determine the evolution of the temperature T (R) of an adia−1/3
batically expanding population of particles as a function of the scale factor as T ∝ heff R−1 .
While heff is constant, this leads to T ∝ R−1 expected from simple redshifting of relativistic
momenta. Whenever a particle species is becoming non-relativistic, heff decreases, and T
drops slightly more slowly, as the energy density stored in the non-relativistic species is
converted into relativistic particles. In the Standard Model, this leads to a slightly colder
relic population of neutrinos, which decouple from the rest of the thermal bath before the
electrons become non-relativistic and heat the remaining photon bath. More extreme consequences are found in SIMP models of dark matter, explored in chapter 8.
Second, just as the total entropy S of the SM bath is conserved through the expansion
of the Universe, so is the total number of relic particles Ni in that volume, if there are no
processes that convert these particles into others. This lends special utility to the abundance
Yi of a species i, defined as
N
ni
Yi ≡
=
.
(5.21)
S
s
Using that the entropy density today is [5]
s0 /kB = 2891.2 cm−3 ,

(5.22)
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the observed relic density today (eqn. (2.13)) requires that a dark matter species with mass
mDM has the relic abundance
 m −1
DM
observed
YDM
= 4.35 · 10−10
.
(5.23)
GeV
In the absence of injections of large amounts of entropy into the thermal bath, this number
stays constant between the epoch that determines the relic density and the epoch at which
it is measured, e.g. at the time of CMB decoupling. Further, unless dark matter is very
light, this is a small number. The basic task of dark matter production mechanisms is to
reproduce this small number.

5.2

The early Universe dropping out of thermal equilibrium

Particles in the thermal plasma can be conveniently characterised by the equilibrium relations above. This section introduces the standard treatment of the evolution of particle
populations that are governed by their connection to a thermal bath, but not actually in
equilibrium [1, 124].
The Boltzmann equation describes the rate of change in the population of a particle due
to motion/dilution, as well as creation and destruction and is in general given by [1]
L̂ [f ] = Ĉ [f ]

(5.24)

with L̂ the Liouville operator that describes the rate of change in the phase space density
and Ĉ the collision operator that describes the rate of particles added or lost per phase
space volume and time, acting on the phase space distribution f (pµ , xµ ). In the FRWL
model, the Liouville operator reads [1]
∂f
∂f
− H|~
p|2
(5.25)
∂t
∂E
The general equation (5.24) can be simplified considerably if the particle species under
consideration is in kinetic equilibrium with itself at temperature T (t), and the phase space
FD/BE
distribution f is given by its equilibrium Fermi-Dirac or Bose-Einstein distribution feq
determined by n(t) and T (t) (see e.g. [125] for a study that goes beyond this standard
assumption and solves the un-integrated Boltzmann equation numerically). The Boltzmann
equation (5.24) can then be integrated over invariant phase space
L̂ [f (E, t)] = E

dΠ ≡

g d3 p
(2π)3 2E

resulting in (using the relation between n and f eqn. (5.1)):
Z 3
dnχ
g
d p
+ 3Hnχ =
Ĉ [fχ (E, t)] ,
3
dt
(2π)
E

(5.26)

(5.27)

where from now we refer to the particle of interest as χ. The collision term has contributions
from all possible collision processes. For the integrated collision term, only inelastic processes
are relevant. As an example that is straightforward to generalise, we look at the integrated
collision term for a process χ + b → i + j, which is given by
Z 3
Z
d pχ
g
Ĉ [fχ (E, t)] = − dΠχ dΠb dΠi dΠj (2π)4 δ 4 (pχ + pb − pi − pj ) |M|2χ+b→i+j
(2π)3
Eχ
× [fχ fb (1 ± fi )(1 ± fj ) − fi fj (1 ± fχ )(1 ± fb )] ,
(5.28)
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where we have assumed for simplicity that the process under consideration is CP -invariant
(i.e. |M|2χ+b→i+j = |M|2i+j→χ+b ), as will be the case for all processes considered in this
work. Note that if M depends on spin or polarisation of some of the particles involved, the
number of internal degrees of freedom g in dΠ (eqn. (5.26)) needs to be replaced here by an
explicit summation over these internal degrees of freedom.
At this point, it is common to approximate all distribution functions fi by the Maxwell
Boltzmann distribution [1, 17, 124],
f (E) → eµ/T e−E/T .

(5.29)

This restricts the applicability of the equations below to the non-relativistic case, where
T  E − µ, as e.g. is the case for standard WIMP freeze-out.1 We can then ignore the final
state enhancement/suppression factors (1 ± f ) and use
f (E, t) =

n(t) eq
f (E, t) ,
neq (t) MB

(5.30)

eq
with fMB
(E, t) and neq (t) the equilibrium Maxwell-Boltzmann phase space distribution and
number density respectively at temperature T (t). This considerably simplifies the collision
term, as the last term of eqn. (5.28) now reads (using energy conservation Eχ +Eb = Ei +Ej )
!
n
n
n
n
χ b
i j
.
(5.31)
e−(Eχ +Eb )/T
eq − eq eq
neq
ni nj
χ nb

We define the thermally averaged cross section hσvi as
Z
1
hσviχ+b→i+j ≡ eq eq dΠχ dΠb dΠi dΠj e−(Eχ +Eb )/T
nχ nb
4 4

(2π) δ (pχ + pb − pi −

(5.32)
pj ) |M|2χ+b→i+j

Apart from the integration over initial state phase space, this is very similar to that for the
cross section
Z
1
σ≡
(5.33)
dΠi dΠj (2π)4 δ 4 (pχ + pb − pi − pj ) |M|2χ+b→i+j ,
2Eχ 2Eb |~vχ − ~vb |
defined for collinear ~vχ ||~vb . This allows to write hσvi as a thermal average of the cross
section [124]
Z
1
hσvi = eq eq d3 pχ d3 pb σvMøl e−(Eχ +Eb )/T ,
(5.34)
nχ nb
p
where the occurrence of the Møller velocity vMøl = |~vχ − ~vb |2 − |~vχ × ~vb |2 accounts for the
transverse boost by |~vχ × ~vb |/|~vχ − ~vb | of the colliding system wrt. the plasma rest frame.
In summary, assuming kinetic equilibrium and approximating all particle statistics as
Maxwell-Boltzmann distributed, the evolution of the χ-population is governed by
!
n
n
dnχ
i
j
eq
+ 3Hnχ = −hσviχ+b→i+j nχ nb − neq
+ ··· ,
(5.35)
eq
χ nb
dt
neq
i nj
1
Recently, methods have been developed to go beyond this approximation [126–129], enabling the
treatment of relativistic freeze-out/freeze-in, as well as capturing the effect of the final state enhancement/suppression factors.
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where · · · refers to all other processes that can convert sets of particles {χ, a, b, . . . } to
{i, j, . . . }, for which these expressions are easily generalised. The Boltzmann equation can
be conveniently written in terms of the abundance Y by dividing eqn. (5.35) by S = R3 s
and noting that S is conserved in time:
!
dYχ
Y
Y
i
j
eq
+ ···
(5.36)
= −shσviχ+b→i+j Yχ Yb − Yχeq Yb
dt
Yieq Yjeq
Further, as hσvi and Y eq depend directly on the bath temperature T and only indirectly on
time, it is convenient to use the dimensionless temperature parameter x = m/T as evolution
parameter (m can be any mass, conventionally mDM is used). First converting from t as
evolution parameter to R and then using sR3 = const. to convert to x, one finds [124, 125]
!
shσviχ+b→i+j
dYχ
eq eq Yi Yj
Yχ Yb − Yχ Yb
+ ··· ,
(5.37)
=−
dx
Yieq Yjeq
xH̃
eff
with H̃ = H/g̃, where g̃ = 1 + 31 hTeff dh
dT accounts for the change of heff with temperature.
This concludes the review of standard techniques in tracking particle abundances in the
early Universe. In the following two sections, the relic abundances in two generic minimal dark matter production scenarios are calculated analytically, first for a dark matter
candidate that starts out in thermal equilibrium with the SM bath (sec. 5.3), then in the
scenario where dark matter is produced through rare reactions of bath particles and never
equilibrates with the visible sector.

5.3

Freeze-out of WIMP dark matter

Weakly Interacting Massive Particle dark matter in this thesis refers to a class of dark
matter models defined by the production mechanism of thermal freeze-out through 2 → 2
annihilations. In the following, the general abundance evolution equations of the previous
sections are particularised to the case of a WIMP dark matter candidate χ. A Z2 symmetry
under which χ is odd and all SM particles are even is introduced to stabilise the dark matter
candidate. This implies that only annihilation reactions χχ ↔ XY into SM particles X and
Y can affect the dark matter abundance.2 The Boltzmann equation (5.37) can then be
written as [1]
!


Yχ 2
x dYχ
neq
χ hσvi
=−
−1 ,
(5.38)
Yχeq dx
Yχeq
H̃
where hσvi is the thermally averaged annihilation cross section, summing over all channels
χχ → XY . This form of the Boltzmann equation illustrates that Yχ will be kept close to
its equilibrium value Yχeq as long as the equilibrium annihilation rate neq
χ hσvi is larger than
the Hubble rate H. In the WIMP paradigm, hσvi is large enough for this to be ensured
at T > mχ . The typical behaviour of YχWIMP (x) governed by eqn. (5.38) is illustrated in
figure 5.1, and discussed analytically in the following.
The time when the annihilation rate per particle drops below the expansion rate
nχ (xfo )hσvi(xfo ) ' H(xfo )
2

(5.39)

(Inverse) decay X ↔ χχ of a heavy Z2 -even particle X with mX > 2mχ can also affect the abundance,
but is not of relevance in the WIMP setup, due to becoming Boltzmann suppressed earlier.
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marks the freeze-out of χ, since Yχ only changes little thereafter. Two cases can be distinguished, depending on whether χ is relativistic or non-relativistic at the time of freeze out.
In the relativistic case, Yχ freezes at its relativistic equilibrium value
Yχeq,rel =

neq,rel (Tfo )
∼ 0.42 · h−1
eff (Tfo ) ,
s(Tfo )

(5.40)

using eqns. (5.5) and (5.18) for neq,rel (T ) and s(T ). Using eqn. (5.23) for the relic abundance
corresponding to the observed dark matter density gives
m 
Ωχ,HDM
χ
= 0.96
h−1 (Tfo ) ,
ΩDM,obs
eV eff

(5.41)

and substituting the maximal hmax
eff = 106.75 attainable in the SM plasma into eqn. (7.8)
results in an upper bound on the dark matter mass mHDM
. 110 eV from overabundance.
χ
Relativistic freeze out does not result in cold WIMPs, but in hot dark matter (HDM) with
large velocity dispersion due to its small mass. This smoothes out primordial fluctuations
in the matter density (see section 4.1) and is incompatible with the amount of structure
observed in the Universe [130], such that a hot dark matter component may make up at
most a small fraction of the observed dark matter density [63, 131].
Non-relativistic freeze out can allow for much heavier, cold dark matter: Eqn. (5.23)
then implies that the dark matter abundance today needs to be much smaller than Yχeq,rel .
To achieve this in the WIMP scenario, the interaction hσvi needs to be large enough to
keep Yχ close to its equilibrium value to late times T  mχ when Yχeq becomes strongly
Boltzmann suppressed (eqn. 5.8). Simple estimates on the relic density today can then be
made using the instantaneous freeze-out approximation
Yχ |today ' Yχ (xfo ) ' Yχeq (xfo ) .

(5.42)

Expanding hσvi in terms of its velocity dependence3 hσvi ≡ hσvi0 x−n , this results in the
relic density
p
p
45/π geff (xf )x1+n
f
ΩWIMP '
s0 ρ−1
(5.43)
c ,
heff (xf )mPl hσvi0
which is inversely proportional to hσvi0 (see fig. 5.1 for illustration) and independent of mχ ,
up to a logarithmic dependence of the freeze-out time xf on these parameters:
"r
#

45 
xf = log
gχ /geff (xf )1/2 mPl mhσvi0 + (1/2 − n) log(xf ) ,
(5.44)
32π 6
which is determined by the naive freeze-out condition eqn. (5.39), with typical values xf ∼
20 − 30. Equation (5.43) leads to the generic prediction of the WIMP paradigm for the
thermally averaged cross section at the time of freeze-out
hσviWIMP ' (2 ∼ 3) × 10−26 cm3 / s ,

(5.45)

fairly independently from the dark matter mass (for a more elaborate analytical treatment
see for example [1,132]). In the case where σv is velocity independent, this directly translates
3

Here n = 0 corresponds to s-wave annihilation with σv ∝ v 0 , and n = 1 to p-wave annihilation with
σv ∝ v 2 , since hvi ∼ T 1/2 at non-relativistic velocities [1].
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into a sensitivity target for searches for dark matter annihilation today, where this value is
also referred to as the thermal value for the cross section.
Before discussing implications of this result, it is prudent to recall the assumptions made:
The calculation assumed standard cosmology, implying that the expansion of the Universe
was governed by the adiabatically expanding SM radiation bath (eqn. (5.16)). The earliest
data underpinning standard cosmology is from neutrino decoupling and BBN at T ∼ 1 MeV,
and the WIMP calculation extrapolates this to temperatures T > mχ /xf , about which little
is known for certain. This uncertainty needs to be kept in mind when making claims about
whether a particular model is ruled out by relic density constraints (see e.g. [133]).
The fact that hσviWIMP ' 2×10−9 GeV−2 can naturally result in extensions of the Standard Model drafted to explain the origin of the electroweak scale by introducing 100 GeV −
TeV scale new particles with electroweak-strength couplings has been referred to as the
“WIMP-miracle”. In this thesis, “weakly interacting massive particle” is used generally to
refer to dark matter produced by non-relativistic thermal freeze-out via 2 → 2 annihilations,
with no relation to the electroweak forces in the Standard Model implied [59].
The production mechanism not only predicts the annihilation cross section, but also the
possible mass range of WIMP dark matter: First, there is a theoretical upper limit on the
WIMP mass, mWIMP . O (100) TeV from unitarity of the annihilation cross section [134,
135]. Second, a lower limit follows from cosmological observations of the relative energy
content in photons and neutrinos that would be changed if dark matter annihilations after
neutrino decoupling at TD ∼ MeV heat the photons or neutrinos (or inject energy into other
non-interacting dark radiation), implying mWIMP & O (1) MeV [136].
There are various exceptions to the calculation of the thermal relic abundance presented here, that can arise when there are more than one particle species in the dark sector
(chapter 7, see e.g. [137]) or the stabilising symmetry is less minimal than the Z2 dark
parity assumed here (which, for example, could lead to a conserved dark matter particleantiparticle asymmetry, see e.g. [60]). Another option is that χχ → SM SM annihilations
are not the dominant dark matter depletion mechanism, but instead number changing interactions χχχ(χ) → χχ are responsible for reducing the DM abundance (e.g. [8, 9]). An
example of this is studied in chapter 8.
100

100

10-5

10-5

10-10

10-10

10-15

100

101

102

10-15 -2
10

10-1

100

101

102

Figure 5.1: Characteristic abundance evolution during WIMP (left) and FIMP (right) production,
illustrating the dependence on the coupling strength YWIMP ∝ hσvi−1 and YFIMP ∝ ΓΣ→ FIMP .
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5.4

Freeze-in of FIMP dark matter

Freeze-in [7] of “feebly interacting massive particle” (FIMP) dark matter is a scenario of dark
matter production, where the relic abundance is calculable from thermal processes in the
early Universe, but the dark matter candidate is never in thermal equilibrium. In contrast
to freeze-out of WIMP dark matter, it is assumed that an initially negligible abundance of
dark matter particles is increased gradually in the early Universe, through a coupling so
“feeble” that the dark matter species never reaches equilibrium with the Standard Model
bath.
The basic freeze-in mechanism is the same for all FIMP scenarios considered in this work
and is recapitulated here for a general dark matter candidate ψ coupled to a standard model
particle X and a heavy mediator particle Σ which we assume to be in thermal equilibrium
with the Standard Model bath.4 Freeze-in production assumes that ΛCDM cosmology with
a thermal bath of Standard Model particles correctly describes nature up to temperatures of
order of the dark matter candidate mass mψ and the mass mΣ of the bath particle it interacts
with. Additionally, it assumes that any initial or non-thermally produced abundance of the
DM candidate is negligible compared to the observed dark matter abundance. This is in
contrast to the WIMP mechanism, in which thermalisation of the dark matter candidate
erases any previous history.
The time evolution of the dark matter number density is described by the integrated
Boltzmann equation (see sec. 5.2):
dnψ
+ 3Hnψ = C1→2 + C2→2 ,
dt

(5.46)

where H is the Hubble expansion rate, while C1→2 and C2→2 are collision terms accounting
for 1 → 2 decay processes (such as Σ → ψX) and 2 → 2 scattering processes (such as
ΣX → ψX 0 ) respectively. Processes with larger number of final states become increasingly
irrelevant in a perturbative theory. For simplicity, we assume that the phase space distributions for all particles except for the dark matter candidate and the mediator follow a
Maxwell-Boltzmann distribution.5 The 2 → 2 collision term C2→2 is then the same as in
eqn. (5.35), cast in terms of thermally averaged cross sections hσviab→ψX , and the C1→2
collision term (cf. eqn. 5.28) describing Σ decay can be cast as
X Z d3 pΣ gΣ fΣ ΓΣ→Xψ
feeble
C1→2 =
,
(5.47)
(2π)3 EΣ /mΣ
X

where gΣ and fΣ are the number of degrees of freedom and the phase space density distribution of the particle Σ, respectively and ΓΣ→Xψ is the decay rate for the process Σ → Xψ.
Here we have also used that the inverse process ψX → Σ can be neglected, as the FIMP
4
Note that three somewhat different freeze-in scenarios are possible, and many comments in this section
do not apply to them: The first is freeze-in via a Z2 -even light mediator, like a dark photon, see e.g. [138,139].
A second is when the dark matter candidate is not stabilised by a conserved symmetry and mixes with a
SM particle, which is the case for sterile neutrinos, see e.g. [57]. The third is often called “UV freeze-in”,
where the feeble coupling is generated by a non-renormalisable interaction. In this case, the relic abundance
is dominated by production at the highest temperatures, i.e. it depends on the reheating temperature and
possible production during inflation [7]. The gravitino in supersymmetry is an example of this [56]. This
thesis takes “freeze-in” to refer to IR-calculable production mechanisms only.
5
The effects of the Bose/Fermi enhancement/suppression factors for the FIMP relic abundance have been
discussed in [126] and can modify the results by O(1) factors. These do not result in qualitative differences
in the case of FIMP production dominated by heavy particle decay.
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number density nψ is by assumption much smaller than its equilibrium value while production is efficient.
When decay production via Σ → ψX is kinematically allowed, it typically dominates
over 2 → 2 production [7, 138] (see however [126, 140, 141]). In this case, the Boltzmann
equation (5.46) can be rewritten as [7]
Z 3
X
dYψ
gΣ
d pΣ mΣ
fΣ (pΣ , T ) ,
(5.48)
=
ΓΣ→ψX
dx
xH(T )s(T )
(2π)3 EΣ
X

in terms of the dimensionless abundance Y ≡ n/s and temperature parameter x ≡ mΣ /T
as introduced in section 5.2. The abundance evolution is illustrated in fig. 5.1.
Assuming that the effective number of degrees of freedom in the Standard Model bath
does not vary during the epoch when FIMP production is most efficient, Tprod ∼ O(1) ×
max(mΣ , mψ ), this can be integrated to give the present relic abundance:
Yψtoday =

gΣ m3Σ
ΓΣ→ψX I± ,
H(mΣ )s(mΣ )

(5.49)

where I± refers to the dimensionless integral
Z

∞

I± =

dxx
0

4

Z

∞

1

p
dγ γ 2 − 1
,
2π 2 eγx ± 1

(5.50)

which takes numerical values I+ = 0.248 (bosonic Σ) and I− = 0.232 (fermionic Σ). For a
decaying boson, this yield results in (via eqn. 5.23):
2

Ωψ h =



ΓΣ→ψX
9.7 × 10−25 GeV



mψ   mΣ −2
gΣ
GeV
GeV



geff (Tprod. )
106.75

−3/2
.

(5.51)

Comparing with the observed dark matter density, ΩDM h2 = 0.120 [18] one obtains that the
decay rate for the process Σ → ψX that results in relic density Ωψ is:
ΓΣ→ψX = 1.2 ×

2
−1 mΣ
10−25 gΣ
mψ



geff (Tprod. )
106.75

3/2

Ωψ
.
ΩDM

(5.52)

This decay rate is to be multiplied by a factor 1/2 if X = ψ, since in this case the decay
Σ → ψψ produces two dark matter particles. In the case where the mediator only has this
single decay channel, eqn. (5.52) corresponds to a prediction for the decay length:
cτΣ ' 1.6 m × gΣ



mΣ −2  mψ 
100 GeV
10 keV



geff (Tprod. )
106.75

−3/2 

Ωψ
ΩDM

−1
,

(5.53)

which can lead to displaced vertices or anomalous charged tracks when the mediator Σ is
produced at a collider.
Scattering processes can also contribute significantly to FIMP production in the considered scenario (see e.g. [7,138]), especially if the decay becomes kinematically suppressed [140]
(see also the discussion in appendix A) or the mediator is SU(3)c charged and has many bath
particles to scatter with [141]. A further complication can arise from the fact that freeze-in
production is most efficient at comparatively high temperatures. While for WIMPs (see
sec. 5.3) the relic abundance is set at temperatures T . mDM /xf with xf ∼ 25, freeze-in
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production is most efficient around T ∼ mΣ /few (as can be seen from the dx integrand
in eqn. (5.50), growing with x4 ∝ T −4 until it is cut off by the Boltzmann suppression at
x ∼ few). Thus for mΣ & few hundred GeV, electroweak symmetry restoration and thermal
contributions to mΣ can affect the result [142].
The couplings implied by FIMP scenarios are much smaller than for WIMPs, and standard WIMP searches can only be effective for some scenarios involving light mediators
(e.g. [122]). The prediction of the mediator decay length, eqn. (5.53), has been advanced as
a possible target for collider searches (e.g. [7, 113, 143, 144]), but it seems difficult to determine dark matter mass and mediator decay rate at the same time, since mediators decaying
on detector length scales seem to imply a dark matter particle too light for a kinematical
determination of its mass. Chapter 6 and section 7.1.1 of chapter 7 explore decay signals in
multi-flavour models of FIMP dark matter.
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Chapter 6

Multi-flavour Scalar FIMPs and
Observational Signals
Freeze-in [7] of “feebly interacting massive particle” (FIMP) dark matter is a scenario of dark
matter production, where the relic abundance is calculable from thermal processes in the
early Universe. In contrast to freeze-out of WIMP dark matter, it is assumed that an initially
negligible abundance of dark matter particles is increased gradually in the early Universe,
through a coupling so “feeble” that the dark matter species never reaches equilibrium with
the Standard Model bath.
The feeble coupling presents a challenge to detection of these dark matter candidates:
the annihilation signatures expected for WIMP dark matter are very suppressed, and dark
matter direct detection is only feasible in the case where a light mediator enhances the
scattering cross section [122]. On the other hand, the feeble coupling to the Standard
Model may be involved in making the dark matter cosmologically long lived. Rare dark
matter decays could in this case lead to tests of freeze-in dark matter production. This is
possible in the keV mass range for freeze-in dark matter, where the feeble coupling involved
in dark matter production is sufficiently small to not violate X-ray bounds on present day
dark matter decay [142]. For larger masses an approximate or exact symmetry needs to be
introduced to suppress the decay rate, and testing the freeze-in mechanism becomes very
challenging.
In the face of the complexity of the Standard Model sector with its three-generation
structure, it is conceivable that the dark sector may also be complex; that there exist more
than one dark matter candidate in the particle spectrum and that more than one dark
matter species contribute to the relic density. This simple extension of the minimal scenario
can result in new signals, not present in the single component case.
This chapter points out dark matter decay signals as a probe of multicomponent freezein dark matter: We assume that a dark sector, stabilised by an exact Z2 symmetry, contains
multiple flavours of dark matter candidates, which are distinguished only by their mass.
The coupling responsible for freeze-in generically produces all flavours of dark matter and
at the same time leads to decay of the heavier flavours into the lightest one. The decay rate
is related to the relic density, in analogy to the annihilation rate in the freeze-out scenario,
leading to new possibilities for probing the freeze-in scenario.
In this chapter, we focus on the arguably simplest dark matter candidate, the real
scalar singlet. As portals to the Standard Model, we consider coupling through the Higgs
portal (section 6.1) or by coupling to a Standard Model fermion via a heavy mediator
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(section 6.2). Scenarios of single component FIMP dark matter along these lines have been
considered, e.g. in [126,127,145]. Section 7.1.1 of chapter 7 extends the results derived here
to the case of fermionic dark matter. The considered multicomponent models lead to FIMP
production via freeze-in (see section 5.4) and allow for the decay of the heavier FIMP species.
In particular, we consider the tree-level or loop-induced decay φ2 → φ1 γγ into gamma
rays, which gives rise to a very distinctive photon energy spectrum [105]. Such spectral
features in the gamma ray sky can be effectively separated from the featureless astrophysical
background, making them a golden channel for positive dark matter identification (see
section 4.3). We investigate whether current gamma-ray instruments are sensitive enough
to probe the decay rates expected from freeze-in production.
The results presented in this chapter have in large parts been published at [11].

6.1

Higgs portal FIMP

We add two real scalars φ1,2 to the Standard Model. Unless they are lighter than a few keV,
their stability needs to be ensured by a stabilising symmetry, such as a global, discrete Z2 ,
under which all SM particles are even and φ1,2 are odd. The renormalisable Lagrangian for
the Standard Model with two added real scalars φ1,2 reads


1
1
1
1
L = LSM + ∂µ φi ∂ µ φi − mij φi φj − λ0ijkl φi φj φk φl − λ0ij H † H φi φj ,
2
2
4!
2

(6.1)

where summation over repeated indices is implied. The symmetry and Lorentz structure
of the model allows for renormalisable self-interactions with coupling λ0ijkl and the “Higgsportal” coupling λ0ij , which connects the dark scalars φi to the visible sector. As we are
interested in the case where the interaction responsible for the relic abundance can be
directly related to the present-day decay signature, we neglect modifications of the relic
abundance by the self-interaction λ0ijkl .1
The single component case of this archetypal dark matter model has been studied extensively, as WIMP freezing-out via the Higgs-portal (see e.g. [147–150]), as FIMP freezing
in via the Higgs-portal (see e.g. [127, 142, 145, 151]) or as SIMP where the relic abundance
is determined by the self-interaction (see e.g. [128]). In this model, the lightest dark matter
candidate φ1 is by construction absolutely stable: the Z2 -odd initial state φ1 can not decay
to a final state consisting of Z2 -even SM particles. We diverge from minimality by adding
not one, but two real scalars φ1,2 to the Standard Model as a simple multicomponent DM
model.
√ T
After electroweak symmetry breaking (writing H = H + , (v + h)/ 2 ), the relevant
terms of the Lagrangian read in the mass basis of the scalars
1
1
1
1
L ⊃ ∂µ φi ∂ µ φi − m21 φ21 − m22 φ22 − λij vhφi φj .
2
2
2
2

(6.2)

The free parameters of this model are the masses m2 ≥ m1 and the couplings λ11 , λ12 , λ22 . In
the near-degenerate scenario m2 ' m1 , it is useful to introduce a mass degeneracy parameter
∆, which we define as ∆ = 1 − m21 /m22 .
1

Generally, self-interactions can modify the abundance of a freeze-in produced dark matter candidate,
see section 8.3.2 and [146]. Previous studies [142] find that self-interactions in the single DM flavor case do
not decrease the relic abundance by more than a factor of 2 without being in conflict with the constraints
discussed in section 4.2. Hence, they do not significantly affect our results on maximal possible signals
calculated below.
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Figure 6.1: Production (left) and decay (right) processes for the multicomponent real scalar FIMP
model coupled through the Higgs portal.

In this scenario, the coupling λ12 , alongside with λ11 , λ22 , can lead to freeze-in production of φ1 , φ2 in the early Universe. At the same time, the coupling λ12 allows for decay
of the heavier dark matter candidate φ2 into the lighter φ1 plus Standard Model particles.
In particular, the decay φ2 → φ1 γγ is possible and produces a distinctive gamma ray spectrum. This opens up the possibility of signals of the otherwise elusive freeze-in production
mechanism in the multicomponent setup of the model, as is also illustrated by the Feynman
diagrams of the two processes, fig. 6.1. In the following, we relate the relic density and
indirect detection signal strength in this model.
Dark matter indirect detection is introduced in section 4.3. In general, a dark matter
decay signal is related to the source term at positions ~r:
Q(E, ~r) =

ρφ2 (~r)
dNγ
,
Γφ2 →φ1 γγ
m2
dE

(6.3)
dN

where ρφ2 (~r)/m2 is the number density of decaying particles at position ~r, dEγ is the gamma
ray energy spectrum produced in a single decay and Γφ2 →φ1 γγ is the partial decay rate of
the process φ2 → φ1 γγ. The decay process has been calculated in [105], giving
Γφ2 →φ1 γγ

1
=
26880π 3



λ12 cγγ
m2h

2

m52 ∆7 2 F1 (3, 4, 8; ∆) ,

(6.4)

and energy spectrum dNγ /dE shown in Fig. 6.2. Here, cγγ ' −2.03 × 10−3 is the effective
coupling of the Higgs to two photons, ∆ = 1 − m21 /m22 parametrizes the mass difference
between both FIMPs as introduced above, and 2 F1 (3, 4, 8; ∆) is a hypergeometric function
which takes values between 1 and 35 for ∆ between 0 and 1. [105] look for this signal in
the diffuse γ-ray flux reported by the INTEGRAL [152], COMPTEL [153], EGRET [154]
and Fermi-LAT [155] instruments and calculate upper limits on the effective decay rate
Ω2
ΩDM Γφ2 →φ1 γγ .
The relic abundance can be calculated using the analytical results for freeze-in via a heavy
mediator from section 5.4.2 Dark matter production is governed by the same coupling λ12
as dark matter decay, in conjunction with λ11,22 . The decay processes h → φi φj dominates
production for mh > m1 + m2 , with decay rate given by:
s
κλ2ij v 2
4m2 2m22 ∆ m42 ∆2
+
,
(6.5)
Γh→φi φj =
1 − 22 +
16πmh
mh
m2h
m4h
2
We have checked agreement with the numerical code micrOMEGAs [126], employing FeynRules [156]
and CalcHEP [157] in the broken electroweak phase, extending our results into the scattering-dominated
regime numerically where indicated.
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Figure 6.2: Energy spectrum of the decay φ2 → φ1 γγ [105]. Here xγ = 2Eγ /m2 ∆ is the gamma ray
energy normalised to its maximum value. The spectra Γ−1 dΓ/dxγ are scaled with x2γ , illustrating
how they stand out against power law astrophysical backgrounds that typically drop faster than E −2
(see sec. 4.3).

where κ = 1/2 for i = j and κ = 1 otherwise. Using eqn. (5.52), and imposing the
requirement Ωφ1 + Ωφ2 ≤ ΩDM , we obtain:
√
−1/4
−1/2 

4m22 2m22 ∆ m42 ∆2
−11 m2 (1 + 1 − ∆)
,
(6.6)
1− 2 +
+
λ12 . 1.2 × 10
GeV
mh
m2h
m4h
where this upper limit is saturated if FIMP production is dominated by the channel h →
φ1 φ2 . This upper limit implies an upper limit on the decay width, eqn. (6.4):
−1  m2 4 7
Γφ2 →φ1 γγ . 2 × 1029 s
(6.7)
∆ 2 F1 (3, 4, 8; ∆) .
MeV
This can be compared to the observed limits obtained in [105]. Fig. 6.3 shows the maximal
attainable gamma ray signals as a lower limit on the inverse effective decay rate Γ−1
eff =
(Γ×Ω2 /ΩDM )−1 in terms of the mass m2 of the decaying dark matter component for different
values of the mass splitting parameter ∆. In the figure, the solid lines correspond to the
analytical result eqn. (6.7), which agree well with the results obtained using micrOMEGAs
(dashed). The numerical results extend into the scattering-production dominated regime
at m1 + m2 > mh . Limits are shown only for ∆ = 1 (very hierarchical spectrum) and
∆ = 10−3 (very degenerate spectrum), as the limits are only mildly dependent on ∆ in the
degenerate case [105]. Fig. 6.3 shows that strong gamma ray signals from dark matter decay
are possible in the multicomponent Higgs portal FIMP scenario for m2 & MeV. The signals
are expected if the decay rate Γφ2 →φ1 γγ (eqn. 6.4) is not suppressed by a tiny mass splitting
∆, but even very degenerate scenarios can give rise to signals for larger m2 .
In addition to the φ1 → φ2 γγ decay channel, all other kinematically accessible decay
channels of the off-shell Higgs involved in the φ1 → φ2 decay are possible. This can offer
additional signatures, of which an example is shown as the pink shaded region, which is
excluded by anomalous energy injection during CMB decoupling [158] through the process
φ2 → φ1 e+ e− [105] only (the line shown is for the hierarchical ∆ = 1 case; in the degenerate case, the limit lies outside of the figure). This illustrates the possibility of multiple
complementary probes.
The results displayed in Fig. 6.3 can be interpreted as gamma ray limits on the dark
matter masses m2,1 , assuming |λ11 |, |λ22 |  |λ12 | such that λ12 dominates FIMP production.
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Figure 6.3: Maximal possible gamma ray signal in the Higgs-portal multicomponent FIMP scenario,
in terms of a lower limit on the inverse decay rate for φ2 → φ1 γγ, as a function of the mass of the
decaying FIMP component m2 for different values of the degeneracy parameter ∆. The gray regions
correspond to the lower limit on the inverse decay rate from the non-observation of the associated
sharp spectral feature in the isotropic diffuse photon flux [105]. In the pink region, gamma ray signals
for ∆ = 1 are precluded by CMB limits on the associated decay into electrons, as described in the
text.

In this case, m2 & 1 MeV is excluded for non-degenerate mass spectra, while gamma ray
limits can be avoided in the near-degenerate case for m2 . 2 GeV, m2 . 55 GeV or m2 .
800 GeV when ∆ = 10−1 , ∆ = 10−2 and ∆ = 10−3 respectively. The limits are likewise
relaxed when |λ12 |  |λ11 |, |λ22 |, such that the decay φ2 → φ1 γγ is suppressed or φ2 is not
the dominant dark matter component.
Finally, we note that the FIMP couplings with the Higgs doublet in eqn. (6.1) do not only
lead to the cubic and quartic interactions with the physical higgs boson after electroweak
symmetry breaking, but also contribute to the FIMP masses. For freeze-in production, the
typical size of the couplings max(λ0ii , λ0ij ) ∼ 10−11 (mi /GeV)−1/2 would be associated to a
contribution of the order δm2ij ∼ λ0ij v 2 /2 ∼ 3.5 MeV to the scalar masses. Smaller FIMP
masses correspondingly require special choices of the Lagrangian parameters in the unbroken
theory. This further highlights the promise in looking for signals of scalar FIMPs in MeV
gamma rays.

6.2

Leptophilic scalar FIMP

In this section, we consider a less-minimal model than the Higgs portal scenario discussed
above, that will lead to qualitatively different results. We couple the dark matter candidates
φ1,2 to the Standard Model by introducing a Z2 -odd, charged SU(2)-singlet fermion Ψ, which
allows for a renormalisable coupling of the scalars to the right-chiral leptons. The relevant
term of the interaction Lagrangian reads
LΨ = yi φi Ψ̄PR l + h.c. .

(6.8)

As in the previous section, we assume that the scalar self-interaction λ0φ,ijkl φi φj φk φl is
negligibly small and furthermore in this section also assume that the Higgs portal coupling
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λij contributes negligibly to both dark matter production and decay. For simplicity, and
to avoid lepton flavour violation, we assume that Ψ only couples to one Standard Model
lepton, l = e, µ, τ . This model has been considered before in the context of single-component
freeze-in dark matter by [113, 126].
In this scenario, dark matter decay φ2 → φ1 γγ proceeds via a loop of the heavy fermion
and a lepton (see fig. 6.4). The differential decay rate dΓφ2 →φ1 γγ /dEγ and the partial
decay rate Γφ2 →φ1 γγ have been calculated by [105]. They give rise to gamma ray spectral
features similar to the Higgs-portal case shown in figure 6.2, which however depend on the
masses mΨ , ml of the particles in the loop. The decay rate depends on the mass of the
heavy fermion mΨ , the mass of the lepton ml and, most crucially, on the combination of
couplings Γφ2 →φ1 γγ ∝ y12 y22 .3 This combination of couplings is constrained by relic density
considerations.
γ

l
l

γ

φ2

Ψ
φ1,2

Ψ

φ1

Figure 6.4: Production process (left) and an example diagram for the decay process into gamma
rays (right) for the multicomponent real scalar FIMP model coupled to a SM lepton l by the charged
fermion Ψ.

Relic density relations As in the previous section, the FIMP yield grows with larger
portal couplings yi , meaning that the decay rate of the process φ2 → φ1 γγ cannot be
arbitrarily large without overproducing dark matter. The relic abundance of φ1 and φ2
generated in the decay Ψ → φi l can be calculated from eqn. (5.52), using the Ψ decay rate
given by:

s
2(m2l + m2i ) (m2l − m2i )2
m2l
|yi |2 mΨ
2ml
m2i
ΓΨ→φi l =
1+
+ 2 − 2
1−
+
32π
mΨ
mΨ mΨ
m2Ψ
m4Ψ
'

|yi |2 mΨ
,
32π

(6.9)

where in the last line we have assumed mφi , ml  mΨ . The requirement Ωφ1 + Ωφ2 ≤ ΩDM
then translates into a limit on the couplings:
|y1 |2

m1
m2
+ |y2 |2
≤ 3.1 × 10−24 .
mΨ
mΨ

(6.10)

This single constraint on the two independent couplings yi allows for considerably more freedom than the constraint on the single portal coupling λ12 in the higgs portal case (eqn. 6.6).
We are interested again in the maximal attainable gamma ray signal, Γeff = Γ × Ω2 /ΩDM ∝
 4 R
ml ∆
1
∗ 2
α2
= 128π
dxγ Fγγ (xγ )
The full expression for the decay rate reads ΓΨ−mediated
5 Re(y1 y2 )
φ2 →φ1 γγ
0
m2
Ψ m2
2
R∞
2
2m
1−x∆
l
with Fγγ
=
dz |I(z)|
, where zmin
=
and I(x)
=
1 + 21 (1 −
2
(1−x)x∆2
m2
2
h
 √
 zmin  z√
i
2x) Li2 1+ x1−2x + Li2 1− x1−2x . [105]
3
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y12 y22 ×y22 ∝ (Ω1 /ΩDM )(Ω2 /ΩDM )2 , which is maximised for the couplings that give Ω2 = 2Ω1 ,
independent of m1,2 .
The individual couplings can not be arbitrarily large before the freeze-in assumption
T 3 gi /π 2
of out-of-equilibrium evolution of Y1,2 breaks down. Using Yifi < Yieq ∼ g (T
, we
)T 3 2π 2 /45
eff
require
r
mΨ
−9
,
(6.11)
|yi |  5 × 10
GeV
to ensure that the DM abundances never thermalise. This implies lower limits for the FIMP
masses. In particular, for Ω2 to make up 2/3 of the observed dark matter density and Ω1
1/3, one finds m1 & 40 eV, m2 & 80 eV.
In addition to freeze-in production, there is a contribution to the relic density arising
from the fact that the mediator Ψ is Z2 -odd: The charged fermion Ψ is in equilibrium with
the SM bath in the early Universe, producing φ1,2 in rare decays via freeze-in as described
in section 5.4. However, once annihilation reactions like Ψ+ Ψ− → γγ freeze out and cannot
keep YΨ at its equilibrium value, all remaining Ψ decay out-of-equilibrium into φ1,2 , which
is not taken into account in the freeze-in production of φ1,2 above. The relic density of φ1,2
obtained through this so-called “super-WIMP” mechanism [159, 160] is given by
ΩsuperWIMP h2 = ΩΨ,0 h2 ×

Br(Ψ → φ1 )m1 + Br(Ψ → φ2 )m2
,
mΨ

(6.12)

where the frozen-out Ψ yield is roughly ΩΨ,0 h2 ∼ 0.10 for mΨ = 650 GeV, determined
using micrOMEGAs [126], assuming the couplings to φ1,2 are too feeble to contribute
to keeping Ψ in equilibrium and neglecting Sommerfeld enhancement. The super-WIMP
contribution is included in the results below, but has negligible impact for the adopted
parameters m1 , m2  mΨ .
Likewise in contrast to the Higgs-portal case, eqn. (6.10) has the interesting property
that constraints on the couplings can be relaxed for small masses m2 and m1 individually,
instead of only depending on the combination m2 + m1 (cf. eqn. 6.6). The maximal possible
gamma ray signals here hence depend on bounds on the smallness the mass of the dark
matter component that makes up the bulk of dark matter, as well as that of a potentially
much lighter subdominant component.
Structure formation constraints on the dark matter mass The formation of structure in the Universe is sensitive to the velocity dispersion of dark matter: If the average
velocity of dark matter particles is large, small-scale inhomogeneities are washed out by
dark matter free streaming, and structure formation even at large scales may proceed very
differently. In models of thermally produced dark matter, this puts a lower limit on the dark
matter mass, depending on the dark matter velocity distribution generated by the particular
production mechanism, as discussed in section 4.1.
The phase space distribution of FIMP dark matter decay is non-thermal, but warmness
bounds on the mass of thermal dark matter [53] can be recast to bounds on the FIMP mass
in the single component scenario mFIMP > 15.6 keV · (106.75/geffs (Tmax prod. ))1/3 , using
results from [161].4 This is always satisfied for ψ2 for the range of parameters that can give
interesting gamma ray signatures.
4
Kamada&Yanagi [161] have demonstrated an analytical mapping between thermal and freeze-in produced dark matter
p free-streaming signatures by matching their velocity dispersions. The define the warmness
quantity σ̃ = hp2 i/T̃ , with T̃ equal to the dark matter temperature in the case of thermal dark matter and
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In the multicomponent scenario however, the lighter ψ1 can constitute a subdominant but
significant fraction of dark matter that is lighter and hence has a larger velocity dispersion.
In [64], bounds on the fraction of non-cold dark matter fncdm = Ωncdm /(Ωcdm + Ωncdm ) were
obtained. They assume that the velocity distribution of non-cold dark matter is thermal
with temperature equal to that of the standard model neutrinos, Tncdm = Tν . For relics
of mass m with different temperature T /Tν 6= 1, their constraints are to be evaluated at
mncdm = m TTν (see section 4.1). Accounting also for the non-thermal velocity dispersion of
freeze-in produced ψ1 [161], we find an equivalent temperature that gives rise to the same
1/3
eff
velocity dispersion: Tdecay
· 0.82 ∼ 0.4 Tν . The bounds
FIMP = Tν · (10.75/geffs (Tmax prod. ))
on the fraction of non-cold dark matter derived in [64] are then satisfied for Ωψ1 /ΩDM .
0.2 at 3σ confidence level for m1 = 40 eV, and get weaker for larger m1 . For the values
of parameters that result in the maximal gamma ray flux, Ωψ2 = 2Ωψ1 , the warmness
constraints are therefore marginally satisfied for m1 = 40 eV, but well satisfied for larger
masses.
Constraints related to the charged fermion The mass of Ψ is constrained by collider
searches: At the LHC, it can be pair-produced by Drell-Yan production, in which a quarkantiquark pair produces a Ψ+ Ψ− pair that subsequently decays to φi φj l+ l− . The decay of
the charged fermion can either happen promptly, resulting in events with a pair of oppositely
charged leptons and missing energy, or only after some travel time in the detector, resulting
in anomalous charged tracks. In our analysis, we have fixed for concreteness mΨ = 650 GeV,
which saturates the current lower limit on the mass of long-lived charged fermions, assuming
Drell-Yan production [162]. Limits on more short lived Ψ were compared in [113], who find
various weaker limits for Ψ that decay within the detector, rendering the adopted value a
conservative estimate. The bounds on Drell-Yan produced, promptly decaying particles are
comparable or weaker than the bounds on anomalous charged tracks in the case of long
lived scalar particles (see section 7.2.3), so we consider this value to be also allowed in the
case that Ψ decays promptly. Note that FIMP production constrains the combination of
parameters yi2 /mΨ depending on mi (eqn. 6.10) and the decay rate Γφ2 →φ1 γγ is proportional
to y12 y22 /m2Ψ , such that the expected gamma ray signal is rather independent of mΨ .
The successful prediction of light element abundances from Big Bang nucleosynthesis
can be spoiled by exotic energy injection from decaying particles. Particles with lifetimes
τ < 0.1 s safely decay before BBN [163], and we find τΨ . 10−3 s for all of the parameters
adopted below.
Results Figure 6.5 shows results for the maximal possible gamma ray flux compatible with
the FIMP relic density constraint in eqn. (6.10), as a lower limit on the inverse effective decay
−1
rate Γ−1
eff = (Γφ2 →φ1 γγ ×Ω2 /ΩDM ) , depending on the mass m2 of the decaying dark matter
component for a set of values of the mass m1 of the lighter dark matter component, adopting
mΨ = 650 GeV. The three panels show results for l = e, µ, τ , which due to their different
masses give different decay rates [105]. Limits on Γ−1
eff obtained in [105] are also shown
(gray), analogous to those in figure 6.3. We show only the limit for ∆ = 1, as evidently
only hierarchical scenarios can yield appreciable signals in the heavy fermion mediated
equal to T̃FIMP = T (heff (T )/heff (TD ))1/3 with TD ∼ mΨ /3 the temperature of maximal FIMP production.
Using their results, we find σ̃thermal = 3.6 while σ̃FIMP ∼ 2.95 for FIMP production from the decay of a much
heavier mediator, demonstrating that FIMPs from heavy particle decay are slightly colder than thermal dark
matter decoupling at the same time as the FIMPs are produced. Bounds on the free-streaming scale can
thus be translated to bounds on the FIMP mass using eqn. (4.2) with TDM ∼ T̃FIMP · 2.95/3.6.
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case. As in Fig. 7.2, the purple regions indicate where a gamma ray signal is precluded
by non-observation of exotic energy injection from the tree-level decay φ2 → φ1 l+ l− during
CMB decoupling [158] (using the relations between the different decay channels determined
by [105]).
The lines shown correspond to the maximal possible gamma ray signal for every combination of m1,2 . This corresponds to Ω2 = 2Ω1 , independent of m1,2 as discussed above.
The maximal signal in all cases is possible for the smallest m1 , allowing for the largest relic
abundance Y1 ∝ Ω1 /m1 and hence largest y1 , up to the thermalisation bound eqn. (6.11).
For the signal-maximising Ω1 = Ωobs /3, this bound is saturated for m1 = 40 eV.5
Figure 6.5 shows that gamma ray spectral features can be sensitive probes of decaying
leptophilic scalar FIMP dark matter, if the decaying dark matter particle has a mass in the
GeV range, and the lighter component has a much larger coupling y1  y2 , permissible to
the relic abundance constraint due to its much smaller mass. The observational prospects in
gamma rays are better if the dark sector couples to the µ or τ leptons than to the electron,
due to the ml dependence of the decay process. In the case of coupling to electrons, the
correlated tree-level decay φ2 → φ1 e+ e− is much more sensitive, illustrating the potential
of discerning between these scenarios using complementary search strategies.
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Figure 6.5: Maximal possible gamma ray signal in the heavy-charged-fermion mediated multicomponent FIMP scenario, in terms of a lower limit on the inverse decay rate for φ2 → φ1 γγ, as a
function of the mass m2 of the decaying FIMP component for different values of lighter FIMP mass
m1 . The three panels, from left to right, correspond to the cases where the dark sector couples to the
right-handed electron, muon and tau leptons. The gray regions correspond to the lower limit on the
inverse decay rate from the non-observation of the associated sharp spectral feature in the isotropic
diffuse photon flux [105]. In the pink region, gamma ray signals are precluded by CMB limits on the
associated decay into leptons, as described in the text. The mass of the mediator Ψ has been fixed
to 650 GeV.

6.3

Discussion

Dark matter production through freeze-in is a simple scenario for the origin of the dark
matter relic density today. Though it requires stronger assumptions on the preceding cosmology, the simplest WIMP models can make for viable FIMP models for feeble values of the
couplings between the particles charged under the SM gauge group and the DM candidates.
In many models, however, the feeble couplings required make the FIMP scenario very hard
to test. This has focused attention on decay of feebly coupled dark matter particles, where
5

Larger couplings are possible for smaller masses, but this goes beyond the freeze-in scenario considered
here. This “hot dark matter” regime is treated in detail for a similar model in section 7.1.2.
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small individual decay rates may still result in appreciable production of energetic particles
in the Galaxy today.
This chapter considered the possibility that the dark sector, just like the Standard Model
sector, contains multiple flavours of particles, which share all quantum numbers except for
their mass, and are all feebly coupled to the visible sector. We have argued that this
allows for qualitatively new features compared to the single flavour scenario, indicating the
possibility of gamma ray signals in an energy range not otherwise looked at in the context
of FIMP searches.
Led by simplicity, we add two real scalar singlet particles φ1,2 , odd under a Z2 dark
matter parity, to the Standard Model. We study two qualitatively different scenarios, first
considering their production and decay through the Higgs portal and second introducing
a heavy charged fermion Ψ that couples them to a SM lepton. In the single component
scenario, there is little hope for any observable signature in the Higgs portal case [145], and
only searches for the mediator in the charged fermion case [113].
In the multicomponent scenario, the feeble couplings that determine the relic abundance
generically lead to dark matter decay. Motivated by the special role that gamma-ray spectral
features would have in positively identifying dark matter, we focus on the decay φ2 → φ1 γγ
(φ2 → φ1 γ being forbidden by angular momentum conservation). We have calculated the
possible decay rates compatible with the relic abundance requirement, finding that some
regions of parameter space are already ruled out by current experiments, allowing for gamma
ray signals across the MeV range to the GeV range.
Feebly coupled single flavour dark matter models without stabilising symmetry also
predict dark matter decay into gamma rays. In that case however, only keV-range X-rays
are of interest, as the decay rates predicted by production already exceed observational limits
in the MeV energy range [142,164]. This chapter motivates the search for dark matter decay
at MeV energies, supporting the promise of future MeV-range gamma ray telescopes like
the proposed AMEGO [165] or e-ASTROGAM [166, 167] mission concepts.
The two scenarios of coupling the FIMP-candidates to the Standard Model differ in the
typical predicted decay rates, owing to the decay topology: In the Higgs portal case, the
φ2 → φ1 γγ decay involves only one feeble vertex (fig. 6.1), while in the leptophilic fermion
mediated case, two vertices with feeble couplings enter the decay diagram (fig. 6.4). As
a result, the decay rate in the Higgs portal case is relatively large, allowing for signals
at the current experimental sensitivity down to m2 ∼ O (1) MeV for hierarchical spectra
m2  m1 and also probing very degenerate scenarios (fig. 6.3). In contrast, the heavy
fermion mediated case does not predict observable decay rates in the degenerate scenario
m2 ∼ m1 . However, the relic density constraint on the coupling of the lighter DM candidate
ψ1 is relaxed for small m1 ∼ eV − keV, allowing for observable signals also in this scenario
(fig. 6.5).
In this chapter, we have restricted our analysis of the two-flavour scenario to feeble
couplings, for which the relic abundance of both dark matter candidates is determined
by freeze-in. In the next chapter, a similar model where DM candidate fermions couple
independently to a charged mediator is explored allowing any of the flavours to thermalise.
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Chapter 7

Multi-flavour Fermionic Dark
Matter and Observational Signals:
A Full Analysis of a Leptophilic
Toy Model
It is a peculiar feature of Nature that all fermions come in three flavours which share all
gauge quantum numbers and differ only in their coupling to the Higgs field (and accordingly
their mass). The origin of this is not understood. In cosmology and astrophysics, the first
generation of all fermion families plays the dominant role, while the heavier, short-lived
generations appear only on the sidelines. Standard Model relic particles from the early
universe contain only first generation fermions, with the notable exception of neutrinos,
for which cosmological observations tell us that three flavours are present today [18]. This
chapter deals with the implications of the plausible presence of multiple flavours of Dark
Matter fermions.
To this end, we add two fermions, ψ1 and ψ2 , singlet under the SM gauge group to the
Standard Model. As singlet fermions, they can be of Majorana-type (sticking to minimality
in terms of degrees of freedom), with masses m2 > m1 . To ensure stability of at least one
dark matter candidate, we impose a Z2 symmetry under which ψ1 and ψ2 are odd, while all
Standard Model particles are even.
In contrast to the singlet scalar dark matter candidate considered in Chapter 6, there
are no renormalisable couplings between the visible sector and the Z2 -odd fermions ψ1,2 .
To couple the two sectors, we introduce a heavy scalar particle Σ, odd under the same Z2
symmetry, with mass mΣ > m2 , m1 , and with SM gauge quantum numbers such that the
Yukawa coupling X̄ψi Σ is allowed, with X a Standard Model fermion. Models along these
lines have been investigated with both baryonic and leptonic X in single-component dark
matter scenarios (see for example [107, 140, 141, 168–174]).
For concreteness and simplicity, we chose X to be a right-handed lepton. This model
is often referred to as “leptophilic” dark matter, which has received a great deal of attention, first because it presents a challenge for detection in laboratory experiments (with the
leading collider experiment being the LHC, a hadron collider, and leading direct detection
experiments focusing on nuclear recoils, not electron recoils), and second because of cosmic
ray anomalies that have driven dark matter studies in the past [107]. It can arise from a
supersymmetric scenario where the lightest neutralino is the dark matter candidate and is
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close in mass to the lightest slepton [107,174,175]. Choosing instead X = L the left-handed
Lepton doublet, one obtains the so-called scotogenic model for neutrino masses [176, 177].
Coupling to baryons instead results in much better sensitivity of collider and direct detection
searches, and taking ψ1,2 as Dirac fermions instead of Majorana ones can result in stronger
constraints from DMID and DMDD [174]. Choosing coupling to right-handed leptons allows
for the greatest freedom in choosing mass and coupling parameters.
The Lagrangian of the model contains the following terms
L ⊃ (Dµ Σ)† (Dµ Σ) − mΣ Σ† Σ − λHΣ |H|2 |Σ|2 +

1


1
/ i − mi ψic ψi − gi ¯lPL ψi Σ + h.c. .
ψi i∂ψ
2
2
(7.1)

In general, we require mΣ > m1 to have an electrically neutral dark matter candidate and
we concentrate on the scenario where also mΣ > m2 , with m2 > m1 , to have two potentially
long lived dark matter candidates ψ1,2 .
ψ1 is the lightest Z2 -odd particle and hence absolutely stable, while the heavier ψ2 can
decay into ψ1 and Standard Model particles through a virtual Σ, either at tree level ψ2 →
ψ1 l+ l− or at one-loop level ψ2 → ψ1 γ (as well as ψ2 → ψ1 Z, h when kinematically allowed),
see fig. 7.1. The decay rates into all these channels are proportional to |g1 |2 |g2 |2 , such that
ψ2 can be cosmologically long-lived, if the couplings gi are small enough. In that case, the
ψ2 → ψ1 γ decay mode results in a monochromatic signal, which is routinely searched for
in the gamma ray sky (e.g. [108, 178]). This allows for tests of the multicomponent dark
matter scenario analogously to those explored in chapter 6.
The charged scalar Σ is expected to be in equilibrium with the SM bath in the early
universe and is the portal connecting the dark and visible sectors. It decays with a lifetime
much shorter than the age of the universe, since the decay rate is only proportional to |gi |2 .
The presence of this new charged particle in the theory can however lead to new signals
at colliders, in the form of events with oppositely charged leptons and missing transverse
energy if it decays promptly, or as highly ionizing charged tracks if it travels in the detector
before decaying.
No connection is made to SM flavour physics, neither in terms of modeling the possible
origin of the flavour structures of the dark and visible sectors, nor in terms of a detailed
study of lepton flavour violation effects. Without introducing flavour symmetries, Σ couples
to all leptons through the Yukawa term giα ¯lα PL ψi Σ, which generically leads to lepton flavour
violating processes, such as µ → eγ, on which there exist thight experimental bounds. This
can be prevented by postulating that Σ carries a global family quantum number, ensuring
it only couples to one lepton family [171].1 After specifying the lepton generation Σ couples
to, l = e, µ, τ , the two-flavour model is then specified by three masses and two couplings
mΣ , m2 , m1 , g2 , g1 .
This chapter discusses the effects of the presence of a second dark matter flavour on
dark matter phenomenology and the possible identifiability of the model. Section 7.1.1 uses
analytical results from section 5.4 for the scenario where ψ1,2 are both FIMPs to predict
possible signatures from dark matter decay. Realising that a subdominant component of
1

[170] discusses SM-flavour implications in an analogous single-component model coupled to up-type
quarks in their appendix. [174] calculates LFV constraints on giα in the single-component variant of the
present model, finding that flavour off-diagonal Yukawa couplings must be much smaller than the couplings
required for WIMP freeze-out.
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dark matter may be relativistic, section 7.1.2 extends these results to the FIMP-HDM
regime, where the relic abundance of ψ2 is still determined by freeze-in, but the lighter
ψ1 is allowed to thermalise, resulting in a hot dark matter contribution. In section 7.1.3,
a numerical treatment is used to calculate relic abundances for all possible combinations
of couplings, where either or all of the fermions may thermalise, allowing for absence of
chemical equilibrium between them. This completes the thermal relic picture in the twoflavour leptophilic fermion DM model. Signatures of the two-flavour setup are discussed in
section 7.2, with an emphasis on dark matter indirect detection. Results are discussed in
section 7.3.
l

γ

l
l
ψ2

Σ

l

ψ1,2

ψ2
Σ

Σ
ψ1

ψ1

Figure 7.1: Production (left), three-body decay (middle) and two-body decay (right) processes in
the multi flavour leptophilic fermion model.

7.1

Production regimes of multi flavour leptophilic fermion
dark matter

The dark matter relic density is the most well measured dark matter observable, and the way
the relic abundance is determined in the early universe characterises different dark matter
scenarios. This section takes one particle physics model, the two-flavour leptophilic dark
matter model defined by eqn. (7.1) and investigates which dark matter production scenarios
are possible.
We restrict ourselves to scenarios that are calculable assuming the radiation-dominated
era of standard cosmology extends to temperatures TRH  max(mΣ , m2 ). In particular, we
do not consider ψ1,2 production during inflation or reheating. In the case of small couplings
(see eqn. 7.6), we assume that the dark matter contribution produced by thermal processes
at T < TRH dominates over any pre-existing abundance produced at earlier times.
We can then distinguish between three general mechanisms that can determine the dark
matter relic abundance in the present model:
1. FIMP, freeze-in: Interactions between the thermal bath and a dark matter candidate
ψi are rare, such that a small abundance Yψi ≡ nψi /s is produced over time, never
equilibrating with the thermal bath.
2. HDM, relativistic freeze-out: Interactions between the thermal bath and ψi are sufficient to keep Yψi at the equilibrium abundance Yψeqi at high temperatures (erasing any
previous history of Yψi ), but are still small enough that they become rare before T
drops below mi , i.e. while ψi is still relativistic. To not exceed the observed abundance,
the hot dark matter component produced this way must be very light.
3. WIMP, non-relativistic freeze-out: Interactions between the thermal bath and a dark
matter candidate ψi are large enough to keep Yψi ∼ Yψeqi until T  mi . Yψi freezes
when ψi is already nonrelativistic and accordingly Boltzmann suppressed.
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In the two-flavour model, combinations of these scenarios can be relevant in determining
the total relic density.
Multi-flavour reeze-in was already discussed in detail in chapter 6 and the analytical results from section 6.2 for a leptophilic scalar are easily translated to the leptophilic fermion
case where both Y1,2 are determined by freeze-in (section 7.1.1). The analysis for the fermion
case goes beyond that of chapter 6 by noting that the non-thermalisation requirement for the
freeze-in mechanism is not a constraint, but a transition to the HDM regime, which is treated
analytically in section 7.1.2. This covers the combinations where ψ2 − ψ1 are FIMP-FIMP
and FIMP-HDM. To assess the viability of FIMP-WIMP/WIMP-FIMP/WIMP-WIMP production of ψ2 −ψ1 , the Boltzmann equations are solved numerically for general combinations
of couplings g1 , g2 in section 7.1.3. Standard numerical codes like micrOMEGAs [126] are
insufficient for this general study, due to the potential absence of chemical equilibrium between the dark sector species. Instead, we have implemented the coupled Boltzmann equations for YΣ , Y1,2 in Mathematica [179]. Nontrivial implementation details are outlined in
appendix A.

7.1.1

Leptophilic multicomponent FIMP

For the purposes of this section, we assume that the couplings gi are very small, such that
both ψ1 and ψ2 never thermalise. The analysis of gamma ray signals from dark matter
decay then proceeds in complete analogy to section 6.2.
The relic abundance of ψ1 and ψ2 is generated from Σ → ψi l decays, with rate
ΓΣ→ψi l̄


1
=
|gi |2 m2Σ − (m2l + m2i )
16πmΣ
'

s
1−

2(m2i + m2l ) 2(m2i − m2l )2
+
m2Σ
m4Σ

(7.2)

mΣ |gi |2
.
16π

Using eqn. (5.52) for the relation between mediator decay rate and FIMP relic abundance,
we find a relation between coupling and relic abundance:


Ωi
2 mi
−24
|gi |
≤ 2.9 × 10
,
(7.3)
mΣ
Ωobs
in complete analogy to the scalar case. This can be taken as a conservative limit on the couplings from avoiding dark matter overproduction, in the sense that additional contributions
to the freeze-in abundance from scattering or a super-WIMP contribution would further
tighten this limit. The super-WIMP contribution from out-of-equilibrium decay of frozenout Σ particles (see eqn. 6.12) is negligible for the adopted parameters and the scattering
contribution is subdominant for mΣ  mi [140] (see also fig. A.1 in appendix A).
7.1.1.1

Gamma ray signatures in the FIMP-FIMP case

To facilitate comparison with the results in chapter 6 we proceed here directly to the associated gamma ray signals before discussing other production mechanisms. Similar to
the heavy fermion mediated scalar FIMP case, the gamma ray signal is proportional to
Γψ2 →ψ1 γ Ω2 ∝ |g1 |2 |g2 |4 , with gi constrained by eqn. (7.3) (see also fig. 7.1). Using the expression for Γψ2 →ψ1 γ given below (eqn. 7.15) and eqn. (7.3) results in the following upper
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limit on the decay rate for ψ2 → ψ1 γ from freeze-in production:
3 


−1
m1 2  mψ1 −1  mψ2 4  mΣ −2 Ωψ1 Ωψ2
m21
30
1−
Γψ2 →ψ1 γ . 8 × 10 s
1− 2
.
m2
GeV
GeV
GeV
m2
Ω2DM
(7.4)
As discussed in section 6.2, the maximal gamma ray flux is possible in the scenario where
Ωψ2 = 2Ωψ1 , corresponding to the values of the couplings
p
g2 = 1.4 × 10−12 mΣ /m2 ,
(7.5)
p
g1 = 9.9 × 10−13 mΣ /m1 .
However, these couplings cannot be chosen arbitrarily large without violating the out-ofT 3 gi /π 2
equilibrium assumption Yifi  Yieq ∼ g (T
that is central to the freeze-in calcula)T 3 2π 2 /45
eff
tion:
 m 1/2
Σ
,
(7.6)
|gi | . 5 × 10−9
GeV
which, using eqn. (7.5), translates into lower limits on the FIMP masses m1 & 40 eV,
m2 & 80 eV. The dark matter warmness constraints on m1,2 are analogous to those in
section 6.2.
Figure 7.2 shows the maximal obtainable gamma ray signal, in terms of a lower limit
on the inverse decay rate, for the process ψ2 → ψ1 γ obeying the requirement that the relic
density generated via freeze-in does not exceed the measured dark matter density, as a
function of a mass of the decaying FIMP, m2 , for fixed values of the lighter FIMP mass m1 .
The mass of the charged scalar Σ is fixed at mΣ = 430 GeV for concreteness (see section 7.2
for a discussion of bounds). These results are the same for all l = e, µ, τ .
The obtainable signals are contrasted with exclusion limits from the non-observation
of a line in the isotropic gamma-ray flux [108, 178] or from constraints on exotic energy
injection into the SM plasma during CMB decoupling [158] (see section 7.2.1). We find that
the multicomponent fermionic FIMP scenario can be probed by current experiments, if the
stable DM component is much lighter than the decaying one, m1  m2 . Concretely, we
require e.g. m2 & 3 GeV for m1 = 40 eV, m2 & 40 GeV for m1 = 100 MeV, or m2 & 90 GeV
for m1 = 1 GeV for gamma ray signals at the reach of current experiments to be possible.
Note that nothing stops us from considering masses m1 < 40 eV. The non-thermalisation
requirement (eqn. 7.6) for the freeze-in calculation to be applicable just implies that in this
case ΩFIMP
 Ωobs . The following section considers couplings beyond the non-thermalisa1
tion value.

7.1.2

Thermalisation of the lighter species: FIMP + HDM

For couplings larger than the thermalisation bound (eqn. 7.6), the dark matter abundance
Yi reaches its equilibrium value Yieq during its evolution in the early universe. The relic
density is then determined not by freeze-in as considered up to here, but by freeze-out, i.e.
the time when Yi stops tracking the equilibrium abundance. Two regimes of freeze-out can
be separated: relativistic freeze-out and non-relativistic freeze-out. In the relativistic case,
the interactions between ψi and the SM bath are so weak that they freeze out long before
the temperature drops below mi . This implies that Yi freezes at its relativistic equilibrium
value (eqn. 5.40, repeated here for convenience)
Yieq,rel =

neq,rel (Tfo )
∼ 0.42 · h−1
eff (Tfo ) ,
s(Tfo )

(7.7)
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Figure 7.2: Maximal possible gamma ray signal in the fermionic multicomponent FIMP scenario,
in terms of a lower limit on the inverse decay rate for ψ2 → ψ1 γ. This is shown as a function of the
mass m2 of the decaying FIMP component for different masses m1 of the lighter component. The
grey regions correspond to the lower limit on the inverse decay rate from the non-observation of a
gamma ray line in the isotropic diffuse photon flux ( [178] (left), [108] (right)). In the pink region,
gamma ray signals in the model coupling to electrons, l = e, are precluded by CMB limits on the
three body decay, as described in the text.

which results in the relic density (see eqn. 5.41)
m 
Ω1,HDM
1
= 0.96
h−1 (Tfo ) ,
ΩDM,obs
eV eff

(7.8)

assuming m1 is large enough for ψ1 to have become non-relativistic by the time of CMB
decoupling. For larger coupling g1 , ψ1 stays in equilibrium longer, resulting in a lower Tfo ,
and finally a larger HDM abundance as heff (T ) drops as the SM bath cools. Upper limits
on the HDM relic density hence result in upper limits on the coupling g1 and the decay rate
Γψ2 →ψ1 γ .
Substituting the maximal hmax
= 106.75 attainable in the SM plasma into eqn. (7.8)
eff
results in an upper bound on the dark matter mass mHDM
. 110 eV from overabundance.
1
This is significantly tightened by structure formation bounds on the fraction of hot dark
matter: In [64], bounds on the fraction of non-cold dark matter fncdm = Ωncdm /(Ωcdm +
Ωncdm ) were obtained as function of the non-cold relic mass mncdm . In the derivation of
their bounds, they assume that the velocity distribution of non-cold dark matter is thermal
with temperature equal to that of the Standard Model neutrinos, Tncdm = Tν , and prescribe
to evaluate their constraints at mncdm = m TTν for dark matter of mass m with temperature
T (i.e. at equal free-streaming length, see section 4.1), which in the case of HDM is related
to the freeze-out temperature by Tν /T = (heff (Tν−dec )/heff (Tfo ))−1/3 . The resulting lower
bound on the freeze-out temperature from the 3σ limits on fncdm obtained by [64] is shown
in fig. 7.3. This implies an upper bound on the HDM mass, mHDM
. 20 eV.
1
For very small m1 , ψ1 contributes as dark radiation to the energy density,
4

ρ1,DR
7 Tψ1 ,0
7
=
=
4
ργ
8 Tγ,0
8
56



heff (T0 )
heff (Tfo )

4/3
,

(7.9)
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using that gγ = 2. Bounds on dark radiation are customarily given in terms of an equivalent
excess number of neutrino species ∆Neff [18]:
∆Neff =

8
7



11
4

4/3

ρ1
=
ργ



11
4

4/3 

heff (T0 )
heff (Tfo )

4/3
< 0.30 .

(7.10)

This is satisfied if ψ1 decouples before the QCD phase transition, Tfo & 160 MeV.
For both the HDM and DR cases, the relic density is inversely proportional to heff (Tfo ).
Bounds on the HDM/DR relic density hence relate to a lower bound on Tfo , which implies
an upper bound on the coupling strength between the HDM/DR candidate and the SM
bath. Freeze-out of ψ1 is governed by the cross section σ(ψ1 ψ1 → l+ l− ). We calculate this
T 2 g4
cross section numerically and find the thermally averaged cross section hσvi ∼ 4πm14 for the
Σ

relevant temperature range ml < T < mΣ . From the freeze-out condition n1 (Tfo )hσvi|Tfo =
H(Tfo ) (eqn. 5.39), we find:
 m
 m 4/3
1/3
p
−4/3
Σ −4
Σ
' 1.3 · 10−6 GeV
g1 geff (Tfo )1/6
g1
geff (Tfo )
GeV
GeV
(7.11)
Using eqn. (7.11) together with the relic density results (7.8) and (7.10), upper bounds on
the HDM fraction or ∆Neff can be converted to upper bounds on the coupling g1 as function
of m1 . This is shown in Figure 7.3. Note that eqn. (7.11) assumes ml  Tfo ; if Σ couples
to τ , the bound on g1 can be relaxed due to the Boltzmann suppression of ψ1 ψ1 → τ τ at
T < mτ .
Tfo = mΣ · 1.3 · 10−6
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Figure 7.3: This plot shows the minimal allowed freeze-out temperature Tfo
(top) and the corresponding maximal allowed coupling g1 /mΣ (bottom) as function of the dark matter mass m1 , for
the case where ψ1 decouples while relativistic. The bound from ∆Neff [18] (orange) applies if ψ1 is
still relativistic at the time of CMB decoupling, and agrees well with the bounds on the fraction of
non-cold dark matter (blue) obtained by [64] where applicable.

Using g1max (m1 ), we can extend the FIMP-FIMP results for the decay rate into gamma
rays from Fig. 7.2 to the FIMP-HDM regime, where Ω2 is determined by freeze-in and makes
up the bulk of the dark matter density, while ψ1 constitutes a subdominant hot dark matter
component or contributes as dark radiation. The maximal attainable gamma-ray signals in
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the FIMP-HDM scenario are shown in figure 7.4, using eqns. (7.3), (7.8) and (7.15). We
find that allowing ψ1 to thermalise and freeze-out as HDM allows for much larger FIMP
decay rates, extending the range of m2 (and correspondingly Eγ ) for which dark matter
decay signals at the reach of current experiments can be expected down to m2 & 30 MeV
for the largest allowed HDM mass, m1 = 20 eV, and down to m2 & 4 MeV for effectively
massless ψ1 .
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Figure 7.4: Maximal possible gamma ray signal in the fermionic multicomponent FIMP-FIMP
(line) and FIMP-HDM (dashed) scenarios, in terms of a lower limit on the inverse decay rate for
ψ2 → ψ1 γ. The lines correspond the maximal signals for fixed masses m1 of the lighter component.
The limits shown are the same as in Fig. 7.2, adding a sensitivity forecast for eASTROGAM [166]
(black dashed).

This section has operated under the assumption of relativistic freeze-out, which implied
. O ( eV) masses (eqn. 7.8) for ψ1 and resulted in couplings g1 that exceed those associated
with FIMP production by orders of magnitude. This can give rise to strong gamma ray
signals from ψ2 → ψ1 γ decay. In the following, we consider general couplings g1,2 , from
values relevant√to FIMP production up to the limit of the applicability of perturbation
theory, g1,2 < 4π.

7.1.3

General relic abundances from FIMP to WIMP

In this section, we want to calculate the relic densities Ω1,2 for arbitrary values of the model
parameters mΣ , m2 , m1 , g2 , g1 . This necessitates treating the dark sector particles on equal
footing, allowing for any combination of them to be out of chemical equilibrium with the
others. The evolution of Σ and ψ1,2 in the early Universe is determined by three coupled
Boltzmann equations. Assuming kinetic equilibrium of all species involved2 , nΣ,ψ2 ,ψ1 obey

2

The validity of this assumption in a related single-component DM model has been studied by [172], who
find that the impact of deviations from kinetic equilibrium on the relic abundance is small (see however [180]).
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the Boltzmann equations (see section 5.2)


X
dni
eq eq
+ 3Hni = −
hσviann
n
n
−
n
n
i
j
ij→AB
i
j
dt
j

−

X

ni neq
A

−

neq
ni − nj ieq
nj

!

hσvisca
iA→jB

j

−

X

Γ̃i→j

j

neq
i
nj neq
B eq
nj

!
(7.12)

,

where i, j refer to particle species in the dark sector while A, B refer to standard model
particles that are assumed to form an equilibrium thermal bath. All particle distribution
functions are approximated by Maxwell Boltzmann distributions. The hσviann
ij→AB term
describes annihilations of Z2 -odd particles into Standard Model bath particles, while the
hσvisca
iA→jB and Γ̃i→j terms describe conversion processes between Z2 -odd particles. Here
hσvi is the thermally averaged cross section (see section 5.2) and Γ̃i→j = Γi→j /hγi =
K1 (mi /T )
Γi→j K
is the thermally averaged decay rate. As initial condition, ni (t → 0) = 0
2 (mi /T )
is chosen to accommodate the freeze-in scenario discussed in the previous sections. In
the WIMP scenario, there is no dependence on the initial condition, as the large (inverse)
annihilation rate quickly equilibrates the WIMP species with the SM bath at T > mWIMP .
In the freeze-out scenario, eqn. (7.12) is often simplified by asserting chemical equilibrium
between the dark sector species,
ni = ndark

neq
i (T )
,
eq
ndark (T )

(7.13)

where ndark = nΣ + n1 + n2 , allowing to describe the whole system by a single differential
equation for ndark . Conversion terms in this summed Boltzmann equation drop out, and the
annihilation terms can be summarised into a single hσvieff that includes “coannihilation”
contributions from all dark sector particles according to their relative abundances [137].
Since we want to calculate the dark matter relic abundance from the FIMP to the WIMP
regime, the assumption of chemical equilibrium is not in general applicable, and the treatment here needs to go beyond that of standard numerical codes used in the calculation of
relic abundances, like microOMEGAs [126] or DarkSUSY [181].
7.1.3.1

Numerical solution of the Boltzmann equations

Eqn. (7.12) can be hard to solve numerically for several reasons. First, the particle densities
ni vary over many orders of magnitude. This can be remedied in part by considering instead
an equivalent set of equations in terms of the abundances Yi = ni /s as functions of x = m1 /T
(see section 5.2):


!
Yjeq
ann
X  hσviij→AB sYi Y eq  Yj Y eq Y eq 2
d ln Yi
i
i
=−
− i2


dx
Yi Yjeq
Yi
x
H̃
j
(7.14)
#
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X hσvisca
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A
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+
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.
Yi Yjeq
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j
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Second, some of the collision processes may happen on a much shorter timescale than the
expansion of the Universe, leading to stiff differential equations. If a type of process [. . . ] is
fast compared to the Hubble expansion, it forces the associated abundances (. . . ) to adopt a
quasistatic equilibrium. Fast annihilations of particle i into bath particles fixes Yi to follow
its equilibrium abundance. Fast conversion processes between two particle species i, j ensure
chemical equilibrium between them, Yi /Yj = Yieq /Yjeq .
We can use these equilibrium relations to simplify the system eqn. (7.14): If conversion
processes between two species are efficient, chemical equilibrium is ensured. Their abundances can be obtained by solving the summed Boltzmann equation for d(Yi + Yj )/dx as
Y eq

i
Yi = Yi+j Y eq +Y
eq . This cancels any fast conversion rates and amounts to the usual coani

j

nihilation treatment [137]. As different combinations of species come into or drop out of
chemical equilibrium with each other, the numerical code automatically determines whether
to solve for their individual abundances d ln Yi /dx or the summed Boltzmann equation for
d(Yi + Yj )/dx.
The thermally averaged cross sections were calculated using FeynRules [156], CalcHEP [157] and micrOMEGAS [126]. Further details related to the numerical solution of
the Boltzmann equations are discussed in Appendix A. In the following section, relic abundance results in the freeze-out scenario are presented, before discussing other constraints
and signatures in the two component leptophilic dark matter scenario in section 7.2.
7.1.3.2

Production regimes of multiflavour leptophilic dark matter

Figure 7.5 shows relic abundance contours in the plane of couplings g1,2 for the mass benchmark mΣ = 430 GeV, m1 = 100 GeV, m2 = 120 GeV, illustrating the different mechanisms
that can determine the final relic abundance.
Freeze-in vs. freeze-out One can clearly distinguish the regions where freeze-in or freezeout determine the relic abundance of ψ1 and ψ2 :
(A) FIMP-FIMP: In the lower left of the plot, both g1 ,g2 are below the thermalisation
threshold eqn. (7.6) and their relic abundance is set by freeze-in.
(B) FIMP-WIMP: ψ1 does not thermalise and behaves as FIMP, while ψ2 does thermalise
and freezes-out.
(C) WIMP-FIMP: ψ2 does not thermalise and behaves as FIMP, while ψ1 does thermalise
and freezes-out.
(D) WIMP-WIMP: In the upper right of the plot, the couplings g1,2 are large enough for
both ψ1,2 to thermalise and freeze-out.
In the FIMP-FIMP regime, the two abundances Y1,2 evolve independently from one
another, which has been discussed analytically in detail in section 7.1.1. We find good
aggreement between the numerical and analytical solutions.
In the FIMP-WIMP regimes, the Y1,2 evolution is not independent, but their interaction
effects are rather simple: The feebly coupled partner does not affect WIMP freeze-out, but
the thermalised component can affect the FIMP abundance if its coupling is very large. This
can be understood from phase space arguments: In the analytic calculation in section 7.1.1,
only two-body decays Σ → lψi were assumed to contribute to freeze-in production. The
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Figure 7.5: Relic abundance depending on the couplings g1 , g2 for a benchmark choice of dark
sector masses, m1,2 = 100, 120, mΣ = 430 GeV, evaluated at the time of CMB decoupling.
√ Note
that the plot extends beyond the range of validity into the non-perturbative regime (g1,2 > 4π) to
highlight the different depletion mechanisms, which can result in the observed relic abundance with
perturbative values for the couplings for different mass choices. The regimes labeled by letters A-D
and numbers 1-6 are described in the text.

numerical treatment also includes conversion processes, such as ψ2 l → ψ1 l, which can be seen
to increase the relic abundance for very large coupling g2 . This is expected: The scattering
contribution is suppressed wrt. the two-body decay one by a phase space factor and an
additional coupling. When the coupling gWIMP is larger than one, it can compensate the
phase space suppression and σ(ψWIMP l → ψFIMP l) ∝ g12 g22 can dominate FIMP production.
The WIMP-WIMP scenario (D) exhibits several different regimes, indicated by numbers
in fig. 7.5, which are discussed in detail in the following.
Production regimes of thermalised multiflavour leptophilic Dark Matter Several regimes can be distinguished, starting from those for which chemical equilibrium is
maintained throughout freeze-out:
1. χ1 annihilation: vertical contours at rather large g1 for wide range of g2 . In this
regime, the presence of ψ2 is irrelevant to the relic abundance and the result is the
−4
same as in the standard single flavour textbook WIMP case, ΩDM ∝ hσvi−1
11 ∝ g1 [1].
2. χ2 coannihilation: horizontal contours at rather large g2 for wide range of smaller
g1 . ψ2 ψ2 -annihilation is the dominant dark sector depletion mechanism, leading to
−4
ΩDM ∝ hσvi−1
22 ∝ g2 [137].
3. Σ mediator coannihilation: For small values of g1,2 , neither ψ2 ψ1 nor ψ1 ψ1 annihilation
is efficient. Instead, mediator coannihilation depletes the dark sector, which can be
efficient if the mediator mass is not too far from m1,2 [137]. The relic density here is
determined by the SM gauge couplings and roughly independent from g1,2 .
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In these regimes, chemical equilibrium between the dark sector particles holds during freezeout. We have compared results with micrOMEGAs [126], finding good agreement. The
dedicated numerical treatment allows us to study relic abundances beyond chemical equilibrium, which affects the following regimes:
4. Mediator conversion driven freeze-out: The coannihilation plateau is bounded towards
low couplings by rising relic abundances that are the result of ψi dropping out of
chemical equilibrium with Σ before the dark matter abundance can be significantly
depleted through Σ-coannihilations. This was first considered in [172, 180] and allows
for thermalised dark matter with very small couplings, if the mass splitting between
dark matter and the mediator is small.
5. ψ1 → ψ2 conversion driven freeze-out: Likewise, the ψ2 coannihilation region is
bounded towards small g1 by ψ1 dropping out of chemical equilibrium with ψ2 before
ψ2 -driven coannihilation can effectively deplete the ψ1 abundance. The relic abundance here depends on the conversion rate ∝ g12 g22 , resulting in the diagonal contours.
6. ψ2 → ψ1 conversion driven freeze-out: At small g2 , ψ2 becomes long lived and the
dominant reaction depleting the relic abundance is ψ1 ψ1 annihilation. The relic abundance results from an interplay of ψ2 → ψ1 conversion, out-of-equilibrium decay of ψ2
and ψ1 annihilation.
The effect of departure from chemical equilibrium is shown in Figure 7.6, illustrating how
decoupling of conversion processes in regimes 4-6 makes the depletion of dark matter abundance less effective, leading to larger relic densities. The abundance evolution Yi (x) for
several illustrative benchmark points is shown in Figure 7.7.
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Figure 7.6: Effect of departure from equilibrium on the relic abundance in the WIMP-WIMP
scenario, showing (Ωfull−calc /Ωassumed−CE )-contours (black boxes). The mass benchmark is the same
as in fig. 7.5. This plot illustrates chemical equilibrium conditions to be fulfilled in production regimes
1-3, while in regimes 4-6 deviation from chemical equilibrium among the dark sector particles can
be very important.
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Figure 7.7: Abundance evolution Yi (x) for several benchmark points, illustrating the WIMP-WIMP
production regimes discussed in the text. Dashed contours assume chemical equilibrium to indicate
where departure from CE becomes important. The left column uses the same mass benchmark
as fig. 7.5, the right column assumes a more compressed mass spectrum to highlight conversion
processes.
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Discussion Processes 1-3 are the domain of standard numerical codes, and process 4 has
been described in detail in the literature [140, 172, 180]. The regimes 5 and 6 are specific to
the two-flavour setup. χ2 -conversion driven freeze-out (5) is a straightforward extension of
mediator-conversion driven freeze out (4).
The interplay of several processes determines the relic abundance in regime 6: Contributions to the relic abundance from a late-decaying particle have been considered before. If
the decay of ψ2 happens long after ψ1 has frozen out and does not revive ψ1 annihilation,
the effect of ψ2 is a simple additive contribution to the freeze-out Ω1 result (akin to the
super-WIMP contribution [159, 160] in the FIMP case, see eqn. (6.12) in section 6.2). This
limit has been investigated in a 2-component WIMP scenario without scattering conversion
by [182]. Fig. 7.7d shows that out-of-equilibrium conversion and decay of ψ2 → ψ1 , as
well as ψ1 -annihilation need to be considered together to determine the relic abundance in
regime 6.
Summarising the relic abundance calculation, we find that several different processes can
be crucial in determining the result for two-flavour leptophilic dark matter. Compared to
the single flavour case, the additional freedom in the model results on one hand in reduced
predictivity, while on the other hand leading to novel signatures that cannot appear in the
single flavour case. From the relic abundance calculation alone, it is already possible to point
out one such qualitative difference: For freeze-out in regime 6, obtaining the correct relic
abundance implies larger coupling g1 than in the single flavour case, potentially explaining
observations of annihilating dark matter in our galaxy that require hσvi > hσvistd.WIMP .
This was investigated in a related setup as a possible explanation of the PAMELA positron
excess in [182] and is discussed in detail in section 7.2.2.2.

7.2

Signatures of multi-flavour leptophilic Dark Matter

This study of multi flavour Dark Matter in the leptophilic fermion model was motivated in
the beginning by the possibility of decay signals in the FIMP framework in a model that is
notoriously hard to probe, in analogy to multiflavour scalar dark matter considered in chapter 6. Dark matter decay is discussed in section 7.2.1, addressing in particular the question
under which circumstances dark matter today can consist of multiple components. Consequences of the two-flavour setup for standard WIMP searches for dark matter annihilation
in the Galaxy are explored in section 7.2.2. Finally, the presence of the second flavour in
the theory can affect signatures at collider experiments, which is explored in section 7.2.3,
where other laboratory constraints are also discussed.

7.2.1

Dark matter decay

In investigating how the second flavour affects dark matter phenomenology, a central question is under what circumstances both dark matter candidates can be present at a given
time. This is related both to the initially produced abundances and to the ψ2 lifetime, i.e.
whether an abundance of ψ2 produced in the early universe survives to the time of BBN,
recombination or today.
We consider both the tree-level three-body decay ψ2 → ψ1 l+ l− , which generally dominates the total decay rate, as well as the one-loop decay ψ2 → ψ1 γ, which leads to monochromatic gamma rays that can be easily separated from astrophysical background fluxes and
would constitute a smoking-gun signature of BSM particle physics processes, if observed.
Feynman diagrams for both processes are shown in fig. 7.1. The decay rate for the one-loop
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decay ψ2 → ψ1 γ in the limit mψ2  mΣ reads [183]:
5

Γψ2 →ψ1 γ

e2 |g1 g2 |2 mψ2
=
215 π 5 m4Σ



m2
1 − 12
m2

3 

m1 2
1−
,
m2

(7.15)

producing gamma rays at energy
mψ2
Eγ =
2

1−

m2ψ1
m2ψ2

!
.

(7.16)

The three-body decay rate in the limit ml  mψ2  mΣ is given by [183]
5

Γψ2 →l+ l− =


|g1 g2 |2 mψ2
F1 (m2ψ1 /m2ψ2 ) + 2F2 (m2ψ1 /m2ψ2 ) ,
4
10
3
2 π 3 mΣ

(7.17)

with
F1 (x) = (1 − x2 )(1 − 8x + x2 ) − 12x2 ln(x)

√ 
F2 (x) = x (1 − x)(1 + 10x + x2 ) + 6x(1 + x) ln(x) .

(7.18)
(7.19)

Depending on the dark matter lifetime, different signatures are of interest:
• 10−12 s . τψ2 . 10−5 s: ψ2 can leave displaced signatures at colliders (1 mm . cτψ2 .
1 km). At smaller decay lengths, ψ2 effectively decays promptly, while at larger decay
lengths, it escapes undetected.
• τψ2  1 s: ψ2 decays well before BBN and leaves no signature except as a contribution
to the ψ1 abundance.
• τψ2 & 1 s: exotic energy injection from particle decay can modify the primordial
abundances of light elements in Big Bang Nucleosynthesis [163] and lead to (for τψ2 &
106 s) spectral distortions of the CMB [184].
• τψ2 & 1012 s: ψ2 is long lived enough to contribute to the dark matter relic density
measured by the CMB, and its decay products can modify the ionization history
between recombination and reionisation, affecting CMB angular power spectra [158,
185].
• τψ2 & 1018 s ∼ tUniv : ψ2 is cosmologically long lived and can be a relevant component
of dark matter today. Its decay products can potentially be observed as gamma/cosmic
rays.
In the following, we look at bounds on the pre-BBN abundance of ψ2 depending on τψ2 .
Exotic energy injection in the early universe Big Bang nucleosynthesis describes the
formation of light nuclei when the SM bath has cooled down far enough to allow formation
to dominate over dissociation. Given information on the nuclear reaction rates, the resulting
‘primordial’ abundance of light elements can be predicted within standard cosmology and
compared to the abundances observed in situation where modification through astrophysical
processes is considered not to have taken place. Theoretical predictions and observations
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for 2 H, 3 He and 4 He agree well and are compatible with the baryon abundance determined
from the CMB, which is the earliest cosmic evidence for ΛCDM [163] (see sec. 2.2).
Energetic particles produced in BSM particle physics processes during BBN can modify
the neutron to proton ratio or dissociate nuclei, leading to deviations from the successful
predictions of standard Big Bang nucleosynthesis. Limits on the abundance YX of decaying
particles X producing SM particles of energy  with decay rate τX have been computed e.g.
by [163, 186].
Similarly, energetic particles present during CMB decoupling can induce deviations from
the black body spectrum, on which there exist tight constraints [184]. The CMB angular
power spectrum is affected by the ionisation history of the universe, which can be modified
by energetic particles through ionisation and heating of the primordial gas. Constraints on
exotic energy injection from decaying dark matter during the cosmic dark ages have been
derived in [158, 185]. These constraints extend to lifetimes much longer than the age of the
Universe.
Figure 7.8 shows limits on exotic energy injection from dark matter decay in terms of
the pre-decay abundance YX and the energy  injected into e± per decay, as a function of
the lifetime τX of the decaying particle.
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Figure 7.8: Limits on exotic energy injection from dark matter decay, in terms of an upper limit
on the pre-decay abundance YX of a particle decaying with lifetime τX , injecting energy  into
electrons/positrons. Blue: BBN limit [186] for  = 10 GeV (slightly weaker limits result for  
GeV). Orange: Limits from CMB spectral distortion [184] (via [185]). Green: Limit from exotic
energy injection after CMB decoupling [185] (taking the least constraining limits). These limits are
rather general and only very mildly dependent on the electron/positron energy.

Gamma ray line search Going beyond the cosmological constraints on fairly generic
exotic energy injection discussed above, features in the gamma ray or positron spectra
observed today may serve as smoking-gun evidence of dark matter decay or annihilation
(see section 4.3).
In particular, the process ψ2 → ψ1 γ results in a gamma ray line that easily stands out
against the smooth power law spectra typical of astrophysical sources. We consider limits
on dark matter decay into monochromatic gamma rays calculated in [178] based on measurements by the INTEGRAL [152], COMPTEL [153], EGRET [154] and Fermi-LAT [155]
instruments, as well as a dedicated line-search by the Fermi-LAT collaboration [108]. Future
gamma-ray telescopes like the proposed AMEGO [165] or e-ASTROGAM [166,167] mission
concepts can improve the sensitivity by an order of magnitude in the ∼ 0.3 − 30 MeV mass
range.
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Figures 7.2 and 7.4 illustrate the prospects of detecting gamma rays from decaying
dark matter in the FIMP-FIMP and FIMP-HDM scenarios, respectively. These results
are in direct analogy to those found for scalar multicomponent FIMPs found in chapter 6.
−1
Shown are lower limits on the effective inverse decay rate Γ−1
eff = (ΓΩ2 /ΩDM ) , i.e. maximal
obtainable gamma ray signals.
These can be compared to constraints on the associated three body decay ψ2 → ψ1 e+ e− .
In Figs. 7.2, 7.4, the pink shaded are indicates where gamma ray signals are ruled out in
the present setup with l = e by limits on the rate of the associated three body decay
ψ2 → ψ1 e+ e− from the non-observation of exotic energy injection into the SM plasma
during CMB decoupling [158] (recast to the associated gamma ray decay rate using results
from [183]). We note that at mass differences m2 −m1 & 10 GeV, searches for the associated
spectral feature in the spectrum of cosmic ray positrons are promising (see e.g. [187, 188]
for existing searches for positron spectral features) and complementary to the gamma ray
signatures we focus on here.

Discussion Constraints on the dark matter decay rate throughout cosmic history are
shown in fig. 7.9, together with the overabundance constraint
for the adopted mass bench√
mark, as well as the perturbativity requirement gi . 4π. The parts of parameter space
where only one of the two flavours thermalises are severely constrained by perturbativity
and BBN constraints. Only if the decaying dark matter fraction is suppressed by a small
FIMP production rate (lower right of plot) can this mixed production be viable. Perturbativity bounds imply that out of the six different processes that can be responsible for setting
the WIMP-WIMP relic abundance, only ψ1 -annihilation driven and ψ2 → ψ1 -conversion
driven dark matter depletion are compatible with the abundance constraint for this mass
benchmark. As already expected from fig. 7.2, γ-ray searches are not yet sensitive to the
FIMP-FIMP regime for the adopted particle masses.
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Figure 7.9: Overabundance constraints from fig.
√ 7.5, with decay constraints (BBN, CMB, γ-ray
flux), as well as perturbativity requirements gi . 4π (gray) superimposed.
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7.2.2

Dark matter annihilation signatures

Dark matter annihilation in overdense regions in the Universe today is a central prediction
of the WIMP framework, while it is of little relevance in the FIMP scenario. In the WIMPWIMP regime, the ψ2 lifetime is short3 and dark matter today consists exclusively of ψ1 .
The dark matter annihilation signature is then expected to be qualitatively similar to the
single flavour case, however with striking quantitative differences. In the following, the
single-flavour annihilation signatures are reviewed briefly, before investigating the role of ψ2
in the range of possible annihilation signals.
7.2.2.1

Annihilation signatures in the leptophilic model

The leptophilic model we discuss has been investigated in detail for its possible annihilation
signatures (see e.g. [107,168,174]), motivated in part by the possibility of distinctive gammaray signatures.
The dominant annihilation process in determining the relic abundance in the freeze-out
regime is the 2 → 2 annihilation ψ1 ψ1 → l+ l− . While the dark matter particles are only
mildly non-relativistic at freeze-out, typical velocities in galaxies today are small, and the
velocity-weighted annihilation cross section can be expanded in relative (center-of-mass)
velocity [107]:
'
(σv)non−rel.
ψ1 ψ1 →l+ l−

1 + m2Σ /m21
g14 m2l
g14
1
2
+
v
.
32πm21 m21 (1 + m2Σ /m21 )2
48πm21 (1 + m2Σ /m21 )4
|
{z
} |
{z
}
s−wave

(7.20)

p−wave

Note that the s-wave term is strongly helicity suppressed,4 and while the velocity suppression
2 i ∼ 0.3 at x ∼ 20 [189]),
of the p-wave contribution is not very strong during freeze-out (hvrel
−3
it amounts to a strong suppression in our Galaxy today (v ∼ 10 ) [190]. For this reason,
the strong constraints from cosmic ray positron data on dark matter annihilation into l+ l−
(e.g. [187, 188]) do not translate into strong constraints on g1 .
Stronger constraints are instead obtained by considering the concurrent emission of a
photon, ψ1 ψ1 → l+ l− γ from the t-channel Σ particle (virtual internal bremsstrahlung, VIB),
which removes the helicity suppression of the s-wave process and moreover can give rise to
distinctive signals in the form of sharp gamma ray spectral features if the mediator mass is
close to the dark matter mass, µ ≡ m2Σ /m21 ' 1 [107, 191]. The formula for the annihilation
cross section into two massless fermions and one VIB photon reads [107]:

 2




αg14
π
1+µ
1+µ
(σv)VIB '
(1 + µ)
− log
− 2 Li2
6
2µ
2µ
64π 2 m21
(7.21)


2
4µ + 3 4µ − 3µ − 1
µ−1
+
+
log
.
1+µ
2µ
µ+1
This annihilation signature has been searched for by Bringmann et.al. [107] in the gamma
ray sky observed by Fermi-LAT [86], obtaining limits and an indication of a signal at mDM '
3

As the dark matter decay rate depends sensitively on the mass splitting, this is not necessarily the case
for very degenerate mass spectra, which are an interesting target for future work.
4
This can be understood from angular momentum conservation: The Majorana fermions in the s-wave
initial state need to have opposite spins, i.e. zero angular momentum. The Yukawa interaction couples to
the right-chiral leptons, needing one mass insertion on a final state lepton to result in same-helicity products
and conserve angular momentum. [174]
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−27 cm3 s−1 . This is about two orders of magnitude larger than
150 GeV, hσviobs
VIB ∼ 6 × 10
what would be expected from reproducing the observed relic abundance in the present
framework, raising questions about its possible dark matter origin. In the time since the
analysis of [107], more data has been collected, finding that this particular signal (which
could also be explained by a gamma ray line at 130 GeV) is not significant any more [108].
Below, we take this now-gone statistical fluctuation as illustration for the possibility of
boosting dark matter annihilation in the present scenario.
If the mass of the mediator is much larger than the dark matter particle, loop-induced
annihilation into a photon pair may dominate the annihialtion signal today with annihilation
cross section [171]


 2 2

α2 g14
m21
m1
(σv)γγ =
Li2 − 2 − Li2
,
(7.22)
2
3
256π m1
mΣ
m2Σ

which is not yet constraining for perturbative values of g1 for the mass benchmarks considered [108].
7.2.2.2

Annihilation boosts from a second DM flavour

Signals from dark matter annihilation into high energy particles are a key prediction of
the thermal freeze-out scenario. In the standard WIMP framework, the velocity averaged
annihilation cross section hσvitoday in overdense structures today is related directly to the
thermally averaged annihilation cross section hσvifreeze−out , either by equality (in the case of
s-wave annihilation) or by the velocity dependence in a given model. It is then a nontrivial
question to ask whether a tentative dark matter signal is compatible with the “thermal”
value hσviWIMP ' 3 × 10−26 cm3 s−1 (see sec. 5.3), or whether the WIMP framework is ruled
out if upper limits exclude this value.
There are a multitude of ways in which the annihilation signal could be decreased below
the thermal value, masking a WIMP from annihilation searches. The simplest are velocity
suppression of the annihilation cross section, or the presence of multiple annihilation channels that decrease the cross section into the SM final states of interest to a given search [192].
Another way is if there are multiple dark sector species that can deplete the dark matter
abundance through co-annihilation channels if they are close in mass [137], as is possible in
the present model.
Conversely, it is also interesting to ask whether a dark matter annihilation signal today
can exceed the canonical WIMP expectation. The most prominent example is the positron
excess observed by PAMELA [193] and ATIC [194], which required a boost factor of several orders of magnitude to be compatible with a dark matter origin [195, 196]. This has
focused interest on the expected astrophysical boost factor from dark matter substructure,
hρ2 i ≥ hρi2 (found to be very unlikely to amount to the necessary boost in Galactic DM
searches [197]), and established the importance of Sommerfeld enhancement in dark matter
relic abundance and annihilation signal studies (e.g. [198–200]).
These boosting strategies directly affect the dark matter annihilation rate today. As
we have seen in figure 7.5, the presence of the second dark matter flavour in the theory
can strongly affect the relations between the relic abundance and the coupling g1 that is
central to the WIMP annihilation signature today. This is illustrated in Figure 7.10 for
the (now gone) gamma ray signal [107] introduced in the previous section, where the cross
section that is implied by reproducing the observed relic abundance in the single flavour
model falls short of what was needed to explain the excess by orders of magnitude. In the
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two-flavour scenario however, the ψ2 → ψ1 conversion freeze-out dominated regime (regime
6 in section 7.1.3.2) results in larger predicted g1 , making the signal compatible with a dark
matter origin.
The idea of boosting the dark matter annihilation rate compatible with the relic abundance through a late decaying particle has been investigated by [182], motivated by the
PAMELA excess. Their treatment assumes the absence of scattering conversion between
dark matter species, treating ψ1 and ψ2 freeze-out, as well as ψ2 decay as independent.
In constrast, in the present two-flavour realisation of this general idea, all possible ψi ψj
annihilation and decay processes are linked by the same two couplings g1,2 . Fig. 7.7d explicitly shows a benchmark case reproducing the observed relic abundance and the gamma
ray signal found by [107], illustrating the importance of scattering conversion.
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Figure 7.10: Example for annihilation boosts obtainable in the two-flavour framework for benchmark parameters that can explain the spurious signal found in [107]. The blue contour shows the
prediction for hσviVIB from the relic abundance requirement, as a function of g2 . The central plateau
corresponds to the ψ1 -annihilation freeze-out regime, where the relic abundance is unaffected by the
presence of ψ2 . At large g2 , ψ2 co-annihilation becomes relevant, suppressing the expected signal.
At small ψ2 , larger couplings g1 are required to deplete the out-of-equilibrium ψ2 particles, accommodating the large observed annihilation signal today (green). The upper limit√for hσviVIB is shown
in red [107]; grey areas mark couplings exceeding the perturbativity limit gi < 4π. The abundance
evolution for a benchmark point compatible with the observed signal is shown in Figure 7.7d.

7.2.3

Laboratory searches

While the focus of this work is on implications of the multi-flavour scenario on dark matter
indirect detection, collider searches set a lower limit for the mass of the charged mediator
and can potentially directly probe dark matter in the laboratory. In section 7.2.3.1 we
outline the basic strategies to search for leptophilic dark matter or the charged mediator at
colliders and how these searches are affected by the presence of the second DM flavour. We
comment on non-collider laboratory tests of the model in section 7.2.3.2.
7.2.3.1

Collider searches

Direct dark matter production Pair production of dark sector particles can be probed
at colliders by looking for events where Standard Model particles recoil against missing
transverse momentum carried away by the dark matter candidate. The two dark matter
flavours can contribute separately, and monophoton searches at LEP [111] can be sensitive
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to ψi if their mass is within its kinematic reach, mi . 100 GeV.5
At hadron colliders, tree-level production of leptophilic dark matter needs to proceed
through pair production of the charged mediator Σ, which is very suppressed if the mediator
cannot go on mass shell. If the mediator is at the kinematic reach of the collider, searches
for new charged particles can be a sensitive probe of the leptophilic scenario.
Prompt searches for the mediator The collider signatures of the charged scalar Σ
depend crucially on its decay length (eqn. 7.2)
 m
−1
Σ
cτΣ ∼ 10−16 m
(max[g1 , g2 ])−2
(7.23)
100 GeV
which can be enhanced in the case of mass degeneracy mi ∼ mΣ . Comparing this to the
minimal coupling that leads to thermalisation of ψi in the early universe, eqn. (7.6), indicates
that Σ may decay promptly if at least one species ψi thermalises in the early Universe, while
it is long-lived on collider scales in the FIMP-FIMP regime.
At the LHC, searches for supersymmetric partners of leptons, sleptons ˜l, have been conducted [115,116,201–206]. These are directly applicable to the leptophilic charged scalar Σ,
which can be pair-produced from virtual photons/Z-bosons in pp-collisions. These searches
look for oppositely charged, same-flavour leptons produced in association with missing transverse momentum pmiss
T . Selection cuts on the transverse momentum of the produced leptons
(e.g. pT > 50(20) GeV for the (next-to) highest pT lepton [115]) imply that this strategy is
only sensitive to Σ decays for sufficiently split mΣ −mi & 50 GeV. A CMS search [115] using
35.9 fb−1 of data at 13 TeV bounds mR
ẽ & 240 GeV unless mLSP & min(70, mẽ − 110) GeV
and mR
&
210
GeV
unless
m
&
min(70,
mµ̃ − 100) GeV. This translates directly to conLSP
µ̃
R
straints on mΣ = ml̃ , mi = mLSP , assuming Σ dominantly decays into ψi , Br(Σ → ψi l) ∼ 1.
A corresponding ATLAS search [116] finds similar limits up to ml̃ . 500 GeV but only
reports the results assuming ẽR,L , µ̃R,L to be degenerate in mass. As τ decays predominantly hadronically, a different search strategy is required for l = τ . An ATLAS search
for staus [205] uses 139 fb−1 of luminosity collected at 13 TeV, excluding degenerate stau
masses up to mτ̃LR . 390 GeV in the limit of small dark matter mass.
All these searches assume prompt Σ decay into dark matter plus a visible final state
particle with sufficient energy to pass selection criteria. They quickly loose sensitivity if
the masses of decay products in the dominant decay channel approach mΣ (in practice,
already for mΣ − mψ . 100 GeV).6 In the two-flavour setup, either dark matter flavour
may dominate the decay rate of Σ, and it is possible that a large decay rate into ψ2 with
m2 ∼ mΣ hides the charged mediator from LHC detectability.
Long-lived mediator searches If all dark matter flavours are only feebly coupled to Σ,
the mediator is stable on collider timescales and bounds on anomalously heavy charged particles apply7 . Long-lived charged scalars produced by direct pair production are constrained
5

The authors of [111] find that thermal Dirac fermion dark matter can be constrained for masses up
to 50 GeV for coupling to electrons, indicative of the possible bounds for Majorana dark matter considered
here. Dark matter coupling exclusively to µ, τ can not be produced at tree-level at LEP.
6
Separate strategies are applied to target the mass-degenerate region [203].
7
Bounds on the charged mediator mass depending on cτ have been compared in detail by [113] for a
fermionic charged mediator. They include bounds on searches for displaced leptons dominant at cτ ∼ cm
scales, searches for disappearing charged tracks dominant at cτ ∼ m and heavy stable charged particles
(HSCPs) at cτ & m. Here we contend ourselves with HSCP bounds, as these are the most relevant for FIMP
dark matter scenarios with mFIMP & O (100 keV) [113].
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to be more massive than mΣ > 430 GeV [117]. This is currently the strongest constraint on
mΣ , and we take it as benchmark value for many of the results above.
Freeze-in production in the present model is directly linked to the mediator lifetime by
eqn. (5.52). This has prompted hope for direct tests of the freeze-in scenario at colliders
by observing the Σ decay length [113]. However, the relatively large decay rate implied by
decay within the LHC detectors implies dark matter overproduction, unless the FIMP mass
is in the keV range [113,207,208]8 . This seems to thwart hopes to positively identify freeze-in
via heavy SM-charged mediators at the LHC by inferring the dark matter abundance from
the mediator decay length and the invisible particle mass from the displaced vertex event
kinematics (e.g. [144, 209]).
Long-lived neutral particles In the two-flavour scenario, displaced decays of the heavier
dark matter candidate to the lighter one can be searched for at colliders. Displaced e+ e− ,
µ+ µ− pairs have been looked for at Atlas [210–212] and CMS [213]. They are sensitive
to mm . cτχ2 . 102 m if m2 − m1 is sufficient to pass cuts on the lepton energy. The
search for ψ2 → ψ1 l+ l− is complementary to the search for the mediator Σ in the sense that
they are sensitive to different mass spectra, with similar reach in production cross section.
Further work is necessary to determine whether these searches, possibly extended to larger
cτψ1 ∼ km by Mathusla [214] in the future, can probe relevant parameter space in the
two-flavour leptophilic dark matter model.
7.2.3.2

Dark matter direct detection and SM precision tests

Besides indirect signatures of dark matter in cosmological/astrophysical settings and collider production of the particles that make up dark matter, other laboratory probes of the
leptophilic model exist.
Dark matter direct detection experiments look for galactic dark matter scattering off
detector material. Current constraints on dark matter - electron scattering [215], which is
possible at tree-level in the leptophilic scenario, are not sensitive enough to surpass perturbativity requirements for non-degenerate mass spectra. At loop-level the leptophilic Majorana
fermions ψi may scatter with nuclei through an anapole moment, which can yield relevant
constraints for very degenerate m2Σ . 1.1m2DM [174].
Independently from the dark matter nature of ψ1,2 , their presence in the theory modifies
lepton precision observables. We impose that Σ couples to only one lepton flavour to avoid
lepton flavour violation. This flavour diagonal coupling can then still modify the lepton
magnetic moments, giving a contribution to the (gl − 2)/2 of
∆aDM
l,i = −

gi2 m2l 2 + 3µi − 6µ2i + µ3i + 6µi log µi
16π 2 m2i
6(µi − 1)4

(7.24)

with µi = m2Σ /m2i [107], which for the benchmark mΣ = 430 GeV, mi = 100 GeV gives
∆ae,i ∼ gi2 ·4·10−14 and ∆aµ,i ∼ gi2 ·1.8·10−9 for coupling to electrons or muons respectively.
This is to be compared to the agreement between the Standard Model theoretical and
experimental value up to the (absolute) precision of 10−12 in the case of the electron [216]
and 10−9 in the case of the muon [14].9 Demanding that this agreement is not spoiled
8

This conclusion can be avoided if the reheating temperature TRH is below the mass of the mediator [113].
In the case of the muon, theory and experiment disagree significantly at higher precision. This gµ − 2
problem cannot be addressed in the present model, as the correction in eqn. (7.24) has the wrong sign. The
9
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in the case of the electron or not made significantly worse in the case of the muon yields
insignificant constraints on the couplings gi if Σ couples to electrons, but can affect the
parameter space when coupling to muons [107, 174].

7.3

Summary

In this chapter, we have explored effects of adding a second dark matter flavour to a simple
dark matter model, the leptophilic Majorana fermion model. We have characterised the
possible mechanisms that determine the relic abundance in the early Universe and identified
consequences of the two-flavour scenario for dark matter indirect detection and collider
searches.
For very small couplings, neither of the dark matter candidates thermalise. In the singleflavour case, one can then only hope to detect the mediator, which is unlikely to yield much
information about the properties of freeze-in dark matter by itself. In the two-flavour case,
as found also in chapter 6 for the case of scalar dark matter, dark matter decay can be an
informative signature. The monochromatic γ-rays produced by ψ2 → ψ1 γ would constitute
a smoking gun signature of dark matter decay and tell about the mass scale of dark matter,
which in the freeze-in case is hard to infer from processes involving the mediator alone.
Going beyond the treatment in the previous chapter, we consider general couplings g1,2 ,
allowing for both freeze-in and freeze-out production of dark matter. If ψ1 is light, m1 .
20 eV, it may freeze-out while relativistic, contributing as hot dark matter or dark radiation
to the energy density of the universe. This allows for much larger gamma ray signals from
ψ2 decay than in the scenario where both dark matter candidates are FIMPs, potentially
resulting in detectable gamma ray fluxes down to the MeV range (see fig. 7.4). This is
particularly interesting in view of future MeV gamma ray telescopes like the AMEGO [165]
or e-ASTROGAM [166, 167] mission concepts.
For GeV-scale masses, ψi may still be produced by freeze-in if they are feebly coupled,
or thermalise and subsequently freeze-out when they become non-relativistic as WIMPs.
We explore the full g1 , g2 parameter space, identifying the different regimes that lead to
the relic abundance today. As necessary in the case of less-than-WIMP couplings, we do
not assume chemical equilibrium between the dark sector particles, but solve their coupled Boltzmann equations numerically. As a result, we find six distinct regimes of WIMP
freeze-out in the two-flavour scenario, including the canonical WIMP freeze out of ψ1 ψ1
annihilations, coannihilation regimes dominated by ψ2 ψ2 or ΣΣ annihilations, as well as
three conversion driven freeze-out regimes that deviate strongly from results that would be
obtained assuming chemical equilibrium (see fig. 7.5). Much of the parameter space is ruled
out by overabundance, and the regimes where only one of the two dark matter candidates
thermalises are strongly constrained from constraints on dark matter decay during BBN
(see fig. 7.9).
The production regimes beyond the canonical WIMP mechanism can result in striking
consequences at standard WIMP searches, potentially “boosting” the present-day dark matter annihilation rate by orders of magnitude (see fig. 7.10). This indicates that even where
indirect dark matter searches are not yet sensitive to the canonical WIMP annihilation cross
section [171], signals are possible and in an optimistic scenario could happen any time.
In our analysis, we focused on non-degenerate dark sector masses. Coannihilation and
tension between the SM prediction and experimental determination makes a meaningful bound on ∆aDM
µ,i
difficult to define.
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conversion-driven freeze-out processes work especially well for compressed spectra. This
would open up the parameter space at small couplings otherwise constrained by overabundance, while at the same time enhancing many signatures for small mediator-DM mass
splitting. In addition, the ψ2 → ψ1 l+ l− decay rate is suppressed in the case of small mass
splitting m2 − m1  m2 . This may allow for a significant relic abundance of ψ2 WIMPs
if ψ2 → ψ1 conversion freezes out early enough, which could have interesting signatures.
Multi-flavour dark matter models with near-degenerate mass spectra promise to be an interesting direction of future work.
We focused here on the leptophilic model, which is particularly interesting in the light
of dark matter indirect detection through gamma rays. However, analogous models can
be constructed that couple the dark matter fermions to the quarks, via a colored mediator.
These would have stronger signatures in dark matter direct detection experiments and at the
LHC. A detailed exploration of the effects of multi-flavour scenarios coupled to hadrons on
dark matter direct detection and collider searches is an interesting endeavour (see also [217])
and is left to future work.
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Chapter 8

Thermal Production of
Self-interacting Sterile Neutrinos
The simplest fermionic dark matter candidate is a Majorana fermion χ, singlet under the
Standard Model gauge group. A singlet fermion fits neatly into the Standard Model of
Particle Physics, acting as right-chiral partner to the SM neutrinos, the only left-chiral
species that goes without right-chiral partner in the SM. This has earned them the names
right-handed neutrino or sterile neutrino and can lead to a host of implications for neutrino
phenomenology.
This chapter explores sterile neutrinos as strongly interacting massive particle (SIMP)
dark matter, whose relic abundance is determined by freeze-out of number changing interactions χχχχ → χχ. This is a novel production mechanism for sterile neutrinos, whose usual
phenomenology is briefly reviewed in section 8.1.
This work can also be read in the context of a systematic exploration of SIMP models,
considering for the first time a Majorana SIMP dark matter candidate. Section 8.2 first
introduces general concerns in SIMP dark matter production, before calculating the relic
abundance of SIMP sterile neutrino dark matter in an EFT approach. Section 8.3 replaces
the effective interaction by a scalar mediator, which completes the picture of dark matter
freeze-out in a decoupled dark sector that can be initially populated by freeze-in.

8.1

Sterile neutrinos

One of the simplest extensions of the Standard Model is to add a gauge-singlet fermion, χ,
to its matter content. Gauge and Lorentz symmetries then allow for a Majorana mass term,
as well as Yukawa couplings to the SM lepton doublet L:
1
1
e + h.c. ,
/ − mχ χc χ − yχ LHχ
Lχ = χc i∂χ
2
2

(8.1)

e = iτ2 H ∗ , with H the Standard Model Higgs doublet. In the literature, these
where H
Majorana singlets are often referred to as “right handed neutrinos” or “sterile neutrinos”
due to the phenomenology arising from their Yukawa coupling to the active neutrinos ν in the
lepton doublet L = (ν, eL ). In particular, they can explain the small observed active neutrino
masses through the see-saw mechanism after electroweak symmetry breaking [218–222]. As
a new neutral massive particle, the sterile neutrino can be a viable dark matter candidate.
Reviews of sterile neutrinos as dark matter can be found at [223–225].
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Its coupling to active neutrinos allows for the decay χ → ν ν̄ν, and requiring that the
lifetime of dark matter sterile neutrinos exceeds the age of the universe puts a constraint on
the model parameters (mχ , yχ ) [223]:
 m −3/2
χ
yχ . 3 · 10−17
(cosmological stability)
(8.2)
GeV
This in turn constrains the dark matter production mechanism: If the sterile neutrino was in
thermal equilibrium with the Standard Model bath in the early universe, the relic abundance
left over after freeze-out of annihilations (i.e. in the WIMP mechanism) would be too large.
Instead, in frameworks of sterile neutrino dark matter it is usually assumed that the initial
abundance of sterile neutrinos at some very high temperature T  mχ was negligible. This
can result e.g. if reheating after inflation only produces Standard Model particles and their
coupling to sterile neutrinos is small. The out-of-equilibrium production of sterile neutrinos
in the early universe is then a special case of the FIMP mechanism, the Dodelson&Widrow
(DW) mechanism [57]. If there is a large lepton asymmetry present while sterile neutrinos
are being produced, the yield can be increased, as explored by Shi&Fuller (SF) [226].
The most stringent constraints on sterile neutrino dark matter produced through their
Yukawa coupling to SM leptons come from X-ray telescopes: Instead of decaying to three active neutrinos, sterile neutrinos can also decay radiatively via an electron-W -boson loop into
an active neutrino and a photon. Limits on the decay rate from X-ray observations exclude
DW-production as the only production mechanism and require new physics beyond the DM
sterile neutrino to create the large lepton asymmetry necessary to make SF-production viable [227]. On the other hand, there is a persistent hint for a signal in X-ray data at 3.5 keV
that could be explained by sterile neutrino dark matter decay (e.g. [224, 228, 229], see however [230–232]). In addition to X-ray constraints putting upper limits on the coupling to SM
leptons, structure formation constraints from Lyman-α forest observations and Milky-Way
satellite counts put lower limits on the sterile neutrino mass [62, 233] (see section 4.1).
Taken together, the remaining parameter space for sterile neutrino dark matter is already
tightly constrained. On top of that, while the minimal model in eq. (8.1) can potentially
accommodate active neutrino masses, baryogenesis through leptogenesis and sterile neutrino
dark matter, the combinations of parameters (mχ , yχ ) that give rise to the correct dark
matter relic abundance through the DW or SF mechanisms do not simultaneously explain
anything but dark matter. This has motivated studies beyond the minimal model of eq. (8.1),
introducing e.g. an additional production channel through the decay of a scalar singlet [234–
237] or thermalising the sterile neutrinos by coupling them to a self-interacting scalar [238].
The work presented in this chapter follows the same rationale and investigates the possibility
of sterile neutrino self-interactions as the dark matter production mechanism.

8.2

Majorana SIMPs

Motivated by the preceding discussion, we examine the dark matter phenomenology of the
Majorana singlet χ independently from its possible couplings to the Standard Model. The
part of the Lagrangian involving only the sterile neutrino field, including operators up to
dimension six, reads:1
1
1
1
/ − mχ χc χ +
LDM = χc i∂χ
(8.3)
(χc χ)(χc χ) + h.c. .
2
2
4!Λ2
1

Note that different Lorentz structures for the spinor bilinears of the dim-6 operator are possible. We
investigate only the scalar interaction for simplicity.
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Figure 8.1: Topologies for the 4-to-2 annihilation process χχχχ → χχ in the effective theory of
dark matter self-interactions.

In the following, we will assume that all portal interactions between this dark sector and the
e
visible sector (i.e. at dimension 4: the Yukawa coupling yχ LHχ)
have negligible strength.
This ensures that they play no role in determining the χ relic abundance and that χ is
cosmologically long-lived.
The dimension-6 self-interaction leads to dark matter 2-to-2 scattering with cross section
σ2→2 =

1 m2χ
.
72π Λ4

(8.4)

This self-scattering process has been invoked in the literature to alleviate small scale problems of the ΛCDM paradigm (see section 4.2) while on the other hand being constrained by
observations of merging galaxy clusters to be σ2→2 /mχ . 1 cm2 /g [84]. 2-to-2 interactions
do not change the dark matter number density , but the self-interaction also gives rise to
number-changing processes: For fermionic dark matter, 3 → 2 processes are forbidden by
angular momentum conservation, but the 4 → 2 process χχχχ → χχ induced by the diagrams shown in fig. 8.1 is allowed and can deplete the dark matter abundance in the early
Universe to the small value observed today (eqn. 5.23).
Depletion of the dark matter abundance by number-changing interactions among itself
was first considered by [8] and subsequent discussion in the literature focused primarily
on consequences for structure formation (e.g. [239]). The topic has received a boost in
attention in the context of the search for scenarios of dark matter production beyond the
WIMP paradigm, inspiring the acronym “SIMP” for strongly-interacting-massive-particle
[240]. Since then, SIMP dark matter models have been systematically explored in the
literature for pseudoscalar [9,241], scalar [242–248], spin 1/2 Dirac fermion [246–248], spin 1
vector boson [248–250] or spin 2 boson [251] dark matter candidates. The present work also
falls into this line of investigation, considering for the first time spin 1/2 Majorana fermions
as SIMP dark matter [10].
The SIMP heat problem While all references above share the feature that the dark
matter abundance is depleted by 3 → 2 or 4 → 2 annihilations of the dark matter candidate,
one can distinguish between two ways in which they solve a problem of the original model [8].
As will be discussed shortly (sec. 8.2.1.2), number-changing interactions in a decoupled dark
sector are not very effective at depleting the dark matter number density, since they heat
the dark matter relative to the SM bath, leading to a slower drop in their abundance than
if they would follow the SM bath temperature. This can lead to requiring excessively large
self-interaction in violation of present day bounds [239].
The innovation in [240] is to couple the dark and visible sectors through a portal, so
that the excess heat produced in the DM number changing interactions is dumped to the
SM bath and the DM abundance drops quickly, requiring only moderate self-interaction
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strength to keep number changing interactions active to the time when the DM abundance
is sufficiently depleted. This coupling between DM and the visible sector leads to interesting
signatures in this type of models. Possible portals through which to realise this mechanism
have been explored extensively, see e.g. [9,241–244,252,253]. Dumping the heat produced in
self-annihilations to the SM bath does however not work for models relying on 4 → 2 annihilations, since they require smaller masses in this scenario than 3 → 2 annihilations, leading
to energy injection into the SM bath at late times, violating BBN and CMB bounds [240].
The other way to avoid large final dark matter temperatures is to start out colder [245],
which has been used e.g. in [246–251,254]. If interactions between the dark and visible sectors
are rare, the dark sector temperature T 0 may differ from the visible sector temperature T .
If initially T 0 < T , the dark matter abundance is already suppressed before it is depleted
by number changing interactions when dark matter becomes non-relativistic. Smaller selfinteraction strengths are hence required to achieve the observed relic density, at the cost
of introducing a dependence of the dark matter relic density on the cosmological history at
large temperatures T & mDM .
In the case of Majorana SIMPs, we need to make use of this second solution to the
self-heating problem, as 4 → 2 interactions are the dominant number changing process.
We determine the relic abundance in the effective interaction approach of eq. (8.3), taking
the relation between dark and visible sector temperatures T 0 /T as free parameter in the
following section 8.2.1, before discussing a possible UV-completion of the model that offers
a complete picture of the cosmological history in section 8.3.

8.2.1

Relic abundance calculation

The phase space density of Majorana SIMPs is governed by the general Boltzmann equations (5.24) introduced in section 5.2. To simplify these, we assume in the following that at
early times, the interaction between dark matter particles is sufficiently large to allow them
to attain chemical equilibrium with themselves, so that their phase space distribution can be
characterised by a temperature T 0 . Since we assume negligible interaction with the SM bath,
the dark sector temperature T 0 may be different from the temperature T of the SM bath.
We further assume Maxwell-Boltzmann statistics, restricting our analysis to non-relativistic
freeze-out.2 Under these assumptions, the evolution of the dark sector is determined by the
following coupled system of Boltzmann equations for the dark sector number density and
energy density:3

dnχ
2
+ 3Hnχ = −hσv 3 i n4χ − n2χ neq
,
χ
dt
dρχ
+ CHρχ = 0 .
dt

(8.5)
(8.6)

Here, H is the Hubble parameter, hσv 3 i is the thermally averaged cross section for the 4to-2 process, neq
χ is the dark matter number density in equilibrium and C accounts for the
transition from the ultra-relativistic (C = 4) to the non-relativistic (C = 3) regime. Going
through these one by one, the Hubble parameter is given by (see also section 5.1):


8π
GN ρ(T ) + ρ0 (T 0 ) ,
(8.7)
H2 =
3
2
For a starting point on extending the calculation to relativistic freeze-out, see [128] who consider real
scalar dark matter depleted through 4 → 2 interactions.
3
The equation for the evolution of ρ(t) is obtained from the first moment of the Boltzmann equation (5.24).
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where GN is the gravitational constant, and ρ(T ) and ρ0 (T 0 ) are the energy densities in the
visible and dark sectors, respectively:
ρ(T ) = geff (T )

π2 4
T ,
30

0
ρ0 (T 0 ) = geff
(T 0 )

π 2 04
T ,
30

(8.8)

0 (T 0 ) the effective number of degrees of freedom in the corresponding
with geff (T ) and geff
sector (see section 5.1, eqn. (5.14)). In the present study, we neglect the contribution of
ρ0 to the total energy density, since T 0  T in the relevant part of parameter space. In
contrast, the dark matter equilibrium number density neq
χ depends only on the dark sector
temperature T 0 (cf. eqn. 5.11):

neq
χ =

m 
m2χ T 0
χ
K
,
2
π2
T0

(8.9)

where Kn (x) is the modified Bessel function of the second kind of order n. The thermally
averaged cross section is defined in eqn. (5.32) and for the 4 → 2 process can be obtained
in the non-relativistic limit using [255]
Z
mχ

2
2
2
2
d3 v1 d3 v2 d3 v3 d3 v4 σv 3 δ 3 (~v1 + ~v2 + ~v3 + ~v4 )e− 2T 0 (v1 +v2 +v3 +v4 )
Z
,
(8.10)
hσv 3 i ≡
mχ
2
2
2
2
d3 v1 d3 v2 d3 v3 d3 v4 δ 3 (~v1 + ~v2 + ~v3 + ~v4 )e− 2T 0 (v1 +v2 +v3 +v4 )
with ~vi the velocities of the initial state particles. The 4 → 2 annihilation cross section can
be obtained from the invariant amplitude M from
√
Z

dΩ
3
3
σv =
|M|2 ,
(8.11)
4
6144πmχ
4π
where dΩ is the solid angle of any of the final state particles. We have calculated the invariant
amplitude from the Feynman diagrams depicted in Fig. 8.1, using FeynCalc [256,257].4 The
resulting expression is not illuminating and hence not shown here, but physical insight can
be gained by expanding in velocities ~vi (i = 1, 2, 3, 4), where one finds that the leading
terms are proportional to fourth-order invariants of the velocities (e.g. vi4 , vi2 vj2 , (~vi · ~vj )2 ),
i.e. the cross-section is d-wave suppressed. This behavior is expected for an initial state of
four identical Majorana fermions from the Pauli exclusion principle: Each initial fermion
is specified by its spin si = ±1/2 and orbital angular momentum `i = 0, 1, .... In a partial
wave expansion, the state where all particles have `i = 0 is incompatible with the Pauli
exclusion principle, since this would require two of the fermions to also have the same
spin quantum number. The lowest order term in the partial wave expansion must hence
contain two fermions with ` = 0 and two fermions with ` = 1, resulting in an overall d-wave
suppression of the cross section. This d-wave suppression could be lifted if the fermions
had an additional internal quantum number (e.g. family number) or higher spin, and the
argument can be generalised to other number changing processes involving self-interactions
of Dirac or Majorana fermions. Finally, the result for the thermally averaged annihilation
cross section reads:
1201
T 02
√
hσv 3 i =
.
(8.12)
245760 3πΛ8 m2χ
4

The calculation of the invariant amplitude and thermally averaged cross section was performed by
Takashi Toma.
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Looking at the terms that appear in the Boltzmann equation (8.5) for nχ (t) above, it
becomes clear that they depend on both the SM temperature T (s(T ) and H(T )) and
0
3
0
the dark sector temperature T 0 (neq
χ (T ) and hσv i(T )). The full evolution of the dark
sector temperature can be obtained from solving eqns. (8.5) and (8.6) together, which is
done numerically in section 8.2.1.2. However, if one is only interested in the final relic
abundance, further simplifying assumptions can be made to obtain a reasonably accurate
analytical result, which is done in the following.
8.2.1.1

Instantaneous freeze-out approximation

The instantaneous freeze-out approximation assumes that the dark matter abundance Yχ =
nχ /s follows its equilibrium value until freeze-out of number-changing interactions and remains constant afterwards,
Yχ |today ' Yχ |FO ' Yχeq

FO

.

(8.13)

Freeze-out is determined by the time tfo (or equivalently photon temperature Tfo , see sec. 5.2)
when the annihilation rate per particle drops below the expansion rate
Γ4→2 (Tfo0 ) = H(Tfo ) ,

(8.14)

where Tfo0 is the dark sector temperature at time tfo . The annihilation rate per particle is
given by
 0 2
Tfo
0
3
0
3
0
3
3
0
Γ4→2 (Tfo ) = hσv i(Tfo ) nχ (Tfo ) ' hσv i 0
neq
(8.15)
χ (Tfo ) ,
mχ
T =mχ
using that the d-wave suppressed thermally averaged cross section is proportional to T 02 .
Given the particle physics input of (mχ , hσv 3 i) and taking the ratio between visible and
dark sector temperatures Tfo /Tfo0 at freeze-out as a further input parameter, these relations
determine the resulting relic abundance today, Yχ,0 .
Comparing to the observed dark matter density (eqn. (2.11)), we can obtain constraints
on the model parameters. The dark matter density today is related to the dark matter
abundance by
mχ s0
Ωχ =
Yχ,0 ,
(8.16)
ρc
where s0 = 2890 cm−3 and ρc = 10.54h2 GeV/m3 are the present time visible sector entropy
density and critical density. Yχ,0 is the present dark matter abundance, which in the instantaneous freeze-out approximation is equal to the equilibrium dark matter abundance at
freeze-out:
Yχ,0 ' Yχeq (Tfo ) =

0
neq
χ (Tfo )
,
s(Tfo )

(8.17)

using the standard relations for entropy density (eqn. 5.18) and equilibrium number density
(eqn. 5.8).
From eqns. (8.13, 8.16), requiring that the dark matter density reproduce the value
measured by Planck, ΩDM h2 ' 0.12 [18], gives a condition on the the dark sector freezeout temperature:
"
#
 0 −1
 m
  T /T 0 −3  T 0 −3/2  10 
Tfo
χ
fo
fo
fo
≈ 7.7 + log
.
(8.18)
mχ
30 MeV
10
mχ
heff (Tfo )
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This depends on the dark matter mass and on the ratio between the temperatures of the visible and dark sectors at freeze-out. The freeze-out condition (8.13) then determines the corresponding value of the thermally averaged annihilation cross section hσv 3 i0 ≡ hσv 3 i 0
:
T =mχ

hσv 3 i0 = 6.3 × 109 GeV8



GeV
mχ

4 

Tfo0
mχ /10

−9 

Tfo /Tfo0
10

−7 r

geff (Tfo )
10



heff (Tfo )
10

−3
.
(8.19)

Finally, substituting eqn. (8.12) into eqn. (8.19), the value of the suppression scale of the
dimension six operator resulting in the observed dark matter relic density is obtained as:
 m 1/2  T /T 0 7/8  T 0 9/8  g (T ) −1/16  h (T ) 3/8
χ
fo
eff fo
eff fo
fo
fo
Λ ≈ 25 MeV
.
GeV
10
mχ /10
10
10
(8.20)
The value of the suppression scale leading to the measured dark matter abundance is
shown in Fig. 8.3 for different values of the ratio of the freeze-out temperatures Tfo /Tfo0 =
10, 25, 50, 200, along with constraints on the parameter space, which are discussed in section 8.2.2 in detail.
Note on the accuracy of the instantaneous freeze-out approximation Before starting the numerical treatment in the following section, we briefly look how the instantaneous
freeze-out approximation for 4 → 2 annihilating SIMP dark matter arises from the full
Boltzmann equation (8.5). Approximating Yχeq = 0 after freeze-out (motivated by the fact
that it drops exponentially), one can write for the late-time evolution of Yχ :
dYχ
s3
'−
hσv 3 iYχ4 ,
(8.21)
dx
Hx
where we have switched to the formulation in terms of (Yχ , x) instead of (nχ , t), as described
in section 5.2 (cf. eqn. (5.36), neglecting changes in heff ). This can be integrated from freezeout to the present to give
!−1/3
Z ∞
1
s3
Yχ,∞ =
+3
dx
hσv 3 i
(8.22)
Yχ (xf )3
Hx
xf
The first term of this equation corresponds to the abundance of χ at freeze-out, and in the
instantaneous freeze-out approximation is taken as Yχ (xf ) = Yχeq (xf ). The second term
accounts for depletion due to residual annihilations after freeze out.
There are two sources of error in this approximation. First, at the time when the
freeze-out condition eqn. (8.14) is fulfilled, the χ abundance Yχ already deviates slightly
from its equilibrium value Yχeq . Second, residual annihilations after the freeze-out time are
neglected. They are relevant for the case of WIMP DM, to the extent that the Yχ (xf )
term in eq. (8.22) has sometimes been neglected entirely in the literature [1]. For freezeout of 4 → 2 annihilations however, the annihilation term in eq. (8.22) is subdominant, as
3
s3
3
0−2 x−8 decreases very sharply with x (compared to
the integrand Hx
hσv 3 i ' s(m)
H(m) hσv i0 x
s(m)
∼ H(m)
hσvi0 x−2 for s-wave 2 → 2-annihilating WIMPs).
We have confirmed the goodness of the approximation by solving the coupled Boltzmann
equations (8.5), (8.6) numerically for some selected values of the parameters as described
in the following section. The result differs by at most 10% from the one obtained with the
instantaneous freeze-out approximation.
s
Hx hσvi
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8.2.1.2

Numerical solution of the Boltzmann equation

The coupled Boltzmann equations (8.5), (8.6) can be solved numerically to get a full picture of the dark sector evolution and to check the accuracy of the instantaneous freeze-out
approximation used above. First, the standard procedure described in section 5.2 is used to
cast the Boltzmann equation in terms of x = mχ /T as the time parameter:
!
dYχ
s3 hσv 3 i4→2 4
Yχeq 2
(8.23)
=
Yχ 1 −
dx
xH/g̃
Yχ2
dρχ
1
= − C(x0 )g̃ρχ
(8.24)
dx
x
where we now need the explicit form of the dilution factor C that interpolates between the
regime where ρχ redshifts as radiation and the regime where it redshifts as non-relativistic
matter [1, 238]:


K2 (x)
1
1
,
(8.25)
C (x) = (3ρ + 3P) = 3 1 +
ρ
x K1 (x) + 3K2 (x)/x
where K1,2 are modified Bessel functions of the second kind of 1st and 2nd order. g̃ accounts
for the variation of heff (T ) with time, which affects the t ↔ xDM relation (see section 5.2):
g̃ = 1 +

1 T dheff
.
3 heff dT

(8.26)

The equations for nχ and ρχ are coupled via the dark sector temperature T 0 (or equivalently
x0 ) that enters Yχeq (T 0 ) and C(T 0 ). It is related to the average energy per particle of mass
m by


ρ
K1 (x0 )
3
=m
+
.
(8.27)
n
K2 (x0 ) x0
This relation can be numerically inverted to give x0 (ρ/nm). We now have all the necessary
ingredients to numerically trace the evolution of Yχ and T 0 in the early universe.
We have numerically solved eqns. (8.23), (8.24) for a range of mχ and hσv 3 i0 for different initial temperature ratios T /T 0 . Figure 8.2 shows an example for the abundance and
temperature evolution. For a given mass and coupling benchmark, starting from a cosmological initial condition specified by the temperature ratio T /T 0 while the dark matter is
still relativistic, this illustrates the temperature and abundance evolution in three phases:
1. When T 0 > mχ , the dark matter is relativistic. Its temperature drops like that of the
SM bath (approximately, up to changes in heff ).
2. When T 0 drops below mχ , Yχeq starts to drop and 4 → 2 annihilations come to dominate
over 2 → 4 processes. This release of energy delays the cooling of the dark sector, and
T 0 decreases more slowly than T . As a consequence, Yχeq drops only slowly, delaying
the depletion of the dark matter abundance.
3. Finally, 4 → 2 processes become insufficient to keep Yχ close to Yχeq at freeze-out, and
Yχ approaches its final constant value. The temperature of the dark matter particles
now goes as T 0 ∝ v 2 ∝ T 2 , as appropriate for a decoupled, nonrelativistic species.
To compare to the analytical results derived in terms of T 0 /T |fo , we define xf and the
temperature ratio at freeze-out T /T 0 by Yχ (xf ) = 1.1×Yχ,eq (x0f ). We find that the resulting
relic abundances agree within 10% with the corresponding analytical result.
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Figure 8.2: Characteristic abundance and temperature evolution. Blue lines show the solution of
Yχ and T 0 determined from eqns. (8.23), (8.24), and (8.27). For comparison, the upper panel also
shows the evolution of the equilibrium abundance Yχeq (green), as well as the equilibrium evolution
that would result if the dark sector would not heat up (orange), illustrating the delayed dark matter
depletion in the self-annihilation scenario. The bottom panel shows the dark sector temperature
evolution as discussed in the text. The two vertical gray lines mark the time when dark matter
becomes non-relativistic T 0 = mχ and the time when it freezes out T = Tfo .

8.2.2

Results and constraints

Contours of model parameters (mχ , Λ) that result in the correct relic abundance for given
cosmological initial conditions (specified by the temperature ratio T /T 0 |fo at freeze-out) are
shown in Figure 8.3. We choose T /T 0 |fo as the cosmological free parameter, which makes
the analytical result (8.20) particularly simple.5
In our analysis we conservatively disregard the region of the parameter space where Tfo0 >
mχ /3. There, χ would not be non-relativistic during freeze-out, invalidating the MaxwellBoltzmann approximation used in obtaining the integrated Boltzmann equation (8.5) as well
as the thermally averaged cross-section (8.10).6 This gives an mχ -dependent upper limit for
the suppression scale Λ we can consider, shown as an orange region in Figure 8.3.
The requirement of EFT-validity puts a lower limit to the suppression scale Λ: At energy
scales larger than Λ, one expects both significant contributions from higher dimensional
operators (in addition to the dimension-6 operator we consider here, eqn. (8.3)), as well as
contributions from whatever high-scale physics UV-completes the model. This is not a very
sharp criterion. As the energy scale of non-relativistic dark matter annihilation is ∼ mχ , we
take Λ ∼ mχ as an indicative lower bound to the range of sensible values, shown as a gray
As Figure 8.2 shows, the temperature ratio T /T 0 is not constant, such that T /T 0 |fo depends both on the
cosmological initial conditions as well as on the particle physics parameters of the model. Separating these
is left to section 8.3, where we introduce a UV completion to the particle physics model that can also give a
complete picture of the cosmological history in the present setup.
6
The equivalent calculation including relativistic freeze-out for a 4 → 2-annihilating real scalar dark
matter candidate has recently been done by [128].
5
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Figure 8.3: Model parameters leading to the observed relic density for fixed values of the temperature ratio between the dark sector and the visible sector at freeze-out. The parameter space
calculable in our non-relativistic treatment is bounded by the orange line. The region below the
black line cannot be analyzed with our set-up, as the effective theory description is not valid. The
brown region is excluded by limits on the 2 → 2 scattering cross section, and the green region can
potentially alleviate the small scale problems of the cold dark matter paradigm.

region in Figure 8.3.
As the model discussed so far may be completely decoupled from the visible sector, there
are no dark matter direct detection or indirect detection constraints. However, dark matter
self annihilations imply large self-interaction cross sections, eqn. (8.4), which is constrained
by observations of colliding galaxy clusters to be σ2→2 /mχ . 1 cm2 /g [84]. This constraint
mχ 1/4
MeV, shown in brown in figure 8.3. The selftranslates into the lower limit Λ & 6 MeV
interaction could provide a solution to the small scale structure problems (see Section 4.2)
if σ2→2 /mχ & 0.1 cm2 /g [66]; this region of parameter space is shown in green in the figure.
The observed dark matter abundance can be reproduced in this framework and is compatible with all constraints for dark matter masses in the range 500 keV . mχ . 20 GeV
for visible-to-hidden sector temperature ratio at freeze-out 25 . Tfo /Tfo0 . 400. The scale
Λ of the dimension-6 operator takes values between mχ and 10 mχ to reproduce the correct
abundance.
Before these results are discussed in detail in section 8.4, we want to highlight two
issues of the present model that are addressed in the following. First, the required values
of Λ are close to mχ , and it is an important question whether such strong couplings can
be accommodated in a reasonable UV-completion of the model. Second, we have so far
contended ourselves with parameterising the relative amounts of dark sector and visible
sector thermal bath contents by the temperature ratio T /T 0 at freeze out, without discussing
its origin and significance. In the next section, we address both issues by considering a UVcomplete model for the sterile neutrino self-interaction.
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Figure 8.4: Topologies for the 4-to-2 annihilation process χχχχ → χχ in the toy model for dark
matter self-interactions through scalar singlet exchange.

8.3

A toy model of dark matter self-interactions

In this section, we consider a UV-complete toy model that features strong sterile neutrino
self-interactions. In addition to the sterile neutrino χ, we add a scalar singlet ϕ with
mϕ > mχ . It interacts with the sterile neutrino by a Yukawa coupling of the form
Lint = −

yϕ c
ϕχ χ.
2

(8.28)

At energy scales µ  mϕ , the scalar can be integrated out and one recovers the effective
m
interaction in eqn. (8.3) with Λ = √3yϕ . In the following, we first use the analytical results
ϕ
for the relic abundance derived in the previous section and apply them to the toy model
(section 8.3.1), before obtaining a complete picture of the thermal evolution of the dark
sector (section 8.3.2).

8.3.1

SIMP results in the toy model

The self-annihilation process χχχχ → χχ is induced by the diagrams in Fig. 8.4. The
thermally averaged cross-section can be calculated from eqns. (8.10), (8.11) and away from
resonances (2mχ 6≈ mϕ and 4mχ 6≈ mϕ ) reads
8
X
√
27 3yϕ8
an ξ n

hσv 3 i =

245760πm8χ (16

−

n=0
ξ)2 (4 −

ξ)4 (2 + ξ)6 x0 2

,

(8.29)

where ξ ≡ m2ϕ /m2χ > 4, and the coefficients an are given by
a0 = 2467430400,

a1 = −1648072704,

a2 = 491804416,

a3 = −25463616,

a4 = 4824144,

a5 = −1528916,

a6 = 473664,

a7 = −35259,

a8 = 1201.
This can be applied to relate the relic abundance result on the thermally averaged cross
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Figure 8.5: Contours of the ratio of visible sector to dark sector temperatures at freeze-out leading
to the observed dark matter density for given values of mass mχ and coupling yϕ in the toy model
where the dark matter self-interaction is mediated by singlet scalar ϕ with mass mϕ = 3mχ (left
panel) or 10mχ (right panel). The parameter space calculable in our approach is limited by nonperturbativity (gray region) and non-relativistic freeze-out (orange). Self-interaction constraints
are shown in brown. In the green region, the self-interaction can have interesting astrophysical
consequences (see text).

section from eqn. (8.19) to the toy model parameters mχ , yϕ that yield the correct relic abundance for a given scalar mass mϕ and cosmological initial conditions specified by T /T 0 |fo ,
using eqns. (8.29) and (8.19). The results are shown in Fig. 8.5, taking mϕ /mχ = 3 (left
panel) and 10 (right panel). As in Figure 8.3, the regions of parameter space where our
calculation cannot be applied
are indicated as gray and orange regions. Our perturbative cal√
culation requires yϕ < 4π to be valid, and non-relativistic freeze-out requires Tfo0 < mχ /3.
The self-scattering constraint σ2→2 /mχ. 1cm2 /g [84] translates into the upper limit on
mχ 3/4 mϕ
the Yukawa coupling yϕ . 0.1 MeV
mχ , shown in brown.
We find that the sterile neutrino abundance determined by its self-interactions mediated
by the scalar ϕ can match the observed relic density if the sterile neutrino mass is in the
range 300 keV . mχ . 3 TeV (500 keV . mχ . 3 GeV), the Yukawa coupling is yϕ & 0.12
(0.6) and the visible-to-hidden sector temperature ratio at freeze-out is 20 (24) . Tfo /Tfo0 .
2000 (200) for mϕ /mχ = 3 (10). As in the effective operator description, there are points in
the parameter space where the small scale problems of cold dark matter can be addressed
by self-interactions with strength compatible with the SIMP mechanism. Comparing the
two panels, we see that the parameter space compatible with all constraints shrinks for
larger mϕ (i.e. smaller overall annihilation cross sections) and allows for a smaller range
of of values for Tfo /Tfo0 . In order to have a sufficiently large annihilation cross section, an
increase in mϕ /mχ must be compensated by an increase in √yϕ , which for very large mϕ
eventually conflicts with the perturbativity requirement yϕ < 4π. This sets an upper limit
on the singlet scalar mass mϕ . 55 mχ .
The preceding discussion shows that the large couplings necessary for sufficient dark
matter depletion through 4 → 2 interactions can be accommodated in a simple toy-model.
In the following, we address how the introduced scalar singlet can explain the origin of the
cool dark sector with T /T 0 > 1.
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8.3.2

Thermal dark sector from freeze-in

The presence of the scalar singlet in the model opens new portals between the dark sector
and the Standard Model bath. The scalar potential includes coupling terms to the Standard
Model Higgs H:
1
− Lscalar portal = µϕH ϕ|H|2 + λϕH ϕ2 |H|2 .
(8.30)
2
These interactions must be weak enough to not equilibrate the two sectors, as we found
that T 0 < T is required to reproduce the correct relic abundance. They can however offer
a mechanism for the origin of the dark sector population through rare Higgs-decays in the
spirit of the FIMP mechanism discussed in section 5.4 [245]: After electroweak symmetry
breaking, the model contains a real scalar h, which is mostly composed of the Standard
Model Higgs boson and has a small scalar singlet ϕ contribution, which we parameterise
by the mixing angle sin θ. In the early Universe, at temperatures comparable to the Higgs
mass, the Higgs boson is in thermal equilibrium with the rest of the Standard Model bath
and can populate the dark sector via freeze-in by its decays h → ϕϕ, χχ, induced by the
interaction terms √12 λϕH hH 0 ihϕ2 and 12 yϕ sin θhχc χ. In the following we describe how to
infer the resulting SIMP abundance, based on simple arguments of energy and entropy
conservation. First we describe how the initial dark sector energy density is generated,
before using entropy conservation to connect it to the 4 → 2 freeze-out results derived in
the previous section.
The evolution of the energy density ρ0 of the dark sector is described by adding the
production term to the Boltzmann equation (8.6) (cf. eqn. 5.48):
Z
dρ0
gi
0
+ CHρ =
fh (p)Eh (p)Γh (Eh (p)) d3 p = Γh→dark mh nh (T ),
(8.31)
dt
(2π)3
where production modes other than Higgs decay have been neglected. This can be rewritten
as [138]
d (ρ0 /ρ)
1
=−
Γh→dark mh nh (T ) ,
(8.32)
dT
HT ρ
assuming that all dark sector particles are relativistic while freeze-in production through
the Higgs portal is efficient. Γh→dark is the total decay rate into hidden sector particles:
Γh→dark ≡ Γh→ϕϕ + Γh→χχ =

λ2ϕH hH 0 i2
16πmh

s

4m2ϕ mh 2
4m2χ
1− 2 +
yϕ sin2 θ 1 − 2
16π
mh
mh

!3/2
. (8.33)

Eqn. (8.32) can now be solved, taking ρ0 /ρ = 0 as boundary condition at high temperature
and integrating down to T = 10 GeV, below which energy transfer through the Higgs portal
is very suppressed. We can now use the standard expressions for the energy density and
entropy density in thermal equilibrium7 given in section 5.1 to determine Tfi0 at the end of
freeze-in production

1/4
gSM (Tfi ) ρ0
0
(8.34)
Tfi = Tfi
·
gdark (Tfi0 ) ρ fi
7

To use an equilibrium description, we need to assume that 2 → 4 number changing interactions have
equilibrated the dark sector before it becomes non-relativistic. This results in a lower limit on the coupling
strength, which is weaker than that from requiring non-relativistic freeze-out and hence always satisfied for
the parameters we consider.
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and correspondingly the entropy ratio



−3/2
 3
λϕH −3/2
s
T
heff (T )
5
5 yϕ sin θ
ζ≡ 0 =
'
4.5
×
10
+
7.4
×
10
,
s
T0
h0eff (T 0 ) T =10 GeV
10−10
10−10
(8.35)
where we have taken heff = 86.3 and h0eff = 2.75 at T = 10 GeV, where energy transfer
through the Higgs portal is completed.
Specifying the relation between visible and dark sector thermal baths by the entropy
ratio ζ ≡ ss0 has the advantage that it is conserved when the sectors are decoupled [8, 245].8
Having determined ζ after the freeze-in of the dark sector energy density is complete, we
can calculate the temperature at any time t or SM temperature T by solving eqn. (8.35)
with the appropriate expressions for the number of effective degrees of freedom in either
sector heff (T ) and h0eff (T 0 ). This could be used to recast the instantaneous freeze-out result
for the relic abundance eqn. (8.19) in terms of ζ instead of the T /T 0 parameter. Or simpler,
we can apply the instantaneous freeze-out approximation introduced in eqn. (8.13) directly
to find:
 0 3 





0
neq
Tfo
gχ
mχ
mχ
mχ 2
45
1
χ (Tfo )
Yχ,0 =
= 4
K2
= F
(8.36)
s(Tfo )
4π heff (Tfo ) Tfo
Tfo0
Tfo0
ζ
Tfo0
where
F (x) ≡ K2 (x)/[xK1 (x) + 4K2 (x)]

(8.37)

follows from the effective number of degrees of freedom (eqn. 5.19) contributing to the hidden
sector entropy density at freeze-out
"
3


2
#


m
m
m
m
45
χ
χ
χ
χ
h0eff (Tfo0 ) = 4 gχ
K1
+4
K2
.
(8.38)
4π
Tfo0
Tfo0
Tfo0
Tfo0
Here, we have used the non-relativistic form of the equilibrium abundance n and s as
introduced in section 5.1 and used that the scalar ϕ does not contribute significantly to s0
at the time of freeze-out.
Equation (8.36) is a general result that applies to any decoupled dark sector, independent
of the cosmological history that led to the entropy ratio ζ or the type of number changing
interactions that keeps the dark sector in chemical equilibrium until Tfo0 . Similar results have
been obtained by [245] in the case of a real scalar SIMP, and the generality of eqn. (8.36)
has subsequently been pointed out by [146].
Taking the result for the dark sector entropy from eqn. (8.35), we can use eqn. (8.36) and
the freeze-out condition Γ4→2 (Tfo0 ) = H(Tfo ) to calculate the self-interaction strength hσv 3 i
necessary to obtain the observed relic abundance after freeze-out of 4 → 2 annihilations.
This is shown in fig. 8.6, an analog to fig. 8.5 but showing contours of the portal terms
λϕH or sin θ necessary to reproduce the observed dark matter abundance in the (mχ , y)plane (assuming only one of the portals is non-vanishing). This paints a complete picture
of the dark matter production mechanism, determining the relic abundance in terms of
fundamental parameters of the theory, rather than Tfo /Tfo0 .
8

This holds unless entropy is produced in either sector, e.g. from a late-decaying particle or first-order
phase transition. Throughout this thesis, it is assumed that the early Universe at the temperatures considered
is described by standard cosmology plus the explicitly added degrees of freedom, where no significant entropy
production occurs at the temperatures considered.
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Figure 8.6: Contours of the portal interaction strength leading to the observed dark matter abundance for given values of the Yukawa coupling and the dark matter mass. The light-blue region
where energy transfer from the visible to the dark sector can continue while the dark sector is already becoming non-relativistic is disregarded in our analysis. The meaning of the other colored
regions is as in Fig. 8.5.

In addition to the previous restrictions to the parts of parameter space where the Yukawa
coupling is perturbative and the 4 → 2 interaction only decouples after the dark matter has
become non-relativistic, we here restrict our analysis to values of the dark matter mass
≤ 0.1 GeV to ensure that the hidden sector particles are relativistic during freeze-in and
the Boltzmann equation eqn. (8.32) holds. Under these assumptions, and imposing the
constraints on the strength of the self-interaction from cluster collision observations, reproducing the observed dark matter abundance requires 3(3) × 10−12 . sin θ . 3(0.4) × 10−9 ,
or 6(6) × 10−12 . λϕH . 3(2) × 10−10 , for mϕ /mχ = 3 (10).

8.4

Discussion

In this chapter, we have introduced sterile neutrinos as dark matter candidates and investigated their production through the SIMP mechanism, where their relic abundance is
determined by self-interactions. In the following we review the general SIMP phenomenology illustrated by the above results, before comparing the Majorana fermion case to other
SIMP studies in the literature. Finally, we discuss synergies and differences of the proposed production mechanism with other phenomenology generally associated with sterile
neutrinos.
Self-annihilating decoupled dark sectors The WIMP mechanism of dark matter production relates the dark matter relic density to the strength of dark matter annihilation
into Standard Model particles, which concrete WIMP models relate to signal expectations
at dark matter direct detection, indirect detection and collider experiments. The SIMP
mechanism of dark matter production in contrast relates the dark matter density today to
the strength of number-changing processes within the dark sector, related to the present
day observable of dark matter self-interactions. Some support is lent to the SIMP scenario
by the possible role of DM self scattering in addressing the small scale puzzles of the ΛCDM
paradigm (see section 4.2).
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The original self-interacting dark matter proposal [8] suffered from problems of erasure
of small scale structure and too strong self-interactions, which can be successfully avoided
if the dark sector is either kinetically connected to the SM bath or the initial entropy in
the dark sector is much smaller than in the visible sector (see introduction in sec. 8.2).
Only the latter is possible for 4 → 2 annihilating dark matter, such as fermionic SIMPs,
illustrating a difficulty for fermionic SIMP candidates: 4 → 2 interactions are rare, and they
decouple relatively early, i.e. at relatively small T 0 /mDM , even if couplings are close to the
perturbativity limit. The depletion of an initial self-thermal dark matter abundance is hence
relatively inefficient (cf. eqn. (8.36) and illustrative discussion in [254]), and in the present
setup, we require an already dilute dark sector before the final abundance is determined by
SIMP freeze out (for example, we need s0 /s ∈ [10−10 , 10−5 ] in the EFT scenario of sec. 8.2.2).
On the other hand, from the perspective of other production mechanisms, like freeze-in
or dark matter production associated to inflation, the SIMP mechanism can open parameter
space where dark matter would otherwise be underproduced [146] or have too large velocity
dispersion. Self-thermalisation can in these cases enhance the number density, reduce the
velocity dispersion, as well as relate the final abundance to a low scale process observable
today: dark matter self scattering.

Majorana fermions as SIMPs We have for the first time considered the scenario of
Majorana SIMPs, where the relic abundance of a Majorana fermion dark matter candidate
is determined by its self-interactions, which we have described by a a dimension-six operator
suppressed by the scale Λ. To calculate the relic abundance, we have assumed negligible
interactions between this dark sector and the bath of Standard Model particles. This allows
for a dark sector that is thermalised at temperature T 0 < T , but introduces a dependence
on the cosmological initial condition which can be parameterised by the temperature ratio
at freeze-out, T /T 0 |fo , or the entropy ratio between the two sectors.
We have shown that the Majorana fermions can account for the observed dark matter
relic density with their relic abundance determined by the freeze-out of 4 → 2 interactions
in section 8.2.2. Imposing that the DM particles are non-relativistic at freeze-out, that
self-interaction constraints are observed and that the suppression scale of the dimension-6
operator Λ ≤ mχ , our results indicate that Majorana SIMPs are viable for 500 keV . mχ .
20 GeV, for a suppression scale of 5 MeV . Λ . 20 GeV, and that the ratio of temperatures
between the visible and dark sectors at freeze-out is required to be 25 . Tfo /Tfo0 . 400.
For some of these choices of parameters, the self-scattering can be strong enough to lead to
observable effects on astrophysical scales, while structure formation constraints related to
dark matter free streaming are never of relevance for the relevant mass range and low dark
matter temperatures.
To check the viability of the EFT description, we also considered a toy model where the
dimension-6 operator is generated by the exchange of a scalar singlet in section 8.3. In this
case, reproducing the correct relic abundance requires the Yukawa coupling between the
singlet scalar and the sterile neutrinos to be larger than 0.12(0.6) and the Majorana fermion
mass to be in the range 300 keV . mχ . 3 TeV (500 keV . mχ . 3 GeV) when the scalar
mass is 3 (10) times larger than the dark matter mass. This toy model allows for population
of the dark sector via freeze-in through the Higgs-portal, which we have investigated in
section 8.3.2. Here, rare invisible decays of the SM Higgs transfer energy to the dark sector,
illustrating a possible origin of the low-temperature dark sector bath.
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Sterile neutrinos as SIMPs The gauge singlet fermion χ allows for the portal coupling
yχ L̄H̃χ to the Standard Model lepton doublet, as introduced in section 8.1. Having ignored
this coupling to focus on the effect and origin of self-interactions above, we now comment
on its implications for sterile neutrino SIMP dark matter.
The neutrino portal can induce dark matter decay, producing a flux of high energy
particles that could be detected by terrestrial or satellite experiments. In particular, the
loop-induced decay into a photon and an active neutrino χ → νγ results in monochromatic
gamma rays with energy Eγ = mχ /2 at the rate [223]
Γχ→νγ

9αem G2F m5χ
=
(4π)4



yν hHi
mχ

2
,

(8.39)

where αem is the electromagnetic fine structure constant, GF is the Fermi constant and
hHi = 174 GeV is the vacuum expectation value of the SM Higgs doublet. These monoenergetic gamma rays are searched for at gamma ray telescopes (see section 4.3), and limits on
their fluxes can be translated into a limit on the Yukawa coupling (see e.g. [178]), roughly
approximated by

3/2
−16 MeV
yχ . 10
,
(8.40)
mχ
for 100 keV . mχ . 100 GeV. Future gamma-ray telescopes like the proposed AMEGO [165]
or e-ASTROGAM [167] concepts can improve the sensitivity by an order of magnitude in the
mass range ∼ 0.3−30 MeV, which is of particular interest to sterile neutrino SIMPs that can
have astrophysically relevant self-interaction cross sections (cf. 8.3). This conjunction of the
observation of dark matter self-interactions in astronomical structures and the observation
of a line signal in the energy range 250 keV . Eγ . 10 GeV in the gamma ray sky would
lend support to the scenario where sterile neutrino SIMPs make up the dark matter of the
Universe.
As discussed in section 8.1, the bound in eqn. (8.40) already implies that the sterile neutrino dark matter candidate χ contributes no more than 10−15 eV(mχ /MeV)−4 to
the
p active neutrino masses. This is negligible compared to the observed mass splittings
∆m221 ∼ 0.01 eV, meaning that they must be generated by other fermion singlets or a
different mechanism.
In the discussion of sterile neutrino production mechanisms, it is of particular interest
whether the proposed mechanism can be seen as an extension to standard DW or SF sterile
neutrino production through the neutrino portal (see sec. 8.1). Thermalising the sterile
neutrino population can reduce their average momentum, potentially alleviating structure
formation constraints, and increase their abundance compared to the freeze-in population
obtained without self-thermalisation, leading to smaller required portal couplings. A similar scenario to ours has been studied by Hansen&Vogl [238], who consider a dark sector
consisting of a sterile neutrino and a real scalar, which self-thermalises by number changing interactions of the scalar. The number changing interactions in their case freeze out
while the sterile neutrinos are still relativistic, allowing for larger final abundances than
we can obtain from non-relativistic freeze-out of sterile neutrino 4 → 2 interactions here
(cf. eqn. 8.36). They find that sterile neutrino dark matter through the neutrino portal is
ruled out for mχ & 60 keV, while we require mχ & 500 keV for our non-relativistic treatment to be reliable and to avoid 2 → 2 self-interaction constraints. With the methods
laid out in this chapter, it is not possible to conclusively rule out whether relativistically
decoupling 4 → 2 interactions can yield the observed relic abundance by thermalising an
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initial abundance generated through the neutrino portal. This would require simulating the
non-thermal phase space distribution generated by DW/SF production (this is standard and
covered by publicly available codes like [258]) as well as relativistic thermally averaged cross
sections for the 4 → 2 process, techniques for which have only recently been developed in the
simpler setup of a SIMP real scalar [128]. This question of whether self-thermalised sterile
neutrino dark matter that is initially produced through the neutrino portal is possible is an
interesting target for future work.
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Chapter 9

Conclusions
The nature of dark matter is a major open question in physics, spanning the disciplines of
cosmology, astronomy and particle physics. There exists ample evidence for the existence
of dark matter (see section 3.1), but to date there is no unambiguous signal to single out
one of the many classes of objects that could account for it. The purpose of dark matter
phenomenology is then to investigate these classes of objects for specific signatures that can
be searched for to identify dark matter.
This work investigated different scenarios of thermal relic dark matter, where dark matter
consists of particles whose relic density is determined by thermal processes in the early
Universe. The starting point for the study of thermal relic dark matter was the one positively
known dark matter quantity, its relic density, which in the models considered in this thesis is
either determined by freeze-out of depletion processes, or freeze-out of production processes
(referred to as “freeze-in of dark matter”).
In the current absence of strong theoretical guidance on the nature of particle physics
beyond the Standard Model, it seems prudent to study generic models, and models with
the smallest number of ingredients promise to best represent the generic signatures we can
expect of dark matter. However, restricting ourselves to the simplest models, we can miss
important signatures that arise only in non-minimal dark sectors.
In this thesis, generic thermal relic production processes were reviewed in chapter 5.
Chapters 6, 7 and 8 go beyond minimality by adding additional dark matter flavours to the
dark sector, or allowing for strong self-interactions within the dark sector. In all cases, we
find signatures that can be used to probe these scenarios, which are not present in their
minimal counterparts, some of which are not the focus of traditional WIMP searches and
warrant dedicated attention.
Chapter 6 considered extending the simplest (by number of degrees of freedom) dark
matter model, the real scalar singlet φ, by a second scalar singlet flavour. While the scalar
singlet is a viable WIMP candidate, we chose to focus on the feebly coupled case, which
can be virtually impossible to identify in the single-component case. We found that freezein, either through the Higgs-portal or by coupling the real scalar through a heavy charged
fermion to the SM leptons, generically produces both dark matter candidates, and that the
same couplings that determine the relic abundance lead to dark matter decay into gamma
rays φ2 → φ1 γγ. These distinct signatures in gamma ray spectra are a possible smoking-gun
dark matter signature that is not present in the corresponding minimal scenario, advocating
future MeV-GeV gamma ray searches.
In chapter 7, we consider a t-channel mediated fermionic dark matter model, coupled
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to the visible sector by a leptophilic charged scalar Σ. As in chapter 6, we study the
effect of the presence of two dark matter flavours ψ1,2 on relic abundance and observational
signatures, this time considering the full range of couplings, from feeble values to the limit
of perturbative unitarity. Much of the parameter space is ruled out by overabundance, but
viable production regimes exist for either feeble or WIMP-like couplings. As in the scalar
case, we find the possibility of distinctive gamma ray signals from ψ2 → ψ1 γ decay if ψ2
is produced by freeze-in, especially if ψ1 is very light and behaves as hot dark matter or
dark radiation. In the case where both ψi have large couplings, ψ2 decay is fast and dark
matter today is comprised solely of ψ1 . However, the heavier dark matter flavour can have
a large impact on dark matter production. In particular, we find that a large boost of the
present-day annihilation signal is possible, which would seem insensible in the corresponding
single-flavour model. This indicates that the observation of a dark matter decay signal at
upcoming gamma ray telescopes can happen at any moment, even when their sensitivity
does not reach the target from canonical thermal production.
Finally, chapter 8 considered extending the sterile neutrino dark matter framework by
dark matter self-interactions, studying the scenario where the dark matter relic abundance
is determined by freeze-out of 4 → 2 reactions. This is the first implementation of the
SIMP mechanism for Majorana fermion dark matter. This production mechanism can work
entirely within the dark sector, but requires that the dark sector temperature is significantly
smaller than that of the visible sector. The final relic abundance of the self-annihilating
decoupled dark sector is then determined by its freeze-out temperature and the ratio of
entropy in the dark and visible sectors. As result, we find that MeV to GeV-scale dark
matter masses are viable, with dark matter self-interactions as the most promising signature
for MeV-scale masses.
The quest to identify the nature of dark matter is well underway, and the most promising
candidates are being searched for by many complementary strategies. In the absence of
guidance from particle theory, phenomenological models can illustrate possible signals, point
out interesting benchmarks or caution against overzealous conclusions. In the absence of
signals, however, all we can do is to turn every stone. The work presented in this thesis
illustrates that indirect signals not usually associated to minimal dark matter scenarios are
not only possible, but can be powerful, specific probes of non-minimal dark sectors. Further,
probes of dark-sector internal interactions may need to be further developed in the unlucky
scenario where dark-to-visible interactions play little role in dark matter phenomenology.
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Appendix A

Numerical Solution of the
Boltzmann Equation
This appendix elaborates on the numerical solution of the coupled system of Boltzmann
equations (7.14) in Chapter 7, repeated here for convenience:
d ln Yi
=−
dx

Yjeq
sY
X  hσviann
i
ij→AB
Yieq










X

eq
hσvisca
iA→jB sYA

j

xH̃

"
−

xH̃

j

+

Yj Yieq Yieq 2
−
Yi Yjeq
Yi2

Γ̃i→j
xH̃

#
1−

!

Yj Yieq
Yi Yjeq

(A.1)
!
.

Here i ∈ {Σ, ψ2 , ψ1 }, the thermally averaged cross section hσvi is defined in eqn. (5.32)
1 (mi /T )
and the thermally averaged decay rate is given by Γ̃i→j = Γi→j /hγi = Γi→j K
K2 (mi /T ) .
We take YΣ = YΣ+ + YΣ− . The thermally averaged cross sections were calculated using
FeynRules [156], CalcHEP [157] and micrOMEGAs [126], the three-body decay rate
Γψ2 →ψ1 l+ l− is taken from [183]. The processes considered are listed in Table A.1. The
differential equations are then solved using standard routines in Mathematica [179].
initial state
Σ+

Σ−

Σ+
ψi
ψi

Σ+
Σ+
ψj

final
γ
γ
Z
l+
l+
l+
l+

ψi

l±

ψj

l±

gi2 gj2

ψi
ψ1

l±
l+ l−

gi2
g12 g22

Σ±
ψ2

state
γ
Z
Z
l−
l+
γ, Z
l−

gi scaling

g12 , g1 g2 , g22
gi2
gi2 gj2

1

Table A.1: Annihilation, scattering and decay processes considered.
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Annihilation In the annihilation terms, the following factors of two need to be accounted
for: The hσviann
ii term annihilates 2 particles, compensating for the combinatorical factor of
1/2 that needs to be introduced to avoid double counting of annihilating pairs. Casting the
equations in terms of YΣ+ +Σ− , contributions to hσviΣΣ with Σ+ Σ+ in the initial state need
to be multiplied by 2 × 2 × 1/2 × 1/4 = 1/2 (for the number of annihilated particles, the
conjugate process, double counting of annihilating pairs and for YΣ2+ = YΣ2 /22 respectively).
Σ+ Σ− channels receive 2 × 1 × 1 × 1/4 = 1/2.
Long before dark matter freeze-out, the annihilation rate can be much faster than the
Hubble rate. In this case, it is useful for numerical stability to cap [. . . ] at some large value
to not have to deal with overly stiff differential equations. This is sufficient for Yi to follow
Yieq closely long before freeze-out and by construction has no effect on freeze-out:




Yjeq
Yjeq
ann
ann
hσviij→AB sYi Y eq 
 hσviij→AB sYi Yieq 

i
(A.2)

 → Min1000 ,

xH̃
xH̃
Conversion The terms in the second line of eqn. (A.1) correspond to conversion processes,
which ensure chemical equilibrium if the [. . . ]-terms are large. In this case, the evolution
equations for the species i ∈ S in chemical equilibrium can be summed,
X Y eq d ln Yi
d ln YS
i
=
,
dx
YSeq dx
i∈S

Yi = YS

Yieq (T )
,
YSeq (T )

(A.3)

where the fast conversion terms now cancel. In practice, we assume that all dark sector
particles start out in thermal and chemical equilibrium at T & Maxi (mi )1 . Particle species
are subsequently decoupled when their conversion rate into the remaining summed species
drops below 100Hx (and at the same time the conversion rate of the remaining summed
species into the species in question is below this value):

"
#
X
hσvisca
sYi YAeq Γ̃i→j
iA→jB
Max 
+
,
Yi
xH̃
xH̃
j∈{summed}/{i}

(A.4)
"
#
eq
eq
X
Y
hσvisca
sY
Γ̃j→i
j
jB→iA j YB
 < 100 .
P
+
eq
Yj
xH̃
xH̃
k∈{summed}/{i} Yk
j∈{summed}/{i}

From this point, the evolution of Yi is treated separately. The species i usually drops out
of CE shortly thereafter.
Decay vs. scattering in conversion processes In eqn. (A.1), we consider only the
lowest-order contributions to the collision term (eqn. 5.28) in an expansion by number of
external states for every process that affects the dark sector abundances. Processes involving
additional external particles are expected to be suppressed by a phase space factor and
additional powers of couplings. For processes that deplete the dark sector abundance, 2 → 2
annihilation is lowest order, since decays of a Z2 -odd dark sector particle into Z2 -even SM
1
Except if a species i is feebly coupled, as estimated by the analytical freeze-in condition eqn. (7.6). In
that case, large reaction rates are never a problem, and we start with the initial condition Yi (Tinitial ) = 0
appropriate to freeze-in.
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particles are forbidden2 . For i → j conversion processes that change one dark sector particle
into another, these are two-body decays for Σ → ψi , while for ψ1 → ψ2 conversion the three
body decay ψ2 → ψ1 l+ l− and the crossed scattering process ψ2 l+ → ψ1 l+ contribute at the
same level and are both taken into account.
There are however situations in which this power counting breaks down:
• Large couplings: When couplings in the theory approach the perturbativity bound,
the penalty for the involvement of an additional particle in a reaction drops. This
can be seen in the dominance of ψ2 l → ψ1 l ∝ g12 g22 production of FIMP ψ2 over the
Σ-decay mode Σ → ψ1 l ∝ g12 in the WIMP-FIMP regime in fig. 7.5.
• Kinematic suppression: If mΣ ∼ mψ , the decay rate ΓΣ→ψl is kinematically suppressed, and processes like Σγ → ψl involving an additional external particle may be
favoured in spite of the additional small coupling involved.
The second case has been investigated in work focusing on the degenerate region in the
single-component leptophilic model [140] (and associated quark-coupled models [172, 173]),
finding that it is important to include scattering processes like Σγ → ψl into the analysis
if mΣ ∼ mψ , both for freeze-in, as well as for mediator-conversion driven freeze-out. This
effect is explored in Figure A.1, which shows reaction rates for Σ → ψl and Σγ → ψl3 .
Note that σΣγ→ψl has a soft divergence related to the photon that needs to be regulated.
In [172], this has been done by imposing a minimal process energy as smin = (mΣ + mcut )2 .
Physically, this can be motivated by the thermal mass of the photon, expected to be roughly
O (T ) [139]. From Figure A.1 it is clear that in the non-degenerate case the scattering
process is irrelevant for processes happening at T . mΣ (such as freeze-in of ψ, which
happens around T ∼ mΣ /few, or ψ freeze-out, happening at T  mψ ). In the degenerate
scenario shown, scattering can be relevant at T ∼ mΣ and potentially down to dark matter
freeze-out at much smaller temperatures for much more degenerate parameters.
As the aim of chapter 7 is to explore general implications of adding a second dark
matter flavour to the leptophilic model, we choose to contend ourselves with the lowest
order treatment, keeping in mind the limitations in the near-degenerate part of parameter
space.

2

Inverse decays odd + odd → even would be lower order, but are not possible kinematically in the
considered model.
3
Σγ → ψl is taken as example, the crossed process Σl → ψγ also contributes, as do those replacing γ
with a Z-boson. Processes involving a Higgs particle are suppressed by the small lepton Yukawa coupling,
and processes involving W -bosons and neutrinos are suppressed by a lepton mass insertion.
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Figure A.1: Left: Decay rate Γ̃Σ→ψe (line) and scattering depletion rate nγ hσviΣγ→ψe (regulated
by mcut = 0.01, 2 GeV (dotted, dashed)) as function of temperature. The charged scalar mass is
fixed at 430 GeV (gray line at T = mΣ ), while a non-degenerate (blue) and near-degenerate (orange)
scenario is shown for mψ = 100, 400 GeV. In the degenerate case, the decay rate is kinematically
suppressed, making scattering more relevant. Right: Resulting contribution to dYψ /dx in the freezein case from the two processes, illustrating that in both shown cases the integrated effect of decay is
dominant (as x ∝ 1/T ).
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[136] Céline Boehm, Matthew J. Dolan, and Christopher McCabe. A Lower Bound on
the Mass of Cold Thermal Dark Matter from Planck. JCAP, 08:041, 2013. arXiv:
1303.6270, doi:10.1088/1475-7516/2013/08/041.
[137] Kim Griest and David Seckel. Three exceptions in the calculation of relic abundances.
Phys. Rev. D, 43:3191–3203, 1991. doi:10.1103/PhysRevD.43.3191.
[138] Xiaoyong Chu, Thomas Hambye, and Michel H. G. Tytgat. The Four Basic Ways of
Creating Dark Matter Through a Portal. JCAP, 1205:034, 2012. arXiv:1112.0493,
doi:10.1088/1475-7516/2012/05/034.
[139] Saniya Heeba and Felix Kahlhoefer. Probing the freeze-in mechanism in dark matter
models with U(1) gauge extensions. Phys. Rev. D, 101(3):035043, 2020. arXiv:
1908.09834, doi:10.1103/PhysRevD.101.035043.
[140] Sam Junius, Laura Lopez-Honorez, and Alberto Mariotti. A feeble window on
leptophilic dark matter. JHEP, 07:136, 2019. arXiv:1904.07513, doi:10.1007/
JHEP07(2019)136.
[141] Mathias Garny and Jan Heisig. Interplay of super-WIMP and freeze-in production
of dark matter. Phys. Rev., D98(9):095031, 2018. arXiv:1809.10135, doi:10.1103/
PhysRevD.98.095031.
[142] Saniya Heeba, Felix Kahlhoefer, and Patrick Stöcker. Freeze-in production of decaying
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