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Novel Frameworks for Dark Matter and Neutrino Masses

The established light neutrino masses and the Dark Matter of the Universe both require physics
beyond the Standard Model for their theoretical explanation. Models that provide a common
framework for these two issues are very attractive. In particular, radiative mechanisms naturally
yield light neutrino masses due to loop suppression factors. These corrections can comprise a
link to the physics of Dark Matter. In most considerations, the Dark Matter relic density is
produced by freeze-out. This thesis contributes to the fields of radiative neutrino masses and
frozen-out Dark Matter. In detail, it is shown that in the Ma-model, right-handed neutrino Dark
Matter can be directly detected by photon exchange at one-loop level. The Zee—Babu-model
is extended such that it enjoys a global symmetry based on baryon and lepton number. This
symmetry generates light neutrino masses and a mass for a stable Dark Matter particle by its
spontaneous breaking. Moreover, this thesis provides a new production mechanism for keV
sterile neutrino Dark Mattetr, which is based on the freeze-in scenario. In particular, keV
sterile neutrino Dark Matter produced by the decay of a frozen-in scalar is investigated.

Neue Erklarungsrahmen fiir Dunkle Materie und Neutrinomassen

Die festgestellten leichten Neutrinomassen und die Dunkle Materie im Universum erfordern
Physik jenseits des Standardmodells fiir eine theoretische Erklarung. Modelle, die einen
gemeinsamen Erkldrungsrahmen fiir diese zwei Probleme bereitstellen, sind besonders attraktiv.
Insbesondere liefern Mechanismen mit Korrekturen héherer Ordnung leichte Neutrinomassen
bedingt durch Korrekturfaktoren, die Neutrinomassen auf natiirliche Weise unterdriicken.
Diese Korrekturen konnen eine Verbindung zur Physik der Dunklen Materie darstellen. In
den meisten Betrachtungen wird die Restdichte der Dunklen Materie durch Ausfrieren von
Teilchenreaktionen erzeugt. Diese Doktorarbeit leistet einen Beitrag zu Neutrinomassen, die
iiber Korrekturen héherer Ordnung erzeugt werden, und zu Dunkler Materie, die ausfriert. Im
Einzelnen wird gezeigt, dass im Ma-Model ein rechtshandiges Neutrino als Dunkle Materie
in direkten Nachweisexperimenten durch Photonenaustausch in erster Strahlungskorrektur
nachgewiesen werden kann. Das Zee-Babu-Model wird mit einer globalen Symmetrie erweitert,
die auf Baryon- und Leptonzahl basiert. Spontane Brechung dieser Symmetrie erzeugt leichte
Neutrinomassen und eine Masse fiir stabile Dunkle Materie Teilchen. Dariiber hinaus stellt diese
Doktorarbeit einen neuen Produktionsmechanismus bereit, der keV sterile Neutrinos erzeugt.
Dieser Mechanismus basiert auf Erzeugungs-und Vernichtungsreaktionen eines Teilchens, die mit
Reaktionen anderer Teilchen einfrieren. Insbesondere werden keV sterile Neutrinos untersucht,
die durch den Zerfall eines skalaren Teilchens entstehen, das eingefroren ist.
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1. Introduction

Then [ felt like some watcher of the skies/ When a new planet swims into his ken; [1]
With these lines the English poet John Keats referred to the discovery of Uranus in 1781
by Sir William Herschel. What have a watcher of the skies and a new planet that swims
into his ken in common with Dark Matter (DM) and neutrinos? A lot!

Going back into 1821, the French astronomer M. A. Bouvard had published astronomical
tables for Jupiter, Saturn and Uranus predicting their future positions by using celestial
mechanics based on Newton’s gravitational law [2]: whereas the predicted positions
of Jupiter and Saturn were confirmed, the prediction for Uranus was wrong. The
irregularities in the orbit of Uranus could have been explained by the assumptions that
Newton’s gravitational law had to be changed or that there was an additional source of
gravitation perturbing the orbit of Uranus. With the first observation of Neptune by the
German astronomer J. G. Galle in 1846, the irregularities in the orbit of Uranus were
explained by the assumption of an additional source of gravity in form of a new planet.

Another irregularity was found studying the planet Mercury. The observed perihelion
precession of Mercury equals 5599.74+0.41 arcs per Julian century of 36,525 mean solar
days. However, using Newton’s law of gravity and taking into account all the effects from
the other planets, the predicted perihelion precession of Mercury equals 5557.1840.85 arcs
per Julian century [3]. To explain this discrepancy, one can look for an additional planet
or use a modification to Newton’s law of gravity. So far, an additional planet inside
the orbit of Mercury has not been found, however, using Einstein’s theory of general
relativity instead of Newton’s law of gravity, a shift of 42.98+0.0023 arcs per Julian
century results [4], which added to the predicted perihelion precession yields the observed
value.

The discovery of Neptune and the advance of the perihelion of Mercury illustrate the
possible solutions to verify observations based on gravitational effects; either there is an
additional source of gravity, such as Neptune leading to the observed irregularities in
the orbit of Uranus, or the gravitational law has to be changed, as done for the correct
description of the perihelion precession of Mercury.

By today, we still watch the sky. Besides many new extrasolar planets, we have
discovered an additional source of gravity that leads to the observed large scale structure
of the Universe. The impact of the baryonic matter alone, which makes up only 4.9%
of the energy density of the Universe, cannot explain the structures of the Universe
formed under the influence of gravity. The main part of the matter in the Universe,



2 1. Introduction

which in the framework of Einstein’s theory of general relativity makes up 26.8% of the
energy density of the Universe as revealed by the Planck satellite [5], does not interact
electromagnetically and is called Dark Matter (DM). Since a candidate for a particle-like
DM has not been discovered yet, the question arises whether this DM, being the main
ingredient to explain the observed structure of the Universe, is Neptune-like, i.e., whether
it is an additional kind of matter constituted of particles, or it is Mercury-like, i.e., it
needs the framework of Einstein’s theory of general relativity to be changed.

Already in 1932, the investigation of the force exerted by the stellar system in the
direction perpendicular to the galactic plane led the Dutch astronomer J. H. Oort to the
conclusion that it would appear from the comparison that the dark mass must be relatively
more frequent near the galactic plane than far from it, but the data are too uncertain
to derive numerical results. [6] Based on the measured dispersion of the velocities of
individual galaxies in the Coma Cluster, and applying the virial theorem, the Swiss
astronomer F. Zwicky [7] discovered in 1933 that the mean matter density of the Coma
Cluster has to be at least 400 times larger than the mass derived from the observed
luminous matter. Zwicky conjectured that non-luminous matter, i.e., DM, must exist in
the Universe in an amount much larger than that of luminous matter. On the scale of
an individual galaxy, V. C. Rubin and W. K. Ford Jr. determined in 1970 the circular
velocities v, of several emitting regions inside the Andromeda nebula from 3-24 kpc
distance r to the core of the galaxy. In an equilibrium between the centripetal and
Newtonian gravitational forces, one expects that v. should decrease as 1/, with increasing
distance to the center. However, a more or less constant circular velocity profile was
found [8]. Rubin’s and Ford’s conclusion was that the best-fit value of the the mean
matter density of the Andromeda nebula, which can be inferred from the circular velocity
profile, has to be twelve times larger than the one resulting from the observed luminous
matter. These first observations, ranging from the small scales of a galaxy to the large
scales of a galaxy cluster, show that, in the framework of Einstein’s theory of general
relativity, there must be an additional matter component added to the gravitational
potential.

Contrary to these observations, the Israeli physicist M. Milgrom proposed in 1983 a
modified Newtonian dynamics MOND, which equals Newtonian dynamics for gravita-
tional acceleration a > ap = 1.2 x 0% cm?s™!, and for a < ay, Newtonian dynamics
with gravitational acceleration \/aay [9]. This theory, in its original formulation, is a
fundamentally non-covariant theory, but it could be formulated as a relativistic covariant
theory in the framework of a tensor-vector-scalar model [10]. Although the embedding
of MOND into a relativistically covariant theory is able to solve the structure problem
of the Universe without particle-like DM, it cannot describe the shape of the matter
power spectrum ! [11]. The motivation for MOND was to find an explanation for the

!The matter power spectrum is the power spectrum, i.e., the Fourier transformation, of the averaged



observed constant circular velocity profile without introducing a DM particle. Indeed,
MOND can correctly describe the observed small scale effects without particle-like DM,
however, only on really small scales. For example, MOND predicts an r independent
circular velocity profile, which is more or less true for r» < 20 kpc. But for distances in
the range 50 kpc < r < 500 kpe, the velocity declines excluding constant velocity profiles
at a 100 level, as the observation of 9500 satellite galaxies within a projected distance of
r < 1000 kpc within a number of 215000 observed galaxies in total revealed [12]. Given
these problems, which MOND and more elaborated modifications to the gravitational
law, like tensor-vector-scalar models, fail to solve, we must abandon the idea of changing
the gravitational law and thus do not follow a Mercury-like DM. What we will do in the
following is to start from a Neptune-like DM, i.e., DM made up of some type of particle.

The Standard Model (SM) of Particle Physics, which describes very well the baryonic
matter and whose long-missing Higgs boson has been confidently found at the Large
Hadron Collider (LHC) by the ATLAS [13] and CMS [14] collaborations, has no viable DM
candidate particle: the electromagnetically neutral particles of the SM are the neutrinos,
the Higgs boson and the Z gauge boson. The SM neutrinos are hot at freeze-out, which
would lead to inconsistent structure formation if they would be the DM. Also, the coupling
of the SM neutrinos to the Z gauge boson is too large: neutrino annihilations into Z
bosons would yield a DM relic density much smaller than the observed one. In analogy,
the weak interactions of the Z boson and the Yukawa interactions of the Higgs boson
are too strong to produce the correct DM relic density. In addition, due to t-channel
Z boson exchange, SM neutrinos as DM particles would have been already detected in
direct detection experiments. As we will point out, there are three possibilities to detect
interactions of a DM particle: either indirectly, directly or by collider production. We
will pay special attention to direct detection experiments that probe non-gravitational,
i.e., direct interactions, of a possible DM particle. They have already set stringent upper
limits on the interaction strength of DM, and are currently advancing to even lower
upper limits, such that a positive signal may be announced very soon.

The neutrino is another object we can learn about when we watch the sky with
appropriate instruments. In the SM, the neutrino has left-handed chirality. There is
neither a right-handed counter part that could generate a Dirac mass nor a Majorana mass
term; the latter would break the global lepton number symmetry of the SM Lagrangian.
However, observing in particular the neutrino flux coming from the Sun, we have learned
that neutrinos oscillate between different flavor states. Our knowledge on neutrino
oscillations has been considerably improved by the latest measurement of a non-zero
leptonic mixing angle 6,3, e.g., by the Double Chooz [15] experiment. The neutrino
oscillation experiments proved that neutrinos are indeed massive. So, in addition to the
mysterious DM, the neutrino mass, which can also be inferred from watching the sky, is

matter density fluctuations.



4 1. Introduction

a fact that cannot be explained with the ken of the SM.

Given the experimental state of the art and its developments, it is very interesting
to study particle DM and neutrino physics at the same time. Our aim is to connect
descriptions for particle DM with neutrino mass generation mechanisms to finally host
particle DM and massive neutrinos in one unified framework.

To achieve our aim, we build on the idea of right-handed neutrinos. Right-handed
neutrinos could be a possible DM particle and at the same time help to explain light
neutrino masses. One of the pioneering questions asked in this field concerns the
realization of light neutrino masses by right-handed neutrinos and the characteristics
and production of right-handed neutrinos as particulate DM.

With this thesis, we aim to broaden our ken about DM and neutrinos. To do so, we
first illustrate the importance of neutrinos and DM in chapter 2. We already distinguish
between freeze-out production of DM, which is the relevant mechanism in part I of
this thesis, and freeze-in production, which is the relevant mechanism in part II. We
proceed with studying a radiative seesaw mechanisms in which a right-handed neutrino is
linked in a specific way to the loop processes involved. In detail, we investigate radiative
neutrino mass generation at one-loop level in section 3.1. The right-handed neutrino runs
inside the loop giving mass to the light neutrinos, and simultaneously acts as the DM
particle. We focus on the possible direct detection of that DM particle by an effective
three-point interaction with a photon. In section 3.4, we increase the number of loops
involved in the neutrino mass generation and discuss a B — L symmetric two-loop model.
The masses of the right-handed neutrino DM and of the light neutrinos are linked by
spontaneous symmetry breaking. Chapter 4 presents a new production mechanism for
keV right-handed neutrinos. A scalar particle freezes-in and produces by its decays
keV right-handed neutrinos. The freeze-in production opens up a new and previously
unknown region in the allowed parameter space. For specific masses of the scalar and of
the keV right-handed neutrinos, the latter can act as warm DM. Warm DM is believed
to describe structure formation on small scales even better than the cold DM discussed
so far.



2. Importance of Neutrinos and
Illuminating Dark Matter

Before starting the discussion of DM and radiative neutrino masses in part I and of keV
sterile neutrino DM produced by freeze-in in part II, we emphasize the importance of
neutrinos and DM in this chapter. We shortly review the SM in section 2.1, from which
we build on neutrino physics in section 2.2. Having discussed the particle physics part,
we proceed with the cosmological part in section 2.3, which will lead to DM physics in
section 2.4. Throughout this thesis, we use the units # = ¢ = 1 and Heaviside-Lorentz
units for electromagnetism, i.e., we write the fine structure constant agys as agy = /4.
In section 2.5, the production of the DM relic density is paid special attention to: the
concepts of the freeze-out and freeze-in mechanisms are explained. We also review the
experimental situation concerning the evidences for neutrino masses and DM, and in
particular, the possibilities for the detection of a DM particle in section 2.6.

2.1. Prelude I: The Glashow—Weinberg—Salam
Theory of Weak Interactions

Back in 1960, S. L. Glashow studied the parallels between electromagnetic effects and
phenomena associated with weak interactions. His remarkable result was that both
interactions are unified supposing the existence of unstable bosons that would mediate
the weak interactions [16]. In a three-page note published in 1967, S. Weinberg imagined
that the symmetries, which relate the electromagnetic and the weak interactions, are
exact symmetries of the Lagrangian but broken by the vacuum. The corresponding
massless Goldstone bosons are avoided by introducing intermediate boson fields as gauge
fields [17]. The idea of broken symmetries was already discussed in the paper [18], of
which Weinberg and A. Salam are co-authors. Salam also dreamed of the synthesis
between the electromagnetic and weak interactions and worked on an SU(2) x U(1)
transformation. Besides the weak interaction gauge fields W* and W™, he introduced in
1964 a neutral gauge field X°. He assumed that this boson has a mass in order to be
different from the photon [19]. For these and other 1960’s papers, the Nobel Prize in
Physics 1979 was awarded jointly to S. L. Glashow, S. Weinberg and A. Salam for their
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contributions to the theory of the unified weak and electromagnetic interaction between
elementary particles, including, inter alia, the prediction of the weak neutral current.*

Today, the SU(2)r x U(1)y theory ? is confirmed as the SM of electroweak interactions.
It is a relativistic quantum field theory that characterizes leptons and quarks as the
fundamental building blocks of ordinary matter. Their non-gravitational interactions are
described through the exchange of gauge bosons. The chiral fermions of the theory are
arranged into left-handed SU(2)., doublets and right-handed SU(2), singlets. There are
three (oo = e, u, 7) flavor copies of the SU(2), doublet and singlet representations. In
each representation, the flavor copies have the same charges.

The generation of masses in the SM for charged leptons, quarks and gauge bosons is
based on spontaneous symmetry breaking of SU(2), x U(1)y to U(1)gy described by
the already in 1964 proposed Higgs [20]-Englert—Brout [21]-Guralnik-Hagen—Kibble [22]
mechanism, in the following called Higgs-mechanism for shorthand. The key ingredient
for that mechanism to work is a complex scalar SU(2);, doublet field:

1) = (o)) 2.11)

called the Higgs SU(2), doublet in the following, where each component is a complex
field by itself. The Higgs potential, which drives spontaneous symmetry breaking, is the
following;:

VI(H @))] = i H (2) H () + A (H(2) H(x))’ (2.1.2)

In the SM, % is the only dimensionful coupling.
After the spontaneous breaking of the electroweak theory, we parametrize the Higgs
double in the unitary gauge as:

H(x) = % (U +%(w)> | (2.1.3)

We use a linear representation, where h(x) is the real Higgs boson. The vacuum
expectation value v, VEV for shorthand, equals v = 246 GeV. It is the global minimum
of the potential (2.1.2). The minimum condition sets:

pi = —Agv?. (2.1.4)

Equation (2.1.4) shows that u?% is given by the VEV of the Higgs SU(2);, doublet. Thus
the only physical scale in the SM is the scale of spontaneous breaking of the electroweak
symmetry.

lhttp://www.nobelprize.org/nobel_prizes/physics/laureates/1979/
2Including strong interactions, the full gauge group is SU(3)c x SU(2)r x U(1)y.


http://www.nobelprize.org/nobel_prizes/physics/laureates/1979/

2.1. Prelude I: The Glashow—Weinberg—Salam Theory of Weak Interactions 7

The leptons in the SM consist of the left-handed SU(2), doublets L(® with hypercharge
v = —1/2 and the right-handed SU(2);, singlets e(® with hypercharge ¢y = —1:

e — < er ) LW = ( :’i ) L L0 = < T”z ) (2.1.5)
L L L

€(a) = €R, MR, TR - (216)
We denote the chirality as L = L;, = P L and e = eg = Pgre, where P;, and Pr are the
left- and right-handed projection operators. Here and in the following description we have
omitted the flavor indices. The charge conjugation operator C' acts as (Lz)¢ = (LY)p.
The bar notation for the SU(2);, doublets is L = (7, ). For a single component u, the
bar acts as @ = uf4°. It follows that (L;)¢ = LCP;, and (e)C = eC Pp.

Accordingly, the quarks consist of the left-handed SU(2), doublets Q' with hyper-
charge ¢y = /6 and the right-handed SU(2), singlets u(® and d(® with hypercharges
Qv = 2/3 and qyq = —1/3, respectively:

W _ “/) , (c):(c/) | (t)z(t/) , 2.1.7
Q (d L Q s L Q b L ( )

a)

’LL( ZUR,CR,tR (218)

d(a) = dR,SR,bR. (219)

The SU(2), gauge bosons are Wl}, Wi, WS with coupling constant g and the U(1)y
gauge boson is B, with coupling constant ¢’. The field strength tensors are:

P, =0,B,—0,B,, (2.1.10)
Fg ., = 0,W5 — 0,W3 + ge™ Wy . (2.1.11)

The dual tensor is given by:
~ 1 .
Fou = Seupa P, (2.1.12)

which is used in equation (3.4.17). The SM gauge terms involving the field strength
tensors read:

1

1
»Cgauge = _ZFLW/F —Fy

T B (2.1.13)

The masses of the charged leptons and quarks, respectively, arise from the following
Yukawa interactions:

L, = -y, LOHe — y,QHIY — 4, Q@ Hu +h.c., (2.1.14)
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with dimensionless Yukawa coupling constants y; and H = iooH*. When the Higgs
SU(2)r, doublet H obtains its VEV, the Yukawa interactions induce mass terms for the
corresponding fields. The masses are hence proportional to y; and v

For quarks, there are two types of Yukawa terms: y,, which forms a mass term for the
upper component of the SU(2), doublets, and y4, which forms a mass term for the lower
component. Thus there are two corresponding mass matrices, however, they can not be
diagonalized at the same time. In general, each type mixes the flavors of the SU(2),
doublets and the singlets. We conventionally choose the basis in such a way that the
upper components are the mass eigenstates. Then the lower components are a linear
combination of lower SU(2), doublet flavor fields, indicated by a prime:

d Vid Vs Vi d d
s =1 Vig Ve Va s | =V | s ) (2.1.15)
v Vie Vis Va b b

This means that in the quark sector, there is a flavor mixing expressed by the 3 x 3
unitary Cabibbo [23]-Kobayashi-Maskawa-matrix [24] V.

The masses for the gauge bosons arise from their covariant derivative terms, which
couple them to the Higgs SU(2), doublet. After spontaneous symmetry breaking, we
can write the gauge bosons and their corresponding masses as:

1 , 1
Wf = E (W; F 2W5) P My = 59V (2.1.16)
1
Z, = —sinOw B, + cos @WW3 ; Mg, = 5\/92 + g”v (2.1.17)
A, = cosOw B, + sin @WWE ; ma, =0, (2.1.18)

In the expressions above, cos Oy = 9/1/¢2+¢2 and sin Oy = 9'/\/¢>+¢2, where the angle
Oy that expresses the weak-mixing is called the Weinberg angle. The photon A, is
massless because after spontaneous symmetry breaking, U(1)gy is preserved.

Clearly, for leptons, the above Yukawa interactions generate only a mass term for the
lower component of the SU(2), doublets because right-handed neutrinos are absent in
the SM. In that sense, neutrinos are special in the framework of the SM. We will look at
the peculiarities of neutrinos in the next section.

2.2. Neutrinos

To save the law of conservation of energy in 8 decay processes, the Austrian physicist
W. Pauli hit upon the desperate remedy to postulate in 1930 the existence of electrically
neutral particles that have spin 1/2 and obey the exclusion principle. [25] These neutral
particles are known as neutrinos by today. Neutrinos are special compared to the other
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fermions of the SM. The particle spectrum of the SM does not contain a right-handed
neutrino. So there is no Dirac mass mp for neutrinos. A Majorana mass M), in turn,
would violate the global accidental U(1)g_y, symmetry of the SM by two units. Therefore,
in the framework of the SM, the left-handed neutrinos, which take part in the weak
interactions, are massless.

2.2.1. Flavor Oscillations

It is by now a fact that the neutrino weak interaction states perform flavor oscillations,
e.g., an electron neutrino can oscillate into an muon neutrino, thus violating lepton flavor
conservation. Flavor oscillations rely on the fact that neutrinos are massive and mix with
each other. Studying neutrino flavor oscillations, one can learn about the differences of
the squared mass eigenvalues and about the mixing angles that parametrize neutrino
mixing. We focus on three environments where neutrino flavor oscillations are manifest:
the Sun, the atmosphere of the Earth and terrestrial nuclear reactors. Inside the Sun,
boron-8 is produced. According to the standard solar model, the production reactions
are:

%He+%He—>ZBe—|—’y,
MBe+p— B+,

With a half-life time of 770 ms, boron-8 decays into electron neutrinos:
B — $Be+efr,. (2.2.3)

The first calculation of the expected electron neutrino flux from boron-8 decays resulted
in 3.6 x 107cm™2s7! [26]. As current theoretically calculated value, we take 5.05 x
10°em—2s71 [27] .

The first experiment measuring the neutrino flux from the Sun has used the following
detection reaction:

MCl+ v, — JTAT + e . (2.2.4)

The measured value for the neutrino flux from boron-8 decays was 1.3 x 107 cm 2571 [28],
in disagreement with the theoretical calculation at that time. The current measured
value of the neutrino flux from boron-8 decays is 2.35 £ 0.02 £ 0.08 x 10% cm—2?s™! [29],
in disagreement with the theoretical calculation.

In the atmosphere of the Earth, cosmic rays create showers of particles of which many
are unstable and decay into neutrinos. For example, due to the interactions of cosmic
rays in the atmosphere of the Earth, pions are produced. With a branching ratio of
almost 100%, the negative charged pions decay into muons and anti-muon neutrinos. The



10 2. Importance of Neutrinos and Illuminating Dark Matter

muons produced by the decay of the pions decay with a branching ratio of almost 100%
into electrons, anti-electron neutrinos muon neutrinos, such that finally, two different
neutrino flavors result from the pion decays:

T AT, e+ v, T, (2.2.5)

The first measurement studying the atmospheric neutrino spectrum from muon decays
counted 85 muon-like events, whereas 144 events were expected [30]. At that time,
the collaboration was unable to explain the data as the result of systematic detector
effects or uncertainties in the atmospheric neutrino flux. Neutrino oscillations between
muon-neutrino and v, or between electron-neutrinos and muon-neutrinos might be one
of the possibilities that could explain the data. [30]

In terrestrial nuclear reactors, anti-electron neutrinos are produced. For example, the
Double Chooz experiment [31] observed an electron antineutrino disappearance in the
following reaction:

Vo+p—et+n. 2.2.6
p (

The experimental discoveries listed above led to the concept of neutrino flavor oscillations.
The observed and measured oscillations are driven by neutrino mixing. The neutrino weak
interaction states v., v,, v, are linear superpositions of the neutrino mass eigenstates
vy, Vo, V3. As eigenstate of a mass operator with a mass eigenvalue different from zero, a
neutrino mass eigenstate is a stationary state, i.e., its time evolution depends only on its
energy. Thus, the time evolution of a given neutrino weak interaction state depends on
the time evolution of its comprising neutrino mass eigenstates. Different mass eigenstates
evolve differently in time due to their different masses according to:

pi(t)) = eVt

Vi) . (2.2.7)

Taking massive neutrinos with different masses as a fact, neutrino flavor oscillations
are then simply given by the time evolution of the mass eigenstates. The neutrino weak
interaction states v., v,, v, as superpositions of mass eigenstates vy, vy, v3 can be written
as follows:

Ve "
v, | =U[ 1. |, (2.2.8)
vV, V3

where U is a 3 x 3 unitary matrix. For two neutrino flavor states, this matrix was
introduced by the Japanese physicists Z. Maki, M. Nakagawa and S. Sakata. They
assumed that some orthogonal transformation applied to the representation of weak
neutrinos, which enter into leptonic currents, defines the true neutrinos [32]. However,
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Maki-Nakagawa—Sakata did not consider neutrino flavor oscillation. It was B. Pontecorvo
who opened the field of neutrino flavor oscillations by studying particle <» antiparticle
transitions [33]. To pay tribute to the pioneering works of all of these authors, the matrix
U is called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)-matrix. The independent
parameters of U are three mixing angle 615, #53 and 613 and one C'P violating phase
dcp. Taking the three mixing angles as Euler angles of a rotation in three dimensional
Euclidean space, U can be written as:

1 0 0 C13 0 Slge_iécp C12 S12 0
U= 0 Co3 S93 . 0 1 0 . —S12 C12 0
0 —s93 €93 —813€_i6CP 0 C13 0 0 1
atmo;gheric re;crtor sglrar
7 0 0
0 €% 0 |, (2.2.9)
0 0 1

~
Majorana phases

where ¢;; = cos6;; and s;; = sin#;;. The Majorana phases o; and ay take into account the
nature of a Majorana spinor with a mass term being not invariant under a U(1) symmetry.
For three flavors, there are two squared mass differences Am2, and Ams3,, referred to as
the solar and atmospheric neutrino mass splittings. The experimental measurements of
neutrino fluxes from the Sun, the atmosphere of the Earth and terrestrial nuclear reactors
can be understood in the framework of oscillations of three active neutrino flavors.?
The present day neutrino oscillation data are given in table 2.1, which is taken from [37].
In the SM, the manifest neutrino masses cannot be explained at a renormalizable level.
The importance of neutrinos is thus that, by their flavor oscillations and therefore mass
terms, the existence of and the need for physics beyond the SM becomes inevitable.

2.2.2. Mass Generation

One can introduce a higher dimensional operator that generates neutrino masses. At
dimension five, there is the operator:

LG LyjHeHgactpa (2.2.10)

This operator was first discussed by Weinberg, who conjectured that the resulting pro-
duced neutrino mass might perhaps be observable in neutrino oscillation experiments [38].

3In the measured neutrino fluxes, anomalies have been discovered, e.g., [34] and [35] report an excess
in the 7, — 7% transition, and [36] discusses an anomaly in reactor antineutrinos. An investigation
of these anomalies is beyond the scope of this thesis.
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Free Fluxes + RSBL

Best fit 10

30 range

sin® 0y
012/°
sin? fog
O23/°
sin® 05
O13/°
dcp/°

2
Ams,

10-5 eV?

2
Amg,

10-3 eV?

2
Ams3,

10-3 eV?

(N)
(D

0.30279:013
33.367081
0.41379-957 @ 0.594+0:021
40.07%} @ 50413
0.0227;()8§§§i
8.66 (46
300765,
7.501018
4247370070

—2.427+5:942

0.267 — 0.344
31.09 — 35.89

0.342 — 0.667
35.8 = 54.8

0.0156 — 0.0299
7.19 — 9.96

0 — 360

7.00 — 8.09

+2.276 — +2.695

—2.649 — —2.242

Table 2.1.: Three-flavor oscillation parameters to global data after the Neutrino 2012
conference. The “Free Fluxes + RSBL” reactor fluxes have been left free in
the fit and short baseline reactor data (RSBL) with an oscillation length of
L < 100m are included.
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With this operator, which is obviously gauge invariant because the tensor product of
four SU(2), doublets contains a SU(2),, singlet representation, the theory is predictive
only below the scale that suppresses the dimension five. To ensure a predictive theory
at all scales, this operator as any higher dimensional operator has to be viewed as an
effective operator at low energies; it is realized at higher energies through renormalizable
interactions. It turns out that there are three and only three realizations of the Weinberg
operator at tree-level [39], which are known as seesaw type-I [40], type-II [41] and type-
IIT [42]. In type-I seesaw, the Weinberg operator is generated after integrating out three
fermion singlets, in type-II seesaw a scalar triplet is integrated out and in type-I1I seesaw
a fermion triplet is integrated out. The type-I seesaw mass matrix is:

m, = —mpMy mb. (2.2.11)

In the type-I seesaw framework, the light neutrino masses are proportional to the product
of the corresponding Yukawa couplings y,; squared times the vacuum expectation value v
of the SM Higgs SU(2);, doublet squared divided by the mass M; of the fermion singlet.
M; is the scale of new physics generating the effective low energy theory for neutrino
masses, see equation (2.2.12).

A simple estimate shows that, taking y,; ~ 1 and v ~ 100 GeV, the scale M; of new
physics has to be as high as M; ~ 10'* GeV in order to generate a light neutrino mass
scale of 0.1 eV, as is suggested by the upper limit on the summed neutrino masses obtained
by Planck in 2013 [5]. To have the scale of new physics in the TeV range as desired
for LHC, i.e., M; ~ 1TeV, the Yukawa couplings 7,; have to be as tiny as ya; ~ 1076.
There is nothing wrong about such a tiny Yukawa, given that the Yukawa coupling
of the electron is also of order O(107°%). However, apart from tree level realizations,
the Weinberg operator can also be generated at loop level. If there are no tree level
contributions to light neutrino masses at all, i.e., neutrinos are massless at tree level,
the light neutrino masses are naturally explained by loop-suppressions, which naturally
decrease the scale of new physics compared to tree level realizations due to loop factors
of /1622 per loop and additional coupling constants involved in the loops.

We will study neutrino mass generation at loop level. In chapter 3, we make contribu-
tions to two well-known radiative neutrino mass models, i.e., the one-loop model proposed
by E. Ma and the two-loop model named after A. Zee and K. S. Babu. Before we put
these loop models up for discussion, we first concentrate on the mixing between SM
neutrinos and right-handed neutrinos, which are sterile under the SM gauge interactions.
Sterile neutrinos are then further studied in part II of this thesis.

2.2.3. Sterile Neutrinos

As we have outlined, the SM particle spectrum does not contain right-handed neutrinos.
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In the models we have built and will discuss, including the freeze-in production
mechanism in chapter 4, right-handed neutrinos are included in the particle spectrum.
They are neutral fermion SU(2), singlets under the gauge group of the SM. If there
existed such a fermion singlet, light neutrino masses could be generated already in the
framework of the type-I seesaw, as pointed out above. A singlet does not take part in
weak interactions. It is almost completely blind to the SM weak interactions, or in other
words, sterile.

We have put emphasize on almost blind. Their mass eigenstates do mix with the SM
left-handed neutrinos, which are called active neutrinos in this context.

Following the argumentation of [43], the relevant interactions for left- and right-handed
neutrinos are:

_ 1 —
L = yai Lo H N; + S Vi S Nf Ni+h.c. (2.2.12)

N; are right-handed neutrinos (i = 1,2,3) and S is a complex scalar singlet.
The Majorana and Dirac masses are, respectively:

[Muij = Midij = yi(S)dij (2.2.13)
[mb]0; = Yoi(H) - (2.2.14)

In the basis (v, v, V-, N1, N2, N3)7, the 6 x 6 symmetric mass matrix reads:

i = ( 0 mp ) (2.2.15)

The PMNS matrix U diagonalizing the seesaw mass matrix m, = —mpM;;'m5, see equa-
tion (2.2.11):

U'm, U* = diag (m1, ma, ms) . (2.2.16)

The corresponding mass eigenstates are again denoted as vy, 15, v3. The PMNS matrix
as a product of three Euler rotations is written in equation (2.2.8). It has the standard

form:
—10
C12C13 S512€13 size”"
_ 1) i5
U= —C23812 — $23C12513€" C23C12 — $23S12813€" 523C13 ) (2-2-17)
& 6
S93512 — C23C12513€" —893C12 — C23512513€" C23C13

where the Majorana phase is neglected.

For three generations of neutrinos, there are two differences of squared light neutrino
mass eigenvalues. There are three neutrino flavor states and three neutrino mass
eigenstates, i.e., six neutrino states. This gives five relative phases between the six neutrino
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Figure 2.1.: Decay of a sterile neutrino into an active neutrino and a photon. A similar
diagram exists in which the lepton line and the W boson line are interchanged
such that the photon couples to the W boson.

states. Conventionally, these phases are chosen such that from the nine parameters of
U, four parameters remain as free parameters. The free parameters can be counted as
(3-1*=1/2-3(3—1)+1/2-(3—1)-(3 —2). The first summand gives the three weak
mixing angles ¢;;, the second summand gives the C'P violating phase 9.

The neutrino flavor states that enter the weak interaction are then equal:

Vi = Ui + 0N, (2.2.18)

with N; the mass eigenstates of the right-handed neutrinos N;. The active-sterile mixing
©,; is given by:

. |mD|ai _ yai<H>

Oai = : 2.2.19
M; yi(S) ( )
For convenience, we define:
0= Y 0. (2.2.20)
a=e,u,T

Because the active-sterile mixing angle is non-zero, N; can decay into an active neutrino
and a photon at one-loop level with a W boson and a charged lepton running in the loop,
see figure 2.1. The total decay width of this channel is the sum over all contributing
lepton flavors, and it is given by:

9a G2

Dy gy = 10342 sin?(20,) M} . (2.2.21)
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Using the numerical values for the electromagnetic fine-structure constant, i.e., agy =
1/137, the Fermi coupling constant G = 1.166 x 1075 GeV~2 and the Taylor expansion
sin? 20, = 40?2 + 0[0,]3, we find:

M 5
Uy supon A 8.954 x 10717407 (ﬁ) x 1.519 x 1079571 (2.2.22)
(S
M 5
~ 5440 x 107202 (| —- ) s7!. 2.2.23
% ! (keV i ( )

If there is such a decay, the photon leaves its mark in the diffuse photon background
radiation at the energy E, = Mi/2.

To be short, the flux of photons resulting from this decay of N; is calculable. It is
inversely proportional to the lifetime of N; for that decay channel, which is given by the
decay width. The flux F' depends on the sterile neutrino mass M; and the mixing angle
O, as F' ~ ©2M} [44]. The upper limit on the flux finally translates into an upper limit
on O7%:

5
0] <18 x107° (@) : (2.2.24)
My
The bound on the active-sterile mixing angle is used to obtain an upper bound for the
mass of the sterile neutrino. In section 4.4, this bound then constrains the relic density
of a keV sterile neutrino as DM particle.
In the following section, we will provide a basis for DM physics.

2.3. Prelude II: Cosmological Equations

In section 2.1, we briefly described the fundamental concepts of the SM of particle physics
before we proceeded with a discussion of neutrinos. Before we move on to a general
discussion of DM, we begin with a short presentation of the fundamental principles of
the standard model of Cosmology.

The basic equations of the standard model of Cosmology [45] rely on Einstein’s equations
of General Relativity, which we take as granted as mentioned in the introduction. These
equations are differential equations for a metric tensor g"”, which characterizes the
geometry of space time. They can be derived from the principle of least action. The
geometry of four-dimensional space time is encoded in the Riemann curvature tensor
R iwpe» Which is a unique expression derived from combinations of the metric tensor g”.
Since an action S is given by integrating over a scalar, we have to construct a scalar
from the Riemann curvature tensor to obtain a candidate action for gravity. This is done
by first contracting the indices of the Riemann curvature tensor with the metric tensor
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g yielding the Ricci tensor R, = Ruvpe - 977 = Rup”. In a second step we calculate
the trace of the Ricci tensor resulting in the curvature scalar R =R, - ¢* = R, *.
The action S for General Relativity has to lead to the same physics after transforming
the coordinates through a diffeomorphism. The rule for integration by substitution
assigns the following diffeomorphism-invariant integral for any integrable function f(z):

/d4:r; V=g f) , (2.3.1)

with ¢ = det (¢"). The minus sign arises because, locally, g"* must be equal to the
Minkowski metric g*¥ = diag(—, +, +, +), for which ¢ = —1. The action S for General
Relativity is:

/ d'r /=g <2 NCTeN R+£mamer). (2.3.2)

Liatter coOntains the energy momentum tensor 7),, and the cosmological constant A.
Applying the principle of least action [46], the outcome are Einstein’s equations of
General Relativity :

1
Ruw — égWR =87GNT, + Agu- (2.3.3)
On scales larger than 10% pc, cosmological observations suggest that the Universe is
homogeneous and isotropic (compare [47]), i.e., characterized by translational and rota-
tional invariance. The only time-dependent four-dimensional space-time that preserves
homogeneity and isotropy of space is the Robertson-Walker metric, i.e.:

dr?
1—kr?

ds® = atz"g,, = dt* — a*(t) + 72(d6* + sin® 0d¢?) | , (2.3.4)
with comoving radial coordinate r. The scale factor a(t) expresses the physical distance
x(t) as:

z(t) =a(t)-r. (2.3.5)

The curvature constant k € {+1, —1,0} corresponds to closed kK = +1, open k = —1 or
spatially flat £ = 0 geometries.

The energy momentum tensor 7),, has to be diagonal in a homogeneous universe and
its spatial components have to be equal due to isotropy. If we assume that the matter
content of the Universe behaves like a perfect fluid with energy density p and pressure p,
then:

T,uu = dlag(papvpap) (236>
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With equation (2.3.4) and equation (2.3.6), the (00) component of equation (2.3.3) is
evaluated to

H2 (1) = <a(t)> _ 8wG§p(t) N a(’z)Q +% ‘ (2.3.7)

Dividing by the present day Hubble expansion rate Hy = H(t = ty) and introducing the
critical energy density

3H2
. = , 2.3.8
Pe= 3nlin (2.3.8)
equation (2.3.7) is equivalent to
t k A H?(t

pe.  H2a(t)? T 8Cnpe H?

The critical energy density p. is the total energy density of a spatially flat universe. The
(74) components of equation (2.3.3) are:

(o) =55

Equation (2.3.7) and equation (2.3.10) are the Friedmann. From these, it follows:

(p(t) + 3p(1)) . (2.3.10)

p(t) = =3H(t) (p(t) + p(t)) (2.3.11)
To solve equation (2.3.11), we can use the general equation of state
p=wp . (2.3.12)
For this case, equation (2.3.11) is integrated to:
p(t) oc a3+ (t) (2.3.13)

Putting equation (2.3.13) into equation (2.3.7), and neglecting the curvature term, the
time dependence of the scale factor results up to an integration constant into:

a(t) o 5T (2.3.14)

The solutions of equation (2.3.13) and equation (2.3.14), respectively, are classified
according to their equation of state parameter, see table 2.2. In section 4.3.3, where we
calculate the free streaming horizon, we have to use the different time dependence of the
scale factor a(t) in each era of the Universe. We introduce the cosmological density
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w a(t)  p(t)
radiation-dominated | 3 2 a1t
matter-dominated 0 5 a3()
A-dominated —1 eV const.

Table 2.2.: Time dependence of the scale factor a(t) for different eras of the Universe.

parameter:

ot = Dy + Qpy + Q= 21t (2.3.15)
Pe

with the total energy density piot = ((P0)y + (P0)m) + pa = p+ pa. y, contains baryonic
(b) matter and Dark Matter (DM):

Qo = U + ot - (2.3.16)

The current most precise measurement of the cosmological parameters is performed by
Planck, a space observatory of the European Space Agency. We present the relevant best
fit values [5] in table 2.3.

The energy density popm of DM today is popm = mpmnopm. Mpum is the mass of
the DM particle and ngpy is its number density by today. The number density n(t)
of a particle species ¢ with g; internal degrees of freedom results from the phase-space
integration:

9i 3
) = s [ @' 1) (2317

with f(p,t) the phase-space distribution function. The DM relic density, which can be
written as

mMmpmTo,DM

Opy = ———, (2.3.18)
pC
then follows after phase-space integration of the phase-space distribution function, once
the mass of the DM is known. The phase-space distribution function is thus the
decisive quantity that we will further discuss. By definition of the abundance Y, see
equation (D.0.6), the number density of a particle species can also be written as the
product of its abundance Y and the entropy density s. Both factors are comoving
quantities, i.e., there is no dependence on the scale factor a(t). The entropy density s of
a particle species ¢ is defined in appendix C.0.5.
If one assumes that the expansion of the Universe is isentropic, the entropy S = sa®(t)
is conserved, where the entropy density s is given in equation (D.0.7). Conservation
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of entropy is in particular important when a particle species decouples from chemical
equilibrium, see section 2.5 for details. For example, we briefly review the decoupling of
neutrinos, which is also discussed in section 3.4.2.

The neutrino interactions are weak interaction. For temperatures T < 1 MeV, the weak
interaction rate is smaller than the Hubble expansion rate at that time, and the neutrinos
are no longer in chemical equilibrium. Shortly after the neutrinos have decoupled, but
still for temperatures above the electron mass, electrons and positrons are in chemical
equilibrium with photons. Using equation (C.0.12), where we can set Tg = Tp = T,
because the masses of the electron, positron and photon are much smaller than the actual
photon temperature 7', the number of degrees of freedom equals 2 + 7/s - (2 + 2) = 11/2.
When the temperature of the photons has fallen below the mass of the electron, the
number of degrees of freedom decreases to 2, only including photons. Due to entropy
conservation, the product (a(tager)Ty (afier))® must therefore be larger than the product
(a(tbetore) Ty (thefore))*: at the time tager, when the electrons and positrons have left the
thermal bath, the number of degrees of freedom is by a factor of 4/11 smaller than the
number of degrees of freedom at the time tpepore just before electron-positron decoupling.
These electron-positron annihilations transfer entropy to the photons, but not to the
neutrinos, which have already left chemical equilibrium. Therefore the temperature 77, of
photons is increased by the entropy transfer relative to the temperature T, of neutrinos.
For the present day time to, the metric scale factor a(tg) equals one and the ratio of T,

and T, follows to be:
T,(te)  (2\* [(4)°
LA VA = [ = . 2.3.1
rag-(3) = () (2219

The present day entropy density sy can be expressed in terms of the photon temperature
T, as sy = 2969.5 (T,/2.75)* cm ™. We take T, = 2.7255 K. We can therefore write
pPooMm = MpmSoYo. The relic density of DM in comoving quantities then follows to:

ol

Cc

Inserting the relevant Planck 2013 data [5] yields:
Qpmh? = 2.717 x 108mpy[GeV]Yj . (2.3.21)

In chapter 4, we explicitly use equation (2.3.21) to find the mass of our DM particle that
leads to the correct relic density. The best fit values in table 2.3 suggest that 84.50% of
the matter content of the Universe is DM.

In the following section, we briefly emphasize the importance of DM on the structure
formation of the Universe.
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Cosmological parameters and Ng

Best fit 68% limits
H, 67.11 67.441.4
Qa 0.6825 0.686 =+ 0.020
Qm 0.3175 0.314 + 0.020
Oph? ] 0.022068  0.02207 # 0.00033
Qpah? | 0.12029 0.1196 & 0.0031
Nogt 3.361708% + 95 % limit

Table 2.3.: Cosmological parameter values and the effective neutrino number.

2.4. Dark Matter in the Universe

Observations of individual galaxies and superclusters of galaxies reveal that individual
galaxies tend to be older than superclusters [48]. We thus conclude that structures of
the Universe observed today formed in a bottom-up approach.

In the common understanding of the Universe, its structure originates from gravita-
tional perturbations in the metric as an aftermath of the Big Bang. The gravitational
perturbations are present in the energy and matter densities. It is believed that the time
evolution of these perturbations have formed the structures of the Universe as observed
today.

The characteristic scale to explore the time evolution of perturbations is the Jeans scale
kj; named after the British physicist J. H. Jeans. The matter energy density p = po + p,
has to satisfy the equation of an expanding universe governed by general relativity, see
equation (2.3.7). py is a static contribution, and p, is the perturbation. The solution for
pp can be Fourier expanded with wavenumber k and frequency w. The frequency w can
be expressed by the wavenumber k£ and the static solution py via a dispersion relation.
The Jeans scale k; is the wavenumber for which w = 0 [45]. If k < k;, the perturbation
related to k is exponential growing, if £ > £, the perturbation oscillates. The mass inside
a sphere of radius r; = 7 /k; is called the Jeans mass. Masses smaller than the Jeans
mass are stable against gravitational perturbations, i.e., there is no gravitational collapse,
whereas masses larger than the Jeans mass must undergo a gravitational collapse.

In the early Universe, the coupling of the radiation fluid to electrons can be approx-
imated by Thomson scattering because the energy of the electrons with a rest mass
of 511keV is larger than the energy of the massless photons. Due to Coulomb scat-
tering, electrons couple to protons, such that there is the photon-baryon fluid. The
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photon-baryon fluid, the DM fluid and the neutrino fluid all interact with each other
gravitationally. In the radiation dominated era, the Jeans mass of baryons is larger than
the mass of baryons within the sphere of radius ry, i.e., the gravitational perturbations in
the photon-baryon fluid are stable and do not grow: the radiation pressure counteracts
the gravitational contraction, and the baryon acoustic oscillations starts.

At matter-radiation equality, the matter content starts to dominate over the radiation
content. Cold DM is pressure-less and if cold DM dominates in the matter dominated
era, there is no pressure left that could counteract the gravitational contraction, such
that the baryon acoustic oscillations stop. Gravitational perturbations grow in the DM,
and small and large scales clump together.

When the baryons have decoupled from the photons, the Jeans mass of baryons
decreases and gravitational perturbations start growing in the baryon fluid. Small scale
clumps in the baryons fall into the gravitational potentials generated by the DM. Existing
scale clumps attract further small scale clumps. This is the evolution of individual
galaxies attracting more and more galaxies, resulting in the formation of galaxy clusters.

The Millenium Simulation [49], which assumed DM to be cold and collision-free,
numerically describes how the structures of the Universe evolve from perturbations, and
it shows that the resulting large scale structures match the ones observed.

If the DM was hot, i.e.,, if it would have behaved as a radiation fluid, this evolution
would have been completely different. The structures would have formed in a top-down
manner, which does not agree with observations. DM can therefore not be hot. However,
between hot and cold there is warm. On large scales warm DM works as well as cold DM.
On small scales, cold DM models seem to over-predict the number of satellite galaxies,
as already pointed out in [50]. However, warm DM erases small scale structures relative
to cold DM. Therefore, warm DM describes even better the structure formation of the
Universe on large and on small scales compared to cold DM. The specifications hot,
warm and cold refer to the distribution function of the DM particle in velocity space [51].
For a fermionic DM particle X with mass mpy, the distribution function fy(v) can be
parametrized as

_s

_p_ :
e ™ +1
Here, T, is the temperature of photons, and the velocity v equals v = #/,/p*+m2,,. The
expected mean velocity is:

fx(v) = (2.4.1)

Ev] = /000 dvvfx(v), (2.4.2)

where we consider only one dimension for simplicity. The velocity dispersion ¢ that is
important for structure formation then follows to:

o=+ E[W? — (E[])?. (2.4.3)
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The distribution function in momentum space of hot DM in the form of SM neutrinos
equals:

1
eT%+1’

fo(p) = (2.4.4)

where we have used entropy conversation, 7v/7, = (4/11)1/3, ie, f=1and a= (4/11)1/3,
see equation (2.3.19). Since the phase-space distribution function determines the relic den-
sity as discussed below equation (2.3.17), the phase-space integration of equation (2.4.4)
then yields:

my

Q% =
93eV’

(2.4.5)
see [45] and references therein. With the upper limit [5] on the neutrino mass of

> m, <023eV, (2.4.6)

0, h? ~ 0.002, which is thus by a factor of 60 too small to solely account for the DM relic
density.
For a particle X that decouples when it is still relativistic, entropy conversation yields:

1 1

ne_ () (0m) oar

T, 11 9(Tp)
where T'p is the temperature at the time the particle X decouples, T'x is the temperature
of the particle X and the decoupling happens before the neutrino decoupling. The
earlier the particle X decouples, the higher the number g(Tp) of relativistic degrees of
freedom is and, therefore, the lower the temperature of the particle X will be. Since
the particle X is still relativistic when it decouples, its number density scales like T’y
and thus also decreases for increasing Tp. For a fixed relic density, which is basically
the product of the number density and the mass, this implies a higher mass for the

particle X, which decouples earlier than the SM neutrinos. A higher mass results in a
lower velocity dispersion o. In that sense, hot DM has a large velocity dispersion at the

time of matter-radiation equality when gravitational perturbations start to grow in the
DM, whereas cold DM, which is already non-relativistic at the time of decoupling, has a
negligible velocity dispersion. Warm DM has a velocity dispersion that is much smaller
than that for hot DM, but non-negligible at the time of matter-radiation equality.
Warm DM suppresses small scale power due to free streaming rgg resulting from
its non-negligible velocity dispersion, and thus it can explain the observed small scale
structures even better than cold DM. A freely propagating particle with velocity v
propagates on a geodesic satisfying v(t)dt = a(t)dr. The comoving distance that a freely
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Freeze-Out Freeze-In
interactions in thermal equilibrium not in thermal equilibrium
initial abundance | thermal abundance negligible
evolution out of equilibrium increasing abundance
representative WIMP FIMP
Yo o 1/\2 ox A2

Table 2.4.: Freeze-out versus freeze-in.

moving particle propagates between a time t;, and ¢y follows to:

oo u(t)
TFSs /tin dt a(t) . (248)
It is called the free streaming horizon and is used to distinguish between hot, warm and
cold DM. Generically, hot DM has rpg > 0.1 Mpc and warm DM rpg < 0.1 Mpc, see the
discussion of equation (4.3.31). For cold DM, rpg is one order of magnitude smaller.?
The free streaming horizon is discussed in detail in equation (4.3.20) and following.

In chapter 3, we investigate cold DM models with radiative neutrino mass generation
at one and at two loop level. In chapter 4, we focus on warm DM and introduce a new
production mechanism for keV sterile neutrinos as DM particles. Next, we explain the
freeze-out and freeze-in mechanisms.

2.5. The Relic Density of Dark Matter: Freeze-Out
vs. Freeze-In

Now that we have shown the importance of DM on the structure formation of the
Universe, we move on to production mechanism for particle DM, which is one of the
main topics of this thesis.

Throughout this work we hold the view that the DM particle is stable and is connected
to an initial thermal equilibrium.

There are two opposite production mechanisms, freeze-out and freeze-in, see [45]
and references therein. In the freeze-out scenario, the initial abundance of DM is the
equilibrium abundance. For a given temperature, the DM interactions leave thermal
equilibrium and the DM abundance remains constant. In the freeze-in scenario, the
initial DM abundance is almost zero, and it later freezes in to its final abundance.

4The free streaming horizon gives only a hint on the kind of DM. To clearly determine whether a DM
particle is hot, cold or warm, one has to consider its velocity dispersion and judge from the resulting
power spectrum the nature of DM, which is out of focus for this work.
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In the freeze-out scenario, concentrated studies on DM particles falling into the class
of weakly interacting massive particles (WIMPs) are conducted. With equation (2.5.9),
the relic density in equation (2.3.21) of a frozen out DM particle can be written as:

3 x 107% cm?s~!

QDMh2 ~ . (251)

(o)

To obtain the measured DM relic density Qpyh? ~ O(1071), the thermal average
of the annihilation cross section times relative velocity has to be of order (ov,) =
3 x 10726 cm3s~! = 1 pb, which is the scale of weak interaction strengths. In that sense,
the term weakly interacting refers to the fact that a stable particle associated with new
physics at the electroweak scale can contribute the necessary DM relic density. In the
freeze-in scenario, the class of feebly interacting massive particles (FIMPs) is commonly
investigated.

In two of the three models we analyze, the DM particle has a Yukawa interaction to a
scalar singlet particle S beyond the particle content of the SM. When S obtains a vacuum
expectation value, the renormalizable interaction A(S*S)(H'H), which is invariant under
SM gauge transformations, becomes a portal, called Higgs portal, for DM annihilations
into SM particles through the mixing of the mass eigenstates of S and the SM Higgs
SU(2)r doublet H. ® In the model presented in section 3.1, there is no s-channel Higgs
portal. In that case, DM annihilations can proceed via t-channel exchange of an inert
Higgs SU(2) doublet. But the DM relic density is still achieved by thermal freeze-out.
In addition to DM annihilations, co-annihilations are important in that model. We briefly
discuss co-annihilations in the following.

In general, the thermally averaged annihilation cross section times relative velocity, i.e.,
(ov,), for DM annihilations through the Higgs portal are proportional to A*mé/(am2,,—m2,)2.

50One should remark that, for the number density n of the DM particle, annihilation and creation
processes driven by SM particles are relevant. For example, in SUSY theories, given that R-parity is
an exact symmetry, all SUSY partners decay into the LSP, which is natural DM particle, if electrically
neutral. Therefore, the number density n of the LSP is the sum of the number densities n of all
heavier SUSY particles.

For this number density being the sum of the number densities n of all heavier SUSY particles,
the thermal average of the total annihilation cross section of the LSP equals the thermal average of
the sum of the annihilation cross sections of the heavier SUSY particles into SM particles. Through
scattering processes with SM particles, the SUSY particles are kept in kinetic equilibrium. However,
when the temperature T falls below the mass of the heavier SUSY particles due to the expansion of
the Universe, the heavier SUSY particles become non-relativistic. Their number densities n become
Boltzmann suppressed. The number densities n of the SM particles, which, in kinetic equilibrium,
follow a T power law as long as the particles are relativistic, are therefore larger. This means that,
for LSP DM, the scattering processes with SM particles are much more frequent that with heavier
SUSY particles and the SM particles ensure that the LSP remains in kinetic equilibrium. Also for
other theories beyond the SM in which the DM particle is the lightest particle of the new particle
sector, the SM particles ensure the kinetic equilibrium for the DM particle.
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In the freeze-out scenario, the number density n of the DM particle at a high temperature
T traces the equilibrium distribution, which is proportional to 7%. For a temperature
at which the interaction rate n(ov,) of the DM particle is smaller than the Hubble
expansion rate H, the DM particle leaves the chemical equilibrium, and its number
density ngy observed today is inversely proportional to the thermally averaged annihilation
cross section times relative velocity, i.e., ng oc 1/a2 - 4mpy—mi)?/m2 - Thus, the larger the
coupling constant )\, i.e., the larger the interaction strength, the smaller the number
density ng observed today is in the freeze-out scenario. Since experiments have measured
the DM relic density, which is essentially its number density observed today, the coupling
constant A is constrained to be of order O(107!) far from Higgs resonances. Note that in
the vicinity of a Higgs resonance, which is at mpy = 1/2 - my, the coupling constant A
has to smaller than O(107!) to compensate for the pole in the scalar propagator [52].
The numerical treatment of freeze-out was already developed in [53].

In the freeze-in scenario, the number density n of the DM particle at a high temperature
T is assumed to be negligible small in contrast to the 7% dependence in the freeze-out
scenario. In that case, the DM particle is never in chemical equilibrium, which is satisfied
if n(ov,) < H, even at high temperatures. The condition n{ov,) < H translates into
an upper bound for the coupling A if the Higgs portal is the dominant communication
channel between the DM particle and the particles in chemical equilibrium, which is
A < 107%. For such a small coupling constant, the DM particle is only feebly coupled
to the particles in chemical equilibrium, from which it is only gradually being produced
by annihilations or decays as the temperature of the Universe decreases. When the
temperature of the particles in chemical equilibrium falls below the mass of the DM
particle, the production of the DM particle from the particles in chemical equilibrium
becomes kinematically forbidden and the number density n of the DM particle freezes in
to a constant value. So the general evolution of the DM number density in the freeze-in
scenario is characterized by an initial negligible number density. This then increases
by the production channels of the particles in chemical equilibrium until the freeze-in
temperature. For smaller temperatures the number density remains constant. The larger
the coupling constant A, the larger the number density ny observed today will be in
the freeze-in scenario, which is opposite to the behavior for the freeze-out case. The
idea to generate a particle abundance with an initial abundance equal to zero via the
Higgs portal with a very tiny coupling constant was expressed in [54]. It was then
summarized and systematized in [55]. We provide an overview about freeze-out and
freeze-in in table 2.4. Although we do not know the particle nature of DM neither its
non-gravitational interactions, we know the present day amount of DM expressed in
terms of the relic density Qpy.The key quantity, which, apart from the mass of the
DM particle, determines its relic density, is the present day abundance Y. Y, depends
on the expansion history of the Universe and on the interactions of the particle under
consideration with other particles in the thermal bath. The interactions with other
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thermal bath particles produce the present day DM abundance, which depends on the
two scenarios freeze-in and freeze-out. In general, one has to start with a Boltzmann
equation, which is a rate equation describing the evolution of a phase-space distribution
function f;(E,t) for a particle species i due to the expansion of the Universe and due to
interaction processes:

L{f] = C[f]. (2.5.2)

Here, L is the Liouville operator and C is the collision operator.
Applying L in the Robertson—Walker metric on the number density n as defined in
equation (2.3.17), i.e., the outcome is:

Ln| = n(t) + 3Hn(t) . (2.5.3)

To write this in comoving quantities, one has to use that § = —3H's, which results in
n(t) + 3Hn(t) = sY. The collision operator takes into account the interactions of the
particle with particles of the thermal bath. For the case of annihilations of a particle-
antiparticle pair 1 and 2 into a particle pair 3 and 4 with | M, ,3,4|* being the squared
matrix element for the forward reaction and | M3z, 4 142|* for the backward reaction the
collision operator is the following phase space integral:

d’py d’p;  d’py dpy s
— 274 5@ — D —
/ (@m) 2B, (2n) 28, (27 2B, (an)2E, o) 0 TP ps )

(fifo(L £ f5) (L £ fo)Mijossial® = fafs(L £ f1)(1 £ fo)[Mspasasal®) - (2.5.4)

Under C'PT invariance we have |Mi, o ,3:14]* = [Msyas142/> = [M]|?. We further ap-
proximate the Pauli blocking and enhancing factors to one; the error of this approximation
is negligibly small. Thus we can write:

d*p; d3ps d3ps d3py 4
— o)t 5@ + py — Py —
/ (2m)32F, (2m)32FE, (2m)32E;3 (2m)3 2F, (27) (1 +p2 = ps =)

- (fife = fafa) IM]?. (2.5.5)

Note that we have taken into account the backward reactions, which is only relevant
if the particles 3 and 4 produced in the forward reaction have already a non-negligible
abundance compared to the chemical equilibrium abundance. This is the case in the
freeze-out, however, in the freeze-in scenario, one could in principle neglect the backward
reactions if the particles 3 and 4 have an negligible abundance.

2.5.1. Freeze-Out

In fact, if the particles 3 and 4 are in chemical equilibrium and if they are lighter than
the particles 1 and 2, 3 and 4 will stay in chemical equilibrium even after particles 1 and
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0.5GeV (Np = 4.5, Ny =14)
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Figure 2.2.: Evolution of the abundance in the freeze-out scenario of a possible neutral
lepton for the lepton masses m;=0.5GeV, 1 GeV, 2GeV, 5 GeV and 10 GeV.
Np is the effective number of degrees of freedom and N, is the number of
annihilation channels.

2 have left it. In the determination of the final abundance of the particles 1 and 2 we
can therefore use the equilibrium phase-space distribution functions for the particles 3
and 4, which we approximate as Maxwell-Boltzmann distributions. Energy momentum
conservation leads to f3*f;4 = f1f59 such that the collision operator becomes

d’py d’ps d’ps d*py 4
_ 271)4 5@ e —
/ () 2, (2m) 2B, (2n) 2B, (2n 2k, o) O (Pr¥ P2 = ps =)
(fifa = [T M. (2.5.6)

Using n1 = ny for the particle-antiparticle pair 1 and 2, the resulting Boltzmann equation
finally simplifies to:

iy = —3Hny — (ov,)(n] —nj ) - (2.5.7)

Here, v, is the relative velocity and neq is the chemical equilibrium number density, see
appendix D for details. Equation (2.5.7) was already used in [58]. Exemplary solutions
to equation (2.5.7) are shown in figure 2.2, which is taken from [58].

(ov,) is the thermal average of the annihilation cross section o times relative velocity
Uy

(ov,) = m /4:2 dso (s —4m?) /sK; (g) . (2.5.8)
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In terms of the abundance Y, equation (2.5.7) reads:
Y = —s{ov,)(Y? — Y2). (2.5.9)

In the most general case, the annihilation cross section for a 2 — 2 process depends
on the Mandelstam variables s, ¢t and u. Since u can be written as sz m? — s —t,
where the sum runs over all external particles, it is sufficient to expand s and ¢ in terms
of the center of mass velocity ven, which than results in a v, expansion for the whole
annihilation cross section times v.,,. Due to the definitions of s and ¢, the expansion of
s only involves even powers of v.,,, whereas the expansion of ¢ involves even and odd
powers of v., with the odd powers of v, having the cosine of the center of mass system
angle 6 as a common factor in linear power. The only 6 dependence in the expansion
of the squared amplitude for the annihilation cross section times v, in the variables s
and t is manifest in the ¢ derivative terms, which are multiplied by powers of t. The
integration of odd powers of cos 6 yields zero. Since cos @ enters only linear into the vy,
expansion of ¢ as factor of the odd powers in vy, the annihilation cross section finally
does not depend on odd powers of v, and can be expressed as v, = a+ b2, + O(vl).
The coefficients a, b and ¢ follow from the square amplitude [59]. A detailed discussion
of the expansion of ov., in terms of vy, is provided in appendix A.

In the radiation dominated era, the expansion time ¢ in a flat universe equals /2, where
the Hubble expansion rate H is proportional to the temperature 7" squared. Introducing
the variable x = m/7, the derivative with respect to ¢ can be translated into a derivative
with respect to T'. At very early times, the freezing-out particle is in chemical equilibrium
with all the other bath particles, i.e., its number density n is equal to the equilibrium
number density, which is proportional to 7%. The entropy density is also proportional to
T3. Therefore, at very early times, the abundance Y is independent of 7. The Boltzmann
equation then forces Y? = Y;%], or, in other words, in the freeze-out scenario, the initial
abundance of the freezing-out particle is independent of T and follows the equilibrium
abundance, as already noted.

Co-Annihilations

So far, we have considered annihilations of a particle-antiparticle pair 1 and 2, meaning
that particle 2 is the antiparticle of particle. Therefore, in the cases of scalar or Majorana
particles, only annihilations of one and the same particle are considered. As already
noted, in section 3.1 we consider also co-annihilations, which we briefly discuss in this
section. We rely on [60].

Suppose in a model beyond the SM there exist particles X; that are charged under
a discrete symmetry such that they are not allowed to decay into SM particles. Let
the lightest of them be the DM particle X;. The particles X; are assumed to be
degenerated in mass. If the mass difference 0m = m — my to X; does not exceed
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the temperature at freeze-out of X, then the additional particles X; are thermally
accessible and have to be included into the freeze-out calculation; not only the annihilation
reactions X; X; — SM SM’ contribute to the total (ov,), where SM and SM’ denote
SM particles; also the annihilation reaction X; X;z; — SM SM’, which is called co-
annihilation reaction, has to be included. If the cross sections of these individual reactions
are similar, then the effect of co-annihilations is not significant. However, if the cross
sections of the individual reactions are different, than co-annihilations can significantly
increase the total (ov,) and therefore decrease the relic density of the DM particle X in
the freeze-out scenario.

This effect of co-annihilations is in particular important in models where DM annihila-
tions are driven by Yukawa couplings, which by themselves are constrained by lepton
flavor violation (LFV) processes. Such models have in general the problem that the
relevant Yukawa coupling constants have to be tiny in order not to violate constraints
from LFV processes. On the other hand, in the freeze-out scenario, tiny Yukawa coupling
constants relevant for DM annihilations yield a DM relic density that is above the current
bound. DM co-annihilations can then simultaneously satisfy the constraints from LFV
processes and DM relic density.

In section 3.1, we will exploit from the co-annihilations N; Ny and Nj 7; the first one
contribute to s-wave annihilations for which the cross sections are relatively large because
they are not suppressed by v,, the second one has a completely different cross section.

2.5.2. Freeze-In

To obtain the final abundance in the freeze-in scenario, one again has to start with a
Boltzmann equation. The Liouville term is the same as in the freeze-out scenario, however,
the collision term is different in the freeze-in scenario. It depends on the production
process of the frozen-in particle; in the literature, the most frequently studied processes
are those in which the frozen-in particle can be produced by decays of heavier particles
that are in chemical equilibrium, by inverse decays or by scattering processes [55].

To illustrate the general behavior of the freeze-in scenario, we consider the freeze-in of
a real scalar singlet by annihilations mediated by the Higgs portal. The Lagrangian is
that of [61] and [62]:

1 m2 1
—_ vgy - 0g2 _ — 4
L =5(0u5)(9"9) = 25 = 7AsS
+(D,H) (D"H) = \y(HTH)? = \S?H'H . (2.5.10)

The relic density of the real scalar singlet S in the freeze-in regime was determined in [56].
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Figure 2.3.: Evolution of the abundance in the freeze-in scenario of a real scalar particle
for different scalar masses. The Higgs portal coupling is set to A = 107!
and the mass of the SM Higgs SU(2),, doublet is set to my = 120 GeV.

The collision term of the Boltzmann equation is:

(2m)* 68 (p1 + p2 — p3 — pa)

/ d’py d°ps d’p;  d’py
(2m)3 2B, (2m)3 2B, (271)3 2E5 (27)3 2B,

- (fufa = fafa) IM?. (2.5.11)

Contrary to the freeze-out process, the initial abundance of the scalar singlet, which
corresponds to the particles 1 and 2 in the above expression, is always much smaller
than the equilibrium abundance. At very early times, we can therefore approximate
f1 = fo = 0 yielding:

d d d d’
/ : D1 D2 P3 2 (27T)4 S (p1 +p2 — p3 — pa)

27'(')3 2E1 (271')3 2E2 (27’(’)3 2E3 (27’(’)3 2E4
- fafal M. (2.5.12)

Again we can use the Maxwell-Boltzmann distributions for the bath particles 3 and 4 at
very early times and by using energy conservation, we have:

_E3+FEy _E1+Ey

=TT =T = U0 (2.5.13)
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The outcome is:
d*p, d*ps d*ps dpy 4
21)4 5@ — e —
/ (@n) 2, (2n) 2B, (2n) 2B, (anp 2k, o) O (Pri PP =)
- FOSIMP. (2.5.14)

Observe that the equilibrium distributions for particles 1 and 2 enter only by using
energy momentum conservation in the equilibrium distributions of the particles 3 and 4,
however, the scalar singlet is never in thermal equilibrium.

The Boltzmann equation reads:

Y = s(ov,) Y2, (2.5.15)
compare to equation (2.5.9).

We have implemented the model of the freeze-in of a scalar singlet into LanHEP [63].
The thermal average of the annihilation cross section times relative velocity has then
been calculated numerically using the micrOMEGAs package [64]. We have developed
a procedure in the computer algebra system Mathematica to solve the differential
equation (2.5.15). The result we obtain for the evolution of the abundance in the freeze-
in scenario of a real scalar particle is shown in figure 2.3, which is obviously different
from the freeze-out scenario displayed in figure 2.2: Initially, Y, is constant, such that in
the freeze-in scenario the abundance Y increases. After the temperature 7" of the thermal
bath has fallen below the mass of the real singlet scalar, the production channels for the
real scalar singlet particle close due to the kinematics. From then on, the abundance
Y of the singlet scalar reaches a plateau and remains constant. It is frozen-in. Our
result is in accordance with [56]. Comparing our figure 2.3 with figure 1 of [56], our
implementation and numerical treatment of the freeze-in scenario appears to be quite
accurate. As figure 2.3 shows, the abundance Y reaches a plateau at a temperature
T ~ mg. For temperatures T' > 1 TeV the singlet scalar particle is relativistic for all the
different cases. Therefore, (ov,) ~ T? in equation (2.5.15). The equilibrium abundance
Y., is independent of 7" for high temperatures, as explained above. From equation (2.5.15)
it follows that Y o 1/7, as shown in the logarithmic plot of figure 2.3. For both singlet
masses mg = 10 GeV and mg = 1 GeV, the plateau is reached at T' ~ 10 GeV, which is
well below 100 GeV. At temperatures 7' ~ 100 GeV, (ov,) has a resonance for the fixed
Higgs mass my = 120 GeV. We keep the value for the Higgs mass as given in [56]. The
resonance increases (ov,), which is the reason why for the singlet masses mg = 10 GeV
and mg = 1 GeV, the abundance Y increases around 7" ~ 100 GeV, as already pointed
out in [56]. For mg = 1 GeV, the abundance does not increase until 1 GeV. The reason
for this behavior is related to the dominant production channel of the singlet scalar,
which is WW ™ annihilation. W*W ™, however, are not anymore in chemical equilibrium
for temperatures well above 1 GeV, which is also pointed out in [56]. We build on our
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indirect

Figure 2.4.: [lluminating DM: Indirect detection experiments probe final SM products
through DM s-channel annihilation. Direct detection experiments aim to
observe the t-channel scattering of DM off SM nuclei. At colliders, DM could
be produced through s-channel annihilation of SM particles.

numerics in chapter 4, where we study the production of keV sterile neutrinos by the
decays of a frozen-in scalar.

In the model we consider, the abundance of a scalar singlet ¢ is produced by freeze-in
mediated by the Higgs portal. When the singlet scalar is frozen in, it can in principle
still scatter off particles that are in the thermal heat bath.

2.6. Detection of Dark Matter

We know that DM constitutes the major part of the matter of the Universe, however, we
have not yet detected a DM particle. If one assumes that there is an interaction besides
gravity between a DM particle and SM particles, then this interaction, whatever its
underlying nature is, can be represented by a Feynman diagram that has as external legs
the DM particle on the one side and SM particles on the other side, which are connected
by a yet unknown interaction vertex. Depending on in which direction this representative
diagram is read, one can distinguish between three possible methods of how to detect a
DM particle if the interaction strength is strong enough, see figure 2.4. The s-channel
read out represents annihilation of DM into SM particles. Through this channel, DM
may be indirectly detected as an excess signal in cosmic rays. A possible DM signal in
cosmic rays could also be expected from a decaying DM particle.

The difficulty off indirect DM searches is the lack of a complete understanding of the
astrophysical sources for the production of cosmic rays. In that sense, a not completely
understood or even an unknown astrophysical source could mimic a possible signal
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expected from DM annihilations and/or decays. For example, the AMS-02 experiment
precisely measured the positron fraction in primary cosmic rays in the energy interval
[0.5; 350]GeV based on 6.8x10° positron and electron events [65]. The overall cosmic
ray flux decreases with increasing particle energy. If all of the positrons observed in
cosmic rays have the same origin as all of the other particles in cosmic rays, then the
flux of the positron fraction should also decrease with increasing energy of the positrons.
Instead, the AMS-02 experiment determined a steady increase of the positron fraction
from 10GeV to ~ 250 GeV. This and other observations show the existence of new
physical phenomena, whether from a particle physics, e.g., DM annihilation or decay, or
an astrophysical origin [65]. Apart from that, if the DM annihilation or decay products
are charged particles, they will be deflected in intergalactic magnetic fields, and thus the
information about their production position will be lost.

The situation is better if DM dominantly annihilates or decays into photons, which do
not experience any deflection in magnetic fields and can thus provide local information
about the galactic DM distribution for which only fit-models exist. For a DM particle
with a mass larger than 1 GeV, the produced photons contribute to gamma ray emission.
The background for indirect DM searches in galactic gamma rays is the diffuse galactic
gamma ray emission [66]. Known sources are cosmic ray nucleons interacting with the
interstellar gas, Bremsstrahlung by cosmic ray electrons, inverse Compton scattering of
cosmic ray electrons with low energy interstellar photons, 7 decays into two photons
and point sources like pulsars, which are also a source of high energetic electrons and
positrons. However, there might be additional unknown sources.

Nevertheless, given DM particles were responsible for excesses in the energy spectra of
gamma rays, the energy at which such an excess would be observed is directly correlated
to the mass of the DM particle: for DM annihilations or direct decays into photons, the
photons are monochromatic such that there will be the clear spectral signature of a line.
If the DM particle decays into a photon v and a particle X, the energy E, of the photon
in the rest frame of the DM particle equals E., = mbu—m%/2mpy = 12+ mpy (1 — m&/m2,,).
For the DM annihilation process, one has to replace mpy — 2mpw, i.e.,

2

E, = mpy (1 ~ x ) . (2.6.1)

2
4mi

The t-channel read out makes the direct detection of DM possible if the interaction
is strong enough. For example, a feebly interacting DM particle will probably not be
detected directly.

The concept for direct detection of DM, which was already formed in 1985 by M.
W. Goodman and E. Witten [67], is that a DM particle can scatter off a nucleus. The
scattering process can be elastic or inelastic. Furthermore, the scattering can be spin-
dependent or spin-independent, depending on whether the target nucleus has a net spin
or not.
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In spin-independent interactions, the mediated interaction particle between the DM
and the nucleus interacts coherently with all the nucleons inside the nucleus. Hence, the
cross section is enhanced by the squared mass number A2 of the nucleus and thus the
detection rate is larger for heavier nuclei.

For spin-dependent interactions, it has to be taken into account that the spins of the
nucleons occupying the inner shells cancel in pairs.

If a DM particle of mass mpy and velocity vy elastically scatters of a nucleus of mass
m4 at rest, conservation of momentum yields a recoil velocity vy for the nucleus given
by vr = 2mpMv0/(mpy+ma), and hence a recoil energy of:

_ 2P 2

Er = 2.6.2
R ma Vg ( )

with the reduced mass ppy = ™M A/ mpy4m .

But, as in the indirect searches, a not well understood or not even known background
can mimick a possible DM signal. For direct DM searches, the backgrounds can be better
controlled than for indirect searches.

For mpy = ma ~ 100 GeV and vy = 1073 ¢, Er ~ 50keV. The nuclear recoil energy
does depend by definition on the velocity of the colliding DM particle. The above
expression fixes the minimal velocity vy, of a DM particle needed to reveal a nuclear
recoil energy with an amount of Fr in an elastic scattering process:

1 mAER)
Umin = . 2.6.3
V2maER ( DM ( )

In an inelastic scattering process, the initial state DM particle is different from the final
state DM particle. If the mass difference between the initial and the final state DM
particle is 9, than the minimal velocity vy, of a DM particle needed to reveal a nuclear
recoil energy with an amount of Fr equals:

_ ! (mAER +5> . (2.6.4)

Umin
V2maER \ Hpm

General inelastic scattering of DM has been discussed in [68], and inelastic scattering
due to the magnetic moment interactions in ref. [69].

For our discussion, the relevant facts about inelastic DM scattering follow directly
from equation (2.6.4): the higher the level of inelasticity ¢ in a scattering process is, the
larger the minimal velocity becomes. For fixed §, mpy and Eg, the minimal velocity
decreases for increasing nuclear masses up to 126 GeV, which is the mass of '3{Xe, see
figure 2.5. The decisive point in DM direct detection experiments is that the velocity
of the DM particles is distributed. To predict an event rate for a DM direct detection
experiment, that is the number of counted signals in a given recoil energy interval, it
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Figure 2.5.: Minimal velocity for a given DM mass of mpy = 100 GeV and a recoil energy
of Er = 50keV as a function of the nuclear mass my. Three different choices
for the level of inelasticity § are shown.

is therefore necessarily to assume a velocity distribution for the DM particles. With a
given velocity distribution of DM particles, the measurable recoil energy of a nucleus
with a specific mass then determines the mass of the DM particle.

All direct detection experiments are designed for measuring this nuclear recoil energy.
The various experiments distinguish in the read out of the nuclear recoil energy. Current
techniques are based on the read out of phonons in crystals excited by the recoil energy
like the CRESST I experiment [70], of light like the DAMA/LIBRA experiment [71] and
of charges using p-type point contact Germanium detectors like CoGeNT [72]. Beyond
that, several experiments combine two of these read out techniques. For example, the
XENON100 experiment [73] and the KIMS experiment [74] use the read out of light and
charges. The CDMS experiment [75] reads out phonons and charges.

In this thesis, we compare the predictions of our models for DM direct detection with
data from the experiments DAMA, KIMS and XENON100 in section 3.2, and CDMS
and XENON100 in section 3.4.5. These experiments are described in dedicated sections.

Reading the s-channel in figure 2.4 from the opposite direction leads to the possible
creation of DM at colliders, where the DM particle may show up as missing transverse
energy. From the reconstructed missing energy, the mass of a DM particle, if it is the
particle that produces the missing energy, can be determined. Again, the difficulty is
that one wants to detect something, here a weakly interacting DM particle, which does
not leave its tracks directly in the detectors. In indirect DM searches, final state products
in cosmic rays are the judges over the nature of DM, although other astrophysical
sources could generate the detectable final products as well. In the DM direct detection
experiments, it is the read out of nuclear recoil energy that might be produced by the
DM particle and then used to pin down a DM particle, although backgrounds or other
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sources could produce the same amount of nuclear recoil energy. In a collider experiment,
there could be other particles than DM be produced beyond the SM particles, which
would also only show up as missing energy.

To really claim the detection of a DM particle, the three possible methods have to be
combined. If the mass inferred from the energy spectrum of cosmic rays in DM indirect
detection experiments, the mass inferred from the nuclear recoil energy in DM direct
detection experiments and the mass inferred from the missing energy at DM creation
experiments all agree with each other, then the particle produced at a collider might be
indeed the particle that makes up the DM of the Universe, see, e.g., [76].

The three possible detection methods are directly related to each other in models with
a Higgs portal. The portal coupling constant A controls the s-channel annihilation of DM
particles and thus is responsible for a possible signal in indirect detection experiments.
Besides, the Higgs portal in the t-channel realizes spin-independent nuclear scattering
cross sections and it can therefore give a signal in direct detection experiments. In
addition, at colliders, the Higgs portal in the s-channel can create DM particles.

In the following subsections we will address each of the three detection possibilities. All
of these detection possibilities rely on the fact that there is a distribution of DM particles
in our Galaxy. Therefore, before addressing each of the three detection possibilities in the
following subsection, one first has to specify the actual distribution of DM particles. To
do so, the Universe is simulated as an ACDM Universe. In that framework, large N-body
simulations produce DM halos of galaxies that depend on the DM density profiles p(r).
Simulating several systems ranging from dwarf galaxies to galaxy clusters, J. F. Navarro,
C. S. Frenk and S. D. M. White (NFW) obtained the following fit to the DM density
profile [77]:

pr) _ % (2.6.5)

ez (14 —)2
where p,. is the critical density of the Universe, see equation (2.3.8), . is a dimensionless
parameter characterizing the overdensity of the halo and r, is the scale radius of the
halo, which for our Galaxy equals ry = 20 kpc.

The NF'W profile leads to a smooth distribution of DM particles in the simulated
halos. The quantity peitd. is determined by fixing the DM density p(rs) at the Solar
distance ro = 8.4kpc from the Galactic center. For the NFW profile, a determination
yields p(rg) = 0.389 4 0.025 GeVem ™3 78], whereas a model independent analysis yields
p(re) = 0.430 4 0.113 £ 0.096 GeVem =3 [79).

2.6.1. Indirect Detection

The best chance to detect DM particles indirectly in cosmic rays is the annihilation of
DM particles into a photon v and a particle X. The final state photons would show up
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as a monochromatic line signature above the diffuse gamma ray background.
The photon flux ®., per photon energy E, is written as [80]

d®, 1 (ov) dN,

dE = 8_7rm2 ETQP(T®>2J' (266)
Y DM Y

(ov) is the partial cross section for the annihilation of a DM particle, m,, is the mass
of the DM particle, 4N+/dE, is the photon energy spectrum, p(rq) is the DM density at
the Solar distance ro = 8.4kpc from the Galactic center and J is the integral over the
region of interest expressed in galactic coordinates:

J = /db/dz/f—; cosb<%)>2 . (2.6.7)

Here, b is the Galactic latitude, [ is the Galactic longitude, s is the line of sight and r is
the distance from the Galactic center, which equals r* = 72 + s* — 2r2scosbcos!.

The dependence of the photon flux on the DM density to the power of two is charac-
teristic for DM annihilations, because two DM particles are in the initial state. For DM
decay, only one DM particle is in the initial state and the photon flux depends linearly
on the DM density.

The photon energy spectrum follows to be:

2
Ny N (EA, — mp (1 BID )) , (2.6.8)

dE, a4m3

with N, =2 (1) if X =~ (X # 7).

In its 3.7 years of data taking the Fermi Large Area Telescope did not find any
globally significant lines in their search regions, which translates into limits for the DM
annihilation cross section into photons. The limits for the DM annihilation cross section
into two photons times velocity are in the range (10722 — 10727) cm®s~!, depending on
the DM mass and on the DM density profile assumed for the Milky Way [81] and thus
by a factor of approximately 5-5000 smaller than the thermal average of the annihilation
cross section times velocity needed to produce the correct amount of DM relic density
by freeze-out, which equals 3 x 10726 cm3s~!. In particular, with a global significance of

only 1.6 o for a line-like feature at a DM mass of 133 GeV, recent claims of a line-like
feature at a DM mass near 130 GeV [82,83] seem to be killed.

Given the above arguments, in particular possible and yet unknown astrophysical
sources, we do not discuss the prospects for indirect detection of DM annihilations in the
course of this thesis, but we do discuss direct detection.
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2.6.2. Direct Detection

The event rate is written as:
—_— = v 2.6.9
dER mpM Maet Jpsu,,, dER fe(v)d ( )

nuclei

where pg, ~ 0.3 GeVem ™3 is the local DM density, taken as the mean density of elementary
particles trapped in the galactic gravitational field at the position of the Sun, Mgy is the
mass of target material. v, is the minimum velocity required for DM to scatter off a
nucleus with recoil energy Er and fg(v) is the local DM velocity distribution function
in the rest frame of the Earth.

The matrix element of the DM-nucleus scattering cross section ¢ involves the expecta-
tion values (n|gl'q|n) of quark bilinear operators gl'q inside a nucleon n. Under Lorentz
transformation, these operators transform as scalar gq, pseudo-scalar gvsq, vector gv,q,
axial-vector g7v5v,q and tensor go,,q. Under charge conjugation, these operators are
even, even, odd, even and odd, respectively. Note that, for a Majorana field that is
even under charge conjugation, the odd operators vanish. As noted above, the present
velocity vy of a DM particle is about three orders of magnitude smaller than the speed ¢
of light, which justifies a non-relativistic approximation. In the non-relativistic limit, the
vector operator transforms as a scalar and the tensor operator as an axial vector. In that
limit, the remaining interactions are the scalar and the axial vector interactions. It is the
axial vector interaction that contains the spin operator £fo;& with & the two-component
spinors and o; the Pauli matrices. We discuss effective scalar interactions in the model
of section 3.4, and effective vector and tensor interactions, respectively, in the model of
section 3.1. Therefore, in section 3.4, spin-independent interactions lead to DM direct
detections, whereas in section 3.1, spin-independent and spin-dependent interactions
contribute.

In [84], the effective DM direct detection cross sections resulting from scalar and axial
vector interactions are calculated. For the scalar interaction, the matrix element of the
operator gq, where the light quarks ¢ = u, d, s enter with masses m,, in a nucleon n with
mass m,, is written as:

(nmggqln) = mn fi" . (2.6.10)

The nucleon parameters fén) are associated with hadronic uncertainties in the computation
of the pion-nucleon-sigma term oy, that is o, = /2 (my, + mq) (n|tu + dd|n), and of
the quantity oo = /2- (m,, + myq) (n|tu -+ dd — 25s|n), see [84] and [85]. In section 3.4, we
use the values from table 2.5, which follow from o, = 55MeV and oy = 35MeV. The
contribution of the heavy quarks ) = ¢, b,t is obtained in the heavy quark expansion:

<n!mQQQ\n>——mn (1— > > (2.6.11)

q=u,d,s



40 2. Importance of Neutrinos and Illuminating Dark Matter

neutron™  proton™
fu 0.018 0.023
fa 0.042 0.033
fs 0.26 0.26

Table 2.5.: Nucleon Parameters.

Equations (2.6.10) and (2.6.11) yield the effective scalar coupling gg(,) for DM spin-
independent scattering on a nucleon n:

gs(n) = % [ >+ %mn (1 - > fq<">>] : (2.6.12)
q=u,d,s q=u,d,s
see equation (3.4.67).
For the axial vector interaction, the matrix element of the operator gv,7s in a nucleon n
is proportional to the spin of the nucleon. The differential cross section for spin-dependent
DM scattering is proportional to [84]:

dU 2 J+ 1
dBn o (ap(Sp) + @n(Shn)) 7

In equation (2.6.13), J is the total angular momentum of the nucleus. (S,) = (N|S,|N)
is the expectation value of the spin content of the proton group inside a nucleus N, and
in analogy, (S,) is the expectation value of the spin content of the neutron group. a, and
a, are parametrization factors. The term in brackets in equation (2.6.13) corresponds
to equation (3.2.11), where we also take the orbital angular momentum into account.
F?(ER) is a form factor. Form factors are discussed in detail in section 3.2.1.

In the rest frame of the Galaxy, the local DM velocity distribution follows from the
DM density distribution and its phase-space density, which both depend on the Galactic
gravitational potential. Taking the standard DM halo model in which the DM density
distribution is an isotropic isothermal sphere and assuming that the Galactic gravitational
potential is spherically symmetric, the local DM velocity distribution is the Maxwell—
Boltzmann distribution [86] for velocities v < veg. and zero for velocities v 2 Ve With

F*(ER). (2.6.13)

the local escape velocity vese. Vesc 18 Telated to the local gravitational potential and set
t0 Vese = D44 kms™!. The Maxwell-Boltzmann distribution is normalized if the local
velocity dispersion,

o2(re) = /dgv V|? fro (V) (2.6.14)

equals o, = 1/3/2vy, where vy = 220 kms™" is the circular velocity at the position of the
Sun assuming that the rotation curve of the Galaxy is flat down to the position of the
Sun.
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The velocities involved are smaller than the speed of light by a factor 1073, and
therefore a coordinate transformation is well approximated by a non-relativistic Galilean
transformation, which has to be applied from the DM velocity in the Galactic rest
frame into the rest frame @ of the Earth where the detector of a DM direct detection
experiment is located. The underlying transformation reads: fg(v,v.) = f(v+wv.), where
v is the velocity of the detector relative to the Galaxy taking into account the galactic
rotation vy, the mean velocity of the Sun relative to nearby stars, which we set equal to
12kms™!, and the orbital velocity vy, = 30 kms™! of the Earth relative to the Sun [87]:
Ve = vo+12kms ™+, cos v cos [27(t — ty) /year] with cosy = 0.51 and ¢y = June 2nd.
The measurable quantity depends on the product of the differential cross section, the
DM velocity and the DM velocity distribution.

Since we will investigate differential cross sections that are independent of v and
proportional to 1/+2, respectively, we must evaluate the following velocity integrals to
predict the event rate:

Cl(vmim ve) = /;:n dBU f(vT—i_’UG), (2615)
CZ(Umim/Ue) - /OO dSU /Uf(lv + 'Ue)- (2616)

The analytic formulas for the DM velocity integrals given in refs. [88,89] are used.

The total predicted event rate in the DM direct detection experiments is obtained
by integrating the differential event rate with respect to an appropriate recoil energy
range. However, due to energy losses in the detection material, the nuclei in the detection
materials do not transfer the total recoil energies into the measurable energies, i.e., the
actual measured energies are only fractions of the incident transferred energies by the
scattering process. These fractions are known as nuclear quenching factors, which were
already discussed in [90].

In section 3.2, we compare the event rates predicted in a specific model with the data
from the XENON100, DAMA, and KIMS direct detection experiments. The energy
range and the quenching factors are taken from [74,91,92] and shown in Tab. 2.6. For
XENON100 we use the same light-yield function Leg as in ref. [91] that corresponds to
an effective quenching factor.

DAMA

The DAMA experiment has 25 sodium-iodine crystals doped with thallium as detector
material. They are arranged in five rows by five columns. Each crystal has a mass of
9.70 kg and a volume of 10.2 x 10.2 x 25.4cm?. Each detector has two photomultiplier
tubes at opposite sides [71].
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A possible DM-Nal(TI)-scattering process can induce light emission after recoil of the
nuclei of the crystals. Due to the photoelectric effect, photoelectrons are ejected. The
photomultipliers measure the resulting electric charge, which is proportional to the recoil
energy.

To obtain a model-independent result on the mass of the DM particle, the DAMA
collaboration measures an annual modulation signal [93]. In fact, since the Earth orbits
around the Sun and the Sun itself moves relative to the center of the Galactic rest frame,
once a year on June 2nd, the orbital velocity of the Earth is parallel to the velocity of
the Sun around the Galactic center. Then the flux of DM particles crossing the Earth
should have a maximum. Hence, the event rate measured in the Nal(T1) crystals should
have a maximum. The DAMA collaboration claims to have measured such an annual
modulation signal.

In the energy interval [2;6]keV, the modulation amplitude is measured with an event
rate of 0.0166 + 0.0013 at a confidence level of 8.90 [93]. Having investigated several
sources that could also generate an annual modulation signal, the DAMA collaboration
claims to have evidence for DM particles in our Galactic halo at 8.90 confidence level.

KIMS

The KIMS experiment consists of an array of 3 x 4 cesium-iodine crystals that are doped
with thallium. The crystals have a mass of 8.6 kg each and a volume of 8 x 8 x 30 cm®. To
each crystal, two photomultiplier tubes are attached at opposite sides. Having also iodine
as target material, the KIMS measurement is competitive to the DAMA measurement.
In the energy interval [3.6;5.8]keV, the KIMS collaboration obtains an event rate for
nuclear recoil events of 0.0098 counts day~' kg™ keV~" at 90% confidence level [74].

CDMS

The CDMS experiment has 19 germanium and 11 silicon detectors. Each germanium
detector has a mass of approximately 230 g, and each silicon detector has a mass of
approximately 100 g [75]. The detectors are cooled to temperatures below 50 mK. On top
of each detector, phonon sensors measure the recoil energy and position of a possible DM
scattering event. In addition, the phonon sensors are used as reference for the ionization
measurement.

28Si is lighter than 3Ge; therefore the spin-independent scattering cross section, which
is proportional to the squared mass number A? of the nucleus, is enhanced for germanium
relative to silicon.

In section 3.4.5 we use the data detected by 14 germanium detectors with a total
exposure of 612 kg-days, which set the upper limit on the DM-nucleon elastic-scattering
spin-independent cross section of 7.0 x 10™*cm? for a DM mass of 70 GeV at 90%
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Energy range  Quenching factor
XENON100 | 8.4 — 44.6keV Leg
KIMS 3.6 —58keV 0.1 (Cs), 0.1 (I)
DAMA 2 — 8keV 0.3 (Na), 0.09 (I)

Table 2.6.: The energy range and the quenching factor for the experiments XENON100,
KIMS and DAMA.
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Figure 2.6.: Limit on the spin-independent WIMP-nucleon scattering cross section from
XENON100. The green and yellow bands show the expected sensitivity at
lo and 20, respectively. The resulting exclusion limit at 90% confidence
level is shown in blue. Other experimental limits are shown for comparison.

confidence level.

XENON100

The XENON experiment is a two phase time projection chamber, which is almost
cylindrical with a height of 30.5cm and a radius of 15.3 cm. The time projection chamber
contains 62 kg of liquid xenon. On the bottom, the time projection chamber is closed by
a cathode below which an array of photomultiplier tubes is installed. On top of the time
projection chamber, there is a gate grid. Cathode and gate grid generate an electric drift
field. Above the gate grid, there is a liquid gas interface followed by a gaseous phase of
xenon. An anode with a stronger electric field than the gate grid is placed a few mm
above the liquid gas interface. At the top end cap of the chamber, xenon is present in the
gaseous phase. The top end of the whole detector is closed by an array of photomultiplier
tubes. The coordinate system to locate the interaction point has its z-axis aligned along
the electric drift field. The brief description of the geometry of the XENON detector as
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well as the following details on the signal read-out are taken from [73].

The melting point of xenon is —111.7°C and its boiling point is —108.12°C, both
referring to a pressure of 1.01325bar. With an atomic mass number of 54 and a density
of 3gem ™3, liquid xenon is very efficient in stopping radiation. Being liquid, it is not
an expensive task to stop radiation in a large and homogeneous volume of liquid xenon.
Experiments based on crystals like sodium-iodine or semiconductors such as germanium
have to face engineering and economic problems when operating on relatively large and
homogeneous volumes. Compared to other liquid rare gases, liquid xenon has the highest
ionization and scintillation yield.

It is a unique feature of liquid rare noble gases to produce both charged particles and
scintillation photons in response to radiation. In liquid xenon, the scintillation photons
have a wavelength centered around 177.6nm. These photons are emitted when the
excited dimer Xe; decays into the ground state:

Xey — 2Xe+ 7. (2.6.17)

Xej is created directly through excitation of atoms and indirectly through electron-ion
recombination.

In liquid xenon, isotopes with an even number of neutrons can be found, i.e., '2;Xe,
120Xe, '2Xe, 20Xe, '2Xe, 21Xe and '35Xe, as well as isotopes with an odd number of
neutrons, i.e., '2;Xe and '3;Xe. Therefore, liquid xenon can probe spin-dependent and
spin-independent interactions. The listed features of liquid xenon are extracted from [94].

Typically, when a possible weakly interacting massive particle scatters off a xenon
nucleus from the liquid xenon inside the time projection chamber, a prompt scintillation
signal S1 is generated during the nuclear recoil when a xenon atom is excited to the dimer
Xej. S1is detected by the photomultiplier tubes at the bottom of the time projection
chamber. In the scattering process, xenon atoms are also ionized. The resulting free
electrons drift through the liquid xenon to the gate grid. The anode above the gate grid
with its stronger electric field extracts the electrons into the gaseous phase where the
proportional light signal S2 is generated. S2 is detected in the top array of photomultiplier
tubes. Knowing the drift velocity of the electrons, the time between the detection of S1
and S2 yields the z-coordinate of the interaction point. The x- and y-coordinates can be
inferred from the single photomultiplier tubes in the array that detected a light signal
for the scattering process under consideration.

The current analysis is based on a data set corresponding to 224.6 live daysx34 kg
exposure [95] . There are no evidences on DM interactions. The exclusion limit on the
spin-independent DM-nucleon scattering cross section is taken from [95] and shown in
figure 2.6. The limit on the spin-independent DM-nucleon scattering cross section is
2 x 107% cm? for a DM mass of 55 GeV at 90% confidence level. At the time when we
made predictions on the DM direct detection possibilities in the models we present in
chapter 3, we had to rely and on data sets with less exposure time. In section 3.1 we use
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the data set corresponding to 100.9 live daysx48 kg exposure [91]. At that time, the
limit on the spin-independent DM-nucleon scattering cross section was 7 x 10745 cm? for
a DM mass of 50 GeV at 90% confidence level. We account for the increase of sensitivity
in direct detection by presenting the planned sensitivity of XENONI1T [96], see figure 3.9.
In section 3.4 we use the data set corresponding to 11.17 live daysx40 kg exposure [97].
At that time, the limit on the spin-independent DM-nucleon scattering cross section
was 3.4 x 1074 cm? for a DM mass of 55 GeV at 90% confidence level. We can simply
make a prediction on the cross section without being in conflict with the present bounds,
because we can always make the relevant mixing angle small, see figure 3.11.

2.6.3. Collider Production

Although DM particles could be directly pair created in proton-proton collisions, they are
invisible to the detectors, which only measure electromagnetic and hadronic interactions.
Nevertheless, events in which DM particles are pair produced could be detected if there
is an additional SM particle emerging from initial-state radiation. For example, in the
collision of an up quark with an anti-down quark, a pair of DM particles could be
produced that will not be directly detectable in the detectors. However, if the initial up
quark or the anti-down quark radiates off a W™ gauge boson, than the calorimeters could
measure the energy of the W decay products. The missing transverse momentum from
the not directly detected DM particles can then be reconstructed from the center-of-mass
energy and the measured energies of the W™ decay products. The search for DM pair
production in events with a hadronically decaying W or Z boson and missing transverse
momentum in proton-proton collisions is reviewed in [98]. The data analysis is based on
data recorded with the ATLAS detector corresponding to 20.3fb~! at /s = 8 TeV. The
data very well agree with the estimated backgrounds and are thus consistent with the
SM expectations.

2.7. Neutrinos Have Mass and the Universe Has
Dark Matter

As outlined above, neutrino masses and DM in the Universe in form of a new particle
are two very interesting but yet unresolved problems in particle physics.

Experiments have proven their existence and thus have directly born the younger
generation of particle physicist into the doorway of physics beyond the SM. Precision
measurements in the neutrino and in the DM sectors have already led to the discoveries
of their main characteristics, respectively, and therefore we already have entered into the
realm of non-standard physics.
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Believing in the present and future experimental development, it is thus very well
motivated to study further neutrino masses and DM. The investigations in this thesis
combine neutrino masses and DM, providing a common framework.



Part 1.

Radiative Neutrino Masses and
Frozen-Out Dark Matter
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3. Neutrino Masses at Loop-Level
Connected to Dark Matter

In section 2.2, we have advertised neutrino mass generation at the loop level. If one
assumes that the Yukawa coupling constants y,; of the terms

Yai Lo H N; + h.c. (3.0.1)

in equation (2.2.12) are of order one, then the Majorana mass scale M), in leading order
type-1 seesaw has to be as large as My, ~ 10 GeV. Such a high scale is needed to
generate light neutrino masses of order 0.1eV according to the seesaw mass matrix

m, = —mpM/mbh, (3.0.2)

see equation (2.2.11) for further discussion.

In terrestrial experiments, energies of the order of 10* GeV are accessible. To probe
nevertheless directly the scale needed for neutrino masses, one could force the relevant
Yukawa couplings to be as tiny as 107¢, which would decrease M) to an accessible order
of My; ~ 103 GeV. However, one may wonder about the origin of such tiny Yukawa
couplings.

A way out of correctly matching a Yukawa coupling constant and Majorana mass in

type-I seesaw mechanism could be to think about neutrinos being massless at tree level.
The light mass scale could then be explained by loop effects. In addition, loops can
naturally combine the light neutrino mass generation with DM physics.
In this chapter, we study frameworks that simultaneously explain light neutrino masses
by radiative mass mechanisms and DM by freeze-out of a stable particle. We consider
models at the one-loop and two-loop level. Even at three-loop level, there is an available
model discussed by Krauss et al. [99] and by Aoki et al. [100], which, however, is beyond
the scope of this thesis.

We start in section 3.1 by reviewing the Ma-model [101], which generates light neutrino
masses at the one-loop level. Despite the leptophilic nature of the DM with no direct
couplings to quarks and gluons, scattering with nuclei is induced at the one-loop level
through photon exchange, for which we explore for the first time in literature the expected
event rate in DM direct detection experiments.
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This section is the result of the work based on collaboration with Thomas Schwetz and
Takashi Toma. The subsequent publication is [102], of which the author of the present
thesis is a co-author. The author of the present thesis contributed to the calculation of
the DM relic density, the DM direct detection, effects of 613 and was partly involved in
the loop integration.

Next we review the Zee—Babu-model [103], which generates light neutrino masses at
two-loop level. Although the scale of new physics is at the accessible TeV range due
to two loop suppression factors and relative small coupling constants in the loops, the
drawback of this model is the introduction of a lepton number violating trilinear scalar
term by hand with a dimensionful coupling constant p, see equation (3.4.5). In the SM,
the dimensionful coupling constant p? is fixed by spontaneous symmetry breaking such
that the symmetry breaking scale is the remaining physical scale, see equation (2.1.4).
Motivated by the demand that any new physical scale beyond the SM should arise
dynamically from the general concept of spontaneous symmetry breaking, the original
Zee—Babu-model is augmented by a scalar SU(2);, singlet in section 3.4.1 such that
the potential enjoys a global U(1)p_; symmetry. It is then the spontaneous symmetry
breaking of the global symmetry that generates dynamically the trilinear term needed for
neutrino masses. In order to obtain a DM particle we introduce two SM fermion SU(2),
singlets. Neutrino masses and DM are then related by the global U(1)g_; symmetry;
most noticeably, a remnant Z, symmetry automatically guarantees the stability of the
DM particle. The DM phenomenology of the model is discussed and similar models
based on a gauged U(1)p_; symmetry are commented on.

The work done in collaboration with Manfred Lindner and Thomas Schwetz added up
to this section. The subsequent publication is [104], of which the author of the present
thesis is the corresponding author. The author of the present thesis determined the mass
spectrum of the model, calculated the annihilation cross sections and direct detection
cross section.

3.1. One-Loop Example: The Ma-Model

3.1.1. Neutrino Masses and Mixing

At one-loop level, a very well studied model to generate neutrino masses radiatively is
the model proposed by E. Ma in 2006 [101]. It represents a mechanism to realize the
dimension-five Weinberg operator at one-loop level.

The particles beyond the particle content of the SM are three right-handed neutrinos
N; (i = 1,2,3) and one scalar SU(2);, doublet 7. In addition to the SM gauge group
there is a Zs symmetry under which the new particles change sign and the SM particles
transform trivially. The Zs charges are assigned such that the right-handed neutrinos N;
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only have Yukawa couplings with the scalar SU(2);, doublet 1. Yukawa couplings of 1 to
SM fermions are forbidden, thus 7 is called an inert SU(2), doublet.
The new invariant Lagrangian expressed in Dirac spinors is:

__ 1 __ _
£N = Nﬂ@PRNZ + (D'Lﬂ])T (D‘un) — éMzNzCPRNz + hm‘Laf]PRNZ‘ + h.C. s (311)
and the scalar potential Vcapa, is:
2 prt 20t I (T 4 I ()
Vicalar :mHH H + mynm + 5)\1 (H H) + 5)\2 (n 77)
1
+ X (H'H) () + A (') (') + 526 ((H)* +he) . (3.12)

where H is the SM Higgs SU(2), doublet and 7 = io9n*. This is the most general
SU(2);, x U(1)y gauge invariant renormalizable scalar potential for two SU(2);, doublets
that also enjoys the discrete Zs symmetry introduced above.

The symmetry breaking pattern of this potential with all of the possible combinations
of the two vacuum expectation values being zero or different from zero, respectively, was
analyzed in [105].

In the following, the vacuum expectation value (n) of 7 is assumed to be zero, so that
the discrete Zy symmetry is an unbroken symmetry of the vacuum state.

The combination (H) = !/v2-v # 0 and (1) = 0 is one of the four combinations
analyzed in [105]. Because () = 0, Dirac neutrino masses are not generated through the
Yukawa couplings in equation (3.1.1), and neutrinos remain massless at tree level.

We parametrize the SM Higgs SU(2), doublet H and the inert SU(2), doublet 7 in
the unitary gauge as:

H= v (" (3.1.3)
“\Sw+n) o T\l i) B

see equation (2.1.3). The mass eigenvalues of the potential are then:

m? (h) = %)\1@2 , (3.1.4)
m? () = m% + %)\3?)2 : (3.1.5)
m* (n3) = mfz + % Az + Mg+ Xs) 02, (3.1.6)
m? (nf) = m? + % Az + Ay — A5) 2. (3.1.7)

The addition of three right-handed neutrinos N; (i = 1,2,3) to [105] then allows for
radiative neutrino masses, see figure 3.1. The relevant couplings that enter into the
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neutrino mass generation are the Yukawa couplings h,; of the inert Higgs SU(2), doublet
n and the scalar coupling ;.
The amplitude for the diagram in figure 3.1 equals:

| Ak, P+ M i
o » i p ' 1.
iM = hy, m/ Cm)d o+ k)2 — M2 k2 —m2(y0) (3.1.8)

Here and in the following a summation over the index ¢ is implied.

m?(n°) represents the mass eigenvalue of either the real or the imaginary part of n°.
We will point out the distinction between m?(n%) and m?(n?) where needed.

With the projection operator Py of the right-handed Majorana neutrino /V; involved
in the loop integral in equation (3.1.8), one sees that only the mass M; in the numerator
contributes because Pr(p+ §)Pr = (p + ¥)PLPr = 0.

We obtain the denominator of the one-loop integral in Feynman parametrization:

1
{zl(p+k)? = MZ] + (1 — 2)(k* —m?(n°))}*

We define k' = k +ap and A; = (M2 — m?(n°))z +m?(n°). We neglect the light neutrino
mass p? in equation (3.1.9) as well as in the numerator of the one-loop integral. The
one-loop integral in d = 4 dimensions can now be calculated:

/d:v/ ddk/ o f) (3.1.10)

(3.1.9)

A;
= 16 da; log — 7 (3.1.11)
M, 1 2(,0
= {3 dr log[(1 —a)z +a;]; a; = m]é?; ) : (3.1.12)
The exchange of the real part of n in the loop gives:
M; m?*(ng) m?(ng)
1 1 : 3.1.13
167T2 ( - ]\47,2 - m2(7710%) o8 Mz2 ( )
The exchange of the imaginary part of 1 in the loop gives:
M; m?(n;) m?(nf)
— 1 1 : 3.1.14
1671-2 ( " Mz2 - m2(n?> o8 M22 ( )

Both contributions yield

ZM - PR(my)ag (3115)
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Figure 3.1.: Radiative neutrino mass generation at one-loop level.

with the effective neutrino mass:

. 2(,,0 2/.0 2/ 0 2/ 0
(M) = hashl 116\5422 (M2m (r) ™ 0R)  m) o om (771)) |
™

g og
m2(ng,) M} MZ —m?(np) M?

7

(3.1.16)

Since m?(n%) — m?(n?) = Asv? and assuming A\sv? < mgy = m*(R)+m*()/2; the final
result for the radiatively generated neutrino mass is:

)\57}2 t Mz M2 mO

v)ag = haihy, - ———1 . 3.1.17
(mu)as = 35 BZm%—ME( m2 — M2 ® 2 (3.1.17)

For convenience, we define:

2502 M? m,
N=—— (11— 51 : 3.1.18
(4m)2 M, ( mg — MZ M?) ’ (3.1.18)
which allows us to write:
M?
(My)ap = hthi—lAi. (3.1.19)
Fimg — M?

The assumption of a small coupling A5 is reasonable [106], since in the limit of A5 — 0,
the symmetry of the model would increase; the model would enjoy a U(1) symmetry.

If one assumes the tri-bimaximal structure of the PMNS matrix at leading order, i.e.,
012 = sin~! (1/v3), O3 = 45°, 13 = 0° and § = 0, equation (2.2.17) simplifies to:

o W
e
N po

e
S-S o

Uui=| - (3.1.20)



54 3. Neutrino Masses at Loop-Level Connected to Dark Matter

We diagonalize the effective neutrino mass matrix (m,)as with Uy, , i.e.:

diag (my, ma, ms) = Ul (m,)as U, . (3.1.21)

tri

The Yukawa couplings are written as: ha; = |hai|€™?, with ¢; the phases, o the flavor
(v = e, pu, 7) and 7 the right-handed neutrinos (i = 1,2, 3). The following conditions [107]
result from equation (3.1.21):

3
Z(thl sin 2912 + 2\/§hei(h;uj — h”) COS 2912

=1

— (hyi — hyi)*sin2615) =0 (3.1.22)
3
Z hei(h/u' + hm) =0 (3123)
i=1
3

=1

We realize these conditions by choosing h,; equal to:

0 0 hy
hm‘ - hl hg h3 (3125)
hi hy —hs

implying that tan 615 = 1/v2-"5/hs. In a section below, we analyze the effects of the recently
confirmed measurement of sinf3 # 0. We take sinf;3 = 0 at leading order. In our
analysis, we use the fit value sin? 615 = 0.3127001% [108]. It then follows hb/ns & 0.9510 035
Using the global fit value for sin? ), given table 2.1, we obtain #s/n; ~ 0.9373957 i.e.,
within the error bars there is no significant change in the value for #3/n;. The special form
for the Yukawa couplings is discussed in [107]. It leads to one vanishing neutrino mass
eigenvalue. Therefore, the measured differences of squared neutrino mass eigenvalues
directly corresponds to the actual neutrino mass eigenvalues.

Neutrino masses are given in terms of the model parameters as follows:

A 2

|(h2 + h2)A| ~ # (3.1.26)
A 2

1h2A,) ~ % (3.1.27)

where use AmZ, = 2.50 x 107*eV? and Am2, = 7.59 x 107°eV? for the differences of
squared neutrino mass eigenvalues.
Again, the differences relative to the values given in table 2.1 are not severe. The mass

difference of N7 and N, is neglected.
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From equations (3.1.18), (3.1.26) and (3.1.27), we can estimate the required sizes for
the couplings h; and \5. Assuming (1 — M?/m2—m2 - logmi/m2) ~ 1 and hy ~ hy ~ hz = h;,
and taking into account that v ~ 0.05 eV x 2 x 10'2, we obtain:

Ashi M (—VAm““> . (3.1.28)

10-11 ¢ \ 0.05eV

Since h; controls the DM relic density, and can therefore not be too small, A5 has to be
tiny in order to obtain correct neutrino masses.

As will be discussed later, we impose the perturbativity condition |h;| < 1.5 for the
Yukawa couplings.

3.1.2. Lepton Flavor Violation
The Yukawa coupling

haiLan' PeN; + h.c. (3.1.29)

induces LFV decays at one loop level. Limits on lepton flavor violating decays then
impose further constraints on the model parameters.
The branching ratios (BR) for lepton flavor violating processes L, — Lg7y equal:

['(L, — L
BR(Lo — Lgy) = ( F_> 5) (3.1.30)
tot
I'(Ly — Lgva73) Lot -
[(L, — L
(La = L) ppir 1), (3.1.32)

F(L — L,BVal/ﬂ)

The decay L, — Lgv,v3 is a SM process involving the exchange of a W~ gauge boson,
which gives the Fermi constant Gp as an factor in the effective Fermi theory. The
loop-mediated decay is possible inside the SM with a W boson and left-handed neutrinos
vz, in the loop, but it is negligible small due to the fact that my ~ 102 m,, .

In the model considered here, L, — Lgy can also be realized with right-handed
neutrinos and the charged component ™ of the inert SU(2), doublet n running in the
loop. This loop-realization of the decay L, — Lg7v yields sizeable branching ratios for
lepton flavor violating decays:

3aEm
647 G2

2
M?
Zh iy ( ;)

my

BR(Ly — Lgy) = BR (Lo — Lavav3), (3.1.33)
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Figure 3.2.: Lepton flavor violating decay.

where apy = €2 /4 is the electromagnetic fine structure constant and M, is the mass of
nT, which we assume to be degenerate with n° for simplicity.

The loop involves a Dirac propagator and two scalar propagators connected through
the interaction vertex with a photon, see figure 3.2. The loop function Fy(x) is given by:

1 — 6z + 322 + 22% — 62% log x

(3.1.34)

see appendix B for a detailed calculation.

With the given structure for the Yukawa couplings h,; in equation (3.1.25), the hg
and h} elements contribute to y — ey. The branching ratio for the decay p — ev, 7
is BR(yp — ev,7,) ~ 1. Since hfj = V2hstan @y, u — ey only depends on |hs]
and Mj. The lepton flavor violating process 7 — uy depends on hy, hs and the
DM mass M;. Given the current experimental situation, i.e., BR(ut — ety) <
5.7x 10713 [109] and BR(7~ — p~y) < 4.4x 1078 [110], the most stringent constraint on
the model parameters comes from the current non-observation of u* — e*~. Contours
of BR(u — ey) = 5.7 x 10713 are shown for several |h3| values in figure 3.3. We
take M3 = 6000 GeV and |h3| = 0.3 as a benchmark point in the following discussion.
As it is clear from the figure, for this choice all values of my are allowed, and for
mgo ~ O(100) GeV, we predict u — ey close to the present bound; equation (3.1.28)
then implies A5 ~ 1079 With the chosen flavor structure of the Yukawa couplings h;, we
are able to relate model parameters to neutrino oscillation data. Together with the upper
bounds from the LVF process, there are additional constraints on the model parameters,
leaving only four independent parameters left which can be chosen as follows:

mo, Ml, 0= M2 — Ml, 5 = Im(h;hl) , (3135)



3.1. One-Loop Example: The Ma-Model 57

10000 ——— —
L 150
= 140
8 130
i < 120 ]
8000 - g 110 E
L — 100 & : : : S
o Ihsl=05 5900 5950 6000 6050 6100 |
LT M;[GeV]

6000 - |
= L .. ]
[5)
<)

4000 1

ZOOOj |h’§|201 i

Ok . R TR R R
0 2000 4000 6000 8000 10000

M;3[GeV]

Figure 3.3.: Contours of BR(u — ey) = 5.7 x 107'% in the (M3, my) plane for various
choices of |h3|. The region to the left of each contour is excluded by u — ey
due to the behavior of Fy(x). The inset zooms into the contour for |hs| = 0.3.

with 6 < M;. M; and ¢ immediately fix Ms.

Since we fix hsy to the benchmark given point above in order to satisfy yu — ev,
equation (3.1.27) determines Az. Putting A3 and the the benchmark value for M;
into equation (3.1.18) fixes A5 for a given my. The A5 in turn determines A; via
equation (3.1.18). Once A; is known, the absolute values |h;| and |hy| follow from
equation (3.1.26). The still undetermined relative phase between hq and hy is defined by
the parameter &, which will play an important role for the production of the DM relic
density, which will be discussed in the following.

3.1.3. Dark Matter Relic Density

With the given Zs charge assignment, DM particles in this model are, in principle,
the neutral component 7° of the inert Higgs SU(2). doublet n and the lightest of the
right-handed neutrinos N;. We assume a mass spectrum in which NV; is the lightest
Zo-odd particle and hence the DM particle. It is further assumed that N; is almost
degenerated with the second lightest right-handed neutrino N,.

Because (n") # 0, the A3 coupling in the potential does not provide a Higgs portal,
which would mediate s-channel annihilations for N; into SM particles. The N; couple to

the SM only via Yukawa interactions with the lepton SU(2), doublets L, and therefore
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our DM is leptophilic. The corresponding annihilation channels N;N; — LaL_g are
t-channels mediated by the inert SU(2), doublet 7.

The relic density and indirect detection of DM in the model have been investigated
with the flavor structure of equation (3.1.25) in [107]. Here, we investigate the prospects
for direct detection of DM in this setup for the first time in literature.

For the thermal production of DM in this model, co-annihilations between N; and Ns
have to be considered, since they are assumed to be degenerated. Co-annihilations are
discussed in section 2.5.1. In addition to the annihilation of two Ny, the annihilation of
N; and N, have also to be considered leading to an enhanced effective annihilation cross
section.

The effective annihilation cross section is written as [59]:

OeftVp = Qog + begrV? + O(v2) (3.1.36)

see also appendix A. The DM relic density depends on the thermal average (oegv,) of
the annihilation cross section o.g times relative velocity v,. If v, follows a Maxwell—
Boltzmann distribution, then the most probable speed v is proportional to \/T/_m = \/1/_:1:
It then follows:

be
(GoftUr) = Goft + 73 + 40, (3.1.37)

The approximate analytic solution of the Boltzmann equation, which describes the
evolution of the DM density, is given by

Oh* ~ LO7 x 10%; GeV™', with x;= %, (3.1.38)
\/ Jeff (Tf)?Tlpl <aeg + 3%?) Tf

where geg(T}) is the number of relativistic degrees of freedom at the time of freeze-out,
see appendix C, and mp = 1.2 x 10" GeV is the Planck mass. In our analysis, we take
Qh? = 0.11260 + 0.0036 [111].

Given the almost degenerate masses of N; and N,, annihilations of N; and N, as
well as co-annihilations between N; and N, have to be considered, which are realized
by t-channel exchange of n* and n°. With the structure of the Yukawa couplings h,; in
equation (3.1.25), the allowed final states are p, 7, v, v,, and their antiparticles. It is
assumed that 6 = My — M is negligible small.

For the co-annihilation process, the squared amplitude |M|? is proportional to:

s(s —4MP) ( Foor, \2 st —4MPs
————= | h1h) — hih > =4——
(t—mg)> \T2 TR (=)
For the annihilation processes of Ny and Ns, the squared amplitude |M]? is proportional

to:

IM|? o €2, (3.1.39)

(s — 4M2)(s — 4MP)
(t —mg)?

M |h3 + h3|*. (3.1.40)



3.1. One-Loop Example: The Ma-Model 59

The cross section can be calculated according to:

do 1 1

e THEi e a— 2, 1.41
dt  647s ]pN17cm|2‘M| 3 )

|PN, .cm| 18 the absolute value of the three momentum of the particle Ny in the center of
mass system: [Py em| = /2v/SVem X /s — 4M7. The cross section for the co-annihilation
process is then proportional to s—4M?/(s—am?)(t—m32)? times phase space factors, whereas
for the annihilation processes the cross section is proportional to s—4M?/st-m2)? times
phase space factors.

The phase-space factors are the result of the t-integration of 1/(t-m2)2, and they are
equal to:

s(s —4M3?)

. 3.1.42
M} +md(s — 2M?2 +md) ( )

Writing s = 4M7/1-2, and expanding ov., in the the center of mass system velocity
velocity vem, it is already clear that for the co-annihilation process, ov., has a velocity in-
dependent term, whereas the for the annihilation process, the leading term is proportional
to v2_; this corresponds to the helicity suppression for Majorana fermions.

Taking into account co-annihilations of Ny and N and neglecting the lepton masses,
the coefficients a.g and b.g in the effective annihilation cross section follow from the
squared amplitude for the given processes, see appendix A, and are equal to:

2 M2
aeﬁ:g e (3.1.43)
27 (mg + M)
by — | RS2 MY (i + MY) €2 M (mi — 3mi M7 — My) (3.1.44)

41 (m+ MY 27 (mZ + M)

The terms proportional to £2 come from the co-annihilation process Ny Ny — LaL_ﬁ,
whereas the Ny N; and NoN, annihilations lead to the terms proportional to h? and h3,
respectively.

We observe from Eq. (3.1.43) and (3.1.44) that the s-wave resulting from the aeg-
term is only present due to co-annihilations. If there is no phase difference between h,
and hs, the combination of the neutrino Yukawa couplings ¢ vanishes and only p-wave
annihilation remains. Thus, co-annihilations and a non-zero phase difference play an
important role in obtaining the correct DM relic density. For the following results, we
use the micrOMEGASs package [64] to calculate numerically the relic abundance of DM.
In addition to N; — Ny co-annihilations, also co-annihilations with 7 are important, if
mg becomes close to M;.

The allowed parameter region in the plane of DM mass and the Yukawa coupling &,
which is consistent with neutrino masses and mixing, LFV, and DM relic density, is
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Figure 3.4.: Region in the space of DM mass M; and £ = |hihs|sin(p1 — p2) consistent
with neutrino masses and mixing, LF'V, perturbativity, and the relic density
of DM. The regions with different color shadings denoted by A, B, C, D,
correspond to different assumptions on mg, with A: 2.0 < mo/m; < 9.8, B:
1.2 < mo/ary < 2.0, C: 1.05 < mo/ny < 1.20, D: 1.0 < mo/a < 1.05. The
curves show the upper bound on sin ;3 from p — e, see equation (3.1.52),
with the Yukawa matrix from equation (3.1.49).

shown in figure 3.4. The allowed region is colored and divided into four regions A, B, C,
D, corresponding to different assumptions on the ratio mo/a,. The upper bound on &
is imposed by requiring perturbativity of the Yukawa couplings. The lower bound on
M; in regions A and B is determined by the limit on 7 — py together with the relic
abundance requirement. There is no allowed parameter region if mo/um; 2 9.8, because
taking into account perturbativity, as well as 7 — py, the annihilation cross section is
suppressed by mg. If mo/am, comes close to 9.8, we are driven to the left-upper corner of
the allowed region in figure 3.4. In the parameter region C and D, we have mo/n, < 1.2,
and co-annihilations with 7 become important. Without co-annihilations with 7, the
parameter space C and D would not appear, and we would obtain a lower bound on |£].
However, if N; —n co-annihilations are relevant, the correct relic density can be obtained
even for vanishing £. In all cases we can conclude that the correct relic density is always
obtained thanks to co-annihilations with either Ny or 7.

The charges component n* of the inert SU(2); doublet n can decay into charged
leptons. The allowed decays are n* — Njou™ and n* — Ny o7". Given that these
decays are the only possible ones for ™ in this model, one may worry about a too long
lifetime for n* being in conflict with light element abundances predicted by Big Bang
Nucleosynthesis (BBN). Namely, ' can inject energy into charged leptons, which may
change the predictions of BBN [112].
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In the rest frame of the decaying particle ™, the decay rate for the above listed decays
is:

hal? + [P |? ME\?
I (nt — Nigut (7)) = [ + [P (1 — —;) mo . (3.1.45)
8m mg

Defining = = moM, the lifetime 7, for n* follows to:

& 2 2 1
= — 1.4
T mm+mm(ﬁ—ﬂ7m (3.1.46)

We have checked that for the parameter ranges of interest, n decays much faster than
0.01 s, unless it is degenerate with N; at the level of 1071°, and hence the parameter
region D is not in conflict with BBN.

The Yukawa couplings h,; are chosen such that the neutrino mass matrix of the model
is diagonalized by the PMNS mixing matrix with sin #,3 = 0. However, the Double Chooz

experiment measured a non-zero value for sin? #;3: sin® 613 = 0.022775 5053, see table 2.1.
Therefore, deviations from the flavor structure assumed in equation (3.1.25) have to
be considered. Defining the PMNS mixing angles as ¢;; = cos 8;; and s;; = sin 0;; for
1,7 = 1,2, 3, the following perturbations for the PMNS matrix are introduced:

S13 = €3, Ci13 — 1+ 0(63), (3147)
1 n 1

S93 = —= €4, Co3 = ——=

23 \/§ 4 23 \/§

The perturbed Yukawa coupling matrix at linear order is written as:

— €. (3.1.48)

€1 €2 hg
hai = hl hQ h3 -+ 0(62) y (3149)
hi hy —hs

with |e;| < |h;]|.

Diagonalizing the neutrino mass matrix in equation (3.1.19) according to equa-
tion (3.1.21) at linear order, setting A; &~ Ay = A for the degenerated case M ~ Mo,
and using h} = V2 tan 012h3, the terms €1hy + e9ho and €4 depend on e3:

(h? + h2) Ay — sec? 012h3 A3
(h3 + h3) Ay — h3As
1 tan elgthg
€4 = —= €3 .
V3 + 13) A1 — A
The branching ratio y — ey depends on e1h; + e3hs. If we assume that €, €5 and €3
are real, we obtain from equation (3.1.33) the following expression for:

61h1 + Eth = \/5 (h% + h%) €3 = P€3, (3150)

(3.1.51)

2 2

M M3
Pes Iy (—;) +v/2tan O12|hs|* (—§>
m m

0 0

3
BR(ju — ey) =

= — 3.1.52
647 G2my ( )
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Thus the non-zero 6,3 directly gives a contribution to y — ey and €3 = sinf3 is
constrained by the limit on this process. Using (h? + h3) A ~ 2.5 x 1072 < 2.9 x 1073 ~
|h2A3| from equations (3.1.26) and (3.1.27), the parameter P is approximately obtained
as P ~ /2 (h? + h2), and an upper bound on €3 from p — ey at each point in figure 3.4
results.!

Contours of the upper bound on sin ;3 are shown in figure 3.4. The upper bound
becomes severe for small DM mass. According to figure 3.4 this requires DM masses
around the TeV scale with £ ~ O(0.1 —1).

3.2. Direct Detection of Leptophilic Dark Matter in
the Ma-Model

The Ma-model has been intensively studied in the literature. In the case that the lightest
right-handed neutrino N is the DM particle, however, detailed calculations concerning
the prospects for the direct detection of N; have been lacking until recently. In this
section, the direct detection of the leptophilic DM in the Ma-model is studied. The
Majorana nature of N; will turn out to be crucial for the scattering process used in direct
detection experiments.

3.2.1. Inelastic Scattering Cross Section

The DM particle Ny is a Majorana fermion field defined by the property that it is even
under the charge conjugation operation C. Hence, in the model presented here, there are
neither vector current interactions N;*N; nor tensor interactions N;o*” N;. Axial-vector
current interactions can be mediated by Z boson exchange, but they are suppressed by
the mass of the Z boson relative to possible interactions mediated by a photon A,. This
means that elastic scattering is suppressed.

However, for two different Majorana fields N; and N,, vector and tensor interactions
are possible. Inelastic scattering of Ny off nuclei is realized at one-loop level, where
the lepton L, and the inert scalar SU(2);, doublet 7 from equation (3.1.1) run in the
loops. Since there are electric charged particles in the loops in each case, a photon
A, can couple to the loops. Thus, the effective three particle vertex No — N; — A, is
possible, see figure 3.5. The kinetic term of n couples 1 to a photon A, through its
covariant derivative. In the loop in which A* couples to 7, the relevant vertex expression
is therefore —ie(p; + p2)*. Here and in the following, p; and p, are the four momenta of
the external right-handed neutrinos and k,, is the four-momentum of the photon. Adding

'TIn general, the phase of P depends on the phases of the Yukawa couplings h; and ho, i.e., ¢, and s,
not only the phase difference ¢ — 3. For simplicity we set the overall phase of P to zero. This
phase might play a role if the two terms in equation (3.1.52) are of comparable size.
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the two diagrams shown in figure 3.5, the resulting matrix element M, which we show

for completeness, has the structure:?

1 2 m? , N .
M = a(p2)ys(1 — v5)u(p1) {kQ (5 + 3 log H%) g — i(p1 + p2)akpe ne 6#(’“) :
(3.2.1)

We proceed in the effective field theory approach and write the effective interactions as:
Lot = ia1sNay" N0 Fro, + 1 (552) Noo™ NiFy + i1aNoy* Ni A, (3.2.2)

where the factor ¢ is a conventional factor to obtain real couplings ays, ¢12 and pqs.

Applying the Gordon identity to the term proportional to (p; + p2)akse®? in equa-
tion (3.2.1), a term proportional to M;o*F,, and a term proportional to k*A,, results,
see [113]. The first of these terms is written as the transition magnetic moment p12 in
equation (3.2.2) , the second one corresponds to the term proportional to ¢j3. The model
considered here is a specific realization of flavored DM discussed in [113], where similar
diagrams to the ones from figure 3.5 have been considered.

In the model considered here, the coefficients a9, 12 and 15 are calculated as:

Im (hlyhar) e . [ ME m?
_ o mopha e, (MM 3.2.3
2 za: 2(4m)>m3 m3’ ma ( )
Im (h}yha1) € M} m?
_ N 2 Waaa) €9 g (M TG ) 3.2.4
Ha za: 2(4m)>m3 ! m3’ ma ( )
Im (hlyha1) e o [ M?E m?
_ N WVttt € oy (M TG ) 3.2.5
12 za: 2(4m)?m3 1 m3’ ma ( )

where ¢? is the momentum transfer.

The explicit forms of the function I,(x,y), In(x,y) and I.(x,y), which come from the
loop integrals, are given in appendix B. All of the coefficients of the effective interactions
are proportional to Im (h},h,1), which is equal to £ according to Eq. (3.1.25). The
parameter ¢ is hence responsible for N; — Ny co-annihilations and in addition for the
effective interactions of DM with nuclei. From the effective interactions in equation (3.2.2),
we obtain three types of differential scattering cross sections with a nucleus that has
atomic number Z, mass number A, mass my4, spin J4 and magnetic moment pu4, see

2T thank Takashi Toma for providing me with the matrix element M.
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N L~ N, N

Figure 3.5.: Inelastic scattering of N; off a nucleus with mass number A.

e.g., [69,113]:
d(fcc Z2b%2m,4 9
= F“(F 3.2.6
dEr ~ 2m? (Er). (3:2.6)
dopc :ZzaEMM%Q
dERr Er
Er{ 1 1 s 1 &2 1 ,
qMl-=———+ - = — — F“(F 3.2.7
[ v2 (QmA + Ml) v2upy 02 2mAER} (Er), ( )
dopp _ phpisma (Ja+1Y\
= Fi(E 3.2.8
dEgR T2 3J4 b(ER), ( )
with the coefficient
C12
b12 = <a12 + ?> e. (329)

The three effective cross sections are called charge-charge (CC), dipole-charge (DC), and
dipole-dipole (DD) coupling, respectively. Here, Ey is the recoil energy and pupy is the
DM-nucleus reduced mass, i.e., ppy = "PM™A/mpy+m 4.

Magnetic moments of several nuclei are shown in Tab. 3.1, where the nuclear magneton
is taken from [114].

F(ER), the so called nuclear electric form factor, is the Fourier transform of the electric
charge distribution of a nucleus in the Born approximation. Parametrizing the nuclear
charge distribution as p(r) = [ d°r’ po(r/)p1(r — 1) [115], the nuclear form factor is:

3 [sin(kr) — K1 cos(kr)] 22
(kr)? ’

F(FER) = (3.2.10)
with k = \2maER, r = VR? — 552, R ~ 1.2AY3 fm and s ~ 1 fm [116].

In addition to the electric charge, a nucleus can also possess a magnetic moment.
Again, the Fourier transform of the distribution of the magnetic charge of a nucleus in
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19 23 73 127 31 133 183
of 1Na 32Ge 53 sike  5:0s W

Ja 1/2 3/2 9/2 5/2 3/2 /2 /2
pa/pn | 2.629 2218 —0.879 2.813 0.692 2.582 0.118

Table 3.1.: Magnetic moments for several nuclei in units of py, where uy = ¢/2m, is the
nuclear magneton.

the Born approximation is called the nuclear magnetic form factor Fp(Eg). It takes into
account proton orbital angular momentum as well as proton and neutron spin:

pa = gy (Sp) + gn (Su) + 9, (Lp) + gp (Ln) (3.2.11)

see equation 2.6.13 for details.

The free particle g-factors in nuclear magnetons are given in [117]: g, = 5.980,
g5 = —3.826, ¢\ = 1 and ¢}, = 0. Fp(Eg) highly depends on the nuclear shell. It is
not well-known, see e.g., the discussion in ref. [69], which justifies an approximated
treatment of Fp(ER): we approximate the magnetic form factor by neglecting the orbital
momentum contribution.

For xenon-131, the Bonn-A calculation [117] gives (S,) = —0.009, (S,) = —0.227,
(L,) = 0.165 and (L,) = 1.572. The ratio of spin and orbital contributions to the
magnetic moment of '3} Xe follows to 0-818/0.165, which shows that the approximation is
appropriate for xenon-131.

For sodium and iodine, which are also used in direct detection experiments, this

approximation introduces an error of about a factor of 2, and therefore the limits derived
from KIMS and DAMA should be considered accordingly.

With this approximation, the nuclear magnetic form factor can be expressed in terms
of the spin form factors:

955p(¢%) + 95,50(¢%)
955,(0) + g55,(0)

Fp(ER) ~ (3.2.12)

In addition to the CC, DC and DD interactions, also a charge-dipole coupling exists.
However there is an additional suppression factor of ¢? compared to the other couplings,
thus it can be neglected. The DC coupling is singular at £z = 0. Therefore the predicted
event rate of the DC coupling is enhanced at low recoil energies due to the singularity,
and we cannot define a total cross section at the zero momentum transfer limit o).
This situation is the same as in Coulomb scattering.
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Figure 3.6.: Relative contributions of the charge-charge (CC), dipole-charge (DC),
and dipole-dipole (DD) interactions to the total predicted event rate in
XENON100, KIMS, and DAMA. The left panel shows the contribution from
CC relative to the sum of DC and DD, the right panel shows the ratio of
the DC and DD contributions. We assume mo/a; and § = 0.

3.2.2. Comparison of the Predicted Event Rates with
Experiments

In equation (2.6.9), we present the general expression for the event rates at DM direct
detection experiments. Here, we compare the event rates calculated from the three
effective cross sections CC (3.2.6), DC (3.2.7) and DD (3.2.8) with XENON100 [91],
KIMS [74] and DAMA [92] data. The DD coupling might be important for KIMS or
DAMA, since in these experiments, the target nuclei are iodine and cesium for KIMS, and
iodine and sodium for DAMA. These nuclei have a large nuclear magnetic moment [69]
as can be seen in table 3.1. In figure 3.6, we illustrate the relative importance of the
the CC, DC and DD interactions for the XENON100, KIMS, and DAMA experiments
by calculating the total event rate induced from each of the three interaction types
separately.

We observe from the left panel that typically CC interactions are more important for
small masses M7, which follows from the different dependence on the DM mass of b1 and
ft12. The magnetic transition moment 15 that generates the DC and DD interactions is
proportional to the DM mass M;, and thus subdominant for small values of M;. The
value M;, where CC becomes subdominant, depends on the ratio mo/um, that enters into
the loop functions.

The right panel of figure 3.6 shows that for XENON100, the DC coupling is more
important, whereas for KIMS and DAMA DD dominates. The reason for this behavior
are the large magnetic moments of iodine and sodium. The features of the DAMA curves
around M; ~ 20 GeV in both panels are a consequence of the presence of the two elements
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Figure 3.7.: Bounds from XENON100, KIMS and allowed regions for DAMA in the
(M, |b12]) plane, i.e., charge-charge interaction. The mass difference § is
taken as 0 (the left top panel), 40keV (the right top panel), 80 keV (the left
bottom panel) and 120keV (the right bottom panel). The shaded regions
correspond to the values of b5 predicted in the allowed parameter space of
the model, as shown in figure 3.4, with the same color shading for different

values of the ratio mo/u;.

iodine and sodium with rather different masses. In general, the relative importance of
CC, DC and DD depends on the ratio ™o/, entering into the loop functions, and to a
lesser extent on §.

The main conclusion is that depending on the region in the parameter space, and
depending on the considered experiment, any of the three interaction types can be
important, and all of them have to be taken into account. In order to derive constraints
on the model, we calculate the total event rate for XENON100 and KIMS in the energy
range given in table 2.6 and require that the predicted rate is less than 0.0017 counts
day~! kg™! for XENON100 and 0.0098 counts day~! kg=! KIMS. The upper bounds are
obtained from the observed 3 events with 30 of the statistical error in the 48 kg fiducial
volume during 100.9 live days exposure in the signal region for XENON100 [91], and

from [74] for KIMS.
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Figure 3.8.: Bounds from XENON100, KIMS and allowed regions for DAMA in the
(M7, |p12]) plane (dipole-charge and dipole-dipole interaction). The mass
difference ¢ is taken as 0 (the left top panel), 40keV (the right top panel),
80keV (the left bottom panel) and 120keV (the right bottom panel). The
shaded regions correspond to the values of i predicted in the allowed
parameter space of the model, as shown in figure 3.4, with the same color
shading for different values of the ratio mo/nr,.



3.2. Direct Detection of Leptophilic Dark Matter in the Ma-Model 69

For DAMA, we perform a x? fit to the modulation amplitude in bins of observed
scintillation energy between 2keV and 8 keV. The DAMA collaboration presents the result
on the direct detection of DM as an energy distribution of the modulation amplitude
A% with error g;. A9 is the signal, the index i refers to the 36 energy bins from
E; =2keV to E;” = 8keV. The question is how one can extract the DM mass and the
DM scattering cross section o, on a proton from the energy distribution of the signal.
The answer is a x? fit; it works as follows: First of all, one can define a differential
event rate R(Fg) in counts per unit mass of a given nucleus per unit exposure time and
per unit energy as a two parametric function of the recoil energy Fr. The parameters
are the DM mass m¢ and the cross section o,. Because the recoiling nucleus loses its
energy by electromagnetic and nuclear interactions, however, the detectors measure only
electromagnetic interactions, the event energy F is not equal to the recoil energy Fg,
what is taken into account by a quenching factor q: F = ¢ x Eg, see section 2.6.2.
Integrating R(Eg) over E, one obtains the predicted modulation amplitude A (
A x? function can then be constructed as

36 red 2
AP (mg, 0,) — AP
X2 (me, 0,) = > ( o (me, 7y) ) . (3.2.13)

O'.
i=1 v

mg,O'p).

For 36 data points and 2 parameters, we have 36 — 2 = 34 degrees of freedom.

In figure 3.7 and figure 3.8, we show the bounds from XENON100, KIMS and allowed
regions from DAMA for the coefficients b1 and p9 resulting from the CC and DC
interactions. These bounds are compared to the regions as predicted in the model
according to equations (3.2.9), (3.2.3) and (3.2.5) for by, and equation (3.2.4) for ps.
The colored regions correspond to the regions shown in figure 3.4, satisfying constraints
from neutrino masses and mixing, charged LF'V, the relic DM density, and perturbativity.
The ratio mo/um, is taken in the range 1 < mo/a; < 9.8, with the same color shading as in
figure 3.4.

There is no allowed parameter space for mo/am, 2 9.8, as discussed earlier.

We observe that the values of |bia| and 2| obtained in this model are too small to
account for the signal in DAMA.

For very small mass splitting 0 between N; and N, some regions of the parameter
space are excluded by XENON100 data. The constraints become weaker for larger §. A
larger value for ¢ increases the minimal velocity needed for a given nuclear recoil energy,
see equation (2.6.4), which in turn decreases the scattering event rate. Relatively large
values of |byo| are obtained for close to degenerate Ny and 7, i.e., mo/am; < 1.05, see the
dark-red region, because of the behavior of the function I,(z,y) near x = 1: I(z,y) ~ y~!
and y = ma/m2 is small. The region excluded by XENON100 for M; ~ mgy ~ 2TeV
becomes allowed for § 2 120keV, see bottom-right panel.

By comparing the figures 3.7 and 3.8, we observe that the model predicts values of
|pt12] too small to be tested by current direct detection data. The enhancement for the
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transition magnetic moment |pyo| for mo/m, < 1.05 is less than for |b2| due to a different
behavior of the loop functions I, (z,y) and I,(x,y).

We conclude that current data from XENON100 start to exclude some parameter
space of the model, in case of degenerate configurations M; ~ M, ~ my of the order of a
few TeV.

In figure 3.9, we show the regions excluded from XENON100 overlayed to the globally
allowed regions from figure 3.4 as dark blue, by translating the |bj3| constraint into a
bound on £. Furthermore, we show in figure 3.9 the estimated sensitivity for XENONIT.
Using the sensitivity for the elastic WIMP-nucleon scattering cross section from ref. [96],
we estimate that XENON1T will constrain the event rate to be less than 1.59x 10~ counts
day~! kg=!. We assume the same nuclear recoil energy range as for XENON100, see
table 2.6. Then we compare this number to the event rate induced in the model assuming
several values for the mass splitting . From figure 3.9 we find that for § < 40keV, future
data from the XENONIT experiment [96] will dig deeply into the allowed parameter
region of the model. For 40keV < § < 120keV, the degenerate region My ~ My ~ my of
the order of a few TeV will be tested.

We note, however, that no signal is guaranteed for direct detection. In the Ny — 7
co-annihilation regions, which are the dark- and light-red regions, where mo/m; < 1.2, no
lower bound on the parameter |£| is obtained, leading to arbitrarily small values of |bys]
and |u12|, which implies a vanishing signal in direct detection experiments.

3.3. Summary: Inelastic Dark Matter in the
Ma-Model

The Ma-model [101], which we discussed in the previous section, is a well-known model
for neutrino mass generation at one-loop level. In addition to giving masses to neutrinos,
it contains candidates for a DM particle and thus combines already in its original version
neutrino and DM physics.

The SM is extended by three right-handed neutrinos N; and an inert scalar SU(2),
doublet . The new particles transform odd under an imposed Zs, symmetry. Thus, the
lightest of them, in our case Ny, is the DM particle. The relic density of N; is achieved
by thermal freeze-out.

In our analysis, we take neutrino masses and mixing, LF'V constraints and perturbativity
into account for the DM relic density. In particular, we obtain the correct relic density
without contradicting the LF'V constraints due to co-annihilations.

N7 has no direct couplings to quarks and gluons. Nevertheless, N; can be directly
detected in inelastic scattering off nuclei, realized at one-loop level by photon exchange,
which yields CC, DC and DD interactions between the DM particle N; and nuclei. To
the best of our knowledge, these effective DM interactions in the Ma-model have not
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Figure 3.9.: Same as figure 3.4 with constraints from XENON100 (blue) and sensitivity
from XENONIT (gray) overlayed. We assume § =0 (left top), 40keV (right
top), 80keV (left bottom), 120 keV (right bottom).

been considered previously. The XENONIT experiment may probe a significant part
of the parameter space, given that the mass difference 6 between N; and N, is small
enough. A small § is consistent with the need for co-annihilations to obtain the correct
DM relic density. In the words of a famous rascals history, This was the model builder’s
first trick, But the second follows quick.?

In the next section, we increase the number of loops and study the Zee—Babu-model.
There, the trick to combine neutrino and DM physics is the spontaneous breaking of a
global symmetry, as we discuss in the following.

3.4. Two-Loop Example: The Zee—Babu-Model

A very predictive model to generate light neutrino masses radiatively at two loop level is
the Zee-Babu-model. The particle content is that of the SM extended by two complex
SU(2), singlet scalars: a singly-charged scalar A" and a doubly-charged scalar k™+. No

3Max and Moritz, a rascals history in seven tricks by W. Busch.
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right-handed neutrinos added, so neutrinos can only have Majorana masses.

Phenomenological consequences of singly- and doubly-charged scalars, especially con-
cerning muon neutrino scattering on electrons, were first investigated by Zee [118]: the
SM gauge-invariant antisymmetric Yukawa coupling of a singly-charged scalar SU(2),
singlet h to SM lepton SU(2), doublets, i.e.,

fap LEC Vioy Lght + hec., (3.4.1)
makes resonant muon production possible in s-channel exchange of h:
Ve = U (3.4.2)

This process is a forbidden in the SM. In addition, Zee already considered the gauge-
invariant Yukawa coupling of a doubly-charged scalar SU(2), singlet k£ to SM lepton
SU(2)r singlets, i.e.,

Jop €L Creg k™t + hic.. (3.4.3)

He also noted that the lepton number violating trilinear scalar term MkTth~h~ is allowed
by gauge symmetry, but he did not take it into account for neutrino mass generation.
The possibility to generate neutrino masses with these scalar particles was first seen by
Babu [103]: Zee’s Yukawa couplings of singly- and doubly-charged scalars together with
the trilinear scalar coupling allow for neutrino mass generation at two-loop level. Due to
the contribution of both authors, the model is referred to as the Zee-Babu-model.
Being SU(2),, singlet scalars, the electric charges of h* and k*" equal their hyper-
charges, respectively. Gauge invariance then allows only couplings of the scalars to
leptons: h* couples to left-handed lepton SU(2), doublets L(; and k™ couples to
right-handed leptons /(g ;. The leptonic contribution to the Lagrangian is:

Liept = fap LEC Viog Lgh™ + gapelCleg k™ +hoc., (3.4.4)

where C is the charge conjugation matrix, «, § label flavor indices, and the Yukawa cou-
plings f and ¢ are antisymmetric and symmetric, respectively. We have omitted SU(2),
gauge indices , which enter through o, in equation 3.4.4 and lead to the antisymmetric
Yukawa couplings f. Yukawa couplings to quarks, which have hypercharges different
from |1/2| and |1|, are forbidden by gauge-invariance.

If both, A" and k**, are assigned lepton number —2, lepton number is conserved
by these interactions, and therefore the theory respects a global U(1) symmetry. To
generate Majorana neutrino masses, lepton number has to be broken by two units. In the
Zee—Babu-model, lepton number is explicitly broken in the scalar sector by the trilinear
term

pktth™h™ +he. (3.4.5)
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with g a mass parameter. The p coupling must be introduced by hands to generate
Majorana neutrino masses at two-loop level. The relevant two-loop diagram is finite,
which is the reason why Babu called his paper model of calculable Majorana neutrino
masses [103]. The scalar potential is:

Vicalar =p3 H H + pik™ k™" + pih*h-
+pk™h™h™ 4+ h.c.
+ Mg (HTH)? + X\ (k)2 + M (hTh)?
+ N (HTHY (K™ ™) + M(HTH)Y(Wh™) + A5 (KT~ 7)(hTh™).  (3.4.6)

H is the SM Higgs SU(2), doublet. In the unitary gauge, we keep the parametrization:

H = (\/% (UO+ h)) . (3.4.7)

At tree level, neutrinos are massless in the Zee-Babu-model. Due to the new particles
and their interactions, neutrino masses are generated at two-loop level. The effective
Majorana neutrino mass, i.e.,

L, = %Em,,l/L +h.c., (3.4.8)
can be expressed as [119]:
(mu)ap = 164 facmeGigleama fod - (3.4.9)
where m,. are charged lepton masses and I.; is the two-loop integral:
Iq = / d'k__d'q ! ! ! ! ! . (3.4.10)
(2m)* (2m)* (k* — m2) (k* —mj) (¢* — m3) (¢* — mj) ((k = q)* — m}

The analytic calculation of the integral in equation (3.4.10) is performed in [120].

We take an approximation for the two-loop integral into consideration, which relies on
the fact that the masses of the charged leptons are much lighter than the existing lower
limits on the masses of charged scalars: searches for a singly-charged particle in proton-
proton (pp) collisions require a minimum reconstructed scalar mass of 120 GeV for a
Drell-Yan-like production [121]. The search for a doubly-charged Higgs boson in like-sign
dilepton final states are even more constraining due to the expected lower SM background.
Assuming that the doubly-charged scalar decays with a branching ratio of 100% into
e*e®, the expected lower mass limit at 95% confidence level is my++ > 329 GeV [122].

Given that the heaviest charged SM lepton is the tau 7 with a mass of m, = 1.78 GeV,
we can neglect the masses of charged leptons compared to the masses of charged scalars.
In this case, one finds:

1 1 2 2
fym~l=— "] (@> , (3.4.11)

(16w2)2 M2 3~ \m?
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where M = max(my, my,) and I(r) is a dimensionless function of order unity [119]. The
light neutrino mass matrix then takes the form:

1w -
o~ = T fD,g'D, T 3.4.12
m 487T2 M2 f f.g Ef ) ( )

with the matrix D, = diag(m., m,, m,) containing the charged-lepton masses. Due to
the antisymmetry of f, we have det m, = 0, so one of the neutrinos is massless as long as
higher-order corrections are not considered. Thus, the measured differences of squared
neutrino mass eigenvalues directly corresponds to squared neutrino mass eigenvalues, i.e.,
in normal hierarchy: my = \/Am3, and m3 = \/Amj3,.

The neutrino masses are suppressed by the heavy scalar masses, and they are pro-
portional to the scale of lepton-number violation p. Assuming p ~ M ~ A, we see
from (3.4.12) that for m, ~ 0.1eV, the scale A of new physics has to be of order 1 TeV,
if we demand that f ~ g ~ 0.05. This scale A for generating neutrino masses is much
below the scale of seesaw models due to the two loop suppression factor 1/(16x2)2 ~ 1074
and the amount of coupling constants involved in the loops. Hence, A is in the range of
the LHC, and may thus be probed soon. The neutrino phenomenology, as well as other
signatures of the model, have been studied, e.g., in [119].

As already mentioned, the charged scalars h™ and £™* induce charged LFV processes.
At tree level, the doubly-charged scalar k=~ mediates the decays e, — e;e; ey . At
one-loop level, both of the charged scalars contribute to the decays L, — Lg + 7
and e, — eg + 7, respectively. The constraints given in [119] for the lepton number
and lepton flavor violating processes are outdated. In particular, the sensitivity for the
branching ratio of the decay p — e + 7 increased from 1.2 x 107! to 5.7 x 10713 at
90% confidence level [109]. For the decay u™ — e~eTe™, sensitivity to a branching
fraction of BR > 10716 at the 90% confidence level is planned [123]. Besides lepton
flavor violating decays the charged scalars also induce p — e conversion in nuclei at the
one-loop level similar to figure 3.5, where the coupling to the quarks is mediated by a
photon. The upper limit on the y— e conversion in aluminium will improve from currently
7 x 10713 [124] to 2 x 10717 [125], which will further constrain the Yukawa couplings of
the Zee-Babu scalars. Given the current and future experimental development, we find
it necessary to provide an update of the experimental constraints in table 3.2 and to
discuss the resulting consequences for the charged scalars. The prospects for discovering
the charged scalars of the Zee-Babu-model at the LHC have been discussed in detail
in [119]. Since each doubly-charged scalar k¥F can decay into a pair efel of like-sign
leptons, the pair production of the doubly-charged scalar in Drell-Yan-like processes will
have four like-sign leptons ejetfe?;e? in the final state. The number N of events with
four like-sign leptons in the final state depends on the production cross section oj++ for
the doubly-charged scalar, its branching ratio BR(kTT — efel) into like-sign leptons
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Constraint Ref. Bound (90% C.L.)
So=d,sb [Vual? 0.99990 + 0.0006 [126] [feul® < 0.014 (2ky )
4 e universality 97— = 1.0001 % 0.0020 [126] || fur[? = 1fer 12| < 0.05 ()
p— 7 universality  GI=€ = 1.0004 £ 0.0022 (126] [fer|? = | feul?| < 0.06 T
e — 7 universality g;:‘; = 1.0004 % 0.0023 [126] “fufl |Fenl? ‘ < 0.06 ( gk )2
day (28.7 + 80) x 10~ 10 [126,127] | r(Ifep!® + Fur|?) + 4(gen)® + 19uul® + lgur|? )<34(;(=V)2
p= o eteme” BR< 1.0 x 10712 [128] lgenozel <23 x 107 (fek )*
7~ s etee™ BR< 2.7 x 1078 [129] lgergcel < 0009 (;:I‘g’f
= Ssetemp— BR< 1.8 x 1078 [129] lgerge,| < 0.005 (;ncl‘c’)z
7T s etuTpT BR< 1.7 x 108 [129] lgergy,,] < 0.007 (;ZI\C/)Z
P BR< 1.5 x 1078 [129] l9urgcel < 0.007 (;il‘c’)z
T s pTeTuT BR< 2.7 x 1078 [129] |97 9¢,,] < 0006 (;zl\cl)z
7T s ptuT T BR< 2.1 x 1078 [129] 907 gj,,.| < 0.008 (;;I‘C’)z
w— ey BR< 5.7 x 10~ 13 [109] T2 f 8 furl® 4 161920 gapl? < 1.6 x 107° (;;@)4
T — ey BR< 3.3 x 1078 [110] 2|feufﬂ"" +16]920 9ar|? <052(1;)\c/)4
T = oy BR< 4.5 x 1078 [110] 2|fzuf“'| +16‘glmg”"‘ <O71( ;)\6/)4
pute™ = p—et Gyr <3x1073Gp [126] lgeeg;,,] < 0.2 ( ;’{/)2

Table 3.2.: Summary of experimental constraints and the corresponding bounds on the
Yukawa couplings. Here r = mi/m2, and in ¢, ga,, @ is a summation index
over the flavor states.

and the integrated luminosity [ as:
N = QO'kJFJFBRU{?:F:F — 6;':63:”. (3413)

For my, = 400 GeV (m; = 1500 GeV), the production cross section at /s = 14 TeV is
approximately o, = 9.5fb (o, = 0.003fb) [119]. Assuming that all produced doubly-
charged scalar decay solemnly into like-sign leptons, i.e., BR(kTF — efel) = 1 and an
integrated luminosity of I = 300fb™!, one would expect 2850 events (0.9 events). These
numbers actually will turn out smaller because the doubly-charged scalar will have other
decay channels than like-sign leptons.

Current Higgs searches in the channel Higgs to four leptons are available with a
dataset corresponding to an integrated luminosity of 20.7fb~! at /s = 8 TeV. The
estimated number of background events in the four electron channel is approximately
four [130]. A heavy doubly-charged scalar with mass my++ = 1500 GeV can then not be
distinguished from a background signal. The LHC will therefore not be able to detect
the doubly-charged scalar of the Zee-Babu-model if its mass is well above 1TeV.

So far, we have discussed the original version of the Zee-Babu-model. We proceed with
a dynamical generation of the trilinear y term, which we connect to DM physics. Our
extended version is based on the spontaneous breaking of a global U(1)p_; symmetry,
which is the content of the following section.
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3.4.1. Spontaneous Breaking of B — L in the Zee—Babu-Model

In order to break lepton number and generate a Majorana mass term for neutrinos,
the trilinear p-term in the scalar potential, uk*™+th~h~, which breaks lepton number
explicitly, is strictly necessary. We write down only the leptonic part of the Lagrangian
and thereby fully neglect the baryons. A complete theory has to describe leptons and
baryons, i.e., lepton number L and baryon number B have to be considered at the same
time. With respect to Noether’s theorem, L and B are the charges of Noether currents.
The Noether currents associated with L and B are, respectively:

=y (m%m + mwew) (3.4.14)
. ]- A o ) « o) (0]
= 3 (Q“")%Q( ) 4 @y, 1@ 4 d@yd >) . (3.4.15)

«

The factor in front of the current associated with B takes into account that each quark
comes with three colors due to SU(3)¢. L and B are then given by:

L= /d%joL = /d%j{? =B. (3.4.16)

In the SM, L and B are conserved at tree level, but not at loop level, where interactions
with SM electroweak gauge fields yield divergences different from zero, i.e.:

oLk = ol = % (g2F53WF;W - g’QFWF{W) , (3.4.17)
see equations (2.1.10) and (2.1.11), and the relevant discussion in [131]. N is the number
of fermion generations, which equals three in the SM. Thus, L and B are so-called
anomalous global symmetries. Since the divergence of jlf equals the divergence of jf, the
global symmetry B — L is conserved, even by topological effects like sphalerons [132].
Motivated by this fact, we consider B — L as a global symmetry of the Zee-Babu-model.
This symmetry forbids the p-term. Neutrino masses are then generated by breaking the
B — L symmetry. We break B — L spontaneously with a complex scalar SU(2), singlet

P

1
o=—(w+o+ip), (3.4.18)

V2

where o = v/2Re(yp) and p = v/2Im(yp) are real scalar fields. ¢ is assigned the lepton
number —2, so the VEV of ¢, i.e., w/v2, breaks B — L spontaneously [133]. The scalar
potential contains a term

V, = Aok ™ h™h™ + hc., (3.4.19)
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inducing the p-term’ once ¢ acquires its VEV, with:
w

() = 2 (3.4.20)

w
S W
2 #\/i \/5

The full scalar potential of the model is:

Vicalar =Vyu + po™ 0 + pi HUH + k™ k™ + pphth™
F (9" 0) + A (HTH)? + N (K h7)2 4 My (hHh)?
F AP Q) HH) + M@ 0) (KTHE7) + Xalp"p) (WTh7)
+ N (HTH) (KM ) + M(HTH)(WThT)
+ As (kT ETT)(RTRT), (3.4.21)

where V), is given in equation (3.4.19) and y; are parameters of mass dimension one, and
A\; are dimensionless couplings.

The A-coupling in the potential induces mixing between ¢ and H, and thus it opens
the Higgs portal, as introduced in section 2.5, which connects to DM physics as discussed
in section 3.4.4. Besides gauge kinetic mixing of the SM U(1)y with an additional
local abelian gauge group, the Higgs portal represents the unique renormalizable gauge
invariant s-channel interaction between the SM sector and the DM sector [134].

There are two massive neutral scalars in the theory, with propagating mass eigenstates
denoted by H; and Hy. They are related to the real part o of ¢ and to the real part h of
the neutral component of H by

Hy\ [ cosa sina o
(H2) B <— sin «v Cosa) (h) ’ (3.4.22)

where the mixing angle « is given by:
AWV
tan2a = ———— 3.4.23

and v denotes the VEV of the Higgs SU(2), doublet H, see equation (2.1.3). The masses
of H, and H, are:

'/’)’L?_Il72 = )\LPUJQ + )\[{U2 =+ \/()\(pr — )\HUQ)Q + >\2w27j2 . <3424)

The parameters p.,  in equation (3.4.21) can be eliminated with the help of the minimum
conditions for the potential. Since the true vacuum state is the global minimum of the
potential, the derivatives of the potential with respect to the vacuum expectation values
must vanish. p, i thus have to be equal to:

1
2 2 2
Py = — ()\@w + 5)\2; ) (3.4.25)

1
phy = — ()\HUQ + §Aw2) : (3.4.26)
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With these minimization conditions, the masses for the fields ¢ and h can be expressed
as:

m2 = 2\ ,w’ (3.4.27)
m; = 2\ gv?, (3.4.28)
such that the mixing angle o equals:
2\
tan 20 = — (3.4.29)
mg — My,

With the above expressions for the mass eigenvalues, we can write A in terms of the mass
eigenvalues and the mixing angle:

\_ 1 (m}, —mf,)sin2a

2 WU

(3.4.30)

Therefore the neutral scalar phenomenology depends only on three independent param-
eters in addition to the VEVs v, w, which can be chosen to be either (A,, Ay, \) or
alternatively, (mg,, mm,,@). We have chosen the neutral scalar mass eigenvalues and
the mixing angle as independent parameters.

The terms of the potential that are quadratic in the imaginary part p of the complex
SU(2) singlet ¢ add up to Y2 p2 4 nice fracl2 - A\,w* + nicefracl4 - \v*, which results
in zero due to the minimization condition for ,ui. This is Goldstone’s theorem [135], which
dictates the appearance of a massless scalar in the spectrum due to the spontaneous
breaking of the global U(1) symmetry. In our model, p is the Goldstone boson. In
writing ¢ in terms of its real and imaginary parts, all interactions in the Lagrangian
are renormalizable, however, in this linear parametrization, it is not obvious that the
Goldstone boson p decouples at low energies, which it does according to the Goldstone’s
theorem [135]. The decoupling is nevertheless guaranteed by cancellation of terms in the
scattering amplitude [136]. Alternatively, the complex valued field ¢ can be written as:

@ =re'v . (3.4.31)

In this parametrization, r = y/02 + p? and = is the complex phase, which corresponds to
the Majoron. The two parametrizations are equivalent, as pointed out in [136]. In this
non-linear parametrization, the Majoron, for which we use again the notation p in the
following, has derivative couplings to other particles, which directly display the vanishing
interactions at low momenta and the non-renormalization of its interactions. Writing the
kinetic term of ¢ and the A5 term of the potential in the non-linear parametrization, the
following terms for the Goldstone boson p result:

1

Eﬂ@upa"p — M (HTH). (3.4.32)
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The SM Higgs SU(2)., doublet H couples to SM fermions f. Once the SU(2), singlet
and SU(2); doublet vacuum expectation values are adopted, respectively, the above
interactions induce a Feynman diagram with the Goldstone bosons p as initial particles
and SM fermions f as final state particles. The scalar exchange of r and H then yields
the interaction:

Ay g o (3.4.33)

m2m? L.pO"p . 4.
Due to the definition of r, m, follows directly from m, in equation (3.4.27). Since the
VEV of ¢ is responsible for lepton number breaking, and the generation of trilinear scalar
coupling inside the two-loop, which generates light Majorana neutrino masses, we call p
a Majoron [137], even though it does not couple directly to leptons.

Since ¢ is an SU(2)y singlet, there is no direct coupling of p to the Z boson like in
SU(2),, triplet Majoron models [41]. If the Majoron is a member of a scalar SU(2),
triplet, there would be an additional invisible decay channel for the SM Z boson into the
neutral component of theSU(2), triplet and the Majoron, given that the neutral scalar
is lighter than half of the Z mass. This additional contribution to the invisible decay
width of the Z boson would count as An, = 2 extra light neutrinos, which is clearly
ruled out by the measurement of the number of light neutrinos that interact with the Z
boson yielding the SM value of three light neutrinos, see table 2.3.

The couplings of the Majoron p to the Higgs mass eigenstates H; and Hy are obtained
from the \; and A5 terms of the potential (3.4.21):

1 2 2 2
L,= %0 (m3;, cosa Hy —m7y, sina Hy) p°. (3.4.34)
In addition to the charged scalar signatures, the presence of the Majoron will modify
Higgs physics. As pointed out in [138], an important feature of Majoron models are
invisible Higgs decays H — pp, which we discuss now.

In the SM, the Higgs boson dominantly decays into bottom pairs. For a Higgs mass of

125 GeV, the central values for the leading SM Higgs branching ratios are [139]:

BR(H — bb) =5.77 x 107, (3.4.35)
BR(H— W W™)=215x 107", (3.4.36)
BR(H — gg) = 8.57 x 1072, (3.4.37)
BR(H — 7777) =632 x 1072, (3.4.38)
BR(H — ct) = 2.91 x 1072, (3.4.39)
BR(H — Z7) = 2.64 x 1072, (3.4.40)

In our model, the corresponding decay widths for the two Higgs mass eigenstates H; and
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Hy are weighted with the Higgs mixing angle «:

. 3V2Grm2 4m? \ ?
T (H, — bb) = V2Grmma, (1— Tgb) sin® v, (3.4.41)
8T M,
3
. 3V2Grm2 Am?\
T (Hy — bb) = V2Grmima, (1— ”;b> cos® . (3.4.42)
8T mi,

The invisible decay modes into the Majoron p are obtained from the Lagrangian in
equation (3.4.34):

['(Hy — pp) = 39, M <E) cos” (3.4.43)
\/éGF 3 v\ 2 .92
['(Hy — pp) = T <E) sin® o, (3.4.44)
and therefore [140]:
I (H, — 1 2 py2 AN
T G N A () (3.4.45)
1 — bb) mp w my,
2
~ 250 (mH) cot?a, (3.4.46)
w
2 _3
D (Hy—bb) 12\ my ) \w mi,
2
~ 250 (m—H) tan?a . (3.4.48)
w

Invisible Higgs decays are searched for in associated Z H production among other channels.
The produced Z decays into charged leptons and the Higgs can decay into invisible
particles.

The SM contribution, which is used in the underlying analysis searches, is the decay of
the produced Higgs into two Z bosons, each of which decays into two neutrinos such that
the resulting channel is ZH — [+ 4v. The signal for an invisibly decaying Higgs is then
an excess of events over the SM channel ZH — [l + 4v plus large missing transverse
energy final states.

The search [141] for invisible decays of a Higgs boson analyzed pp collision data
corresponding to 13.0fb~! at /s = 8 TeV, and 71 signals were observed at an expected
background of 78.0 + 2 + 6.5 signals, yielding an exclusion limit of 84% for invisible
branching fractions greater than 65%. Using the fixed values my, = 300 GeV, my, =
120 GeV, v = 246 GeV, w = 1000 GeV and sin a = 0.1, the invisible decay width in our
model result in T' (H; — pp) ~ 0.27GeV and T' (Hy — pp) ~ 0.17 x 1072 GeV. The total
decay widths I'y of the Higgs boson measured in the decay into two gauge bosons are
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Ly(myg = 300GeV) = 8.43GeV and I'g(my = 120GeV) = 3.48 x 1072 GeV. Hence,
for the fixed values our model yields T' (H; — pp) =~ 3.20% Ty (my = 300 GeV) and
['(Hy — pp) =~ 4.89% 'y (my = 120 GeV), which is not excluded by the current bounds
from associated ZH production.

In the view of additional relativistic degrees of freedom that contribute to the number
Neg of effective neutrinos, the massless Majoron is also worth to study. In the next
section, we investigate the role of Goldstone bosons in the context of relativistic degrees
of freedom.

3.4.2. The Majoron as a Fractional Cosmic Neutrino?

The massless Majoron contributes to the radiation density p of the Universe given by:

2
p=—ge (T)T*, (3.4.49)
30
where T is the temperature of the thermal plasma. g.g is the effective number of
relativistic degrees of freedom contributing to the energy density. In the early Universe,
when the temperature 7' is much larger than the masses of the particle species ¢ in
thermal equilibrium, g.s; follows to:

S (2) 4 TS (1)
Jeft = gB (—) + = gr (—) , (3.4.50)
5 T 8 = T

for details see equations (C.0.10) and (C.0.12).

As long as a particle is in thermal contact with the plasma, its temperature Tp p equals
the temperature 1" of the thermal plasma. An, additional relativistic neutrinos make the
contribution of 7/s- 2 - An,, to ge, because particle and antiparticle contribute. Therefore
the contribution of one thermalized scalar, i.e., Ages = 1, equals the contribution of
An, = 4/7 neutrinos. Hence, a Majoron that is in thermal equilibrium contributes with
An,, = 4/7 ~ 0.57 neutrinos to the effective number of relativistic degrees of freedom.

The SM neutrinos decouple from the thermal plasma at a temperature of about
1MeV, when the weak interaction rate becomes smaller than the Hubble expansion
rate. Below this temperature, electrons and positrons have not yet decoupled from
the thermal equilibrium with photons. However, after they have finally decoupled, the
transfer entropy to the photons and not to the neutrinos, which left equilibrium earlier.
The temperature 7T, of neutrinos is therefore smaller than the temperature 7, of the
photons; the ratio of T, and T follows from entropy conservation, which relies on an
isentropic expansion of the Universe. The SM neutrino decoupling occurs just before the
temperature T' drops below the mass m, = 511 keV of the electron, i.e., electron-positron
annihilations are no longer in thermal equilibrium with the photons at 7'~ 1 MeV. The
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number of effective degrees of freedom decreases from 11/2, including electron, positron
and photon, to 2, only including photons. Due to entropy conservation the product
(a(tatier) Ty (tatier))® must therefore be larger than the product (a(thefore) Ty (tpefore))® at the
time fpefore just before electron-positron decoupling, when 7'~ 1 MeV. The outcome for
the present day time radiation density p reads:

4
7T/ 4\3
p — (1 —f- Neffg (ﬁ) ) ,07 s (3451)

see also (2.3.19). Neg = 3 + An, is the effective neutrino number. In the SM with
three generations of neutrinos, Ne.g = 3.046, which does not equal three due to non-
instantaneous decoupling corrections. The Planck 2013 result on Neg is 3.36700; at 95%
confidence level, see also table 2.3. Hence, a Majoron that is still in thermal equilibrium
with the photons and therefore contributes with An, ~ 0.57 to N.g would be in conflict
if the central value of N.g = 3.36 measured by Planck is taken seriously. But as for the
SM neutrinos, the Majoron could go out of equilibrium earlier such that due to entropy
production one Majoron contributes with:

4
4 geﬁ"(Tafter> )d 4
An, = - | ——= < =. 3.4.52

7 <geff(Tbefore) 7 ( )

Recently, Weinberg suggested Goldstone bosons as fractional cosmic neutrinos.

If the Goldstone boson goes out of thermal equilibrium after the era of muon annihi-
lation, it contributes 4/7 - (43/57)%3 ~ 0.39 to Ng [142]. When the rate of interactions
that keep the Goldstone boson in thermal equilibrium becomes smaller than the Hubble
expansion rate H o< T°/m,,, where my, is the Planck-mass, the Goldstone boson goes out
of equilibrium.

In our model, we consider the interaction given in (3.4.33) as the relevant interaction,
which thermalizes the Goldstone boson. The derivative couplings of the Goldstone boson
are equivalent to its momentum. Being a relativistic particle, the Goldstone particle
moves with the speed of light, which equals one in natural units, i.e., its velocity v = 1
and its average momentum scales like 7. The number density n of a relativistic particle
scales like T%. The interaction rate [y, = nov then scales like T3(TT)? = T7, or more
accurately:

Azm?

4,4
momy,

Dyt o T". (3.4.53)

Assuming that the fermion mass m; below a temperature 7' scales like 7', the ratio
[yt /H equals one for temperatures T' equal to:

4, 4N 7
Teq:(m"mh> . (3.4.54)

)\2 mpl
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For T' < T,4, the Goldstone boson goes out of thermal equilibrium. Using the relations
(3.4.27) and (3.4.30), T¢, can be written as a function of the mass eigenvalues and the
scalar mixing angle.

In our model, which is acknowledged by Weinberg, the Majoron typically decouples
from the plasma at temperatures above the QCD phase transition, where the effective
number of relativistic degrees of freedom is 2 60. Therefore, due to the entropy production
at the QCD phase transition, the Majoron abundance gets diluted, and during BBN, p
contributes only with

4
4 (10.75\3
An, < - (W) ~ 0.06 (3.4.55)
to the relativistic energy density, in good agreement with the above mentioned bound.

So far, we have shown the importance of the global B — L symmetry for neutrino mass
generation in the Zee-Babu-model and discussed the Goldstone boson associated with
its spontaneous breaking. In the following section, we use the global B — L symmetry to
connect to DM physics.

3.4.3. Stable Dark Matter Particle from Global B — L
Symmetry

Having a global B — L symmetry, which is motivated by neutrino masses, it is tempting
to ask if it could play also a role in stabilizing DM.

We introduce chiral fermions N;, which are SU(2), singlets under the SM gauge group,
but charged under U(1)p_y, in such a way that the Yukawa interaction with the SM
Higgs SU(2),, doublet H, i.e.,:

L;HN;, (3.4.56)

where H = iooH*, is forbidden. Hence, our N; cannot have lepton number +1, and
therefore they are not right-handed neutrinos in the conventional sense. Still we want the
mass term for N; to be generated by spontaneous lepton number breaking from the term:

1
Ly = Sl ¢ N'C™'N; + hec.. (3.4.57)

This can be achieved by introducing two N fields, N; and N,, and assigning them lepton
numbers ¢; and ¢o, respectively, such that ¢; + g2 = 2 with ¢; # ¢ # 1; for example
¢1 = /2 and ¢o = 3/2. Then no Yukawa term with the lepton SU(2), doublets is allowed
and equation (3.4.57) leads to a mass matrix:

(3.4.58)

0 m .
MN:<mx OX) with  m, = A

w
x\/§7
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and A\, = hi2. Hence, N; and N, form a Dirac particle x, with a pair of degenerate mass
eigenstates with mass m,, and opposite CP parity:

1 1
= — (N1 + Ny), = —(N; — Ny). 3.4.59
X1 \/5(1 2) X2 \/5(1 2) ( )
They are stable because of an accidental Z, symmetry that emerges as an unbroken
remnant of the global U(1)p_r.* The interaction in equation (3.4.57) becomes diagonal
in the y; fields:
1

Lx =50 C T + X3 C ) +hc. (34.60)

At this point, the question why one does consider a global symmetry instead of a local
symmetry demands for discussion. From a theoretical point of view, it is conjectured
that an exact quantum field theory of gravity can not have an exact global symmetry.
Instead, all symmetries must be gauge symmetries, involving discrete symmetries, which
could only be a symmetry if they are a remnant of a broken gauge symmetry [143]. If one
starts with a global symmetry, one should then take into account that higher dimensional
operators suppressed by the Planck-scale will violate the global symmetry. In our model,
breaking of the global U(1)p_1 by Planck-scale suppressed operators can provide a mass
term for the Majoron [144]. In addition, if the symmetry is violated, the DM particle
may not be stable any longer. A Planck-scale suppressed operator at dimension 6 is not
problematic because the corresponding lifetime for the DM particle exceeds the age of
the Universe. The problem might be a Planck-scale suppressed operator at dimension
five, for which an estimate on the lifetime of the DM particle yields 7 ~ m3i/m3 & 107 s
for m, ~ 100 GeV, leaving no DM left today. It is assumed that Planck-scale suppressed
operators induce DM decays only with lifetimes larger than the age of the Universe. In
this perspective, the global U(1)p_; put forward in this work is quite reasonable. On the
other hand, a gauged U(1)p_1, suffers from an axial-vector-current anomaly. Summing
over all SM fermions that run in the [U(1)p_r]® triangle diagram, the result one obtains

is 1 for each generation, instead of zero:
ne oy Y’
—92( = z z
() () )

To make the symmetry anomaly-free in each generation, one is forced by theory to
introduce a SM fermion SU(2)y, singlet in each generation with B — L charge -1, i.e.,

Y qho =21+ (-1)*+3 —1.  (3.4.61)

4Note that there are more unbroken accidental symmetries in the Lagrangian. For example there
is a Zs symmetry N; — wN, Ny — w?Ny with w? = 1. Another example is an additional U(1)
symmetry with opposite charges for N1 and Ny but all other fields uncharged. Those accidental
symmetries emerge due to the B — L charge assignments of N 2 and they ensure that no Majorana
mass term is generated for them after B — L breaking.
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three right-handed neutrinos. In the scenario with a global U(1)p_r, the neutrinos are
added by hands without theoretical motivation, except for being a candidate particle for
DM.

Obviously, the B — L charges of the right-handed neutrinos needed to make the gauged
B — L symmetry anomaly-free in each generation are fixed to -1, and they are not free
such that Yukawa couplings to the SM Higgs SU(2), doublet emerge, which make the
right-handed neutrinos unstable and thereby exclude them to be a stable DM particle.
To forbid Yukawa couplings to SM particles and preserve one of the three right-handed
neutrinos as DM candidate, a stabilization symmetry has to be considered in addition to
the gauged U(1)p_r. This is not needed for a global U(1)p_;, symmetry. In that case,
there are no gauge anomaly conditions to be fulfilled and the charges of the right-handed
neutrinos can be chosen freely. This freedom in choosing the B — L charge can be exploited
to make the right-handed neutrino stable without any further additional symmetry. The
stabilization symmetry in this case arises as a remnant of the spontaneously broken
global symmetry.

Apart from that, for a gauged U(1)p_; symmetry, there is a severe constraint from
electroweak precision observables on the ratio of the mass and the coupling constant of
the U(1)p_1 gauge boson. This constraint is very restricting for the DM phenomenology
as will be discussed below. In the scenario with a spontaneously broken global U(1)p_r,
there is no gauge boson but a Goldstone boson and therefore the DM phenomenology
in this scenario is richer. Weighing up the pro and contra arguments, we investigate
the scenario of the global U(1)p_p. It is then the spontaneous breaking of the global
U(1)p_r symmetry that gives masses to neutrinos by generating the trilinear p-term
dynamically and at the same time gives masses to and stabilizes DM.

The only particle to which x; can couple is the scalar ¢, with the coupling A, which is
related to the DM mass via the VEV w, see equation (3.4.58). Furthermore, the coupling
of ¢ to the SM is provided via the Higgs portal proportional to A5, or to the mixing
angle o. Therefore the two parameters A\, and « will play an important role for DM
phenomenology, as we are going to discuss in the following subsections.

We first point out the annihilation reactions that generate the DM relic density. All of
the annihilation channels with SM particles in the final state are driven by the Higgs
portal, which is the decisive communication portal in our model. Besides producing the
correct amount of the DM relic density, the Higgs portal also makes the direct detection
of the DM possible, which we discuss in a further subsection.

3.4.4. Relic Density of Dark Matter

The relic DM density Qpyh? is determined by the thermal freeze-out of y; in the early
Universe. In the model presented here, the two DM particles x; and y, have identical
couplings to ¢. Hence, the annihilation cross sections are the same and they will contribute
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in equal parts to the total DM density, i.e., Qpy = €2, +€Q,,. The numerical calculation
of the relic density Qpy is performed with the micrOMEGASs software package [64]. The
Higgs portal is the dominant communication channel between the SM and the DM sector.
It opens s-channel annihilations for the two DM particles x; into a quark—antiquark
pair, into SM gauge bosons, into the massive scalars H; o, into the Zee-Babu scalars
ktT ht, as well as in the Majoron p. As examples, the cross sections for annihilation via
s-channel H, 5 exchange into bb, WTW~ and k*+k~~, as well as the t- and u-channel
annihilation into pp, are shown:

@t (=)’
1024mwmy, (s —m3; )% (s —m3,)?
x (s —am2)*? | (3.4.62)
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We expanded s = 4m3/1-42/1 in v, < 1 to show explicitly the velocity suppression of the
annihilation. However, we keep s in the kinematical terms, as well as in the denominators,
to show the resonant behavior of the s-channel cross section as a function of the DM mass
m,. s-channel-annihilations into SM particles are controlled by the Higgs portal, and are
therefore proportional to the mixing parameters sin? 2a and (m, —m#,)?/ ((s=m3 )2 (s=m%,)%).
For simplicity, we also neglect here the width of the resonances, which are however
included in the numerical calculations presented below. In equation (3.4.62), y, and
my are the b-quark Yukawa coupling and mass, respectively. The annihilation cross
section of DM into a ZZ pair can be obtained from equation (3.4.63) by replacing
g — ¢ = 9/Vacosow and my — my. The annihilation cross section into hth™ can be
obtained from equation (3.4.64) by replacing Ay — Ay and my++ — my+.

The full annihilation cross section xyx — pp receives also contributions from an s-
channel diagram, whereas equation (3.4.65) shows only the t-and u-channel contribution
for simplicity. This is the only case without the suppression by the Higgs masses my, ,.

Annihilations into the Majoron and the Zee-Babu scalars survive even in the case
of no mixing (sin 2a = 0, or A = 0). Hence, these annihilation channels still provide a
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mechanism to generate the correct relic abundance at the electroweak scale for sin 2a = 0,
despite of x;’s being completely decoupled from the SM.

All annihilation cross sections are proportional to the coupling A, because the only
particle x can directly couple to is the scalar SU(2), singlet ¢ for which the corresponding
coupling constant is A,. In equation (3.4.64), A\, would appear together with the VEV
w; it has been absorbed into the DM mass via equation (3.4.58). For a given set of
parameters, the left column of plots in figure 3.10 shows the relative contribution of
the various annihilation channels to the relic abundance. The middle and the right
panels of the figure show the coupling A, and the SU(2), singlet VEV w that are
needed to obtain the correct relic abundance. Note that for a given DM mass m,, A,
and w are simply related by equation (3.4.58). We have chosen representative values
for the two scalar masses mpy, = 300 GeV and mpy, = 120 GeV, but we have verified
that our conclusions do not depend on this specific choice and hold within the full
range of reasonable values for the Higgs masses. Taking the SM Higgs mass value of
mp, = 125.5 4 0.2 (stat.) 00 (sys) GeV [145], the first resonant peak in the middle and
the right panels in figure 3.10 simply shift from the current position at m, = 60 GeV to
the new position at m, = 62.75 GeV. The couplings A, Ak 12345 have been set to one.
Again we have checked that random values in the range from 0.1 to 1 give qualitative
similar results.

The upper two rows of plots in figure 3.10 correspond to a relatively large Higgs mixing
angle of & = 7/4. For this value of the mixing angle, cosa = sina. Therefore, the o
and h contribute with an equal amount to the propagating mass eigenstates H; and Ho,
which makes two resonances at m,, o~ ™ 2/2 clearly visible. Depending on the DM mass
various annihilation channels are important.

In the lower two rows we use the same parameters, but a small Higgs mixing: sina =
0.01, for which cosa & 1. In this case, the mass eigenstate H; practically coincides with
the SU(2)y, singlet ¢, and therefore only the resonance corresponding to H; exchange
occurs. Furthermore, the coupling to SM particles is suppressed and the relic density is
provided only by annihilations into the massless Majoron or, if kinematically accessible,
into H; and the Zee Babu scalars k**, ht.

In figure 3.10, we compare also two assumptions on the masses of the Zee-Babu scalars.
For masses larger than the Higgs masses, annihilations into k** and h* are subdominant,
but if one of the charged scalars is lighter than one of the neutral scalars, they can
dominate DM annihilations, as visible in rows b) and d).

Note also the modified shape of the curves close to the resonance if the dominant
annihilation channel is into charged scalars. Whenever a pair of SM particles is in the
final state, the annihilation must proceed via scalar mixing because y only couples to ¢,
which is a SU(2), singlet and has thus to mix with the SM Higgs SU(2), doublet H
in order to have a s-channel portal to SM particles. However, the annihilation channel
with the pair k"5~ of doubly-charged scalars in the final state does not need a scalar
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Figure 3.10.: Left: Relative contribution of annihilation channels to the relic DM abun-

dance.

Shown are annihilations into H; and Hs (H), quarks (q), W

and Z bosons (W/Z), Majorons (p) and Zee-Babu scalars (h/k). Mid-
dle and right columns show the DM scalar coupling A, and SU(2),, singlet
VEV, respectively, which lead to the correct relic DM density. We assume
mp, = 300GeV, my, = 120 GeV, and all Zee-Babu scalar couplings are
set to unity. Rows a) and b) are for a Higgs mixing angle sin« = 0.7, rows
c¢) and d) for sina = 0.01. Rows a) and c) are for Zee-Babu scalar masses
mp+ = 300 GeV, my++ = 800 GeV, rows b) and d) for my+ = 120 GeV,

my++ = 400 GeV.
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mixing, it is also possible if sin @ = 0, in which case only the Higgs mass eigenstate H,
is exchanged in the s-channel without mixing. While the shape of the resonance of the
cross section itself remains the same, the different shape for \,, which gives the correct
relic abundance, follows from a different dependence of the annihilation cross section on
Ay and m,. The amplitude of the annihilation channel xx — k*Tk~~ is proportional
to A w = mx/v2. Taking the square of the amplitude and respecting phase-space factors,
the corresponding annihilation cross section is proportional to m,. In contrast, the cross
sections for annihilation into SM particles are proportional to A%/m,.

The middle and right columns of plots in figure 3.10 show that away from the resonances
the correct relic abundance is obtained for couplings in the perturbative range, 0.5 <
Ay S 1, and VEVs between 200 GeV and 500 GeV. Close to the resonances, the s-channel
propagator develops its maximum. In order to obtain the correct relic density, the increase
of the s-channel propagator has to be compensated by a small A, . Since the product of
Ay and the VEV w determines the Dark Matter mass m,, a small A, corresponds to a
large VEV for fixed m,, which is visible in the middle and right panel of figure 3.10.

If the symmetry of the model was gauged, there would be a Z’ gauge boson with a
mass set by w. Since Z’ searches require the mass of such a new gauge boson to be above
few TeV, e.g. [146], gauged versions of this model would be confined to the resonance
regions, see ref. [147] for an example of such a model.

It is therefore an advantage of the global symmetry considered here, that the breaking
scale can be lower, and therefore this model does not suffer from the need of tuning the
DM mass close to half of the mass of one of the Higgs mass states, i.e., a broader range
in the parameter space becomes suitable.

Once the correct DM relic density is produced, the question about the detection of the
DM particle arises. In the next section, we therefore comment on the direct detection of
the DM particles ;.

3.4.5. Direct Detection of Dark Matter

The Higgs portal, which contributes to the correct DM relic density as discussed in the
previous section, also mediates DM scattering on nuclei relevant for direct detection
via t-channel exchange of the Higgs mass eigenstates H; and H,. Hence, scattering is
spin-independent. The elastic scattering cross section o, of x off a proton p is obtained
as:

)\i sin? 2av

g =
P 47

1 1\’
Mied (—2 - —2> Ity (3.4.66)
2

mHl mH
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Figure 3.11.: Elastic scattering cross section o, of x off a proton p for myg, = 300 GeV
and mpy, = 120 GeV and mixing angles sina = 0.7,0.2,0.05, according to
the label. The SU(2),, singlet VEV w has been chosen in order to obtain the
correct relic DM abundance. The left (right) panel corresponds to masses
of the Zee—Babu scalars of k™" = 800(400) GeV and h*™ = 300(120) GeV.
Also shown are the CDMS and XENON100 exclusion limits, see text for
further information.

where myeq = mym,/(m, + m,) is the reduced mass of the DM-proton system and

B Y ) T

q=u.d,s q=u,d,s

see equation (2.6.12) for details and table 2.5 for the values of f®).

We observe from equation (3.4.66) that the cross section is proportional to the Higgs
mixing, since for a = 0, the DM particle is decoupled from the SM and therefore the
scattering cross section will vanish. Figure 3.11 shows the DM cross section on a proton
obtained with micrOMEGAs [64], where for given mp, ,, @ and m,, the coupling A, ,or
equivalently the VEV w, has been chosen such that the correct relic abundance is obtained.
Therefore the resonances in the annihilation cross section appear also in the scattering
cross section. Although the Zee-Babu scalars k™ and A" do not contribute directly to
the scattering cross section, they affect the annihilation cross section relevant for the
relic abundance, and therefore also DM-—nucleus scattering depends indirectly on their
masses, compare left and right panel of figure 3.11.

A part of the parameter space for large values of sin a has already been excluded by
previous bounds [75,97]. But the cross section can always be suppressed by making
«a small. Therefore, we can make a prediction on the cross section without being in
conflict with the present bounds, e.g., [95], see section 2.6.2 for further discussion. Since
generically mixing should be sizable, one may expect observable signals in direct detection
searches from this model, although they are not guaranteed.
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3.5. Summary: B — L Symmetric Zee—Babu-Model

The Zee-Babu-model [103, 118] generates neutrino masses at two loop level. A singly-
charged scalar h™ and a doubly-charged scalar k™" run in the loops. The loops are only
closed if a lepton number violating trilinear scalar interaction pk**h~h~ is introduced
by hands. In its original version, the Zee—Babu-model does not contain a DM particle.

We generate the lepton number violating p-term by spontaneous breaking of a global
U(1)p—r symmetry. To realize a B — L symmetric model, we extend the Zee-Babu-
model by a complex scalar SU(2);, singlet ¢, which replaces the trilinear p-term by
M@kt Th~h~. We further introduce two SM SU(2),, singlet neutrinos N; that couple
to ¢ and get massive when ¢ obtains its VEV. At the same time, a remnant discrete
symmetry stabilizes the neutrinos N;, which are the DM particles in our model. The
correct relic density is achieved by freeze-out through a Higgs portal A\(¢*¢)(HTH), with
H the SM Higgs SU(2). doublet. It is therefore the spontaneous breaking of the global
U(1)p_r symmetry that combines neutrino and DM physics.

Due to the spontaneous breaking of a global symmetry, a Goldstone boson appears.
We show that the contribution of this Goldstone boson to the relativistic degrees of
freedom is negligible small.

Our extended Zee-Babu-model and the Ma-model discussed in section 3.1 explain the
DM relic density in the freeze-out mechanism. In the following part of this thesis, the
freeze-in mechanism is studied to obtain the correct DM relic density.






Part 11.

keV Sterile Neutrino Dark Matter
Produced by Freeze-In

93






4. New Production Mechanism for
keV Sterile Neutrino DM

In the previous chapter, we provided two exemplary models, which at the same time
explain neutrino masses and the DM relic density. The neutrino mass generation has
been accomplished at one and two loop level. If not directly the DM particle itself, then
at least DM related couplings have been involved in the loops. In each of the models, the
corresponding DM particle has been a cold DM particle whose present relic density is
achieved by the freeze-out mechanism. As the identity of the DM is still a mystery and
as long as they are not verified or refused, models can only describe the possible behavior
of nature, other candidates than the extensively studied weakly interacting massive cold
DM particle have also to be admitted consideration on their merits.

One particularly interesting candidate particle that in most settings turns out to be
warm DM is a sterile, i.e., mainly SM singlet neutrino with a mass of a few keV, as the
title of this chapter already suggests. If such a particle exists, in addition to two heavier,
i.e., GeV, neutrinos which are nearly degenerate in mass, the resulting setting, called the
vMSM [148], can indeed simultaneously accommodate neutrino masses and DM. This
thesis is aimed at a common framework for neutrino masses and DM. It is therefore
interesting and well motivated to study keV sterile neutrino DM.

A frequent problem with non-standard DM candidates such as keV sterile neutrinos is
that they cannot be produced easily via the generic process of thermal freeze-out. This is
simple to understand, since this mechanism requires particles to be in thermal equilibrium
with the plasma in the early Universe, which does not work for sterile neutrinos as their
interactions are too weak.

We therefore start with a review of mechanisms for keV sterile neutrinos. As it will
turn out, a very practical production mechanism is the non-thermal production of DM
and, in particular, keV sterile neutrinos by the decays of particles, such as singlet scalars.
This production mechanism already exists for a scalar in equilibrium with the thermal
plasma, which undergoes an early or late freeze-out. However, there is an alternative
way to produce the scalar particle from the thermal plasma, the so-called freeze-in
mechanism [55]. The scenario in which a scalar singlet freezes-in and then decays into
sterile neutrinos has to the best of our knowledge not been discussed in the literature
before and thus provides a new production mechanism for keV sterile neutrino DM.

We proceed with a general description of the basic underlying idea and then move on

95



96 4. New Production Mechanism for keV Sterile Neutrino Dark Matter

to the technical details.

This chapter emanates from work done in collaboration with Alexander Merle and
Viviana Niro. It is based on the preprint [149] that has been submitted to JCAP and of
which the author of the present thesis is the corresponding author. The author of the
present thesis was mainly involved in the numerical analysis.

4.1. Known Production Mechanisms for keV Sterile
Neutrino DM

Light neutrinos appear as left-handed fields in the SM lepton doublets, see section 2.1.
Right-handed singlet neutrinos, which are discussed in section 2.2 and play the role of a
DM particle candidate in chapter 3, are absent in the particle spectrum of the SM.

The question as to why all of the charged fermions of the SM except of neutral
neutrinos appear in left-handed doublets and right-handed singlets under SU(2) arises
very naturally. Without going into the details, we simply assume the existence of three
right-handed neutrinos N; (i = 1,2, 3) in this section. If there are no further symmetries,
then the coupling of a SM left-handed neutrino, the SM Higgs doublet H and one
right-handed neutrino, i.e.:

—y¥ L HN; + h.c. (4.1.1)

is unavoidable. Again, H = iooH*.

As soon as the SM Higgs doublet H obtains its VEV, this coupling induces mixing
between the left-handed neutrinos, which are active, and the right-handed neutrinos,
which are sterile under the SM gauge group; see section 2.2.3.

Another sector where one could search for physics beyond the SM is the scalar sector.
The very recently observed and established Higgs boson may not be the only neutral
scalar particle. In the previous part, we studied scalar sectors with an inert scalar SU(2),
doublet, singly-and doubly charged scalar SU(2),, singlets and a complex scalar SU(2),,
singlet with lepton number -2. Here, we focus on an additional real scalar SU(2), singlet
S. The right-handed neutrinos could then also have the coupling:

—%s NCN; +h.e. (4.1.2)

Given that the scalar is heavier than half of the mass of the right-handed neutrinos, it
can produce right-handed neutrinos by the decay S — N;NN;.
If S obtains a VEV, a Higgs portal to the SM, i.e.,

2A\(H'H)S? (4.1.3)
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is created. Moreover, when S obtains a VEV, a Majorana mass term for the right-handed
neutrino is generated dynamically rather than being set by hand.

In this section, the implications of active-sterile neutrino mixing for DM and decays of
a real scalar singlet into sterile neutrinos are reviewed.

We do not extend the gauge group of the SM. Thus, we do not consider the possibility
that a right-handed neutrino is only sterile under the SM gauge group but charged under
an extended gauge group. If so, the right-handed neutrinos could be produced thermally,
e.g., [150]. We restrict the discussion to non-thermal production mechanisms.

4.1.1. Active-Sterile Neutrino Mixing

S. Dodelson and L. M. Widrow found that the mixing between active and sterile neutrinos
can generate an appropriate value for the relic density of a sterile neutrino N with mass
M, which is a warm DM candidate particle. From the Yukawa interaction between a SM
left-handed neutrino v, the SM Higgs doublet H and the right-handed neutrino Ng, i.e.,

[ (%) VLNR (4.1.4)

the probability of observing Ny after a time ¢, given that there are only active neutrinos
with an energy E, is sin? 20 sin? **/L, with active-sterile mixing angle © and oscillation
length L. Replacing y,; in equation (2.2.19) by #/(a) as well as y;(S) by M, the active-
sterile mixing angle equals © = #/m. The oscillation length follows to L = 4E/m2—p2.

In the thermal plasma of the early Universe, the high temperatures yield a relatively
large interaction time for the active neutrinos compared to the oscillation time. Therefore,
sin? vtL is replaced by its average value, which is 1/2.

Following the discussion of equation (2.5.2), the Boltzmann equation describing the
active-sterile neutrino mixing can be written as [151]:

<% —HEa%> (B 1) = B Sin2(20(E, )T(E, )| f4(E. 1), (4.1.5)
with fs and f4 the distribution functions of sterile and active neutrinos, respectively,
and I'(E, t) the interaction rate for the active neutrinos. We consider temperatures that
are larger than 1 MeV, i.e, the active neutrinos are in thermal equilibrium, see, e.g., the
discussion of equation (2.3.19). Therefore f4 equals the equilibrium distribution, see
equation (2.4.4).

The right-handed neutrinos do not achieve thermal equilibrium with the other parti-
cles present in the thermal bath because the relevant interaction strengths are always
suppressed by the mixing angle. In that sense, the Dodelson-Widrow (DW) framework is
a non-thermal production mechanism for keV sterile neutrino DM.
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In [151], it is shown that the ratio of the number of sterile neutrinos and the number
of active neutrinos has a maximum at the temperature T},., that equals:

keV

For T < Tyax, this ratio has a T3-behavior, and for T > T it behaves like T2,
Thus for temperatures roughly above 100 MeV the production of keV sterile neutrinos
is strongly suppressed. For temperatures T' < T),.x, the distribution function fg of the
sterile neutrinos can be expressed as:

fo— \?Tiﬁ (%)2 (%) fa (4.1.7)

The ratio of the relic density of the sterile neutrinos and the relic density of the active
neutrinos is written as [151]:

1
M\ 3
Trax =~ 133 <—> MeV . (4.1.6)

Qs M fs
— = 4.1.8
QI/ my fA ( )
2, is given by equation (2.4.5), i.e., Q, = mv/92n2ev, such that:
6.0 /u\? keV
Qo = 22 <_) vy 4.1.9
7 Vha \eV/ 02hZeV (4.1.9)

which is independent of the mass scale M of right-handed neutrinos. In the derivation of
this result, the number hqg of relativistic degrees of freedom contributing to the entropy
density is assumed to be constant: the particles that contribute tot the number of
relativistic degrees of freedom are the photon, the three active neutrinos and the electron,
i.e. . heg = 10.75. The assumption of constant h.g is motivated by the fact that below
the temperature of the QCD phase transition, which is at 7' = 200 MeV, there is no
abrupt change in heg. Since the maximum production of sterile neutrinos happens at
Trax, the mass scale M for the right-handed neutrinos is constrained to be M < keV via
equation (4.1.6), otherwise the assumption of constant heg is not valid.

Through mixing with the active neutrinos, the sterile neutrinos take part in the weak
interactions. In particular, a sterile neutrino, which is a linear superposition of a left-
handed mass eigenstate and a right-handed mass eigenstate, can decay at one-loop level
into an active neutrino and a photon, where a charged W boson and a lepton run inside
the loop, see figure 2.1. The decay rate depends on the mixing angle. The photon flux
from the decay depends on ©2M?, see equation (2.2.22). Since for each value of the
mass the mixing angle is fixed by the demand for the correct relic density, the measured
photon gives an upper bound on the mass. In the DW framework, the bound from decay
Np — vy reads [44]:

M < 4keV. (4.1.10)
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As already mentioned in section 2.4, warm DM suppresses small scale structures due
to free streaming. The warmer the DM is, the larger its free streaming scale and the
less structure is left on small scales. When the right-handed neutrinos are produced
at Thax ~ 100 MeV, their mass is therefore much smaller than the temperature of the
photons; they are relativistic and stream out, thereby erasing density fluctuations at
scales below the free streaming scale [152].

Above the free streaming scale, structure formation is similar to cold DM models,
however, below the free streaming scale, structure formation changes. The Lyman-alpha
forest is a suitable cosmological observable. Lyman series are transitions in hydrogen
atoms from electron energy levels of n 2 2 to n = 1; the Lyman-alpha line results from
the transition n = 2 — n = 1 and has a wavelength of A\¢ = 1216 angstrom. After
reionization, a small fraction of hydrogen atoms are still present in neutral hydrogen
clouds in the intergalactic medium at different redshifts z. Hence, the light emitted by
a source is redshifted when hitting a hydrogen atom in a hydrogen cloud at a specific
redshift. If the amount of redshift is such that the wavelength at the hydrogen atom
equals A\g = 1216 angstrom, then the emitted light is absorbed and an observer on
the Earth sees a peak in the absorption spectrum corresponding to the redshift of that
hydrogen cloud. Since the absorption can take place at different redshifts, depending
on the specific wavelength of the emitter, the observer sees several absorption lines at
different redshifts. Therefore, when observing the absorption spectrum of a specific
source on Earth, there is a forest of Lyman alpha lines Ap(z) due to the redshift:

A (2) = (1 + 2) ALy - (4.1.11)

Lya

At redshifts z = 2 — 6 there is the right amount of neutral hydrogen among the mostly
ionized hydrogen to observe Lyman-alpha absorption lines. For higher redshifts, the
reionization has not yet happened and all of the hydrogen is neutral hydrogen, thus all
the light emitted by an object at z 2 6 is absorbed by the neutral hydrogen in the line
of sight; the object remains dark and is not suited for spectroscopy [153].

The observation of the Lyman alpha forest proves the existence of small scales in
the form of hydrogen clouds and therefore puts a lower limit on the mass of the right-
handed neutrino, which is the DM particle. In the DW framework, the bound from the
Lyman-alpha forest reads [44]:

M > 8keV. (4.1.12)

Comparison of the X-ray bound in equation (4.1.10) and the Lyman-alpha constraint
in equation (4.1.12) obviously excludes the DW framework as an explanation for keV
sterile neutrino DM via mixing.

X. Shi and G.M. Fuller studied resonant active-sterile neutrino transformations where
the resonance originates from a pre-existing lepton number asymmetry £ = 2L, +
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Figure 4.1.: a): Formation of the Lyman-alpha forest. b): Lyman-alpha absorption
spectrum. b) is taken from http://www.ast.cam.ac.uk/}7Erfc/zevol6e.
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> arp Luy in the range 1072 < £ < 107", where L,,, = #vo — #7,. The Shi-Fuller (SF)
framework is also a non-thermal production mechanism. A resonance in the v, < N;
oscillations is then present at a temperature Ty due to the non-zero value of £ [154]:

M N\ (LN (TN
o () (£) 7 (2) a1

where F is the neutrino energy.
The oscillations 7 <+ N; are not resonantly enhanced and are therefore suppressed
compared to the v, <+ N; oscillations. The result is that the pre-existing lepton number

N

asymmetry £ is destroyed and £ — 0. As the E~"* dependence of the temperature T}
on the neutrino energy shows, the low energy neutrinos are resonantly produced before
the high energy neutrinos. The high energy neutrinos reach the resonance condition
when those v, <> N; oscillations for low energy neutrinos that have been resonant have
already reduced the lepton number asymmetry £. Thus, the v, <+ N, oscillations for high
energy neutrinos are not significant. The outcome is a sterile neutrino spectrum which
is centered around low neutrino energies. It is cooler than the corresponding spectrum
obtained in the DW framework, which has no pre-existing lepton number asymmetry.
For the SF framework, the X-ray bound is:

M < 50keV, (4.1.14)
and the Lyman alpha bound is:
M > 2keV; (4.1.15)

the latter depending on £. Both of the two constraints can be satisfied at the same time,
showing that the SF framework is a valid mechanism to explain sterile neutrino DM by
active-sterile neutrino mixing.

4.1.2. Decay of a Real Scalar Singlet

With a scalar singlet, a Majorana mass term for right-handed neutrinos can be generated
dynamically by spontaneous symmetry breaking, in analogy to the Dirac mass terms of
the SM. Once it is produced, the scalar singlet may decay into two sterile neutrinos if
kinematically allowed. Such decays produce sterile neutrinos in addition to the active-
sterile neutrino mixing, and they can allow extra setups which would not be allowed for
the mixing alone. Production by decay is a non-thermal production mechanism, because
there is no thermal distribution of the decay products in the thermal plasma. If the
coupling constant with which the sterile neutrinos couple to the scalar singlet is small
enough, the sterile neutrinos are out of equilibrium. Since the decay of the singlet scalar
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into sterile neutrinos is fixed by kinematics, the decisive point for us concerning the
sterile neutrino DM is how the singlet scalar is produced.

In the picture of thermal freeze out, two scenarios have been studied in the literature,
namely decay of the scalar singlet into sterile neutrinos at relative high temperatures
when the scalar singlet is still in thermal equilibrium and has not yet frozen-out [155]
and out of equilibrium decay of the scalar singlet into sterile neutrinos at relative low
temperatures after freeze-out [156].

The two scenarios differ by the quantity ®)/7, with (p) the average momentum of the
sterile neutrino and T the temperature. The mass M of the sterile neutrino and its
average momentum #)/7 divided by the temperature, the latter depending on the specific
production mechanism, determine the free streaming horizon. Structure formation, as
observed in Lyman-alpha forest surveys, constrains the free streaming horizon and thus
the production mechanism for sterile neutrinos.

In a dedicated section, we calculate the free streaming horizon for our proposed novel
production mechanism. At first, we present the average momentum for the known sterile
neutrino production mechanism. In general, the average momentum (p) of a particle is
given by:

[ &Pppfp.t)
[ d&pfp,t)’
with the phase-space distribution function f(p,t). Phase-space distribution functions

are also discussed in section (2.4). For a fermion in kinetic equilibrium, the phase-space
distribution function is the Fermi-Dirac distribution, i.e.:

f(p,t) =

(p(t)) (4.1.16)

=T (4.1.17)
where the time dependence is hidden in the temperature 7" and p is the chemical potential
of the particle. For a nondegenerate, i.e., u < T, relativistic, i.e., T' > M, species of
fermions in kinetic equilibrium, the average momentum per particle is [45]:

(p) (E) _Tnt

T T  180((3)

where the Riemann zeta function ((3) of 3 arises from phase-space integration of the
Fermi-Dirac distribution function.

~3.15, (4.1.18)

In the two above mentioned scenarios for sterile neutrino DM production by the decay
of a scalar singlet, the phase-space distribution function of the sterile neutrinos is not a
Fermi-Dirac distribution. The relevant distribution function f(p,t) is found by solving
the Boltzmann equation [157]:

ofw,t) 1 0t) _ 2moT /

L dE f,(p,t). (4.1.19)

mg
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I is the decay width of the decay process 0 — NN and f,(p,t) is the phase-space
distribution of the decaying scalar singlet o. If ¢ is still in thermal equilibrium when it
decays, its phase-space distribution function is the Bose—Einstein distribution. However,
if o has already frozen-out when it starts to decay, its phase-space distribution function
has to be determined separately by solving the relevant Boltzmann equation [156].

In the scenario of scalar decay in thermal equilibrium at relative high temperatures
T ~ 100 GeV, the average momentum per sterile neutrino is [157]:

6

@> " ~ou5 4.1.20
(T ey 3T8CE) (4.1.20)

Although the sterile neutrino is produced at this high temperature, it is a warm DM
candidate particle and thus effects the structure formation. Structure formation starts
after BBN, i.e., when the temperature is much below 1 MeV. During the time in which the
Universe expands and thus cools down from the production temperature 7' ~ 100 GeV of
the sterile neutrinos to the temperature T' < 1 MeV at which structure starts to form,
the momenta of the sterile neutrinos are redshifted. At the production temperature, the

relativistic degrees of freedom g for the energy density are the SM particles plus a
real scalar singlet plus a Majorana neutrino, which add up to g’ = 109.5. If we take
T =0.1 <1 MeV as the temperature at which structure begins to form, then ggﬁ = 3.36.
The redshift occurs in all three spatial dimensions, such that the average momentum per
sterile neutrino decreases by a factor of £ = (%a/4!,)"* to:

(<ﬂ>> = 0.76§75 ~ 0.24. (4.1.21)
T T~0.1 MeV

Compared to the average momentum (»)/7 = 2.83 [156] of sterile neutrinos produced
at low temperatures via the DW mechanism, the relatively small value in this decay
scenario leads to a smaller free streaming scale. The Lyman-alpha limit changes to [155]:

M > 2.7keV, (4.1.22)

such that it is compatible with the X-ray bound, without the need of a pre-existing
lepton number asymmetry as in the SF framework.

In the scenario of the out-of-thermal-equilibrium decay of the scalar at relative low
temperatures, the average momentum per sterile neutrino can be as low as [156]:

Y20 (§) —0s8. 41.23
T 5% T&1MeV ( )

At this stage it is worth pointing out that the identifiers cold, warm and hot DM are
not solely referring to the mass of the DM, but to the free streaming horizon of the DM
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candidate particle defined in equation (2.4.8), which in turn depends on the product of
the DM mass and its average momentum distribution. Therefore, in principle, a particle
with a mass of the order of keV can also be a cold DM particle, as long as its average
momentum divided by the relevant temperature is relatively small compared to that one
for usual keV warm DM.

4.2. The Basic Idea: Decays of Scalar FIMPs

We illustrate the proposed mechanism before entering into the technical details. The keV
neutrinos emerge as daughter particles of a decaying scalar singlet particle. Thus, in the
first place, the parent particle has to be produced. All in all, we then have two production
stages: the production of the decaying particle followed by the production of keV sterile
neutrinos as decay products. Since different constraints may hold for the two particles
involved, two production stages may have advantages over mechanisms with only one
production stage. For example, the keV sterile neutrino cannot be produced from the
thermal plasma only: in case it enters thermal equilibrium, it is typically overproduced
since it is relativistic at freeze-out [150]. If it does not enter thermal equilibrium and
is only produced non-resonantly by small admixtures, its spectrum is too warm, if the
correct abundance is produced. The constraints from structure formation [158] can then
only be realized for relatively large keV sterile neutrino masses, which are in conflict
with the constraints from the non-observation of the decay of the keV neutrino into a
light neutrino and a photon [159], as outlined above. The singlet scalar, instead, can
be produced via thermal freeze-out, and its decay leads to a suitable abundance of keV
sterile neutrino DM, while at the same time being compatible with all bounds [155, 156],
as we already have discussed.

We pursue a different path to produce the singlet scalar o: if the Higgs portal coupling
is small enough, A < 107% [155,156], the scalar particle does not enter thermal equilibrium
because its feeble interaction rate with the thermal bath is always smaller than the
Hubble expansion rate. However, it can still be produced by the plasma. This opens up
a new region in the parameter space where a non-negligible abundance can be produced,
which actually increases for increasing A, contrary to what would happen in thermal
freeze-out. This is the freeze-in mechanism which is not new, see, e.g., [54], but has been
recently summarized and systematized in [55], where also the term FIMP, i.e., feebly
interacting massive particle, has been introduced. See also the discussion in section 2.5.2.
Furthermore, a scalar that has been produced via freeze-in has not been studied before
for the case of the production of keV sterile neutrinos.

The frozen-in physical singlet scalar o will have a spectrum with approximately thermal
shape, but with an overall suppression factor. This scalar o will then fully decay into
keV neutrinos Ny via the reaction 0 — N;N;. We assume the decays into the heavier
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Figure 4.2.: Example variation of yields Yy, and Y, as a function of the temperature 7',
see section 4.3.1 for details. As can be seen from the figure, a significant
abundance of o gradually builds up due to freeze-in, before the decays
o —> N1 Nj set in and, at the same time, a significant amount of keV sterile
neutrinos /NV; is produced.

sterile neutrinos N 3 to be kinematically forbidden, since we consider M3 > m,. Thus,
the decisive decay mode is 0 — N1 N;. We always assume M; < m, < Ma 3, keeping
in mind that there are several models and mechanisms which can indeed generate such a
mass pattern for Majorana sterile neutrinos [160]. An example evolution of the yields Y
of 0 and N; with decreasing temperature T is displayed in figure 4.2. As can be seen, we
essentially start with a zero abundance of both particles, the precise value of the initial
abundance plays no role as long as it is negligibly small, but with decreasing temperature
the abundance of ¢ increases before reaching a plateau at the freeze-in temperature
T ~ m,, which is typical for the freeze-in process as discussed above. However, this
abundance decreases again later, due to the decays 0 — N;N;. Since every scalar o
decays into exactly two NV;’s, this implies Yy, (late times) = 2Y, (early times) as long as
no Ny’s are produced from other sources. If the N;’s are fully non-relativistic at late
times, this also implies the relation Qy, h? = 2- M/, - Q,h? between the final abundances,
which makes it evident that this mechanism is useful to correct an overabundance of
o by a suitable mass ratio Mi/m,. However, since the N;’s can also be semi-relativistic,
i.e., warm, at least for times close to their production, the above relation could receive a
correction factor in case the yield Yy, is not evaluated at a late enough time. Nevertheless,
the above formula can be applied as an estimate.

Finally, note that the assumption that the keV neutrinos N; are produced exclusively
by the described scalar decays does not always need to be true. In particular, in a setting
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where there is a non-negligible active-sterile mixing between N; and the light neutrinos
v;, a certain contribution to the abundance of N;’s produced by the DW mechanism
is unavoidable. We will take this contribution into account by estimating the maximal
amount of keV neutrinos which can be produced by DW, without violating the X-ray
bound or overproducing the DM. However, we would like to stress that our production
mechanism does not need active-sterile mixing. While such a mixing may or may not
be desirable from a phenomenological perspective, there are settings known in which
it is exactly zero due to a discrete symmetry, see, e.g., [161]. In such a scenario, the
production of keV neutrinos by a combination of the standard DW and SF mechanisms
would fail, while our mechanism, as well as the version where o does enter thermal
equilibrium, could still be valid.

This is the general idea behind our proposal; we will now present the more technical
aspects of our mechanism.

4.3. Details of the Production Mechanism

4.3.1. The Model

The particle content of the SM is extended by three right-handed sterile neutrinos N;
(i = 1,2,3) and one real scalar SU(2), singlet S [156]. The Lagrangian is:

L =Lspm + |iN;N; + %(@S)(&“S) - %s NEN; +he. | — Vicalar
+ Ly, (4.3.1)

which consists of the SM, kinetic terms of the sterile neutrinos N,, Yukawa interactions
fa of the singlet S with N,, and a scalar potential V... Finally, £, is the part of
the Lagrangian giving mass to the light neutrinos. In the simplest setting, we would
have L, = —y%iL_aﬁNi + h.c., where H = togH*. Then, a type-1 seesaw mechanism
could be at work using the right-handed Majorana masses for N; arising from a VEV
f=(9), as long as the Yukawa couplings respect the observational X-ray bound [162].
Alternatively, there could exist more complicated seesaw-type mechanisms, or radiative
light neutrino mass generation as discussed in part part:one. Since we do not rely on a
specific mechanism, we will leave the mass generation of light neutrinos unspecified. Any
realistic setting must provide a way to generate a viable light neutrino mass and mixing
pattern, but the details do not play a decisive role in our production mechanism.

We restrict our considerations to a potential V..., that only depends on the absolute
value of the SM Higgs doublet H and on even powers of the real scalar singlet S. Such a
potential results from a global symmetry, e.g., lepton number, and does not impose a
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severe restriction. Assuming a Z, = {41, +i} symmetry ! such that L, — iL,, € — i€q,
N; — N; and S — —S, while all other fields transform trivially, the most general potential
is:

1 1
v;amzz—MEHTH——§M§S2+AH(HTHF—%ZASS4+2Auﬁfns% (4.3.2)

The Higgs doublet H and the scalar singlet S are parametrized as:

H= " 0 d S=f+6 4
= \/Li(v—l—ileip) — \%(U—l—ﬁ) an =f+o0. (4.3.3)

We use the unitary gauge as in equations (2.1.3), (3.1.3) and equation (3.4.7). The
Goldstone bosons h*™ are eaten by W* to make them massive, similar to the neutral
boson p being eaten by the Z°. All other components are physical: h is the SM-like
Higgs and & is a physical singlet scalar, see equation (2.1.3). The VEVs are given by
(H) =1/v2-v, where v = 246 GeV, and (S) = f. Note that f could potentially be large.

Inserting the VEVs, HTH — v*/2 and S? — f2, and differentiating the potential with
respect to v? and f2, respectively, gives the minimum conditions:

M%‘I = )\Hvz + 2)‘f27
ps = Mg f?+ 2207

The Higgs portal coupling A results in mixing of the physical scalar fields. Concentrating
on the potential terms which are proportional to 62, h2, and &h, and inserting the
minimum conditions, equation (4.3.4) and equation (4.3.5), the mass matrix in the
interaction basis (h, )7 reads:

Agv? 2\f
(e ey, s

Note that this discrete Z4 symmetry might potentially be problematic, since its breaking by a non-zero
VEV f = (S) could lead to so-called domain walls [163], which would considerably alter the history
of the Universe but are not observed. There are arguments for how this problem could be evaded,
see e.g., [164-166]. We will not enter this discussion here and simply assume that this problem is
solved in a model containing the framework presented here. Nevertheless, we would like to point out
that the most obvious solution of taking S to be complex and promoting the symmetry to a global
U(1) rotation, for which no domain walls would appear, is not a straightforward solution to pursue.
In that case, our production mechanism would suffer considerably from the existence of a Goldstone
boson [135], more precisely a singlet Majoron [137] which would also couple to Ny and considerably
modify the DM production. In general, there can be a non-trivial interplay between the abundances
of the different scalar fields in the early Universe, which makes the model with a complex scalar S
considerably different from the freeze-in of a real scalar, the latter case being addressed in this paper.
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In the basis (h, )T of mass eigenstates we have, in the limit of small \:

1 m; 0 h m;, A v’ (2Afv)?
5 (h,O') ( 0 m§> <0> s where mg} ~ {)\sz F m . (437)

Interpreting the transition from the interaction to the mass basis as an abstract rotation
similar to equation (3.4.22),

<f~L> _ (cQSa —sma) <h> ’ (4.3.8)
o sina  cosa o

equations (4.3.6) and (4.3.7) yield:

As — m? sin® 042—;27713 cos? o oA m} cos? 042+2m(2, sin® o | (4.3.9)
v
\ (m? —m?2) cosasina (4.3.10)
4fv

The independent parameters are the singlet mass m,, the Higgs portal A, and the VEV
f of the singlet. Since the Higgs portal A is small, we can practically identify h with h
and ¢ with . We will use the notation h and ¢ in the following.

In our numerics, we have fixed the SM Higgs mass to 125 GeV in accordance with
the experimental results by the ATLAS and the CMS collaborations. In addition we
assume m, > my for definiteness and m, < f in order to avoid being in danger of

entering a non-perturbative regime, i.e., we vary m, between the 1o upper limit of
my, < 126.4GeV [167] and f.

4.3.2. Dark Matter Relic Density

The relic density of our DM candidate particle Ny is produced by the decays of a frozen-in
real scalar singlet particle . The Boltzmann equations for the annihilation and decay
processes are given in equations (E.0.2) and (E.0.12), respectively. To calculate the relic
density of Ny, we have to solve a system of coupled equations simultaneously describing
the annihilation and decay processes as it is done in, e.g, [168].

We have to solve the following two coupled Boltzmann equations:

d, d o, d_p

—Y,=—Y*+ VY 4.3.11
ar'c = ar'c Tar'e (43.11)
4y = Lyp (4.3.12)
ar ™M T qr N "
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with

d T d 1d

ZyA— VI ATy Y2 —YP=——_—_YP 4.3.13
dT " ° \ 456y VY () Yooq or¥o 9dr M ( )
d D

[ 45 1 1
d_TYN1 = — 7T3GN ﬁ T <F(O' — N1N1)> Yo‘ , (4314)

see appendix E, in particular equations (E.0.6) and (E.0.13), for detailed information.
The equilibrium yield is given by:

_ 45g, 22 Ko (1)

Yoyoo= —22 227 4.3.1
,eq 47’(’4 heﬂ‘<T) ( 3 5)

with g, = 1 being the spin degrees of freedom for the particle o, z = m«/1, and

he 1 T dhe
o= (4= LI I (4.3.16)
\/ YGeft 3 heff aT

For the definitions of heg, ger and of the Bessel function Ks(x), see appendices C and D.
Building on our verified results obtained in the calculation of the relic density for the
singlet scalar FIMP, we have further developed our numeric treatment of the freeze-in
scenario. Thus we are able to numerically solve the system of the coupled Boltzmann
equations (4.3.11) and (4.3.12).

Equation (C.0.7) and equation (C.0.6) for the effective relativistic degrees of freedom
heg and geg are implemented in our Mathematica procedure and summed over as in
equations (C.0.9) and (C.0.8). Thus we are able to correctly account for the contribution
of the singlet scalar to the relativistic degrees of freedom. In addition, we obtain /g, of
equation (4.3.16) as a function of the temperature 7. The system of Boltzmann equations
in equations (4.3.11) and (4.3.12) is numerically solved for each combination of integer
valued m, and M in the range we have scanned, see below. For each parameter pair, we
check that the equilibrium condition neq(ov,) > H is satisfied for each temperature 7'.

As already explained, the DM particle is the lightest sterile neutrino /Ny that is produced
by the frozen-in real scalar singlet ¢ due to out-of-equilibrium decays, ¢ — N1 N;. The
thermally averaged cross section times relative velocity (oan,v,) for the real scalar singlet
o is calculated numerically using the micrOMEGAs package [64]. (I'(c — N1Vy)) is the
thermally averaged decay rate for the decay 0 — N; Ny and the analytically determined
decay width in the rest frame of the decaying particle o is:

2 4M2
[(c — NiN}) = lyfi—lwmg {1 - m;} . (4.3.17)

See equations (E.0.9) and (E.0.11) for the definition of (I'(c — N;N;)). The relic
density is obtained from formula (2.3.21).
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4.3.3. Existing Constraints on the Free Streaming Horizon

In this section, we determine the free streaming horizon rpg for the sterile neutrinos
produced through our new mechanism. In a spatial flat universe, the curvature constant
k is zero. Assuming isotropy, i.e., d©® = d¢ = 0, the Robertson-Walker metric, see
equation (2.3.4), reads:

ds* = c2dt* — a*(t)dr?. (4.3.18)

Note that ¢ and r are the comoving coordinates. A freely propagating particle with
velocity v then moves on a geodesic ds? = 0 and satisfies:

v(t)dt = a(t)dr. (4.3.19)

The free streaming horizon rgg is the comoving distance a freely moving particle propagates
between a time t;, and ty and is thus given by:
v(t)

to
res = | dt —2 4.3.20
s / i (4.3.20)

where t;, is the initial time at which the integration starts, tq is the current time, v(t) is the
mean velocity of the DM particles, and a(t) is the scale factor, see also equation (2.4.8).

The first step is to calculate the average momentum (p). Therefore, the phase-space
distribution function is needed, see discussion of equation (2.4.1) The sterile neutrinos
are produced at the time t;, after the singlet scalar ¢ has frozen-in, which happens at
the time %04, and then decays, i.e., tiy = tproa + 7 Where 7 is the lifetime of o given
by 7 = 1/r. The freeze-in of ¢ happens when the temperature of the photons equals
the mass of o, which is of order O(100) GeV. At that time, o is clearly non-relativistic.
Since matter radiation equality occurs much later on at t.q, the decays of o and thus
the production of the sterile neutrinos take place in the radiation dominated era. Under
these circumstances, the phase space distribution of the sterile neutrinos is given by [169]:

fp,t) = %GXP <—£> : (4.3.21)

where [ is a normalization factor that will turn out to be irrelevant for our purposes, p
is the co-moving momentum, and the DM temperature is defined as Tpy = Tpm(t) =
Pem®tD/a(t). Here, pey, = VMa—Mi/2 ~ ma/s is the DM momentum in the center-of-mass
frame and the decay time ¢, is defined as H(t = t;) = /2t [170]. Since the particle
production happens in the radiation dominated era, the Hubble expansion rate H scales
like H(t) = 1/2t. Therefore, H(tq) = 1/2t, and we can identify t4 = ti,.
The average momentum (p) follows after integrating the phase space distribution
function to:
VT ~ VT Mg altin)

<p(t)>:7TWDM(t)— 22 all)

(4.3.22)
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The mean velocity v(t) of the sterile neutrinos can be set to 1 as long as they are
relativistic. After the non-relativistic transition, which sets in at the time t¢,,, the sterile
neutrinos are non-relativistic and their mean velocity simply follows from the determined
average momentum (p(t)), i.e., v(t) = @®)/nr.

In a second step, we answer the question about the time when the non-relativistic
transition happens. The non-relativistic transition will set in when (p(t)) ~ v7/2 - ma/2 .
a(tin)/a(ty = M. The scale factor a(t) can be approximated as a(t) oc t/? (a(t) o< t*/*) for
radiation (matter) dominance. Since the scale factor has a different time dependence in
the radiation and matter dominated era, respectively, one has to distinguish between the
cases of non-relativistic transition happening before, i.e., & < teq, Or after the matter

> ’nr

radiation equality, i.e., £ > ¢,

’ Unr

One finds:
2
tie;rly — (?;ﬁl) tin; (4.3.23)
3
2 31
tilarte — <§2n;;1) ti‘;télq . (4324)

With the outcomes of steps one and two, the free streaming horizon can now be calculated.
In the case t%Y < ¢, the interval [ti,; o] can be split into three pieces yielding:

rps = /tto dt <Z§2> - /tt%Jr/tt dt%qt/t: dt <222> (4.3.25)
o 2leqlur | Vleqlur | (te_q) L 3Vlealur _ v/leglur [5+1n (tiqﬂ  (43.26)

aeq a/eq tnr

Qeq Qeq nr

For the case £ > .., the result reads:

rFs:/tOdtM:/tteqiJr/ttmdtM+/jooltM (4.3.27)

t a(t) _alt) o a(t) a(t)

2 1 4
ey [ Btith 3t /2 [tw 3t
o 2oy | (Bt Sleq | | VAMo/2 [tn 3t (4.3.28)
a/eq a’eq aeq 2 Ml t

1
€4 Qoqtir

2 1 4
et te /2 [t 3 ta
_ Bt teq | T/ [in 3t (4.3.29)

eq eq 2 M eq a/eqtgr

We have assumed matter-dominance until ¢y, since very late times practically do not have
any effect on the result [158]. Both expressions exactly coincide in the limit ¢,, — teq.
One still has to take into account the entropy dilution between the time of production,
which happens at a very high temperature, and the current time. This amounts to a
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further factor of £=/% [156], with an entropy dilution factor given by:

_ Geg(high ') 109.5
et (to) 3.36

(4.3.30)

where we have taken both the real scalar ¢ and the keV Majorana neutrino N; to
contribute to radiation at high temperatures.? Since the scalar o has been produced in
a significant amount at the time of its decay, this should not be a bad approximation,
and for the same reason also a significant amount of N;’s should be produced. The final
result for the free streaming horizon is:

I [5 1 () <t
eq nr
TRS = [aidl oty | Emos2 [y 3td | oo : (43.31)
[ﬁr_ﬁ+TWﬂﬂiﬁf/3 if fnr > teq,

One can define a free-streaming horizon of 0.1 Mpc [172], which is about the size of a
dwarf galaxy, as the separation between HDM (rps >0.1 Mpc) and WDM (rpg 0.1 Mpc).
In turn, free-streaming horizons which are considerably smaller typically correspond to
CDM. Note that this is in some sense an artificial definition, as we will explain in detail
in section 4.4, but it nevertheless gives a good orientation in practice. As we will see,
the condition rrpg <0.1 Mpc will lead to a lower bound on the mass M; of the keV sterile
neutrino.

We have used equation (4.3.31) to mark the excluded region of HDM (rgpg >0.1 Mpc)
later on in figure 4.4 and in figure 4.5. We will furthermore indicate the CDM regions
(rrs <0.01 Mpc), which are not excluded and instead reveal that a keV-mass particle can
also act as CDM, depending on the details of its production.

4.3.4. Collider Bounds on the Production of Dark Matter

In colliders, a DM signal can be detected through monojet or cascade events. If the
DM particle is stable, it does not decay inside the detector volume and thus leaves its
track as missing energy, which can be reconstructed. Comparing simulated DM events
with data analysis allows to constrain the DM interaction and its mass. Bounds exist on
DM masses around 1 GeV. Specific collider constraints on Majorana fermion DM can be
found in [173]; for Dirac fermion, complex scalar, and real scalar DM, see [174].
Because a Majorana field is its own charge conjugate, only operators which are even
under charge conjugation are allowed for Majorana fermions. Therefore, in contrast to
the case of Dirac fermions, there are neither vector nor tensor field bilinears for Majorana

2At this step, we disagree with [156], where the number of degrees of freedom at a high temperature
has been taken to be 110.5. This corresponds to one Majorana neutrino and a complex scalar [171].
However, the resulting numerical difference is tiny and would in no case affect the results significantly.
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fermions. However, note that the constraints cited above are not relevant in our case,
since the DM is a sterile neutrino N; with a mass in the keV range, produced by the
decay of a frozen-in scalar singlet FIMP.

The scalar singlet FIMP itself is produced via the Higgs portal. In [175], the allowed
region for the Higgs portal coupling A and the mass of the scalar singlet is presented.
Through the Higgs portal, the SM Higgs could decay invisibly into two scalar singlets.
By demanding that the invisible decay width is less than 20% of the SM decay width,
the strongest upper bound on the Higgs portal coupling is A < 0.01, but for scalar singlet
masses m, =, 60 GeV there is essentially no constraint. In the mechanism we propose,
the Higgs portal coupling is of order A ~ O(1078), i.e., given the mass range of our scalar
singlet and its feeble interactions, the constraints in [175] for the allowed A\ — mg region
are not relevant for us.

To conclude, all existing collider bounds on the production of DM are not relevant for
our mechanism and do not constrain the parameters we are considering in our numerical
analysis.

4.4. Numerical Analysis

We have numerically solved equations (4.3.11) and (4.3.12) in order to determine the
final abundance of keV sterile neutrinos V.

First of all we scanned over a range of values for the Higgs portal coupling A in order to
identify the successful region to obtain the correct relic abundance. The only requirement
we impose on A is that A < 107% in order not to enter thermal equilibrium [156]. The
result of this scan can be found in figure 4.3, where we plot the abundance regions for
different values of the coupling, A = 10778 as a function of the keV neutrino mass M;.
The broadening of the corresponding bands originates from the variation over the scalar
mass m,. For definiteness, we assume that the singlet scalar mass is always larger than
the SM-like Higgs mass my, ~125 GeV, corresponding to the upper end of the bands in
the plot. Furthermore, in order to avoid entering a potentially non-perturbative regime,
we also assume that m, < f corresponding to the lower ends of the bands in the plot,
where f is the VEV of the singlet field S.

In figure 4.3, we present the plots for the two example values f =500 GeV and f =1TeV,
which are perfectly compatible with all bounds. As can be seen from figure 4.3, the
successful value of the Higgs portal coupling A should be around 10~%, more or less
independently of the value of the VEV f. Accordingly, we will focus on the region A ~ 1078
in what follows and investigate this region in greater detail in what concerns the relic
abundance and in particular the experimental and observational bounds.A more detailed
investigation of the successful regions in parameter space can be found in figures 4.4
and 4.5, where we have indicated the region of the correct abundance, i.e., within the 3o
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ranges of the Planck data [5], as generated by scalar FIMP production only, by the orange
band in the plot. The parameter values for the plots are chosen as f € [500; 1000] GeV,
with A € [1.0-107%;1.2 - 1078] for figure 4.4 and A € [1.5-107%;2.0 - 1078] for figure 4.5.

As can be seen from the plots, the iso-abundance lines reveal a more or less linear
dependence of the keV sterile neutrinos mass M; on the scalar singlet mass m,. This
feature can be understood easily by observing that the final DM energy density must be
equal to the initial energy density in scalar ¢ particles, which can at most be redshifted.
Since this initial energy density is non-relativistic, it can be written as p, = m,n,,
where n, is the number density of o-particles. Similarly, the energy density in N; can
be computed by the non-relativistic expression for late times, see the discussion in
section 4.2, since in the successful regions in the parameter space the DM particles
become non-relativistic within the age of the Universe. In addition, we have indicated
some important bounds. As explained, we have assumed that m, > my,, and we indicate
the corresponding regions left of the upper 1o bound on my, of 126.4 GeV [167] by gray
rectangles. Furthermore, we know that HDM is excluded or, rather, bound to make up at
most 1% of the DM in the Universe [176,177] by considerations of cosmological structure
formation.

A rough way to quantify when DM particles are HDM, WDM, or CDM is the co-moving
free-streaming horizon rgg, see section 4.3.3. Since it is a bit crude to attribute the
property of a whole velocity spectrum of DM particles to one single number, it is to
some extent a question of definition where to draw the lines between the three DM
categories. A relatively common choice, which somewhat representatively reflects the use
of the three terms in the literature [178,179] is to take the border between HDM and
WDM at a free-streaming horizon of roughly rpg = 0.1 Mpc, where larger values signal
HDM which is forbidden. Note that this value is physically motivated due to the size of
dwarf satellite galaxies being in that range. However, between CDM and WDM, there is
not a very well-defined boundary, since it is not easy to unambiguously define at which
value of rgg the structure formation on small scales starts to depart from the pure CDM
case [158,180]. However, it is clear that the free-streaming horizon for CDM should be
“significantly smaller” than the one for WDM. For definiteness, we have therefore decided
to simply take a value that is by one order of magnitude smaller than the one for the
HDM-WDM boundary. Keeping in mind that this distinction between WDM and CDM
is also a matter of definition, the values of rpg which we used are:

Cold DM (CDM) :«<= rpg < 0.01 Mpc,
Warm DM (WDM) <= 0.01 Mpc < rps < 0.1 Mpc,
Hot DM (HDM) :<= 0.1 Mpc < rgs.

Thus, in the plots displayed in figures 4.4 and 4.5, the thick red line at the bottom of
the plots marks the transition between WDM and HDM, and the light red region below
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this line is excluded by structure formation. The light blue region in the upper part of
the plots, bounded by the thick blue line, corresponds to CDM and the white region
marks the WDM sector. Here, it is worth pointing out that in a considerable region of
the parameter space, keV sterile neutrinos with large enough masses can be cold DM,
or, more precisely, indistinguishable from CDM according to our definition, in contrast
to most of the scenarios for keV sterile neutrino DM. To some extent, this is a simple
reflection of the fact that our DM production happens in the early Universe, but the more
crucial point is that the mass ratio m«/m; happens to be in the correct region to allow for
a sufficient cooling time. Figures 4.4 and 4.5 reveal that the region of the correct DM
relic abundance lies in the cold or warm DM parameter space, depending on the specific
value of A, respectively. We also have the possibility to produce part of the DM as keV
sterile neutrinos by the ordinary DW-mechanism [151], in addition to the production by
the mechanism proposed here. This contribution depends on the active-sterile mixing
angle 0, of the keV sterile neutrino Vi, and it can be estimated by the approximate
formula [181]:

. 9 1.8
Oy, pwh® ~ 0.2 - 351‘1110919 (3]\1{2\/) . (4.4.1)
Note that, if the keV sterile neutrino makes up all of the DM in the Universe and if
it is unstable under and decays into photons, then there is a strong bound from the
non-observation of the corresponding X-ray line, see [159,182,183] for recent collections of
bounds. In the plots, we have represented the corresponding maximal, i.e., for the largest
allowed value of sin? §; addition of particle production due to the DW mechanism by the
purple bands. As can be seen from the plots, this would shift the allowed regions, i.e., the
regions where the total abundance of keV neutrinos, as produced by both mechanisms
together, is within the 30 regions of Planck data, towards slightly larger values of m,,.
For very low M, there is a considerable DW-production resulting from the comparatively
weak X-ray bound in this mass region. In this region, nearly all the DM can be produced
by the DW-mechanism, which for these masses completely dominates the production by
frozen-in scalars, if the maximum possible value is taken for the active-sterile mixing.
However, from studies of the Lyman-alpha forest, the corresponding lower bound on
the keV sterile neutrino mass, when the DW-mechanism is at work, is between 8 keV
and 10keV [158]. Note that this accidentally coincides with the light red HDM region
in our plots. Thus, this region of the parameter space is excluded. On the other hand,
depending on the exact value of the active-sterile mixing, the combined abundance of
keV sterile neutrinos produced by both mechanisms could also lie in between the orange
and purple bands, which we indicate in the plots.

We want to stress that the orange bands correspond to production by scalar FIMPs
only, i.e., this is the region of correct abundance for a vanishing active-sterile mixing,
61 = 0. While this may not be desirable from a phenomenological point of view, e.g., for
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a possible detection of the X-ray line [184], or for a potential detection of modifications
of neutrino-less double beta decay [183,185]), vanishing active-sterile mixing may be very
natural in certain settings [186]. In such frameworks it would be impossible to produce
keV sterile neutrinos via the DW and/or SF mechanisms, but our mechanism as well as
the version in which the scalar freezes out could be easily used as an alternative.

Finally, we have also indicated possible mass limits arising from the X-ray bound.
For example, if the bound on the active-sterile mixing is taken to be sin?(26;) < 10713,
this excludes keV sterile neutrino masses M; above 64.5keV, while the values below are
consistent with the X-ray bound, but not necessarily with the HDM bound. If active-
sterile mixing is not present, then there is no fixed upper bound on Mj, and alternative
scenarios with stable, e.g., MeV or GeV sterile neutrino DM could be found, too. The
general message of our plots is that there is considerable room for keV sterile neutrinos
to be produced by scalar FIMPs and to be compatible with all bounds. Accordingly, if in
a certain setting the Higgs portal coupling of a singlet scalar is bound to be very small,
it could still be used to produce sterile neutrino DM.

4.5. Summary: Freeze-In Production of keV Sterile
Neutrino Dark Matter

Many models beyond the SM include three right-handed neutrinos as counterparts to the
left-handed neutrinos. As SU(2);, singlets, right-handed neutrinos do not directly take
part in weak interactions, or in other words, they are sterile. For an appropriate mass
hierarchy of the three right-handed neutrinos, two of these can generate the measured
neutrino oscillation parameters, the remaining lightest one, given that it is stable, can
be a DM particle. If its mass is in the keV range, this right-handed neutrino can be a
warm DM. On large scales, warm DM behaves as cold DM, but on small scales warm
DM describes the structures of the Universe even better than cold DM. These arguments
turn keV sterile neutrino DM into a are very interesting candidate for warm DM, offering
at the same time a common framework for neutrino mass generation and DM physics.

Numerous mechanisms to produce keV sterile neutrino DM are discussed in the
literature. As examples, we discussed oscillations between active and sterile neutrinos
and the production of sterile neutrinos by decays of scalar particles. In the latter
case, scenarios had been studied in which the scalar particle freezes out from thermal
equilibrium.

We presented a new and successful mechanism for the production of keV sterile neutrino
DM. The underlying principle is the freeze-in of a scalar particle o that never enters
thermal equilibrium. A significant abundance of ¢ is produced by a feeble mixing with
the SM Higgs doublet H. If ¢ is unstable, it can decay into pairs of keV sterile neutrinos
N;i. Thus, the correct DM relic density is achieved by the decay of a frozen in feebly
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Figure 4.3.: Relic density Qx, h? as a function of the sterile neutrino mass My, for Higgs
portal coupling A = 107789, In the left panel we show the results considering
f =500 GeV, while in the right panel the results with f =1TeV.

interacting scalar particle.

The corresponding system of coupled Boltzmann equations was solved numerically. The
relevant bounds for keV sterile neutrinos were discussed emphasizing the new parameter
regions of our mechanism.
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Figure 4.4.: We show the results using A = 1.0-1078, 1.2-1078, as well as f =500 GeV and
f =1TeV. The orange (purple) bands represent the regions of the parameter
space with a sterile neutrino relic abundance Qy, h? within the 30 observed
value, obtained only through the decay of a freeze-in scalar, considering also
the DW mechanism, see text for more details. The red and blue areas denote
the HDM and CDM regions, respectively.
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Figure 4.5.: Same as figure 4.4, but for A = 1.5-107%, 2.0- 1078,






5. Conclusions

Neutrino flavor oscillation experiments have precisely measured the neutrino mixing
angles and the difference of squared mass eigenvalues, which are all different from
zero. However, the SM does not contain a mass term for neutrinos. Apart from that,
cosmological observations that probe the energy density of the Universe have shown
that the matter content of the SM does only contribute with approximately 15.50% to
the whole matter content of the Universe. That is, 84.50% of the matter content is not
described by SM particle physics. Since up to now only gravitational interactions of
this missing mass component have manifest themselves in the structure formation of the
Universe, but no electromagnetic interactions, in particular, this lion share of matter is
called DM. In the introductory section 1 of this thesis, we outlined the importance of
neutrino masses and DM.

It is tempting to ask if neutrino masses and DM physics could be explained by a
common theoretical principle, thus providing a unified framework for these two issues. In
that sense, models which generate neutrino masses radiatively are one possible answer;
the loops needed to make neutrinos massive could connect to DM physics such that
neutrino masses and a DM particle have a common energy scale. In most of these kinds
of frameworks, the DM relic density is produced by freeze-out, which starts with a DM
particle that is in thermal equilibrium. An alternative to obtain the correct DM relic
density is the freeze-in scenario, which starts with a particle that is never in thermal
equilibrium. This thesis contributes to unified frameworks for neutrino mass generation
and to DM physics.

In part I, DM freeze-out production is considered in two exemplarily models which
generate neutrino masses at loop-level; these are the Ma-model discussed in sections 3.1
and 3.2 and the Zee-Babu-model in section 3.4.

The Ma-model is a one-loop radiative neutrino mass model in which the DM particle
runs in the loop. Therefore, neutrino masses and DM physics are directly linked in the
neutrino mass generation. The particles beyond the SM are a complex scalar doublet n
and three right-handed Majorana neutrinos N;(i = 1,2, 3). In principle, the Ma-model
has two candidates for a DM particle: either the neutral component n or the lightest of
the N;. In section 3.1.3, we chose Ny, which is the lightest of the right-handed Majorana
neutrinos, as the DM particle. Also, we chose a small mass splitting 0 of Ny to the
second lightest right-handed Majorana neutrino N,. With this choice, we have to include
co-annihilations of N; and N,. Our result is that these co-annihilations are essential for
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producing the correct DM relic density: the Ny — Ny, Ny — Ny and N; — N, annihilations
depend on Yukawa coupling constants that are constrained by LEF'V processes. In many
cases, these Yukawa coupling constants have to be tiny yielding a too large relic density in
the freeze-out scenario. In our case, the co-annihilations N7 — N, have a term independent
of the relative velocity at lowest order and thus give a relative large cross section for
relative small Yukawa coupling constants, i.e., a small enough DM relic density. In
addition, in some regions of the parameter space, co-annihilations between N; and n
become important. N; has no direct couplings to quarks or gluons that are necessarily for
its possible direct detection. However, via one-loop photon exchange, N; can effectively
couple to a nucleus realizing inelastic scattering. To the best of our knowledge, we have
calculated for the first time the inelastic scattering cross sections in an effective field
theory approach, see section 3.2.1. We have determined charge-charge, dipole-charge and
dipole-dipole interactions. We have found that the mass splitting ¢ has to be small in
order to obtain a sizable signal in direct detection experiments, which is consistent with
the need of co-annihilations relying on a small §. The XENONI1T experiment could have
sensitivity to most of our parameter space.

The Zee-Babu-model is a two-loop neutrino mass model. In its original version, it has
no right-handed neutrinos and no candidate for a DM particle. The particles beyond the
SM are a singly charged scalar h™ and a doubly charged scalar k™*. To close the loops, a
lepton number violating trilinear scalar interaction term pk**h~h~ has to be introduced
by hands. To connect neutrino mass generation with DM physics in the Zee-Babu model,
we have used the spontaneous breaking of a global U(1)p_; symmetry. Therefore, the
model is extended by a complex scalar singlet ¢ driving the symmetry breaking and two
right handed neutrinos for DM. The p term and thus neutrino masses as well as the mass
of the DM arise when ¢ obtains its vacuum expectation value. After the spontaneous
symmetry breaking, a remnant discrete symmetry stabilizes the DM. We have used a
global symmetry and not a local one. If one uses a local B — L symmetry, the B — L
charges of the three right-handed neutrinos are fixed by gauge anomaly conditions and
Yukawa interactions to SM lepton doublets are allowed. To have the lightest of the three
right-handed neutrinos stable, an additional Zs symmetry has to be introduced. This is
not the case for a global symmetry: the B — L charges of the right-handed neutrinos can
be chosen with more freedom and the stability of the DM is automatically guaranteed by
a remnant stabilization symmetry. Also, in the global case, there are no bounds coming
from a Z’ gauge boson, which would decrease the allowed parameter space for the correct
DM relic density. But in the global case, there is a Goldstone boson which contributes
to the DM relic density in contrast to the local case.

In part II, we have presented an alternative to freeze-out of DM: a new production
mechanism for keV sterile neutrino DM is introduced that is based on the freeze-in of a
scalar particle . Although it never enters thermal equilibrium, a significant abundance
of ¢ is produced due to its feeble interactions with the SM Higgs doublet. If it is unstable,
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it can decay into a pair of keV sterile neutrinos which are the proposed DM particles.
Thus, the relic density of DM is produced by the decay of a frozen-in feebly interacting
massive particle. Similar mechanisms had already been proposed previously for early
and late freeze-out and subsequent decay of the scalar. Our proposal opens up a new
window in a region of the parameter space where freeze-out is not at all possible. This
is particularly interesting for models which predict a very small Higgs portal coupling
between o and the SM-like Higgs. Our mechanism is applicable to many models including
neutrino mass generation by seesaw scenarios or at loop level.
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A. Expansion of the Annihilation
Cross Section

In chapter 3, we express the 2 — 2 effective annihilation cross section o.g times relative
velocity v, as an expansion in v:

OeiUr = Uog + b2 + O(v2) (A.0.1)

In this appendix, we provide a detailed explanation for this expansion. We rely on the
argumentation of [59].

As initial states, we consider N1Nj, NoNy, NiNy and Nin. The mass differences
between the intial particles either vanish or is almost zero in the cases we consider.
Therefore, it is justified to set the masses of the initial particles to M;. p; and p, are the
incoming momenta. p, and pg are the outgoing momenta. The masses of the final state
particles are m,, and mg, respectively. The differential cross section o.q with respect to
the solid angle €2 is written as:

dOeH _ |~/\/l|2 |pa|
dQ)  64m%s |pg|

(A.0.2)

M is the corresponding amplitude. Here and in the following, s, ¢ and u are the
Mandelstam variables. Since u = > (M? + m2) — s — t, where the sum includes all
final and initial state particles, the amplitude does in general depend on s and ¢, i.e.,
|IM|? = J(s,t). Due to kinematics, |py| = Mivem/, /122, with the center of mass system
velocity vem = 2v, and |py| = V(5= (matms)?)(s—(ma—ms)?)/2 /5. We further introduce the
s-depending function K (s) = Pa/16xM;s such that the differential cross section g with
respect to the solid angle €2, into which the final state products are produced, equals:

dOeff . J(S,t) B
Vem ™o = K(s)\/1 =22, . (A.0.3)

The Mandelstam variable s equals s = 4M7//1 — v? . Since ve, < 1, s can be Taylor
expanded in v, yielding:

s =4M}(1+v2, +vh, + O1E)). (A.0.4)
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The Mandelstam variable ¢ equals t = MZ +m?2 — 2(E1E, — p1Pa)- F1 can be written
as By = v5/2 and E, = V5/2- (1 +ma—m}/s). The scalar product p1p. equals p1p, =
|P1||Pal cos ©. For |p1| and |p,| we can write: |p1| = v¥/2 - ve and

Pal = ‘/;\/<1 - (m"‘t—mﬁ)?) (1 - M) . (A.0.5)

S

Thus the Mandelstam ¢ equals:
2

2
mZ —m
t:Mf—i—mi—g(l—i— as b

— cos @vcm\/<1 - M) (1 - M)) . (A.0.6)

Expressing s again via vy, a Taylor expansion of ¢ yields:

—2M7} + m?, +m3

2
1
+ 5 cos Ot/ (AM7 — (o — mg)2) (AMF — (o +m)?)
— 2M1U§m
+ cos Qv 2M{(MF — i — mj)
V(AMT — (mg —mg)?)(AM? — (ma + mp)?)
—2MPvt +O>WE). (A.0.7)

In the Taylor expansion of K(s), only even powers of v, remain:
K(s) = Ko+ K2, + Kqvg, + O(vg,,) - (A.0.8)

The coefficients K; do depend only on the masses M;, m, and mg.
Using the expansions of s and ¢, the quantity J(s, t)/4m can be Taylor expanded around
so = 4M7 and to = (—2M7 + m, +m3)/2:

aJ aJ
J(s,t) = J(s,t — — — t—1t
(87 ) (87 )|sto;t:t0 " s s=s0;t=to (S SO) i ot s=s0;t=to ( 0)

1 (92J 2 1 aZJ 2
I — —— t—t
2 0s” s=so;t=to (8 SO) " 2 0t s=s0;t=to ( 0>
1 0%J
— — t—1 A.0.9

+5 et s (s = s0) (£ — o) (A.0.9)

To obtain the cross section, the integration over the solid angle df2 = sin ©dOd¢ has
to be performed. The only angle dependence is cos© in the expansion of ¢. Since
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J(8, )= gpstmy, and O[OS0, ,_, do not depend on cos© after inserting so
and g, the only cos © dependence is in (¢t — ty)". Because fow d© sin © cos ©2" ! = (),
only even powers of cos © and therefore only even powers of v, contribute. Due to the
dependence of the Mandelstam variables s and ¢ on cos © and vy, the cross section thus
depends only on even powers of v.,. Integrating the expanded J(s,t) over the solid angle
(), the result can therefore be written as:

/dQM:J(stﬂ + Jovl, + Javg, + O (V8,) (A.0.10)

A » V) s=sq;t=to 2%m 4Y%m cm)/ - M

The coefficients .J; only depend on the involved masses and derivatives of J(s, )]
The outcome for the cross section can then be expressed as:

s=sg;t=to"

OeftVem = ot + eV, + Cogv, + O ). (A.0.11)

The involved coefficients are given in terms of M, m,, mg and derivatives of |M|%.






B. Loop Integrals

We present the calculation for the loop function Fy(z) involved in the lepton flavor
violating decay L, — Lgv, see (3.1.34). The loop integral is:

diq _ P+ 4+ M, (2q + k)"
| G T ) (@
Using Feynman parametrization, the denominator D of (B.0.1) can be expressed as
(D)3 =12 —A; withl = q+Q, Ay ~ aM2 + (1 —2)m2 and Q = zp + yk. We have
neglected the masses of the muon and electron compared to the masses of V; and 7n.We
keep trace of the additional factor (3 — 1)! = 2. In dimensional regularization, the
denominator of (B.0.1) results to:

/Vx/”dyg/ A ey
/dx/ xM2+(1—x)Mg' (B.0.2)

In the numerator, terms that are odd in [ vanish by the symmetric integration in (.
The Dirac equation yields @ (p') p’ = meu (p') = 0 and pu(p) = myu(p). Since the
polarization tensor €, of the outgoing photon is involved in the amplitude, terms in the
numerator that are proportional to k* vanish. Thus, the outcome for the numerator is
—mya(l —x —y)u ) (p" + p")Pru(p).

Combining the numerator and the denominator expressions, respectively, yields the
loop function Fy(x):

1 11—z
r(l—z—1y)
d:v/ dy (B.0.3)
/0 0 xM2 + (1 - )m(2)
2 2\ 3 21\ 2 2
Lo s () 2 () -6 () s (38)
= ond (B.0.4)
12( mg)
0
1 M?
= -F . B.0.
2 2(m%> ( 05)
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0.01 0.1 1 10 100

Figure B.1.: The loop function Fy(z).

Next, we give the explicit functions involved in the effective interactions in equa-
tions (3.2.3), (3.2.4) and (3.2.5). The functions I,(z,y) and I,,(z) are given as follows:

1/t 3u? — 6u+1
Lew =3 | (B.0.6)
0

3 zu?—(1+z—yu+1’
! u(l —u)
I =— : B.0.
we) == [ (B.0.7)
The analytic formulas ! of these integrations are written as:
(i) f(1+2z—y)*—4z >0,
1 3A7 —6A, +1 . AL -1
] =11 + + 1 +
) = |1 P e ‘ i, ‘
342 —6A_+1 A_—1
- — 1 B.0.8
3(A, —A) B|TAC H ’ (B08)
1 A (AL —1) Ay —1
I(z,y)=—|1 1
(z.9) x[+ A, —A 8|4,
A_(A_-1) A_—1
T4 A log T H : (B.0.9)

(i) I (1 +z—y)>—4x =0,

'T am indebted to Takashi Toma for providing me the analytic formulas.
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1

Ag—1| B3A2—645+1
L (z,y) == [1+2(4, — 1)1 0 , B.0.10
() = 5 |1 2040 = 1o |t 4 27 DA (5.0.10)
1 Ay—1
Im(x,y):E[Q—i—(QAo—l)log 0 H (B.0.11)
0
(iii) If (1+ 2z —y)* — 4z <0,
1 B, +B_ -2 (By —1)* 4 (B- — 1)
I =1 1
o) = |1+ og\ —
6(B.—1)(B_.—1)—4 B, — B_
t B.0.12
T 3B B w\prpop -p ) (B2
1 B, +B_ -1 (By — 1)+ (B- —1)?
Ln(z,y) == |1 1
() x[ * © ‘ B% + B?
(2B, —1)(2B_-1)—-1_ B, — B_
. (B.01
* 2(B; — B_) B BB, - B (B.0.13)
A4, Ay and By are defined as
l+z—y+/(I+a—y?2—4
A, = ooy VOta—y) L (B.0.14)
2x
l+x—y
Ag=—"7 B.0.1
0 20 (B.0.15)
l+z—y+t iz — (1+xz—y)?
B,=-1""Y \/; (I+z—y) (B.0.16)
X

The function I.(x,y) is the same as I,,(z,y).
These functions are continuous and smooth for 0 < z,y < 1. For 0 ~ y < z < 1,
these functions approach to

1 2
I(z,y) — 5 + 3 logy, (B.0.17)
1
In(z,y) — —3- (B.0.18)

Therefore the obtained parameters |bjo| and |p2] at lowest order agree with the result
of [113] where the parameter A\* corresponds to Im(h}yha1)/2 in our notation. The
difference of the relative sign comes from the definition of the effective operators.






C. Degrees of Freedom

A particle species ¢ with mass m;, momentum p;, energy E; = \/m? + p? and temperature
T; that is in kinetic equilibrium has the following energy p; and entropy density s; [187]:

pi(T)) = / &*p Ef(T,, Ey)., (C.0.1)
0
L 3m? 4+ 4p?

(T — C I N A S dq a} )

s () / ap L (T, ). (C.0.2)

The phase-space distribution function f;(7;, E;) is:

9i 1
(15, E;) = : 0.
T B) = 03

with g; the number of internal degrees of freedom and 7; = 1 for Fermi-Dirac, n;, = —1

for Bose-FEinstein and n = 0 for Maxwell-Boltzmann statistics. We write p; and s; as:

2
Ty

pi(T) = gl (T0) 55T (C.04)
) o2
s (T0) = Wl (T) T (C.05)

with the effective T-dependent degrees of freedom g’ and higz for a species i for energy
and entropy density, respectively. g’y and hig follow from equations (C.0.1) and (C.0.2)
to:

i 15g; o 1
9err (Ti) = —3 x?/ dyy*y? — 11— (C.0.6)

1 ey 4 1y;
L () = 459 x‘%/oody (49> — 1) \/y2—1; (C.0.7)
eff 1 ]_27'('4 7 1 eyii + 771 ) U,

with z; = m;/T; and y = E;/m,.

In our numerics in chapter 4, we account for the contribution of the real scalar singlet
o and the sterile neutrino N using equations (C.0.6) and (C.0.7). The total energy and
entropy effective degrees of freedom, which enter into the calculation of the total entropy

135



136 C. Degrees of Freedom

density and DM relic density, are given as:

Goit (T deﬁ T4 : (C.0.8)

=2 hiﬁ<n>T—g : (C.0.9)

The total energy and entropy densities equal:

2

p = ger (T) §—0T4 , (C.0.10)
2
s = heg (T) %zﬁ (C.0.11)

In the early Universe, all existing particle species ¢ are in thermal equilibrium, such that
their temperatures T; are equal to the photon temperature T". In that limit, T" > m; for
each species i. Equations (C.0.4) and (C.0.5) then yield:

=S =|Su(B) 18w () |5 con

[ TB 3 7 TF 3] 27T 3
5= Z si (Ti) = ZQB T + 3 ZQF T 4—5T (C.0.13)
i | B F

where gp is the number of internal degrees of freedom of a boson and the sum over bosons
takes all bosonic particle species ¢ into account; analog for gp.



D. Modified Bessel Functions

The modified Bessel functions K, () of the second kind obey the identity:

K, (z) = Lﬂl)' (%x)HTdyM (D.0.1)

(n—§ . ] ery

Assuming a Maxwell- Boltzmann distribution with zero chemical potential, the equilib-
rium number density neq of a particle with ¢ internal degrees of freedom can, therefore,
be written as:

_ 9 3, — 2
Neq = (27r)3/d pe T (D.0.2)
0
- i/dEE P —m (D.0.3)
277'2 e%
5 9 yVy* -1
—md— | dy L — D.04
w2y [ay ™ (D.0.4)
1
3491
In terms of the abundance
y=" (D.0.6)
S
with the entropy density
s =212 /45 - hegT?, (D.0.7)
it follows:
45g 2
eq = mheﬁ 2(x). (D.0.8)
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E. Annihilation and Decay
Reactions

In the Robertson-Walker metric, the Boltzmann equation for the number density n of a
particle species can be written as:

d%n +3Hn = Cln], (E.0.1)

where C' is the collision operator expressing the number of particles per phase space

volume that are lost or gained per unit time due to interactions with other particles.
For the standard annihilation process 0 0 = SM SM of a real scalar singlets o into

SM particles, the Boltzmann equation for the number density n, reads as:

—Ng + 3Hny = —(Cannvy)(n2 — nieq) ~ <aannvr>nieq, (E.0.2)

dt

where the last approximation is valid for the freeze-in case for which the initial number
density and thus the initial abundance can be neglected [55]. Furthermore, (oa,v;,) is the
relativistic thermally averaged annihilation cross section and v, is the relative velocity.
Following the discussion of [187], it is possible to write:

1
© 8mATK3(m/T)

7 dso - (s — 4m?)\/s K, <£> : (E.0.3)

(CTann¥r) T

4m?2

where we have made the assumption that the initial particles have masses equal to m.
We have generated the correct Feynman rules using LanHEP [63] and we have used
micrOMEGAs [64] for the calculation of Eq. (E.0.3).

In the radiation dominated era, the Hubble expansion rate can be expressed as:

Am3Gnge
H= \/%W . (E.0.4)

Furthermore, in the radiation dominated era the expansion age ¢ of the Universe with
Qiot = 1 equals:

f= — . (E.0.5)
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In terms of the abundance Y = n/s with the entropy density s = 27%/a5 - hogT?, it follows:

d T
—YA = — *\YannUr Y2 E.0.
T B (B.0.)
with the definition
heg ( 17T dheff)
. = 14+ - . E.0.7
g vV Jeft 3 heff T ( )

The superscript A serves as indication of the annihilation process. The decay processes
o — N1 N of a real scalar singlet ¢ into two sterile neutrinos N; is described by the
following phase space integration:

/ dgpa d3p Ny d3p N1
(2m)32E, (2m)32EN, (27)32Ey,

(2m)* 6" (pv, + Py — Do) M2 ny o fo (1= f) (1 = fv,).
(E.0.8)

Neglecting, as usual, the Pauli blocking and enhancing factors, we can define:

dgpN dgle N
/ (@n)20x, (2r)2En (2m)*6@ (px, + P = Po)IMIZ v, = 2E,T7(0 = NN),
1 1
(E.0.9)

with I'*(c — N;V;) the decay width for the particle at energy F,. The above phase
space integration yields:

/dna (o0 — N1Ny) = n, (I'(c — N1 Ny)), (E.0.10)

where

B fdgpgf*(a — NlNl)e_% _ Ki(x)
fd3p(,e_% Ks(z)

with I'(c — N;Nj) the decay width in the rest frame of the decaying particle o, i.e.,

['(c — NiNy) = Eo/m, - I'"(6 — N1 N;y). Thus, for the decay process ¢ — N;V; of a real

scalar singlet ¢ into two sterile neutrinos Ny, the Boltzmann equation for the number
density ny, reads as:

(I'(c — N1Ny))

F(O’ — NlNl) R (EOll)

d Ki(x
an]\[l + ?)H’an = 2K;Exir(0' — NlNl) Ng - <E012)

The factor 2 accounts for the fact that two sterile neutrinos N; are produced per decay.
In terms of the abundance Y = 7/s with the entropy density s = 27°/45 - hogT?, it follows:

d [ 45 1 1 Ki(z)
—YD = — I N,N,)Y. E.0.1
dT Ny 7T3GN T3 /_geff KQ(I') <0—_) 1 1) 0 ( 0 3)

where the superscript D serves as indication of the decay process.
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