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Abstract

The Standard Model is a successful theory that accurately describes elementary particles
and their interactions, but even after the discovery of the Higgs boson, which completed the
Standard Model, some open questions remain. The discovery of neutrino oscillations implies
that neutrinos have a non-zero mass, contrary to the original Standard Model prediction,
which does not provide a satisfactory explanation on the origin of neutrino masses. Moreover,
the evidence of dark matter on many different length scales strongly favours weakly interactive
massive particle (WIMP) dark matter, for which the Standard Model does not contain a

suitable candidate.

Thus the answer to these questions should be sought in physics beyond the Standard Model.
This work focuses on minimal radiative seesaw models, which have the attractive feature that
they address both the issues of the Standard Model that were highlighted above. In order to
keep the models simple, we look at minimal extensions of the Standard Model where only a
small number of new fields is added to the Standard Model. We start by giving an overview on
dark matter and neutrinos. First we discuss the evidence for dark matter, as well as several
theories of dark matter that have been proposed, after which we describe the many dark
matter detection experiments. Then the basics of neutrino physics are presented, focusing
on neutrino oscillations, mechanisms for mass generation, as well as expriments measuring

these properties.

Following the introductory chapters comes the main part of the thesis, in which the radia-
tive seesaw models are treated. After presenting a general overview on the classification of
these models, we study several models, for which we focus on different dark matter detec-
tion aspects. First, the scotogenic model is presented, for which we show the effects of the
neutrino mass scale on model parameters related to dark matter. We find a clear relation
between the scalar mass splitting, governed by A5, and the neutrino mass scale, showing the
close relation between neutrino physics and dark matter phenomenology in our models. We
also compare our results with the results of the KATRIN experiment, which has set an upper
bound on the neutrino mass scale. Next we show how the ICECUBE neutrino telescope can
be used to detect neutrino signals from annihilating dark matter in the interior of the Sun.
We consider the detection prospects of these neutrinos in the context of the scotogenic and
the T1-3-B a = 0 models, that contain different dark matter candidates. For the scotogenic
model, we show that dark matter capture in the Sun through inelastic scattering can lead to

large event rates that are on the order of 103 per year at the ICECUBE observatory, making



a dedicated analysis worthwile. For the T1-3-B o = 0 model we show that indirect detec-
tion experiments can play an important role in detecting dark matter with spin dependent

scattering interactions.

After this the focus moves to direct detection of dark matter in the XENONI1T experiment
through dark matter scattering off electrons instead of scattering off heavy nuclei, which is
usually considered. We consider the SLIM (Scalar as Light as MeV) model containing a dark
matter candidate in the MeV to GeV range, but find that its scattering cross section is too
low to detect. Additionaly, we calculate an upper limit on the electron recoil cross section
for a realistic recoil energy threshold. The ?22Rn isotope is the largest background in the
XENONIT experiment, and the next chapter is about the measurement of ?Rn decays in
gaseous xenon. We find that the observed signals match correspond to the « decays in the

220Rn decay chain.

The last part of the thesis is sort of an outlook, where extensions of the Standard Model
gauge group with a local U(1) symmetry are considered. For this extension an overview of
possible radiative seesaw models is systematically derived and presented. We also discuss how
our models differ from similar models in the literature, and how the models we obtain could
be embedded in grand unifying theories. Furthermore, new phenomenological aspects related
to the U(1)x extension, such as a Z’ boson are discussed. Then the detection prospects at
the LHC of a heavy singlet scalar in a model with a local U(1)p_y are presented, for which
discovery at the HL-LHC is possible up to a mass of around 1 TeV.



Kurzfassung

Das Standardmodell ist eine erfolgreiche Theorie die eine prazise Beschreibung von Elemen-
tarteilchen und deren Wechselwirkungen bietet. Jedoch gibt es nach der Entdeckung des
Higgsbosons, welche das Standardmodell vervollstandigte, immer noch offene Fragen. Die
Entdeckung der Neutrinooszillationen deutet darauf hin, dass Neutrinos, im Gegensatz zur
Vorhersage des urspriinglichen Standardmodells, keine massenlose Teilchen sind. Es gibt
im Standardmodell keine befriedigende Erklarung um Neutrinomassen zu erzeugen. Aufler-
dem gibt es auf mehreren verschiedenen Langenskalen Hinweise fiir dunkle Materie, in der
Form eines weakly interactive massive particle (WIMPs), wozu es im Standardmodell keinen

geeigneten Kandidaten gibt.

Um diese offenen Fragen zu l0sen, ist es deshalb notwendig neue Physik jenseits des Stan-
dardmodells zu betrachten. In dieser Arbeit liegt der Fokus daher auf minimalen radiative
seesaw Modellen, die Neutrinophysik und dunkle Materie mit einander verkniipfen, und so
eine Losung zu den offenen Fragen bieten. Das Minimale bezieht sich darauf, dass man ver-
sucht die Modelle einfach zu halten in dem man nur wenige neue Felder dem Standardmodell
hinzufiigt. Wir fangen mit einem Uberblick iiber dunkle Materie an, in dem wir zuerst die
Hinweise fiir dunkle Materie, sowie verschiedene Theorien die zu Erklarung dunkerer Ma-
terie vorgeschlagen wurden besprechen. Danach werden die vielen Experimenten um dunkle
Materie nachzuweisen diskutiert. Das darauffolgende Kapitel enthélt eine Einleitung in die
Neutrinophysik, mit einem Fokus auf Neutrinooszillationen und Mechanismen um Neutrino-

massen zu erzeugen, inklusive der Experimente zu diesen Phénomenen.

Danach fingt das Hauptteil dieser Arbeit an, das sich auf radiative seesaw Modelle bezieht.
Nach einer allgemeinen Einfithrung wo eine generelle Klassifizierung dieser Modelle aufgefiihrt
wird, werden verschiedene Modelle genauer untersucht, wobei der Fokus auf jeweils unter-
schiedliche Aspekte zur Detektion dunkler Materie liegt. Als Erstes wird das scotogenic
model betrachtet. Wir zeigen den Einfluss der absoluten Neutrinomassenskala, auf die das
KATRIN-Experiment eine obere Grenze gesetzt hat, auf die Parameter fiir dunkle Materie
in diesem Modell. Wir zeigen, dass die Neutrinophysik und die Phanomenologie dunkler Ma-
terie in unseren Modellen sehr stark verkniipft sind. Als néchstes wird indirekte Detektion
dunkler Materie betrachtet. Wir zeigen wie der ICECUBE Neutrinoteleskop benutzt werden
kann um Neutrinosignale erzeugt von annihilierender dunkler Materie aus dem Inneren der
Sonne zu detektieren. Dazu werden sowohl das scotogenic model als das T1-3-B a = 0 Modell
als Ausgangspunkt genommen, da sie verschiedene Arten dunkler Materie enthalten. Fiir das

scotogenic model finden wir, dass das Einfangen von dunkler Materie in der Sonne durch



inelastische Streuprozesse zu einer Eventrate in der GréBenordnung von 102 Events pro Jahr
in ICECUBE fithren kann, was eine spezifische Analyse dazu lohnend macht. Fiir das T1-3-B
a = 0 Modell zeigen wir, dass Experimente zur indirekten Detektion eine wichtige Rolle

spielen kénnen um dunkle Materie mit spinunabhéangige Streuprozesse zu detektieren.

Das néchste Teil der Arbeit betrifft direkte Detektion mit dem XENONI1T-Experiment.
Wir betrachten das SLIM-Modell (Scalar as Light as MeV'), wofiir wir den Wirkungsquer-
schnitt fiir die Streuung dunkler Materie mit einer Masse im MeV- bis GeV-Bereich an
Elektronen, statt wie iiblich an schweren Atomkernen, berechnen. Wir finden jedoch, dass
die Wirkungsquerschnitt dazu zu niedrig, und somit undetektierbar ist. Auch wird eine obere
Schranke auf den Wirkungsquerschnitt fiir Streuung an Elektronen im Fall einer realistischen
unteren Schranke fiir die RiickstoBenergie hergeleitet. Das Isotop ?2?Rn trigt am meisten
zu dem Hintergrund des XENONI1T-Experiments bei und das néchste Kapitel bezieht sich
auf eine Messung von 2?°Rn in gasformigem Xenon. Wir finden klare Hinweise, dass die

gemessene Signale mit den a-Zerfille aus der Zerfallskette von ?2°Rn iibereinstimmen.

Das letzte Thema bietet einen Ausblick, in dem die Eichgruppe des Standardmodells um
eine lokale U(1)-Symmetrie erweitert wird. Fiir diese Erweiterung wird systematisch einen
Uberblick iiber die neuen Modelle hergeleitet und gezeigt. Dazu diskutieren wir wie un-
sere Modelle von &nlichen Modellen in der Literatur abweichen, und wie sie in eine grofie
vereinheitlichte Theorie eingebettet werden konnen. Auflerdem betrachten wir die neuen
phanomenologischen Aspekten der U(1) x-Erweiterung, darunter das neue Z’-Boson. Als let-
ztes werden die Entdeckungsmoglichkeiten eines schweren skalaren Singuletts in einem Modell
mit einer lokalen U(1)p_7, am LHC gezeigt. Eine Entdeckung am HL-LHC ist bis einer Masse

von etwa 1 TeV moglich.
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1 Introduction 1

1 Introduction

From many observations over a large mass range, there is overwhelming evidence that the
universe contains a large amount of matter that is unknown to us. It has not been directly
observed by us, thus rightfully obtaining the name dark matter (DM). The effects of its
presence manifest itself through gravity from the cosmologically small scale of our Milky
Way, to the large-scale structure of the universe. It is not only present today, but it has left
its fingerprint on the Cosmic Microwave Background (CMB) from the very early universe.
However, even though the amount of dark matter has been precisely determined, its exact
nature remains yet unknown. The sort of particle that would provide a good explanation
for the cosmological obseravations is a Weakly Interactive Massive Particle (WIMP). With a
mass in the GeV to TeV range and a coupling strength on the order of the weak interaction,

WIMPs can be generated in the right amounts during the early stages of the universe.

This is where particle physics comes into play. The Standard Model (SM) of particle
physics describes the properties and interactions of the elementary particles and has been very
succesful in doing so. The fermions of the SM consist of three generations of quarks, out of
which protons, neutrons, or other composite particles such as mesons are made up. Then there
are three generations of leptons, consisting of the electrons and its heavier brothers the muon
and the tau, as well as three generations of the elusive neutrino, which interact only very little
with matter. The SM can also succesfully describe the fundamental interactions, which are
mediated by the gauge bosons. The gauge bosons originate from the SU(3)cxSU(2);,xU(1)y
gauge symmetry structure that underlies the theory. The SU(3)¢ corresponds to the eight
gluons mediating the strong nuclear force, and the SU(2);xU(1)y part corresponds to the
unified description of the electromagnetic and weak nuclear forces, called electroweak. It gives
rise to the W*- and Z-bosons, as well as the photon. Finally, there is the particle that is the
keystone to the whole SM, the Higgs boson, which was discovered in 2012 by the Large Hadron
Collider (LHC) experiments ATLAS [1] and CMS [2]. The masses of the SM particles are
generated through electroweak symmetry breaking (EWSB), in which the Higgs field obtains
a non-zero vacuum expectation value (vev). Only three kinds of particles remain massless,
the photon and the gluons, for which the respective electromagnetic U(1)g and SU(3)¢
QCD gauge symmetries remain unbroken, and the neutrinos, which are not excused by any
symmetry. The neutrinos do not obtain a mass through the Higgs mechanism, as neutrinos in
the SM are purely left-handed and no right-handed neutrinos exist within the SM. However,
there is a stark contradiction with observations, as the measurement of neutrino oscillations
implies that there exist at least two generations of massive neutrinos. The existence of

neutrino masses is thus a clear indication of beyond the Standard Model (BSM) physics.



2 1 Introduction

If dark matter consists of particles, then the SM has no suitable candidate fulfilling all
necessary criteria. Thus one also needs to extend the SM by introducing new particles,
for which many different models have been proposed. Onme of the well-known theories is
Supersymmetry, which pairs the SM fermions to their supersymmetric bosonic partners and
vice versa and naturally contains a WIMP-like dark matter candidate. Chapter 2] will give an
overview of the evidence for dark matter, as well as different theories that have been proposed.
We will also discuss the various experiments that are undertaken to detect dark matter.
This is followed by Chapter [3] which goes into further detail about neutrino oscillations,

experiments, and mechanisms to generate neutrino masses.

In Chapter [4 we will make the connection between the mystery about the origin of neutrino
masses and the nature of dark matter and introduce the class of radiative seesaw models.
These are minimal models, which extend the SM only by a small amount of particles, but at
the same time can already yield interesting new phenomenology. In these models, neutrino
masses are generated at the one-loop level trough interactions with the newly added particles.

This will be the main focus for the rest of the thesis.

We will consider several radiative seesaw models, and study phenomenological aspects that
are inherent to these models. Chapter [5|focusses on the effects of the absolute neutrino mass
scale on the scotogenic model. The next chapters will consider indirect detection possibilities
of neutrino signals from annihilating dark matter inside the Sun, for the scotogenic model
and the T1-3-B o = 0 models in Chapters [6] and [7] respectively. Then we move on with direct
detection in Chapter |8} in particular electron recoil in the XENON1T experiment. Chapter
[9) is less theoretical in nature and is about the measurement of radon decays in xenon gas,
which is the main background in the XENONI1T experiment.

After this we will shift gears and move further beyond the SM by extending the SM gauge
group with an extra U(1) symmetry, which introduces a new gauge boson, the Z’. In Chapter
we will present a systematic overview of radiative seesaw models with an additional local
U(1), and give an overview of new phenomenology in these models. We also briefly touch
upon grand unifying theories that describe SM interactions in a unified way. Chapter
considers collider searches by the Large Hadron Collider (LHC) for heavy scalars in a model
in which the baryon number B minus the lepton number L is promoted to a local U(1)p_p,

symmetry.
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2 The basics of dark matter

Before we directly dive into the specific class of radiative seesaw models, it is wise to take a
step back and start by discussing several aspects of dark matter in general. In this chapter we
will begin by introducing historical development and the well-known (cosmological) evidences
for the existence of dark matter. In the next part we will shift to a theorist’s perspective and
discuss different candidates for dark matter that have been proposed, their properties, as well
as their (theoretical) motivation. The production of dark matter is also described. The last
part of the chapter will be devoted to the experimental efforts that are undertaken in order
to detect dark matter. Here we will discuss different detection methods, the experiments

involved, and compare the results of different experiments.

2.1 Observations of DM

The start of the 20th century saw great advances in the field of astronomy, and it did not
take long for unexpected observations to show up. In 1922, Jacobus Kapteyn observed stellar
velocities inside the Milky Way which he could explain through the presence of non-luminous
masses, which he dubbed dark matter |3]. Observations on galactic stellar motions by Jan
Oort further supported this hypothesis [4]. However, these observations were tentative, and
the usual example of the first observation of the effects of dark matter is by the Coma cluster
observations of Fritz Zwicky [5]. Based on the virial theorem, which in this case relates the
kinetic energy of galaxies in the cluster to the gravitational potential, Zwicky found that the
galaxies moved too fast to be bound to the cluster based on the amount of luminous matter
meaning there must be an additional source of mass. It must be noted that the concept of
dark matter was different in those days compared to the usual current understanding that
we will discuss later on in this chapter. To them it was just ordinary matter they could not
observe, e.g. due to it being too faint. Next to this initial evicence, the presence of dark
matter can be deduced from several other sources at different length scales. We will now give

an overview of some of these evidences.

2.1.1 Galactic rotation curves

Instead of observing galaxies in clusters, one can also observe the rotational velocities of stars
inside galaxies. For this purpose one can use the relation from Newtonian dynamic for the

orbital veloctiy

v= ) (2.1)
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Figure 2.1: Rotation curves of several galaxies, also showing the rotation curves of the indi-
vidual galactic components. The dashed curves are for visible matter, the dotted
curves for gas, and the dashed-dotted lines for the dark halo. Image taken from:
[6]-

which depends on the mass M (r) that is enclosed within the radius of orbit r. As one moves
further away from the centers of spiral galaxies, most of the luminous mass of the galaxy will
lie within the orbit and M (r) will be relatively constant from that point on. Moving further

outward, the rotational velocity should decrease with
1
Vv

based on the Newtonian relation. However, Vera Rubin and Kent Ford Jr. measured the

v X (2.2)

rotation curves of several galaxies and found that the rotational increases at first when one
moves away from the galactic center, but instead of decreasing when moving further outwards,
it stays constant [7]. This is illustrated by Figure which shows the rotational velocity of
four galaxies as a function of their radii [6]. This discrepancy can be solved if one assumes
that there exists a halo of non-luminos massive particles or objects around the galaxy, which
is indicated by the dashed-dotted lines. This dark halo does not interact directly with the
galaxy, except through its gravitational effects, and should extend further outwards compared
to the luminous matter. In such a scenario the contribution of the halo results in a constant

rotation velocity in the outer regions of the galaxy.
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Figure 2.2: Observation of the galaxy cluster Cl 0024417 by the Hubble Space Telescope ﬂgl]
showing the gravitational lensing. The images are the same, but on the right
the mass distribution in the cluster has been overlaid. Image source: https:
//hubblesite.org/contents/news-releases/2007/news-2007-17 . htmll

Of course, another explanation for these rotation curves can be that our understanding of
gravity is wrong. For this reason the theory of modified Newtonian dynamics (MOND) has
been proposed . In MOND, the acceleration of an object is modified, so that Newton’s
second law reads

F = mu(a/ap)a, (2.3)

depending on a constant ag with units of acceleration. pu(x) with = a/ag is a function
such that in the limit for large accelerations (such as those on Earth) u(x > 1) ~ 1, and the
laws of Newtonian mechanics are obtained. However, for small acceleration pu(x < 1) ~ x,
which has as a consequence that the rotational velocity becomes independent of the radius.
Though MOND can provide an accurate description for the galactic rotation curves, it fails
to provide a suitable description for other phenomena that can be explained by DM, hence

we will not consider it further.

2.1.2 Gravitational lensing

Since dark matter interacts gravitationally, light passing through regions containing dark
matter haloes will be deflected following general relativity. This provides astronomers with
another tool to probe dark matter, because light travelling from a light source to the Earth
can be distorted by galaxies or galaxy clusters containing dark matter in the foreground.
The orignal galaxy can appear slightly more elliptical if the effects are small, but in more
extreme cases can be ring-shaped, or even multiple images of the galaxy can appear. This

phenomenon is called gravitational lensing.

The effects of gravitational lensing are shown in Figure[2.2|for the galaxy cluster C10024+17
as observed by the Hubble Space Telescope []gﬂ It is located at a distance of 5 billion light-

years, and spans 2.6 million light-years across. This particular cluster is an interesting case,


https://hubblesite.org/contents/news-releases/2007/news-2007-17.html
https://hubblesite.org/contents/news-releases/2007/news-2007-17.html
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as a circular distortion of background galaxies can be seen in the left image. On the right
the mass distribution of the cluster has been overlaid on the original image. Because the
matter density in the cluster fluctuates, the effects of gravitational lensing vary throughout
the image. In particular, a ring-like shape is visible on the left, which matches with the
higher-density ring in the right image. This peculiar shape was caused by the collision of two

previous clusters 1 to 2 billion years ago, creating a ripple of dark matter.

Figure 2.3: Observation of the Bullet Cluster. On top of the optical image that was taken by
Magellan and the Hubble Space Telescope, the CHANDRA X-ray observations
are shown by the pink cloud. The blue clouds indicate the matter distribution
based on gravitational lensing. Image source: https://chandra.harvard.edu/
photo/2006/1e0657/

More of such remains of cosmic collisions can be found all over the sky. The most famous
example is the Bullet Cluster, which is the remnant of two clusters that collided 100 million
years ago two. In this collision, galaxies of both original clusters passed each other without
being greatly affected, as there are generally large distances between them. In contrast, the
hot gas that makes up most of the luminous mass interacted during the collision and slowed
down. In Figure [2.3] a picture of the Bullet Cluster in the optical spectrum by Magellan
and the Hubble Space Telescope is shown. The hot gas emits X-rays, which have been
observed by the CHANDRA X-ray satellite, of which the observations are indicated by
the pink cloud. Compared to the stars, the gas is clustered more to the center. When
the effects of gravitational lensing around the Bullet Cluster were observed, they showed
a discrepancy between the visible matter distribution and the distribution deduced from
gravitational lensing [10]. The disagreement between the two observations can be resolved

if one assumes that both of the clusters involved in the collision were surrounded by dark
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matter haloes. During the collision the dark matter haloes of the clusters were not affected,
and continued their original courses. They are indicated by the blue layer in Figure [2.3} and
as one can see they extend further outwards compared to the hot gas. The observations of
gravitational lensing around cluster collisions are therefore solid evidence for the existence of

such dark matter haloes.

2.1.3 Cosmic microwave background

—-300 K 300

Figure 2.4: A map of the CMB temperature as measured by the Planck satellite || It
includes a temperature scale, which shows the detail at which small variations
around 1" = 2.73 have been observed. Image source: ESA and the Planck Collab-
oration https://www.cosmos.esa.int/web/planck/picture-gallery.

In 1964 Arno Penzias and Robert Wilson measured an excess of signals in their radio
telescope, which they could not get rid of . It turned out that they had performed the first
measurement of the cosmic microwave background (CMB). To understand where the CMB
originated we need to travel back to the early universe. At early times, the universe was much
hotter than it was today, even too hot for quarks to combine into hadrons. As the universe
cooled down further, eventually hadrons (protons) could form, the first step in the formation
of atoms. There existed a hot plasma of protons, free electrons, and photons that was
opaque to electromagnetic radiation. The next change would come during Tecombinationﬂ
at which point the electrons had cooled down enough to be able to form hydrogen atoms. At
this point, the universe became transparent, and potons could propagate unhindered. This

radiation from the last scattering surface is what makes up the CMB. Its spectrum is an

'The term recombination is a slight misnomer, as it implies that atoms had existed before, which was not
the case at that point.
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almost perfect black-body spectrum with a temperature of 7' = 2.73K |13, |14], after one has
removed the dipole anisotropy. The dipole anisotropy is caused by the doppler effect of the

movement of our solar system with respect to the CMB.

After the initial discovery of the CMB, increasingly more accurate measurements have
been taken. 1989 saw the launch of the COBE (Cosmic Background Explorer) satellite,
which observed that there exists a Gaussian temperature distribution around 7" = 2.73K
with a variation of only 30 4+ 5uK [15]. With increased resolution and sensitivity, the WMAP
(Wilkinson Microwave Anisotropy Probe) satellite was launched in 2001 [16], which was
superceded by the Planck satellite in 2009 [17, 18]. Now the fact that the CMB appears
very homogenous puzzled many scientists, as the different regions of the CMB are too far
apart to have been in causal contact. This is also referred to as the HORIZON PROBLEM. A
widely accepted solution to this problem is the theory of inflation [19} 20]. In its basic form
inflation is a phase in the very early universe, in which the energy density of the universe was
dominated by its vacuum energy (a de Sitter universe) that caused the universe to expand
exponentially, increasing by a factor of around €% [21] [22]. Regions of the sky that were in

causal contact before inflation, were far removed after.
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Figure 2.5: The Planck 2018 power spectrum of the CMB as a function of the multipole
moment ¢. The full line included is the fit to the ACDM model. Source: [23].

However, the CMB is not completely isotropic, which is caused by density fluctuations at
the time of recombination. The resulting observation of temperature anisotropies by Planck

are shown in Figure 2.4] It is common to describe the structure of the anisotropies in terms
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of a multipole expansion, in which the temperature fluctuation d7'(0,¢)/(T) at a point on

the sky is described by a series of spherical harmonics

oo m=+¥{
5T<(£_,0’>¢) = Z i aemYem (0, ¢), (24)

{=0 m=—¢

where the multipole moment ¢ is roughly inversely proportional to the angular scale on the
sky 6 as 6 ~ 180°/¢. Thus one can view the multipole expension as the analogue of the
Fourier transform, but on a spherical basis. The interesting part is to see whether there exist
some underlying structures in the fluctuations at certain length scales. For this one can define

the two-point autocorrelation function

o= (T )

where 6 is the angle between the two points x; and x2. The brackets denote the averaging
of this quantity over all (combinations of) directions in the sky. With the temperature
fluctuations expanded in terms of the spherical harmonics, one can write the correlation

function as [24]
oo

C(6) = % (20 + 1)CePy(cos ), (2.6)
(=0

where the Py(cosf) are the Legendre polynomials of order ¢. The factor 2¢ + 1 follows from
the allowed values of m for the spherical harmonic Yy ,,,(6, ¢). The coefficients C; that show
up here follow directly from the multipole expansion given in Equation (2.4)), and read

1

2
= m . 2.
Co= g7 (laemP?) 2.7
What is usually plotted are the values
Ll +1)

in units of uK2. The resulting power spectrum shows the values of DETT as a function of
the multipole moment ¢. For the Planck 2018 data it is shown in Figure [2.5] including a fit
for the ACDM model [23]. It covers the multipoles ¢ = 2 — 2508. For low values of ¢ the
errors are relatively large, as a lower multipole means less available modes m to determine
the coefficient in the expansion. The first two multipole moments correspond to the CMB
monopole (the average CMB temperature) and the dipole (due to the relative motion of us
to the CMB), which have been discussed already. The power spectrum shows clear peaked

structures, which can provide us with information about the contents of the universe.

The location of the first peak already gives a lot of information about the universe. Before
recombination, the universe consisted of a baryon-photon fluid inside of a gravitational po-

tential due to dark matter. Without the presence of dark matter, density fluctuations in the
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baryon-photon fluid would be naturally smoothened over time. However, inhomogeneities
in the dark matter attract surrounding baryons, which fall into the gravitational potential,
locally increasing the temperature. This leads to the photons inside the fluid to give rise to
an increased radiation pressure, which causes oscillations in the fluid that travel outwards
called baryon acoustic oscillations. These waves are sound waves, and they travel at a speed
of vs = ¢/ V3. Now this state was temperature dependent, as it ended at the moment of
recombination. At this point the interactions inside the baryon-photon fluid ceased and the
sound waves stopped oscillating. The extrema of these waves correspond to the regions with
the largest density, and thus temperature anisotropies. As the sound waves move at fixed
speed, there exists a largest distance such a wave can have travelled before recombination.
This is referred to as the sound horizon, and one would expect to observe this in the CMB.
The peak of the power spectrum around £ ~ 200 corresponds to an angle of ~ 1° on the sky.
The position of the peak in the power spectrum depends on the curvature of the universe. If
the universe were curved, then the size of the sound horizon on the sky would change as the
light of the CMB follows the curvature of the universe. This is not the case, as it is found

that the size of the sound horizon is in agreement with a flat universe [23].

The peaks at higher values of ¢ correspond to higher modes of the sound waves in the
baryon-photon fluid, and are thus at shorter length scales. The second peak corresponds
to the sound wave that compressed and expanded once. These peaks are modified by the
effects of massive baryons falling into potential wells, changing the oscillation amplitudes of
the sound waves. An increasing baryon density in the universe enhances the peaks due to
compression over the peaks due to expansion. Thus these peaks can provide information on
the abundances of dark matter and baryonic matter. At higher multipole moments the power
spectrum including the peaks are dampened, which is known as Silk damping [25]. This occurs
because the process of recombination is not instantaneous, so instead of the last scattering
surface, one should speak of a last scattering shell. This means that as recombination is
taking place, small-scale anisotropies can still be washed out before the baryons and photons

decouple completely.

Fitting the ACDM model to the CMB power spectrum then results in the following densities

for the components of the universe |23]:
Qah? = 0.3107 £0.0082  Q.h% =0.120040.0012  Q,h% = 0.02237 £ 0.00015, (2.9)

for the dark energy, cold dark matter, and baryon densities respectively. h is the reduced
Hubble constant obtained from the current value of the Hubble constant Hy = 67.27 & 0.60
km s~! Mpc~! through h = Hgy/ 100 km s~ Mpc~t. Tt is usual for the densities to be given

in terms of the critical density

3H?
87G’
so that ) = ﬁ. The critical density is the density for which the universe is spatially flat, and

pe = (2.10)

can be derived from the Friedmann equation.
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2.1.4 Cosmic structure formation

Figure 2.6: A map showing the distrubution of galaxies in our vicinity from the Sloan Digital
Sky Survey (SDSS) [26]. Each dot represents a galaxy. Image credit: M. Blanton
and SDSS https://www.sdss.org/science/orangepie/.

We have just extensively discussed the anisotropies in the CMB, but these are only tiny
fluctuations in an otherwise isotropic radiation background. Our surroundings in the uni-
verse are not definitely not isotropic. There are regions with galaxies, clusters, and even
superclusters, but also large voids. The Sloan Digital Sky Survey (SDSS) has observed and
mapped many galaxies outside of our Milky Way [26], as well as the 2dF Galaxy Redshift
Survey (2dFGRS) [27]. The resulting map is shown in Figure Part of the sky was not
suitable for observation due to the presence of the Milky Way, these are the two black regions
on the side. One can clearly see that there are galaxy clusters, and groups of clusters, which
are connected to other clusters via narrow filaments, giving the large scale of a the universe
the fitting name cosmic web [2§]. So how do we get large scale structures from the small

fluctuations of the CMB? The usual mechanism is that the initial dark matter clumps that
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3
31.25 Mpc/h

(a) z=18.3t=0.21 Gyr (b) z=5.7¢t=1.0 Gyr

(¢) z=0t=13.6 Gyr (d) z=1.4¢t=4.7 Gyr

Figure 2.7: Images showing the distribution of galaxies in a region in the Millenium Sim-
ulation at different times. The chronological order is clockwise, starting
at the top-left image. Image source: https://wwwmpa.mpa-garching.mpg.de/
galform/virgo/millennium/

were present before recombination attracted each other to form larger perturbations. The
baryonic matter that was present followed these processes. Eventually clumps collapsed and
larger-scale structures were formed. Thus the process of structure formation is hierarchical,
and has been simulated with N-body simulations. In particular, the Millennium Simulation
by the VIRGO collaboration used 10 billion particles in a simulated universe of a cube with
side lengths of 2 billion light-years [29]. As an illustration, Figure shows the evolution
of the dark matter density in a region of the Millenium Simulation at several stages in the
universe. The top-left image shows the dark matter distribution at z = 18.3 (t = 0.21 Gyr),
with the evolution of this region shown by the other figures in clockwise order. The bottom-
left picture would be the present distribution z = 0 (¢ = 13.6 Gyr). From these images one
can clearly see that the distribution of dark matter is more spread out initially, but forms
larger structures over time, whith narrow filaments connecting the different clumps. In order

to obtain such web-like structures, a key requirement for the dark matter is that it is cold
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[30]. In this context, cold dark matter means that it moves at non-relativistic velocties at
decoupling. In this way, the small velocities cause the smaller structures to be formed first,
which then grow to larger structures. In the opposite scenario, hot dark matter is relativis-
tic when decoupling and forms larger structures first. Structure formation at smaller scales
poses a problem for this scenario, as smaller scale structures are washed out by the larger
dark matter velocities. Hence cold dark matter is favoured [31} 32]. Even though results of
these N-body simulations agree very well with the observations, there are some discrepan-
cies at the smaller scales. In particular, the N-body simulations predict many more dwarf
galaxies than there are currently in the vicinity of our galaxy, which is called the missing
satellite problem [33]. With increasingly sensitive observations and/or dark matter that is

not completely collisionless this problem might be resolved in the future |34} |35} 36].

We have only briefly seen several indications for the existence of dark matter and each of
these topics warrants its own research field. After giving this overview, we now move on to

the next question concerning the nature of dark matter.

2.2 Theoretical motivation

So far we have discussed different observations that indicated the existence of some sort of
matter, of which we only see the effects through the effects of gravity on its surroundings,
dubbed dark matter. Moreover, from observations of the CMB one can even deduce the
amount of dark matter in the universe. However, its exact nature is still an open question,
although the CMB measurements and cosmic structure formation points in the direction of
cold, non-baryonic dark matter candidates: Weakly Interacting Massive Particles (WIMPs).
In this section we will discuss some of the most common dark matter candidates, as well as

the production mechanism of WIMPs.

2.2.1 Baryonic dark matter

A general rule that holds for many situations is that the simplest solution to a problem is
the most likely one. It might be possible that there are objects in the universe that we do
not see, but constitute a significant part of all the matter in the universe. These type of dark
matter candidates are referred to as massive astrophysical compact halo objects or MACHOs
for short. Several objects that could play such a role are neutron stars, black holes, and brown
dwarfs. A brown dwarf is a stellar-like object with a mass below the hydrogen-burning limit
at 0.072M, and is too light to sustain nuclear fusion in its core [37]. It can be that the
processes of star formation that are considered leave out these lighter objects. During star
formation the number density n at stellar mass m was taken to follow a simple power law

referred to as the initial mass function (IMF)

dn
dlnm

m=?, (2.11)
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with a first value of z = 1.35 that was established by Salpeter in 1955 [38], though nowadays
more complex functions are used [37]. Either way, the point is that for the estimate of mass
in stars a lower bound on the mass (luminosity) is set around the hydrogen-burning limit.
Extending the IMF to lower masses can indicate that dark matter could consist of lower-mass
objects that are not considered stars, i.e. brown dwarfs. In order to observe whether dark
matter is made up of MACHOSs, one can make use of a special form of gravitational lensing,
microlensing. Microlensing occurs when the brightness of a background star is enhanced
when an object (such as a MACHO) moves in the line of sight to the Earth. The MACHO
Project scanned 11.9 million stars in the Large Magellanic Cloud, but found only 13-17
microlensing events, and concluded that MACHOs can contribute at most 20% to the dark
halo [39]. Further observations of microlensing by the EROS-2 survey found only a single
microlensing event in an observation of 7 million stars, and excluded general MACHOs in
the range of 0.6 - 107" M, < M < 15M, [40]. Combined with evidences from the CMB and

cosmic structure formation, MACHOs are clearly disfavoured.

2.2.2 Non-baryonic dark matter

As it seems that baryonic dark matter does not offer a solution to the range of astronomical
observations we discussed in section we will now consider the scenario where dark matter
consists of (elementary) particles instead of macroscopic objects. This scenario is favoured by
the observations of the CMB and cosmic structure formation simulations, which indicate that
there exists a large amount of non-baryonic matter in the universe. If dark matter indeed
consists of particles then we can, based on the current evidence, list the main properties such

a particle must have.

e Electrically neutral: The main property of dark matter can easily be guessed from
its name. It cannot have electromagnetic interactions, as these interactions can produce

photons. Thus dark matter must be electrically neutral.

e Colourless: Dark matter cannot interact via standard QCD interactions either, hence

we will require dark matter candidates to carry no SU(3) charge.

e Stability: Dark matter must be stable (or have a lifetime longer than the age of the
universe). Otherwise dark matter created in the early universe would have decayed by

now.

e Cold: If the dark matter candidate is in thermal equilibrium in the early universe,
it must be massive enough to be non-relativistic at decoupling, based on CMB and

structure formation data.

e No influence on BBN: The addition of a light dark matter candidate can influence
Big Bang Nucleosynthesis (BBN). This rules out candidates below a mass of 10 MeV
[41].

This leaves us with a massive particle that can only possibly interact through the weak
interaction, a Weakly Interacting Massive Particle (WIMP).
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2.2.3 WIMP production

We will now discuss the production of such a particle in the early universe. At these times,
the particle energies were large enough so that annihilation processes of WIMPs y with SM

)

particles X g ar and vice versa were kinematically possible,

XX < Xsm X, (2.12)

and the WIMPs were in thermal equilibrium with the SM. In thermal equilibrium the number
density of a WIMP can be described as

a- I g3 2.1
where ¢ is the number of internal degrees of freedom (e.g. the spin states of a WIMP), and

f(p) is either the Fermi-Dirac or Bose-Einstein distribution,

1

fp) = S(E-m)/T £1° (2.14)

At low temperatures (T' < my ), the Fermi-Dirac and the Bose-Einstein distributions reduce

to the Maxwell-Boltzmann distribution, resulting in a number density of

T\ 3/2
ny' =g (%) eI (2.15)

The annihilation rate of WIMPs can be written as
I' = ny(ov), (2.16)

where (ov) is the total thermally averaged cross section for annihilation into all possible final
states. However, as the universe expanded, two factors influenced the interactions of WIMPs
with the SM. Firstly, due to the expansion of the universe, the number density of particles
dropped, so that both creation as well as annihilation processes appeared less frequently.
Secondly, the expansion of the universe cooled down the universe, so that the SM particles
did not have enough energy to produce the (generally) heavier WIMPs, breaking thermal
equilibrium. From that point on only the annihilation of WIMPs into SM states can take
place. It would be terrible for a WIMP to stay in thermal equilibrium with the rest of the
universe until the present day, as the number density would be exponentially suppressed.
The annihilation rate slows down as the universe expands further, and eventually reaches a

point where the interaction rate I' satisfies
I <H, (2.17)

i.e. when it drops below the Hubble constant H. It is defined as H = a/a, where a is the

scale factor of the universe, and it quantifies the expansion rate of the universe. At this point
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annihilation stops, and the WIMPs decouple completely. Thereafter the comoving number
density, the particle density inside a region that scales with the expansion of the universe,
remains constant. This is usually called the relic density, as the WIMPs are leftover “relics”
of the early universe. The evolution of the number density can be described by the Boltzmann
equation

dn, o

T + 3Hny = —(0env)(ny — n3). (2.18)
The evolution of the number density is determined by the 3Hn, term on the left-hand side,
which for a zero right-hand side would yield n, o< a=3. The right-hand side of the equation
is a source term, which either increases or decreases the number density it is not equal to the
equilibrium value. The rate at which this happens is proportional to the effective thermally
averaged cross section (oegv). We will go into more detail about the meaning of the word
effective later. There is no analytic solution to the Boltzmann equation, hence one resorts to

numerical solutions.

For a single new WIMP one can take as a quick estimate that the relic density depends on

the cross section as [42]
QB2 ~ 3-107%7 ¢cm3 s7!
A (ov) ’

(2.19)

which for (ov) & 310726 cm3 s7! yields a relic density around the observed value. This
is the value that is in agreement with a WIMP of a mass around the electroweak scale
interacting with the weak force coupling G, which has been called the “WIMP miracle”.
More thorough calculations yield slightly different values of (ov) = 2.2 - 10726 ecm?3 s~! for

WIMP masses above 10 GeV, which is close to the aforementioned canonical value [43].

Co-annihilations

We seen from Equation (2.19) that the relic density of a WIMP is closely related to its
thermally averaged cross section (ov). However, new theories often include more than a
single new particle, as we will see later. If there exists a particle x’ with a mass slightly above

the WIMP mass, then processes such as
/ /

are possible, provided that m;( —m,y K Ty, where T} is the freezeout temperature. These are
called co-annihilations, and they can have a large influence on the relic density even for mass
differences at the ~ 5—10% level. The effective cross section for a system of N co-annihilating

particles i of mass m; is denoted by [45, |46]

N

oot = Y 0ij gf’j (14 8,2 (1+ A)3 e (At ay), (2.21)

ij=1  Yeff
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Figure 2.8: The solution of the Boltzmann equation showing the yield as a function of
x = m,/T. The full line shows the equilibrium vlaue Y, whereas the dashed
lines indicate relic densities after freeze-out for different (ov). Image source: [44].

where A; = m; — m, /mchi denotes the difference to the WIMP mass. geg is the effective
number of degrees of freedom depending on the individual internal degrees of freedom g; for
particle ¢, and is given by
N
et = > gi(1+ Ay)*2em ", (2.22)
i=1

We will see the effects of co-annihilation in later chapters.

Solution

For now, let us return to Equation (2.18)), which is usually written in terms of Y = n/s, the
number density in terms of the entropy density, and = = m, /T. This way, the Boltzmann

equation can be brought to the form

1/2
dY T o M
= /R ﬁ;Q X(oeqv) (Y2 = Y2). (2.23)

A numerical solution of this equation is shown in Figure which shows the WIMP yield as
a function of x = m, /T. The full line shows the thermal equilibrium Y., whereas the dotted

lines show the yield after the WIMP has frozen out for different values of (ov). It is worth

noting that the relic density of a WIMP decreases if its thermally averaged cross section goes
up, as could also be deduced from Equation (2.19)). The reason for this is simple: a WIMP

with a larger (ov) has a higher interaction rate and stays in thermal equilibrium longer. As
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the equilibrium value rapidly falls off for larger x, the resulting relic density after freeze out

is also lower. For a WIMP, freeze out generally happens around z; ~ 20 [24].

2.2.4 WIMP models

There are many different models that provide suitable WIMP candidates. When taking the
SM as the starting point the neutrinos seem interesting candidates, as they are neutral, have
little interaction with other particles, are stable, and due to neutrino oscillations have a non-
zero mass [47]. Moreover, unlike other proposed dark matter candidates, they have the perk
of being known to exist. One can calculate that the contribution of relic neutrinos of the

early universe contribute to the energy density of the universe as [14]

Qb2 = 2 My 92.24
93 eV ( )

However, the Planck collaboration has put an upper bound on the sum of the neutrino
masses of Y m, < 0.120 eV, whereas a mass of ~ 10 eV would be necessary to account for
the dark matter relic density [23]. They would also be hot instead of cold dark matter, and

be disfavoured by cosmic structure formation.

We thus need to move on beyond the Standard Model. A very well known theory that
naturally contains WIMPs is supersymmetry. Supersymmetric models relate the SM bosons
to fermionic superpartners and vice versa through an extension of the Poincaré space-time
symmetries. The Minimal Supersymmetric Standard Model (MSSM) is the model that re-
lates the SM particles to the least amounts of superpartners possible. An attractive feature
of supersymmetry is that it provides an elegant solution to the hierarchy problem [48], as
the superpartners cancel the quadratic dependence of the Higgs mass on new high-energy
physics [49]. Moreover, the MSSM allows for gauge unification of the electroweak and strong
interactions at high energies |50, 51]. The natural WIMP candidates of the MSSM are the
neutralinos. They arise from the mixing of the Higgsinos, the Bino, and the Wino, the su-
perpartners of the Higgs, and the electroweak B- and W-bosons respectively. The MSSM
features a Zy symmetry called R-parity, which prevents proton decays, and at the same time
prevents the neutralinos from decaying into SM particles. The lightest of the neutralinos is
therefore a suitable DM candidate, and is often called the lightest supersymmetric particle
(LSP). Still the MSSM contains over 100 free parameters, which is why the phenomenological
MSSM (pMSSM) is also often considered, as it contains only 19 new free parameters [52].
Within the framework of the MSSM, many theoretical [53) [54, 55, 56, |57, 58] as well as
experimental searches [59, 60, (61}, |62, 63] have been performed, yet so far no supersymmetric

WIMP has been found.

The lack of discovery in the supersymmetric department has brought other theories into
interest. Amongst these are many minimal models, which throw the at some times unwieldy
supersymmetric constructions out of the window and focus only, or mainly, on the dark

matter phenomenology. An example of these are the inert (Higgs) doublet models, in which
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a second Higgs doublet is added to the SM, similar to the Higgs sector of the MSSM. If the
second Higgs doublet is odd under a Zs symmetry it can contain a stable WIMP [64} 65, 60,
67). Next to scalar WIMPs, one can also consider fermionic WIMPs [68, |69} |70, 71].

Other models might employ different symmetries to stabilize dark matter, such as a U(1)
symmetry, which may be global [72] or gauged 73, 74]. Other models consider a combination

of several symmetries [75]. Some models even contain no additional symmetries at all [76].

There is no shortage of dark matter models, and studying all of them is an insurmountable
task. Hence we will focus on minimal radiative seesaw models in this work. These are minimal
models that can contain both fermionic and scalar dark matter candidates, whilst they offer
more phenomenology by simultaneously generating neutrino masses. These models will be
introduced in Chapter [4

2.2.5 Other candidates

We have discussed several WIMP theories, and we will briefly list some other candidates
that are commonly proposed as dark matter candidate before we move on to its detection

possibities..

Sterile neutrinos

All fermions in the SM come in two chiral variants: both left- as well as right-handed.
Neutrinos are the exception to this rule. It is therefore theoretically attractive to add the
right-handed counterparts to the SM neutrinos. As these neutrinos would only interact
through mixing with the SM neutrinos, they are often referred to as sterile neutrinos. The
addition of such particles also provides for several mechanisms to generate neutrino masses,
for more on this see Chapter The general mass range of sterile neutrinos is in the keV
range, putting it between cold and hot dark matter, and is therefore called warm [77]. Even
though sterile neutrinos are lighter, their production mechanism is non-thermal, and the

resulting structure formation is similar to that of cold dark matter [78].

After the discovery of an emission line around 3.5 keV, which has been observed in the Milky
Way [79], the Andromeda galaxy, as well as other galaxies and clusters [80], a 7 keV sterile
neutrino was proposed as a dark matter candidate. However, other observations observed no
such line 81} [82]. Unknown instrumental effects due to e.g. solar activity were mentioned as
a cause, but observations of the 3.5 keV line by the NuStar satellite ruled out this scenario
[83]. Further causes, such as the presence of atomic transitions lines in the 3.5 keV region
were proposed, but no evidence was found [84]. The exact nature of the line is still hotly

debated, but future X-ray observations aim to probe this signal in ever more detail [85, 86]
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Axions

One further candidate is the axion. It has its origins in the strong CP problem, which arises

due to the possibility of adding the term

2

Lo = #@Tr(?“”aéfw, (2.25)
with .
éfw = Qeul/poGp(m (2.26)

to the QCD Lagrangian that violates CP. Now the amount of C'P violation in the strong
interaction is small, and bounds on the electric dipole moment of the neutron imply that
47]

0] <1071, (2.27)

even though theoretically a value of O(1) is also perfectly allowed, and such a small value
seems unnatural, unless it is due the breaking of another symmetry per 't Hooft [87]. This can
be achieved by implementing the Peccei-Quinn symmetry U(1)pqg of which the spontaneous
breaking will produce a massive Goldstone boson, the axion [88, |89]. Axions are usually
thought to have tiny masses, from the meV level further downwards to the peV range or
even further. They are sought after by astrophysical constraints and light shining through
wall experiments [90]. In these setups a laser beam is shone at wall, and a strong magnetic
field is applied. Due to the Primakoff effect, photons interacting with the magnetic field can
produce axions, which can pass the wall. The inverse process can take place on the other side
of the wall, which could lead to a detectable photon signal. In spite of its low mass, axions
can suitably behave as cold dark matter, as they were never in thermal equilibrium in the

early universe due to their weak couplings to other matter [91].

2.3 DM detection

So far we have discussed the cosmological evidence for dark matter, as well as the properties of
a WIMP. Many experimental searches are performed, usually with the idea that a WIMP does
not only interact gravitationally, but can also have some interactions via the weak interaction,
or via Higgs interactions. All of these interactions (without gravity) can be summarized in

the diagram shown in Figure 2.9 In general, one can distinguish three different processes.

e Direct detection: In direct detection experiments, a WIMP interacts x Xgm — xXsm
with a target SM particle Xg, often a heavy nucleus.

e Indirect detection: As should be clear from its name, in indirect detection experi-
ments WIMPs are not observed directly, but rather the SM particles produced through

annihilation processes xx — XsmXswMm, such as neutrinos or X-rays.
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Figure 2.9: Diagram showing the various ways WIMPs interact with the SM as well as the
corresponding detection types. Image source: [92]

e Collider production: Collider searches aim to observe effects of new particles, for
example missing transverse energy Fp as a result from proton and heavy ion collisions,

e.g. lead.

In this section we will discuss the principle of operation for experiments of each of these

methods, as well as the obtained results.

2.3.1 Direct detection

Galactic center

30 km/se

June

30 km/sec

Dec.
Sun 230 km/sec

Figure 2.10: An image showing the movement of the Sun and the Earth around the centre of
the Milky Way. The relative velocity of the Earth to the galactic dark matter
halo depends on the time of the year. Image source: https://cosine.yale.
edu/about-us/annual-modulation-dark-matter

Direct detection experiments work on the principle measuring signals from WIMP scatter-
ings with the detection medium. As our Solar System orbits the Galactic Centre, it passes
through the galaxy’s dark matter halo. Thus we experience a WIMP flux on Earth, as is
illustrated by the cartoon in Figure The relative velocity of the Earth with respect
to the DM halo depends on the time of the year, due to the Earth’s orbit around the Sun.
The dark matter flux through the Earth is then expected to change accordingly, leading to


https://cosine.yale.edu/about-us/annual-modulation-dark-matter
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an annual modulation of the signal. Such an annual modulation has been observed in the
DAMA/LIBRA experiment [93]. The observed annual modulation is shown in Figure
for the two phases of the experiment, including a fit to the data. The data agree with an
annual modulation with its maximum in June at the 9.50 level. However, the interpretation
of this result as being caused by WIMPs is at tension with other direct detection experiments
such as COSINE-100 [94], and XENONIT [95]. Direct detection experiments can be further
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Figure 2.11: Results of the two DAMA /LIBRA phases showing the annual modulation of the

observed signal as a function of time including a fit to the data. Image source:
193]

divided, as the type of signal depends on the detection medium used. Irrespective of the type
of signal that is emitted, the experiments need to be as sensitive as possible. This can be
achieved both through lowering unwanted backgrounds, as well as increasing the size of the
detector to maximise exposure. The main three methods used in direct detection experiments

are shown in Figure Some experiments also use a combination of signals.

Cryogenic Superheated
bolometers liquids

'PHONONS / HEAT|

Cryogenic bolometers
with charge readout

Scintillating cryogenic
WIMP\ bolometers

Germanium Scintillating
detectors crystals
CHARGE | LIGHT
Directional I(]'l?aul'd r?:sbelet_i?nas Liquid noble-gas
detectors p detectors

projection chambers

Figure 2.12: Schematic overview of the types of direct detection experiments. Image source:
[96].
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Phonons/heat

One of the techniques that makes use of heat deposited in WIMP scatterings is the use of
cryogenic bolometers. These detectors consist of crystals that rise slightly in temperature
when heat is deposited in the system through e.g. WIMP scattering, but also radioactive de-
cays. The temperature increase is measured using thermistors, which are resistances sensitive
to temperature changes. In order to measure such signals the materials must be very cold,
usually at the mK level, to reduce thermal noise. An example of such an experiment is the
CUORE experiment. It was originally built with tellurium dioxide (TeOg) crystals in order
to measure the neutrinoless double beta decay (0v38) of 13Te (more on this in section ,
but simultaneously serves as a detector for WIMP interactions |97, 98]. WIMP scatterings
and nuclear decays deposit heat into the crystal creating phonons, which can be described
as quasi-particle lattice vibrations, that travel through the crystal. The change in heat is
measured by the germanium (Ge) sensor which can be seen in Figure which shows a

cryogenic bolometer as used in the CUORE experiment.

Heat Sink —»— —4— Copper Holder
Weak Thermal
Coupling
Absorber NTD Ge Sensor
Crystal ————p (Thermometer)
(TeO,) » .
Incident
Radiation

Figure 2.13: Schematic overview of the bolometers used in the CUORE experiment. Image
source: https://cuore.lngs.infn.it/en/about/detectors.

A different technique based on the deposition of heat in a detector medium is with bubble
chambers. These chambers contain a superheated liquid, i.e. a liquid that has been carefully
heated to a temperature above its boiling point. As heat from scatterings is deposited in the
medium, a phase transition occurs, and bubbles are created inside the medium, which are
filmed by cameras. As soon as bubbles are detected, the pressure of the liquid is increased,
to prevent the whole medium from boiling. The PICO collaboration used a detector initially
filled with CF3l, but later with C3Fg in the PICO-60 experiment, which resulted in compet-
itive bounds on the spin-independent scattering cross section, especially for masses around a
few GeV [99]. The next generation experiment PICO-40L was finished in 2020 and aims to
improve the previous limits by an order of magnitude [100], with plans for further upgrades,
PICO-500 already on the table [

’https://www.picoexperiment.com/pico-500/
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Phonons/heat and scintillation

The CRESST experiment uses the same technique as the CUORE experiment. The latest
CRESST-III phase uses a 23.6 g calcium tungstate (CaWOQy) detector [101]. The detector
is kept at a temperature of 15 mK, which is around the temperature where the tungsten
in the detector becomes superconductive. A small increase in temperature thus leads to
a large difference in electrical resistance. Most of the energy deposited in scatterings is
transferred into phonons, but part of the energy is emitted as scintillation light. Therefore
the CRESST bolometers are equipped with an extra calorimeter to measure the scintillation
signals. The combination of both signals allows for the elimination of more background
events, increasing the sensitivity. Moreover, the different elements in the crystal respond

differently to scatterings, yielding further information.

lonisation

The energy deposited in a detector by a WIMP can also cause ionisation in a detector medium.
This phenomenon has been used in the HDMS and CoGeNT experiments, both of
which employed p-doped germanium crystals. The crystals are brought to low temperatures
to reduce thermal noise. The strength of this approach lies in the low threshold energy of the
detector, allowing to probe lower dark matter masses around 10 GeV with good sensitivity.
However, the crystal becomes noisier if one scales to larger volumes. Thus experiments usually

consider a combination of ionisation and other effects.

Phonons/heat and ionisation
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Figure 2.14: Schematic overview processes in the SUPERCDMS experiment. Scattering
WIMPs inside the germanium crystal create heat in the form of phonons, as
well as charges (electron-hole pairs) that are drifted in an electric field. Image
source: https://supercdms.slac.stanford.edu/overview.

An experiment that combines both phonons as well as the ionisation charge signals is
CDMS and its successor SUPERCDMS [104], using silicon [105] and germanium crystals [106]
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that are kept at temperatures of 30 mK to reduce thermal noise. With an ionisation energy
of only 3.0 eV for germanium and 3.6 eV for silicon, WIMP scatterings not only produce
phonons, but can create electron-hole pairs in the semiconductor as well. The phonons are
measured by a transition edge sensor (TES), which is a sensor close to the edge between the
normal and superconducting stages, so that small changes in temperature have large effect
on the resistance. The combination of the ionisation charge signal with the phonon signal
allows for better event discrimination. An illustration of the WIMP interaction inside the
germanium crystal for the SUPERCDMS experiment is shown in Figure showing the
creation of heat in the form of phonons as well as electron-hole pairs. The same technique is
used in the EDELWEISS-III experiment using ~ 20 kg of germanium [107]. In a planned
joint project by the EDELWEISS and CRESST collaborations the EURECA experiment

is planned to scale up the detector to a 1 tonne absorber mass [108].

Scintillation

We already briefly mentioned scintillation when discussing the CUORE experiments, but
there are more experiments that are designed to detect scintillation light from WIMP scat-
tering. In scintillating mediums energy from scatterings is transferred to excite the target
atoms. Upon falling back to the ground state, the excited atoms emit scintillation photons,
which are detected. Common materials that are used are crystals such as sodium iodine
(Nal) or noble gasses xenon (Xe) and argon (Ar). The already discussed DAMA /LIBRA
experiment falls in the first class, consisting of 25 highly radio-pure Nal crystal scintilla-
tors, with a mass of 9.70 kg each [93]. As was already mentioned the observation of the
annual modulation of the WIMP event rate that was observed by DAMA /LIBRA is still
hotly debated and has neither be confirmed nor completely ruled out in a model-independent
way. The COSINE-100 [94, [109] and ANATIS-112 [110] use similar detectors based on Nal
crystals, but found no sign of an annual modulation. The COSINE-100 experiment could
not give a final conclusion about the DAMA /LIBRA result because of the relatively high
background in the former experiment compared to the latter. Hence the development of the
next generation experiment COSINE-200 is underway, specifically aiming at reducing the
radioactive contaminations in the detector crystals. In particular, the presence of the isotopes
40K in naturally present potassium, as well as 2!°Pb from ???Rn contamination are the main

sources of background [111].

Another type of scintillating medium that is often used are liquid noble gasses, xenon and
argon. There are several advantages to the use of liquid noble gases for dark matter detection
experiments. They have low recoil thresholds and can easily produce scintillation signals.
Furthermore, pure xenon is radioactively clean, however argon suffers from the presence of
39 Ar, which leads to some unavoidable backgrounds. Of course the presence of impurities
can lead to background effects. The scintillation wavelength for liquid xenon is with 178
nm observable in commercially available photocathodes, whereas liquid argon scintillation

signals 0f 128 nm need wavelength shifters to be observed [112]. The large atomic number
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of especially xenon enhances the cross section for WIMP scattering due to its scaling of A2.
This is why xenon is the preferred detector medium in many experiments, more on this in the
next paragraph. An exception to this is the MINICLEAN experiment, which also uses liquid
neon in addition to liquid argon in order to study the dependence of the signal on the atomic
number . An additional attractive feature is that liquid noble gas detectors are self-
shielding, i.e. background signals from outside or the edges of the detector do not penetrate
deep inside the detector, allowing for a central fiducial volume with lower background. This
property makes it attractive to scale up liquid noble gas detectors. In order to further reduce
external backgrounds the detectors are shielded further. For example, the XMASS detector
containing 800 kg liquid xenon is located 1000 m underground in the Kamioka Observatory
in Japan and is also shielded by an 800 tonne water tank . The Cherenkov signals of
cosmic rays inside the water tank serve as a useful trigger, so that these external events are
quickly identified. A further example of an experiment using liquid argon is the DEAP-3600
experiment, which has a 3600 kg liquid argon target .

Scintillation and ionisation

time

drift time
(depth)

particle

Figure 2.15: Overview of a dual phase xenon TPC. The incoming particle creates a scintil-
lation (S1) signal when scattering with the liquid xenon medium, after which
electrons are drifted upwards by an electric field, which creates a light signal
(S2) when reaching the gaseous xenon. Image source: XENON collaboration, re-
trieved from https://nigroup.ucsd.edu/research-projects/technology/.

Scatterings inside liquid noble gases can not only cause scintillation, but also ionisation,
releasing a charge in the detector medium. These two effects leads to different signals, and can
both be used to gain information about the event. For this purpose, many experiments make
use of a two-phase time projection chamber (TPC) containing both liquid and gaseous xenon,
such as LUX , ZEPLIN-III , as well as in their planned successor L.Z . Further
experiments are PANDAX-II and XENON1T, which has set the most stringent bounds
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on WIMP-nucleus scattering so far [95]. Some experiments also use two-phase TPCs filled
with argon, most notably the DARKSIDE-50 [120] and ARDM [121] experiments.

Irrespective of whether the TPC is filled with xenon or argon, the detection principle stays
the same. An overview of such a detector is shown in Figure The TPC is mostly
filled with liquid noble gas, with a small part at the top of the TPC containing xenon or
argon in the gas phase. An incoming WIMP scattering with a nucleus in the liquid target
will first produce a direct scintillation signal (S1). The scintillation light is picked up by
photomultipliers (PMTs) lined at the top and bottom of the TPC. An electric field is applied
accross the TPC, so that electrons from atoms that were ionised by the scattering drift
upwards to the top of the TPC. Once the electrons reach the surface between the liquid and
gas at the top of the TPC they are accelerated and will emit a light signal proportional to
the amount of electrons extracted from the liquid (S2), which is also captured by the PMTs.
As the electrons take time to drift through the liquid, there is a time delay between the S1
and S2 signals. Combined with the position determination in the x,y plane by the PMTs,

the drift time provides a measurement of the z position inside the TPC.

Liquid noble gas detectors are being scaled up, the XENONI1T detector contains a total
of 3.2t of liquid xenon, whereas the upcoming PANDAX-4T will contain 4t in its TPC [122].
The LZ experiment is designed with a 7t detector [118], similar to XENONNT [123]. The
follow-up experiment to XENONNT, DARWIN, has been proposed as well, which with its
planned 50t liquid xenon would be the biggest detector of its kind by far. For liquid argon
detectors, the DARKSIDE-20K experiment will contain a total of 23t detector mass [124], with
the ultimate goal of building the ARGO detector containing 300t [125].

On the other side, novel techiniques are being applied to the data of current experiments to
improve upon existing limits. An example is from the XENONI1T experiment, which faces
challenges to detect light dark matter with masses below 6 GeV, as it cannot transfer enough
energy to give a detectable S1 signal. The S2 signal is detectable from a lower threshold,
making an S2-only analysis attractive to probe lower dark matter masses. The downside
of this method is that it comes at the cost of an increased background, as one loses the
S1-S2 event correlation. Light dark matter cannot only scatter off atomic nuclei, but also
off electrons, which can be distinguished through their relative S1 to S2 signal compared
to nuclear recoils, and electronic recoils are another interesting probe for light dark matter
masses. A first S2-only analysis the XENON1T experiment has already been performed for

both nuclear as well as electronic recoils [126].

Overview

After discussing many experiments, it is useful to see how different experiments compare.
WIMP-nucleon scattering is divided into two processes: spin-dependent and spin-independent
scatterings, which are mediated by Z and Higgs bosons respectively. The results for spin-
independent scattering are shown in Figure [2.16] showing the exclusion limits of dark matter

experiments on the spin-independent nuclear cross section as a function of the dark matter
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Figure 2.16: Current exclusion limits on the spin-independent WIMP-nucleon cross section as
a function of the WIMP mass from a wide range of dark matter direct detection
experiments. The DAMA /LIBRA preferred regions have also been included.
Source: [127].

mass. The most stringent bounds on the cross section come from the XENON1T experiment
over almost the complete mass range, with a minimum of ¢ = 4.1 - 107%7 cm? at a WIMP
mass of 30 GeV [95]. Also included are the results from the XENON1T S2-only analysis.

As the direct detection experiments are improved, the expected sensitivity reach moves
to smaller cross section. The projected sensitivities of future experiments to the spin-
independent cross sections are shown in Figure The current experimental limits are
indicated by the green-blueish shaded region. The PANDAX-4T will improve on the cur-
rent results by an order of magnitude already, and LZ andXENONNT aim to probe the
cross section by a further margin. DARKSIDE-20K, which is argon-based, can improve the
projected sensitivities of the former xenon-based experiments at masses above 70 GeV, but
is beaten by LZ and XENONNT below this mass. The planned ARGO and DARWIN

experiments are much larger in scale and can probe an additional order of magnitude.

For spin-dependent interactions, the WIMP couples to the nuclear spin of the detector
material. Depending on the exact isotope that is used, the coupling to protons and neutrons
differs. Figure shows the upper limits on the spin-dependent cross sections for WIMP
scatterings on neutrons (left) and protons (right) from the XENONI1T experiment in com-
parison with results from other experiments [128]. As can also be seen from the figures, is
that the upper limits on the spin-independent cross section are more sensitive by several
orders of magnitude. For the WIMP-proton cross section, the upper limit from PICO-60 is
the most stringent one, lying at an order of magnitude below the XENONI1T result.
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Figure 2.17: Projected sensitivity limits (90% C.L.) on the spin-independent cross section as
a function of the WIMP mass from a wide range of dark matter direct detection
experiments. Source: [127].

Figure [2.19] shows the resulting upper limits from the XENONI1T experiment on dark
matter-electron scattering [126]. The cross sections seem relatively large at first, lying around
107%% c¢m?, however they are a huge improvement in the mass range below a few GeV,
compared to Figure [2.16 This shows that electronic recoil signals are a great source of

information in the study of low-mass DM.

A limit to discovery

Sooner or later every type of experiment runs into some kind of technical limit. In the case
of direct detection experiments, the incrasing sensitivity of the experiments means that they
at some point become sensitive to coherent neutrino scattering caused by neutrinos from
astrophysical sources. Three main sources for the neutrino background can be identified
. The first source are the neutrinos that are produced in nuclear fusion processes inside
the Sun. Another source can be found in cosmic rays hitting Earth’s atmosphere. In these
collisions pions are produced, which decay into muons and neutrinos. The last source is the
diffuse supernova neutrino background, which is the flux of neutrinos produced in supernovae.
Scattering neutrinos interact in the detectors in almost the same way as WIMPs, making it
unclear what particle caused an event. The point at which this happens is often called the
“neutrino floor”. It is shown in Figures[2.16|and [2.17] and it depends on the detector material
used. The term neutrino floor is slightly misleading, as one does not measure a sudden jump
in neutrino events when increasing the sensitivity. Instead, neutrino fog is a more appropriate

term. As the sensitivity of a detector increases, it will start measuring higher rates of neutrino
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events. Eventually this rate is large enough that one is lost in the fog and WIMP events are

completely obscured by interacting neutrinos.

2.3.2 Indirect detection

A different way of searching for dark matter is not by looking at direct dark matter signatures
inside a detector, but to observe photon, neutrino or other cosmic rays signals produced in
the annihilation (or decay) of WIMPs. For thermal WIMPs, annihilation processes mainly
took place in the early universe before freezeout, and scarcely afterwardsd. However, in
the early universe the dark matter density was homogenous and isotropic, except for some
density perturbations that grew over time to form the cosmic structures we see today. The
best prospects for the observation of dark matter annihilations are therefore in regions with
the universe with a local overdensity of dark matter, such as the Sun or regions with generally
higher dark matter density, such as the galactic centre. The relevant quantity for all these

processes is the thermally-averaged cross section, which has been introduced previously in
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Section [2:2.3] This can give an observable flux from the direction of these astrophysical

objects.

The type of experiment is very much dependent on the messenger particle. In order to
observe gamma rays that can be produced upon annihilation, one can make use of satel-
lite observatories, as they do not suffer from an atmospheric background from cosmic rays.
Charged cosmic rays can also be produced, either directly or e.g. via pion production. In
this way charged (anti)leptons can be produced, as well as antiprotons. Because the lumi-
nous matter in the universe consists of matter, not antimatter, an excess signal of the latter
is a clear signal that something, e.g. annihilating dark matter, is going on. These cosmic
rays, as well as v rays at higher energies can not only be observed in satellites, but also us-
ing Cherenkov telescopes that observe the Cherenkov radiation, which is emitted if particles
move faster than the local speed of light in a medium, of cosmic ray showers hitting Earth’s
atmosphere. Neutrinos are notoriously difficult to detect, and would fly unnoticed through
a satellite. That is why neutrino telescopes have large dimensions. In this section we will
give an overview of the production sites of indirect detection signals, as well as some of the

experiments measuring these.

Signal sources

As ordinary matter feels the gravitational effects of the more abundant dark matter, the
formation of astrophysical objects followed the distribution of dark matter during cosmic
structure formation. The opposite is also true to a lesser degree. Thus regions with a large
amount of ordinary matter, also have an overdensity of dark matter. We will now describe

some of the sources that are generally observed in indirect searches.

Upon scattering with nuclei in objects such as stars and planets, WIMPs can be trapped
inside the gravitational wells of such objects. A good candidate for this is the Sun, as it is
relatively close to the Earth compared to many other astrophysical objects. Our solar system
moves through the galactic dark matter halo, giving a flux of WIMPs. The time evolution of
WIMPs inside the Sun can be described as

N =C -2, (2.28)

where C' is the capture rate of WIMPs, which is dependent on the WIMP-nucleus cross
section, as well as the surrounding dark matter density. Capturing dark matter increases
the number of WIMPs, wheras annihilation of two WIMPs decreases it. The decrease of
WIMPs is equal to twice the annihilation rate 2I' = C'y N2, which scales with the number of
WIMPS squared. At some point these two processes reach equilibrium, and the annihilation

rate becomes directly related to the capture rate as

C
L=, (2.29)
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and so the annihilation rate is through this relation dependent on the WIMP-nucleus cross
sections that are the same as those probed by direct detection experiments. The annihilation
inside the Sun produces SM particles, such as quarks, leptons, and Higgs/gauge bosons, then
these decay products will quickly be absorbed through interactions in the interior of the
Sun. The exception to this rule are the high-energetic neutrinos that are produced which
pass through the Sun unhindered and can reach the Earth. This makes neutrino telescopes
well-suited to measure WIMP annihilation signals from the Sun, which is further considered
in Chapters [6] and [7] In the case where the capture and annihilation rate have not reached

equilibrium yet, the annihilation rate is suppressed as
C
r=3 tanh? (t/7), (2.30)
with 7 being the equilibrium time scale, given as

T=—, 2.31
which for a typical 100 GeV WIMP with weak cross sections lies around 7 ~ 3 - 107 yr,
well below the age of the Sun [130]. Furthermore, WIMPs might “evaporate” when they
are upscattered in scatterings with nuclei. Only at light masses of < 10 GeV WIMPs can

undergo evaporation in the Sun, so this mostly poses no large problems [42].

In section the rotation curves of several galaxies were shown, which all featured
a constant rotational velocity in their outer regions. This can be explained through the
presence of a galactic dark halo, which can also have denser regions that boost dark matter
annihilation. As dark matter and ordinary matter are usually found at the same location,
one can expect that a galaxy will have a larger dark matter density near its centre than in its
outskirts. Many galaxies, including our own, also have a large amount of mass in the galactic
centre due to the presence of a super-massive black hole. The distribution of dark matter is
usually described by a so-called density profile. Indirect detection generally depends on the

density profile that is assumed. A general form for this density distribution is

= Po
p(r) = (r/ro)Y (1 + (r/rg)e)F=—1/e” (2.32)

where the Greek exponents describe the behaviour of different dark matter models. The
constants pg and rg are the scale density and radius respectively, which are specific to an
individual halo. The isothermal profile corresponds to («, 3,7) = (2,2,0). One of the com-
monly used profiles is the Navarro-Frenk-White (NFW) profile, which was obtained from
N-body simulations, corresponding to («, 3,7v) = (1,3,1) [131].

However, the galactic halo model has some problems. In section[2.1.4{we already mentioned
the missing satellite problem, based on the absence of many dwarf galaxies around our galaxy.
For dark matter problems there exists the cuspy halo or cusp-core problem. It has to do with
the fact that dark matter profiles from N-body simulations, such as the NF'W profile, which
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scales as p ~ (r/rg)~! for r < 7o, whereas observations of galaxies indicate that the density
profile in the centre of galaxies is mostly flat. The addition of a small amount of warm dark
matter to the universe can resolve this discrepancy, as it would wash out the cusp in the
halo [34]. A more fitting phenomenological description of dark haloes is given by the Burkert

profile, which with
Po

L+7r/ro) [1+ (r/ro)?]’
is similar to the NFW profile at r >> 7o, but has a constant central density of py [132]. The

large dark matter density in the galactic centre makes it an interesting target for indirect

p(r) = ( (2.33)

detection. However, v rays from the galactic centre can be absorbed in dust clouds when
propagating, obscuring our view. Furthermore, there are many other sources of v rays, such

as the presence of the super-massive black hole in the galactic centre.

In addition to observing the dark matter halo of our own galaxy, one can also observe
extragalactic objects. In particular the spheroidal dwarf satellite galaxies of the Milky Way
are very suitable for this due to their proximity, their relatively large amount of dark matter,
as well as exhibiting no « rays from non-thermal astrophysical processes . Whereas one
can detect v rays and neutrino signals from these satellite galaxies, it is difficult to detect
charged cosmic rays as these are deflected by the galactic magnetic field, and thus information

about the direction of origin is lost.

Cosmic ray searches

Primary Cosmic Rays

Electromagnetic
Shower

Figure 2.20: Schematic overview of the development of an air shower created by
a cosmic ray. Image source: |https://home.cern/science/physics/
cosmic-rays-particles-outer-space
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After describing the possible sources of dark matter annihilation signals, we turn to the
different kinds of experiments that are used for indirect detection. For cosmic ray searches the

types of observation that are used are Cherenkov telescopes and « ray/cosmic ray satellites.

The principle for Cherenkov telescopes is the Cherenkov radiation that is produced in
particle showers in cosmic ray events. A cosmic ray travelling to Earth will collide with nuclei
in the atmosphere. In this process a large range of particles can be created, and the general
development of an airshower is partly independent of the incoming particle. Figure[2.20]shows
the general development of the air shower that is produced by a cosmic ray. The primary
interaction starting the shower will usually produce many pions. The neutral pions will mostly
decay into photons, which will at later points create electron-positron pairs, which can create
more photons through bremsstrahlung, creating an electromagnetic cascade. Charged pions
can decay into muons and neutrinos, but they are longer lived, meaning that they can interact
with nuclei further down in the atmosphere, creating new particles in the air shower. This is
the hadronic component which keeps the air shower going. At some point the created particles
have too little energy to create more particles, and the air shower reaches its maximum. If the
incoming particle is a v ray (or an electron or a positron), then the electromagnetic cascade
is initiated immediately, with only a small hadronic component. Hence the amount of muons
in these showers is low. If the primary particle is a proton or nucleus, then the hadronic
component is larger EL Furthermore, the cross section is higher, especially for heavier nuclei,

meaning that the shower starts at a higher point in the atmosphere [134].

The velocities of the cascading particles are usually greater than the local speed of light in
the atmosphere, creating a cone of Cherenkov radiaton at specific angle of 6. ~ 1/n, where n
is the refractive index of the medium. Cherenkov telescope operate on the basis of detecting
this light in an array of telescopes and in such way reconstruct the energy and direction of
the incoming particle, which for dark matter searches is mostly a + ray, an electron/positron,
or an (anti)proton. The Cherenkov light can be detected in two different ways. There are the
imaging atmospheric Cherenkov telescopes (IACTs), which directly detect the Cherenkov
light from the atmosphere with mirror telescopes. They are mostly sensitive for energies
above 100 GeV. Several experiments fall into this category. There is the H.E.S.S. telescope,
which has probed the galactic centre [135], as well as the Milky Way’s satellite galaxies [136].
Further observations of the latter were made by the MAGIC telescope [137], and VERITAS
[138]. The next generation of IACTs will be started by CTA, which will contain more than
100 telescopes in the northern and southern hemispheres, and aims to improve the existing

constraints by an order of magnitude [139].

The other method is to observe Cherenkov radiation from air shower remnants in water
tanks at the surface. Muons created in air showers can create such signals, as well as electron-
positron pairs that are created by ~ rays entering the water tank. With an array of these

Cherenkov tanks, one can reconstruct the primary particle of the event. These kind of

3To see the difference between ~ ray and proton-induced air showers, the HAWC collaboration have a small
Gamma/Hadron separation game on their website https://www.hawc-observatory.org/observatory/

ghsep.php
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telescopes have a higher threshold than the TACTs. The MILAGRO detector became sensitive

at energy ranges on the TeV scale, which was improved in the next-generation experiment
HAWC, which is sensitive to energies above 500 GeV [140].

Ground-based Cherenkov detectors are powerful tools, but generally do have a high energy
threshold at which they become sensitive. The other option to detect « rays and cosmic rays
is through satellite observations. Satellites can detect these rays directly as they are above
Earth’s atmosphere. One of these satellites is the FERMI Gamma-ray Space telescope, which
contains the Large Area Telescope (LAT). It consists of a tracker built out of silicon detector
modules with tungsten layers in between. The tungsten layers are for converting incoming ~y
rays into electron-positron pairs, which are tracked inside the silicon. These particles then
reach the calorimeter, which determines the energy in the event. FERMI-LAT can measure
signals in the energy range from 30 MeV up to 300 GeV, which is lower than the ground-based
detectors [141} |142].

The PAMELA detector was a spectrometer, and measured charged cosmic rays, mostly
electrons, positrons, and (anti)protons. It detected an unexpected amount of positrons [143].
It also measured a flux of antiprotons [144]. A similar, but newer detector is AMS-02, which
is mounted on the International Space Station (ISS) [145]. Whereas positron measurements
of FERMI-LAT deviated from the PAMELA result, further measurements by AMS-02
agree with PAMELA [146]. However, the question remains whether the observed excess is
really due to dark matter or if other causes, such as pulsars, or a lack of understanding about

cosmic ray propagation in the galaxy offer a sufficient explanation.

Comparison of results

Let us now compare the results of the different v ray and cosmic ray experiments. As an
example, we show the resulting upper limits on (ov) from H.E.S.S. observations of dwarf
galaxy satellites of the Milky Way in Figure The left plot shows the bounds for sev-
eral possible annihilation channels. From this plot one can see that the strongest bound is
found from the 7~ channel by far, and is very close to the canonic thermal relic value of
(ov) ~ 3-10720 cm? s71 for masses below 2 TeV. Of the other channels, the charged lepton
channels are the most stringent ones at masses below 5 TeV, especially the 777~ channel,
followed by the WTW ™ channel. The right plot of figure shows the WTW ™~ channel
result compared do the results of other Cherenkov telescopes, as well as FERMI-LAT re-
sults. This plot illustrates the complementarity of the different types of telescopes nicely, as
the FERMI-LAT result is the strongest by a wide margin at low masses, but from 4-5 TeV
on gets beaten by the MAGIC limit. Thus the combination of space based v and cosmic
ray satellites, and Earth based Cherenkov telescopes allows for detection over a large mass

range.

Figure shows the bounds on (ov) from the observation of electron and positron events
with FERMI-LAT, as well as the results from the other space-based experiment AMS-02,

and the ground-based H.E.S.S. telescope. These bounds are very strong, and can exclude
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Figure 2.21: H.E.S.S. upper limits on (ov) from the observation of dwarf galaxy satellites
of the Milky Way. The left plot shows the H.E.S.S. bounds for different anni-
hilation channels, whereas the right plot compares the H.E.S.S. results for the
WTW = channels to bounds obtained in other experiments. Source: [136]

the canonical thermal relic value for (ov) at dark matter masses below 200 GeV. The bounds
become much less stringent for increasing mass, and above 1 TeV, the H.E.S.S bound is the
most stringent. These results show that indirect detection of dark matter through v rays or

cosmic rays provides a valuable addition to direct detection.

Neutrino telescopes

The last type of signal one can expect are the neutrinos. Due to their elusive nature, one
needs different types of detectors to be able to detect them. The principle of operation
for neutrino telescopes is that neutrinos scattering in charged current interactions produce
charged leptons that emit Cherenkov light. This means that the detector medium must
be transparant enough for the light to be detected in optical sensor. As the probability of a
neutrino interacting is low, a neutrino telescope must have a large volume to obtain a relevant
amount of neutrino signals. This is why neutrino telescopes use water or ice as a detection

medium.

Current experiments that use water as a detector medium are ANTARES [147] 148],
which is located in the Mediterranean Sea, the Baikal Deep Underwater Neutrino Telescope
(BDUNT) [149, 150] in Lake Baikal, and Super-Kamiokande [151], located in the Kamioka
mine, Japan. The first two make use of natural water bodies, whereas Super-Kamiokande
(Super-K, or SK) uses a tank with ultrapure water. Next-generation experiments are at
vairous stages of development, such as KM3NET [152] as a succesor to ANTARES, the
Hyper-Kamiokande detector [153] as a succesor to Super-Kamiokande, and PINGU as a

succesor to ICECUBE [154]. There is currently one neutrino telescope using ice as a detector



2 The basics of dark matter 37

—e— LAT Data e” e (This work)
68% Containment SR, (0.25-0.7) GeV cm®
95% Containment e p@l:l ISRFOB

—— Ackermann et al. ApJ (2015) e’ e’y
Ackermann et al. PRL (2015) e" e" y
Ackermann et al. PRL (2015) b b
——— Abdallah et al. PRL (2016) b b
Cavasonza et al. ApJ (2017) ee
Bergstrom et al. PRL (2013), e Yy
—— Bergstrom et al. PRL (2013), " e~

f TR | L TR | L P
10 107 P
DM Mass (GeV ¢*)

Figure 2.22: FERMI-LAT bounds on (ov) from the observation of electron and positron
events. The canonical thermal relic value for (ocv) has been marked by the striped
line. Other bounds that are included are from FERMI-LAT (Ackermann et al.),
H.E.S.S. (Abdallah et al.), and AMS-02 (Cavasonza et al., Bergstrom et al.).
Source: [142]

medium, with bears the fitting name ICECUBE [155] |156, 157, 158]. It is located at the
South Pole, and in its current configuration it consists of 86 strings with optical modules
that were lowered in the Antarctic ice sheet. An overview of the detector (albeit with an
older configuration of 81 strings) is shown in Figure

Figure shows the upper bounds on the thermally averaged annihilation cross section
(ov) from observations of the Galactic Centre for the v, bb, W+W =, and pu*pu~ channels by
observations by Super-Kamiokande and compared to limits from ANTARES and ICECUBE
[151]. All experiments are most sensitive in the v channel. This can be explained by the
fact that WIMP annihilation into neutrino pairs will give sharp spectral lines at E, >~ mp.
Annihilation into other particle pairs such as W+W ™ only produce neutrinos in secondary
processes, leading to a continuous neutrino energy spectrum. One can also see that the energy
threshold of Super-Kamiokande is lower than than those of ANTARES and ICECUBE.

The second main source of high-energy neutrinos is our Sun. As was explained at the start
of this section, the annihilation rate is directly related to the capture rate of WIMPs in the
Sun. This means that observations of high-energy solar neutrinos can be used to constrain
the WIMP-nucleus cross section. Because the Sun consists mostly of hydrogen, neutrino

telescopes are most sensitive to the spin-dependent cross section on protons. Figure

SD
Xp

for Hyper-Kamiokande, as well as the comparison with the current ICECUBE and planned

shows the projected upper bounds on the spin-dependent WIMP-proton cross section o

PINGU neutrino telescopes. From direct detection experiments, PICO-60 is included, as it

is currently the most stringent bound. Also included is its predecessor PICASSO. Current
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Figure 2.23: Schematic overview of the ICECUBE detector, showing the strings with optical
modules that were lowered into the Antarctic ice sheet. Image source: https:
//icecube.wisc.edu/gallery/detector/

bounds from ICECUBE are competitive with direct detection experiments such as PICO-60,

in particular at masses above 100 GeV.

2.3.3 Collider searches

The third way to study dark matter is through collider experiments. If potential dark matter
candidates have a mass within the experimentally reachable energy range, then they can be
produced in particle collisions. These dark matter particles will not produce visible signals
inside the detector, and thus their presence has to be detected by other means. The quantity
that is used for this is the missing transverse energy J; perpendicular to the collider beams,
which is zero before collision. Currently the Large Hadron Collider (LHC) is the most pow-
erful proton and heavy ion collider where the ATLAS and CMS experiments are
searching for BSM physics.

The interactions between SM and DM particles in collider searches can be summarised in
the Feynman diagrams shown in Figure . When extending the particle content of
the SM by just a single new particle, which is a DM candidate, it can be produced through the
diagrams (b) and (c), provided that it couples to a mediator, for which one usually assumes
a Higgs or Z-boson. However, one can also assume a new BSM mediator, for which the
Z'-boson, which is a heavier version of the SM Z-boson, is a popular candidate. If there
exists a new mediator, then SM SM — SM SM processes as shown in diagram (d) will occur
at different rates compared to the SM prediction. The first diagram (a) describes a further
unspecified interaction between the SM and DM particles. If a BSM mediator is at a mass

scale beyond the reach of a collider, then the mediator can be integrated out, leaving a direct
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Figure 2.24: Upper bounds at 90% C.L. on the thermally averaged annihilation cross section
(ov) from observations of the Galactic Centre for the vz, bb, WTW = and u*p~
channels. Source: [151]

interaction vertex with an effective coupling that does not depend on the high-energy physics.
Such a theory is called an effective field theory (EFT), of which Fermi’s description of § decay
with coupling constant G is a good example. The EFT description breaks down once the

collision energies are on the same scale as the mediator mass.

As an example, if one assumes a Higgs-portal model in which a fermion or scalar dark
matter candidate couples to the Higgs, the Higgs boson can decay into dark matter pairs, as
in Figure[2.26(b), which would lead to invisible decays. The CMS collaboration has observed

an upper bound on the invisible branching ratio of the Higgs of

Br(h — invis.) < 0.19 (2.34)

at 95% C.L. |163], which places an upper bound on the DM-Higgs coupling. This, in turn, has
consequences for direct detection experiments, as this coupling also determines DM-nucleon
scattering. Figure[2.27shows the 90% C.L. upper bounds on the WIMP-nucleon cross section
that can be derived from this measurement. Both the case of fermion (dashed red) as well
as scalar (solid orange) dark matter is considered. The results from several direct detection
experiments have been included as a comparison. From this one can see that collider searches
can provide stringent bounds on scattering cross sections at lower masses < 10 GeV, where
direct detection experiments become less sensitive due to detector thresholds. The downside
is that collider searches are generally model dependent if one moves to more complicated

models than this simplified Higgs-portal model.
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Figure 2.26: Types of interactions probed in collider experiments. (a) Interaction of SM and
DM particles via an effective field theory (EFT). (b), (¢) Production of DM
particles via a mediator with couplings g, at the vertices involved. (d) SM
particle production via a BSM mediator. Source: [160]

An important quantity in collider searches is the luminosity L. The number of events per

second in a collider experiment is given by

dN

depending on the cross section o of the studied process. The luminosity depends on the
parameters of the particle beam [164]. A directly related quantity is the integrated luminosity,

which is obtained by integrating the luminosity over the detection time

L= / L()dt, (2.36)
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Figure 2.27: 90% C.L. upper limits on the WIMP-nucleon for fermion (dashed red) or scalar
(solid orange) DM based on an upper bound on the invisible Higgs decay width.
Comparisons with direct detection experiments are also included. Source: [163]

which relates to the number of events through
Lo = N. (2.37)
Thus when reporting results from collider experiments the integrated luminosity, usually

given in units of fb~1, is included, like at the top of Figure

The combined effort of direct detection, indirect detection, and collider searches is crucial
in the search for dark matter. It allows us to probe a wide range of energy ranges in comple-

mentary ways, only this way a complete picture of dark matter physics can be obtained.
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3 Neutrino physics

From observations of the energy spectrum of nuclear beta decays it was found that the
resulting energy of the electron followed a continuous distribution, instead of the sharp line
that was expected if only an electron would be emitted. In 1930 the solution was proposed by
Wolfgang Pauli in the form of the neutrino (which he initially called neutron), which would
make beta decay a three-body decay and thus the energy distribution of the electron could be
continuous. The first direct observation of the neutrino was in the Cowan-Reines experiment,

which used the inverse beta decay reaction
Vetp—on+eh, (3.1)

to observe the 511 keV gamma rays created in electron-positron annihilation. The neutrons
that were created in this process were captured by the cadmium in the scintillator, which
resulted in a second gamma ray. Neutrinos are produced in many nuclear reactions, and
using a nuclear reactor as a source of neutrinos, they were able to confirm the detection of

the (electron anti)neutrino [165].

Next to man-made neutrino sources, neutrinos are created by several processes in nature.
The Sun is the largest nuclear reactor in our surroundings, and produces neutrinos from the
fusion of various isotopes. Observations of the solar neutrino flux lead to a discrepancy where
only a third of the expected amount of neutrinos were detected, which was also dubbed the
solar neutrino problem. This was a hint that there exist several neutrino types that mix with

eachother, as we know now. More on this will be discussed in section

In the previous chapter, cosmic rays were discussed in section in which it was men-
tioned that pions are created in cosmic rays. The neutral pions decay into two photons, but

the charged pions decay into

™ =t +,, (3.2)

T = u 4Dy, (3.3)
of which the muon subsequently decays into

pt = et + v+, (3.4)

po = e+ e+, (3.5)
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meaning that one would expect to observe two muon neutrinos for each electron neutrino.

Furthermore, neutrinos are produced in supernovae.

3.1 Neutrino oscillations

In this section we will go into further detail on the solar neutrino problem, which led to the
discovery of neutrino flavour oscillations. We will then describe the mechanism behind the
oscillations, and their implications. Then we will discuss some of the experiments involved

in measuring neutrino oscillations.

3.1.1 Solar neutrino problem

The Homestake experiment aimed to measure the flux of solar neutrinos using the inverse
beta decay of 37Cl. Based on the Sun’s luminosity, the amount of nuclear reactions and thus
the amount of neutrinos produced can be calculated. It was found that the neutrino flux was
around one-third of the expected value [167]. The start of the nuclear fusion chain is the pp
chain, which starts with the fusion of two hydrogen nuclei (protons) and ends at *He nuclei.
At several stages in this process neutrinos are emitted [168]. The first reaction in the chain

is the fusion of hydrogen to deuterium

p+p— *H+et +u,, (3.6)
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in which an electron neutrino is emitted. In later stages *He nuclei are formed, which fuse
to form “He and two protons. 3He can also fuse with a *He nucleus to form “Be. From this

point on there are two possibilities. The first one being that “Be interacts with an electron
Be+e — "Li+ v, (3.7)

and emits an electron neutrino. The lithium can fuse with a proton to form two *He nuclei.

The other process that emits neutrinos is when 8B formed through “Be-p fusion beta decays
5B = ®Be+ et + 1, (3.8)

after which the beryllium decays via alpha decay into two *He nuclei. Further electron neutri-
nos are emitted from the beta decays in the CNO chain, as well as the rarer p+e~+p — 2H+v,
(pep) and 3He +p — *He + et + v, (hep) processes. The fluxes for the different processes
are shown in Figure From this it is clear that most of the solar neutrinos are from pp
fusions. The CNO cycle neutrinos have lower fluxes, but they become the main source of
neutrinos above 400 keV, until they fall off between 1 and 2 MeV. Around this energy range
one can also observe the "Be and the pep lines. The highest-energy neutrinos that can be

produced at decent rates are those from ®B.

The definitive solution to the solar neutrino problem was provided by Super-Kamiokande
[169] and the Sudbury Neutrino Observatory (SNO) [170] from observations of 8B solar
neutrinos. The Homestake experiment measured signals of the inverse beta decay of nuclei,
which is a charged current (CC) interaction as it involves W= exchange. The CC interaction
is only sensitive to electron neutrinos, but not to the other two generations. In SNO the
neutral current (NC) interaction via Z exchange was also included, as well as the scattering
of neutrinos on electrons (ES), giving the following processes for the scattering of a neutrino

vy (z = e, p, 7) with deuterium atoms d inside the SNO detector

ve+d—p+p+e  (CO), (3.9)
vp+d—p+n+rv, (NC), (3.10)
Vp+e —e +uy (ES). (3.11)

The measurements of SNO and Super-Kamiokande provided the evidence for the flavour os-
cillation of solar neutrinos. This was in line with other observations from Super-Kamiokande,

which had already observed oscillations of atmospheric neutrinos [171].

3.1.2 Oscillation mechanism

The reason behind neutrino oscillations is the fact that the gauge eigenstates in which neu-
trinos partake in weak interactions are not equal to the mass eigenstates with which they

propagate. We will show how mass differences between the neutrino eigenstates lead to these
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Figure 3.2: Three-flavour neutrino oscillation probabilities as a function of the distance. The
left figure shows an example of a 3 MeV 7, typical for reactor experiments. The

right figure shows the oscillation of a 1 GeV v, for an atmospheric neutrino or
one created in an accelerator beam. Source: [172].

oscillations, following [47]. In a CC interaction a neutrino in the gauge eigenstate v, can be

produced, which is written in terms of a linear combination of mass eigenstates v;

Vo (t) Z U |vi(t) (3.12)

with a mixing matrix U and explicit time dependence. Making a plane wave ansatz, the time

evolution of the neutrino states follows
(1)) = e~ ,(0)), (3.13)

where Fj; is the relativistic energy belonging to the mass eigenstate ¢. As neutrinos have very
large energies compared to their masses m;, one can approximate F; = {/p? + mf ~ p—i—m? /2E,
as the momentum for each generation is nearly equal. The probability that the emitted neu-
trino v, is encountered in the gauge eigenstate vg in a next interaction, is given by the

probability
2

3 3
Pag = [(va|va(t) ZZ aiUsi(vslva(®)| (3.14)
which can be brought to the form [47]

Pog =0ap — 4> Re [UaiU3UsiUs;] sin®(Xij) + 2> Im [UaiUUs;Us; ] sin(2X,5), (3.15)

1<J 1<J

where
(L/km)

E/GoV)’ (3.16)

L 2 2
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after replacing the time dependence by ¢ = L for neutrinos moving almost at the speed of

light, resulting in an oscillation length of

A E

= — 3.17

which is energy-dependent, hence a quantity that is often used in oscillation experiments is
L/E. The above expression for the oscillation probability is quite unwieldy, let us therefore
consider the case with only two neutrino generations. In this case, the mixing matrix U can

be described in terms of a single angle

- < cos sin¢9> ’ (3.18)

—sinf@ cos6

which gives the probability

2
P.3 = sin® 20 sin® Ami; L (3.19)
(0% 4E Y

which shows a clearly oscillating behaviour based on the distance. As an example the three-
flavour oscillation case is shown for 3 MeV 7, (left) and v, (right) in Figure The
green dotted line in the right plot shows the effect of CP violation on neutrino oscilla-
tions. For the SM case of three generations of neutrinos, the mixing matrix is the Pon-

tecorvo-Maki-Nakagawa—Sakata (PMNS) matrix. It is usually parameterized in the following

way
1 0 0 c13 0 813671‘60}) C12 si2 O
Upvmns = | 0 c23 523 0 1 0 —s12 c12 0], (3.20)
0 —s93 co3 _81361'6013 0 C13 0 0 1

where two additional phases a7 and as are added if neutrinos are Majorana particles. The
phase dcp is of much theoretical interest, as it can be a source of CP violation in the elec-
troweak sector. If it is non-zero, then neutrinos and anti-neutrinos oscillate differently. This
can be seen in Equation , where the second term proportional to the imaginary part of
a combination of PMNS matrix elements is CP violating, and is present for non-zero dop. A
measure to quantify the amount of CP violation is through the Jarlskog invariant, which for
this case matches with the prefactor in front of the sine in the second term of Equation [3.15
[173].

The oscillations thus far only considered propagating neutrinos in a vacuum. If neutrinos
propagate through matter, they can undergo NC or CC interactions with the medium. How-
ever, whereas all neutrinos can undergo NC interactions, only the electron neutrino can take
part in CC interactions. This is called the Mikheev-Smirnov-Wolfenstein (MSW) effect and

it changes the way neutrinos oscillate in matter [174, [175].
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Figure 3.3: The neutrino mass hierarchies illustrated in terms of their gauge eigenstates.
Image credit: M. Wurm, JGU Mainz, via https://www.stereo-experiment.
org/scientific.php?.

Table 3.1: Current values of the squared neutrino mass differences +10, the PMNS angles,

and the CP phase [176].

Parameter NH TH

012 33.44°7%77 33.45°7 %18

fa3 49.2°199 49.3°109

615 8.57°10:12 8.60°1%5°

Scp 197°%37 282°126
Am2, [eV?] | 7.42702L 1070 7.42102 . 1079
Am3, [eV?] | +2.51710538 . 10703 | 24980028 . 10793

As a quick recap we have seen that neutrinos oscillate between their flavour states, which
depends on their energy as well as the difference of the squared masses. This means that
while the mass differences are known, their ordering is unknown. One of the mass splittings is
smaller than the other, leading to the situations where either the lightest two mass eigenstates
are close in mass, with the third one clearly heavier, or a single lighter eigenstate with two
heavier eigenstates relatively closer. The first scenario is called normal hierarchy or ordering
(NH/NO), the second inverted hierarchy or ordering (IH/IO), and an illustration showing

the mass eigenstates in terms of the gauge eigenstates is shown in Figure 3.3l The mass

2

2 ar = Am?, obtain their names as they are measured through

splittings A2, = = Am3; and A
atmospheric and solar neutrinos respectively, more on this in section Next to the sign
of the mass splittings, a second variable that is unknown is the absolute mass scale. However,
the existence of neutrino oscillations does mean that at least two neutrinos are massive. The
current values of the values of the mass differences, PMNS angles, and the CP phase are

listed in Table and depend on the assumed mass hierarchy [176].


https://www.stereo-experiment.org/scientific.php?
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Figure 3.4: Data from the Super-Kamiokande experiment showing the number of events as a
function of the cosine of the zenith angle. The fit including v, <+ v, oscillations
is indicated by the black line, the boxes are Monte Carlo events without neutrino
oscillations. Source: [177].

3.1.3 Experiments

We will now discuss the experiments that are involved in measuring the PMNS mixing angles

and neutrino mass differences.

Measurements of #93 and Am%3 are determined from atmospheric neutrinos and accelerator
beamline experiments. The Super-Kamiokande experiment, which was already mentioned in
section was originally built to study proton decay, but is also used to study neutrinos
from several different sources. One such a source are the atmospheric neutrinos that are
produced in cosmic rays, for which we mentioned one would expect a ratio around 2:1 for
v, : Ve. As meutrinos interact very little with matter, one can not only observe neutrinos
produced directly above a detector, but also upward-travelling neutrinos that were produced
on the other side of the Earth and propagated through it. If no oscillations are expected,
then the observed flux should have no directional dependence. In Super-Kamiokande, the
direction of incoming neutrinos can be determined from the direction of the Cherenkov light
cone produced through interactions of neutrinos with the detector medium. The results from
Super-Kamiokande showed that there is an unexpected dependence on the zenith angle for
muon neutrinos, whereas the electron neutrinos do not show an unexpected dependence [177].
Figure 3.4 shows the number of observed neutrino events as a function of the zenith angle for
ve and vy, compared to a Monte Carlo simulation without any oscillation effects indicated by

the boxes, with a fit assuming v, <+ v, oscillations included as a black line. The decrease in
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Figure 3.5: Data from the Super-Kamiokande experiment showing the ratio of observed versus
expected events in the case of no neutrino oscillation as a function of L/E, with
a fit for v, < v, oscillations (black solid line). Further included are best-fit
expectations for neutrino decay (blue dashed line) and neutrino decoherence (red
dotted line). Source: [178].

muon neutrino events for angles further away from the zenith can be explained by the fact
that these neutrinos travel further from their point of creation, and oscillate more into the

unobserved v .

One further check can be made, by reconstructing the event energies, a determination of
the quantity L/E can be performed. The result from Super-Kamiokande is shown in Figure
[178]. It shows the ratio of the observed events compared to the prediction of Monte Carlo
events without oscillation. Fits that are included are for v, <+ v, oscillations (black solid
line), neutrino decay (blue dashed line), and neutrino decoherence (red dotted line). What
is especially noticeable is that the fit of the oscillations shows a dip at around L/E = 500
km/GeV, which corresponds to the first maximum of the oscillation, as illustrated in Figure
(right). This is a clear feature of neutrino oscillations that does not occur in the other
fitted scenarios. Later measurements by the ICECUBE neutrino detector confirmed these

observations |179).

Next to neutrino detectors measuring neutrinos from cosmic rays, one can also use beamline
experiments to measure the atmospheric neutrino oscillation. One such experiment was the
MINOS experiment, which used a muon neutrino beam produced by an accelerator located at
Fermilab [180]. It consisted of a near detector close to the accelerator site that characterised
the neutrino beam directly after production, and a far detector located at a distance of 734km
to measure the neutrino flux and energy spectrum. A similar method is used in the T2K
(Tokai to Kamioka) experiment, which uses Super-Kamiokande as a detector [181], as well as
in the NOVA experiment, which is a succesor to MINOS [182].

Measurements of Am?, and 615 come from the observation of solar neutrinos, as well as

neutrinos from nuclear reactors. As these are lower in energy than the atmospheric neutrinos
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~ few MeV, the muon and tau neutrinos are undetectable with CC interactions, as their
energy is too low to create a muon or tau, but can be detected in NC interactions. We already
discussed part of the experiments that are used in detecting solar neutrinos when discussing
the solar neutrino problem in section which was resolved by Super-Kamiokande [169]
and SNO [170]. The Borexino experiment is a scintillation experiment, which uses an organic
scintillator medium in its detector |166]. This has a downside that no information about the
incoming neutrino direction is available, but it does offer beter light yield at lower energies

compared to Cherenkov detectors.

Other experiments use electron antineutrinos emitted by nuclear reactors. The KamLAND
experiment measures the 7, fluxes from 56 Japanese nuclar power reactors with a scintillator
detector [183]. Neutrino oscillation into muon and tau antineutrinos then cause a “disap-

pearance” in the measured v, flux.

The last mixing angle 63 is also the smallest one, as can be seen from Table and
therefore was difficult to measure, and a value of zero for this mixing angle could initially
not be excluded. Recently, measurements by the Double Chooz [184], Daya Bay [185], and
RENO [186] experiments have confirmed a non-zero value for the last of the PMNS mixing
angles. They all make use of multiple detectors filled with gadolinium-doped scintillators to

measure the disappearing electron antineutrino flux.

The issue whether the PMNS matrix contains a CP-violating phase is still an open question,
as a global fit of combined neutrino oscillation data found that the global best fit point is
only 0.60 away from dcp = 180°, which would conserve CP. However, some experiments, such
as T2K reported values that are further away from this CP-conserving point, reaching the
30 level in the case of an inverted hierarchy [181]. Further next-generation experiments are
coming amongst which long baseline experiments such as DUNE [187] or reactor experiments
such as JUNO |[188].

3.2 Neutrino mass

In the Standard Model all fermons, except the neutrinos, obtain their mass through Yukawa
couplings with the Higgs field H, which can be written in terms of left-handed Weyl spinors
as

Ly = —y°H'Le$ — v H'Qd% — y*H'Qu% + h.c., (3.21)

with H = iooH* = (H%, —H~)T so that the up-type quarks can couple to the Higgs. L,
() denote the left-handed lepton and quark doublets respectively, and €%, d%, and u% are
the right-handed electron, down, and up-type leptons and quarks. The right-handed Weyl

spinors are defined in the conjugated representation, such that all spinors are defined in terms
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of left-handed ones. The generational indices have been omitted here, but the couplings y

are 3 X 3 matrices. Upon electroweak symmetry breaking, the Higgs obtains its vev

1 (o
(H) = 7 (U> , (3.22)

with v? = (246 GeV)? [47] and fermions obtain mass terms in the form of

v
me=1yr——. 3.23
NG (3:23)
Within the SM, there is no Yukawa term possible for neutrinos, as there is no right-handed
neutrino. This means that one needs to consider BSM physics to explain neutrino masses.
The most obivous choice one can make, is to simply add three right-handed neutrinos vg,
so that all left-handed neutrinos have their counterparts. Then one can construct the two

following mass terms

~ 1
L, = *(yD)VHTLl/R - §MRVRVR + h.c. (3.24)

The first term in the above Lagrangian is a Dirac mass term, similar to the other mass terms

in the SM, which leads to a mass of

_ yov

7

If this were the only mass term, then the Yukawa coupling to neutrinos must be very small.

Mp (3.25)

Since all fermions from the top quark to the electron are generated through the same mecha-
nism, the Yukwawa couplings already span over many orders of magnitude. Adding neutrinos
with a mass on the order of 0.1 eV to this results in tiny Yukawa couplings, for which there is
no explanation. However, there is a second mass term that can only appear in the case that
neutrinos are Majorana particles, which is allowed for fermions that carry no charge. This
would mean that Majorana neutrinos are their own antiparticles. One can then rewrite the
terms in Equation into a mass matrix for the neutrinos

[ 1%
(l/L I/R) (];D ﬁg) (y;) + h.c. (326)

in which Mp and Mg are 3 X 3 matrices. The entry that is missing is, My which must be

L, =

N | —

zero, as no gauge-invariant Majorana mass term with the lepton SU(2); doublet is possible.
To illustrate the resulting mass eigenvalues we will simplify the calculation by assuming only

one generation of neutrinos. In this case one has the eigenvalues

1
At = 5 [MR + /M3 + 4M§7} ) (3.27)
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Figure 3.6: Tree-level realisations of the d = 5 Weinberg operator. The diagrams correspond
to the Type I (fermionic singlet), Type II (scalar triplet), and Type III (fermionic
triplet) respectively. Source: [189).

If the right-handed neutrinos are very heavy then the eigenvalues can be approximated as

_ |MpP?

my xS M, ~ Mg, (3.28)

which means that the mass of the SM neutrinos m,, is suppressed by the mass of the much
larger mass of the right-handed neutrinos. For the case of multiple generations, the mass

matrices are given by
my, ~ —MhMp* Mp M, ~ Mg. (3.29)

The mechanism of right-handed neutrinos suppressing the mass of the left-handed SM neu-
trinos is called the seesaw mechanism, more specifically a Type I seesaw, implying that there
are more types. Indeed, in general processes generating neutrino masses can be classified

using the d = 5 Weinberg operator [190]

Lo c"‘Tﬁ (LoH) (LgH) + hec., (3.30)

which violates lepton number by two units. Lepton number is not a fundamental conserved
quantity of the Standard Model, it is an accidental symmetry, so there is no reason for new
physics to conserve lepton number. One might even want to (slightly) break lepton number,
as it is a requirement for leptogenesis |189]. The operator is suppressed by a factor of 1/A,
where A is the scale of new physics. This can for example be at the scale of grand unified
theories (GUTs), for which a canonical scale is A ~ 101° GeV. At tree level there exist three
possibilities to realise the Weinberg operator, of which you have just seen Type I, which
requires the addition of a fermion singlet. There other processes that generate the operator
are through the exchange of a scalar triplet (Type II), or a fermion triplet (Type III), the
diagrams of which are shown in Figure Other extensions of the Weinberg operator
at one-loop will be the focus of Chapter ] For now we will continue with neutrino mass

experiments.

3.2.1 Experiments

Due to great experimental efforts, the mechanism of neutrino oscillations has been observed,

and the parameters involved are measured with ever increasing precision. As we discussed
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Figure 3.7: Feynman diagram of neutrinoless double beta decay. Source: https://cuore.
Ings.infn.it/en/about/physics|

in section the squared mass differences of the different neutrinos are known, but the sign
of the difference is unknown. Moreover, at least two neutrinos must be massive, but the
absolute value for the neutrino mass scale is an open question. There is also the additional
question whether neutrinos are Dirac or Majorana fermions. The answer to these questions
is vital to our understanding of neutrinos, which is why many experiments are undertaken to

determine this value. We will now discuss some of the methods that are used.

Neutrinoless double beta decay

Double beta decay is a process that occurs in which a nucleus undergoes two beta decays

simultaneously, described by
(A, Z) = (A, Z +2) + 2¢™ + 20, (3.31)

in which two electrons and two anti-electron neutrinos are emitted (2v/3(3). It is a relatively
rare process, which can occur if the potential daughter nucleus of a single decay is heavier
than the original nucleus, as is the case in e.g. "®Ge [191]. However, there is also a possibility

for a nucleus to decay via neutrinoless double beta decay (0v303)
(A, Z) = (A, Z +2)+ 2. (3.32)

This process violates lepton number by two units, like Majorana mass terms do. The Feynman
diagram of this process is shown in Figure As one can see there are no neutrinos in the
final states, because this process happens via the exchange of neutrinos, which is only possible
if neutrinos are Majorana particles. This also means that Ov/3( decays have a sharp energy

spectrum,


https://cuore.lngs.infn.it/en/about/physics
https://cuore.lngs.infn.it/en/about/physics
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Figure 3.8: The effective electron neutrino mass as a function of the lightest neutrino mass
eigenstate, including the KamLAND-Zen result. The shaded regions are the ex-
pected regions based on global fits of neutrino oscillation data, for normal hierar-
chy (NH) as well as inverted hierarchy (IH). The right side of the plot shows the
previously obtained bounds with other elements. Source: [192].

The half-life for isotopes decaying through double beta decays is given by

(1—'12/1/2)_1 = GQV(QB[37Z)|M2V|2a (3.33)

where G, and | My, |? are the phase space factor and squared nuclear matrix element of 2033

respectively, and similar terms are found in the half-life for Ov33 decays
(TH) ™" = Go(Qps. 2)| Mou|* (mee)?, (3.34)

with the addition of the effective electron neutrino mass <mee>E| 191]. Tt is given as

3
2
Z my Uek
k=1

in terms of the mass eigenstates m; and PMNS matrix elements U,. It is sensitive to the

(Mee) = (3.35)

CP phase of the PMNS matrix dop. In this way measuring neutrinoless double beta decay

can provide us with information about the neutrino mass scale.

'Sometimes also denoted (mgss)
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There are many experiments that measure the life-time of isotopes decaying through Ov5g,
of which we will briefly mention the main ones. The GERDA experiment uses °Ge, and has
recently set a new lower bound on the half-life of T1/2(76Ge) > 1.8-10% yr at 90% C.L.,
corresponding to me. < 79—180 meV [193|. This is in a similar range as the CUORE experi-
ment, which has already been mentioned in section [2.3]in the context of dark matter searches.
From the observation of '3°Te a lower bound on the half-life of T} /2(130Te) > 3.2-10% yr
at 90% C.L., resulting in an upper limit of me < 75 — 350 meV [194]. The KamLAND-
Zen experiment makes use of ®Xe and has established a lower bound on the half-life of
Ty 2(**9Xe) > 1.07 - 10*0 yr which translates into me. < 180 — 480 meV, of which we show
the results in Figure [192]. It shows the effective electron neutrino mass as a function of
the lightest neutrino mass eigenstate for normal hierarchy (NH) and inverted hierarchy (IH).
The right part of the plot shows previously obtained bounds with other isotopes ﬂ It should
be pointed out that for larger masses of the lightest eigenstates, the regions for NH and ITH
overlap. This is the degenerate region, in which the absolute mass scale dominates over the
mass differences. As an upcoming experiment SuperNEMO aims to exclude half-lifes up to
Iy (82Se) > 1.2-10% yr and T1/2(150Nd) > 5.1-10%° yr to be able to probe Majorana masses
of mee &= 70 meV [195].

Cosmological observations

Cosmological observations can also serve as an indication for massive neutrinos. From the

results of the Planck satellite [23] a bound on the sum of the neutrino masses of
> m, <012V (3.36)

as a result from the combined ACDM fit to the CMB power spectrum (see section [2.1.3).
This is not far removed from the minimum values of » m, 2 0.06 eV (NH) and > m, 2 0.10

~ ~

eV (IH). Improvements of the upper bound could therefore exclude the IH in the future.

Another source of neutrinos measurements can come from supernovae neutrinos. During
the core collapse of a supernova bursts of neutrinos are produced, which can be detected
at Earth. At the time of the SN1987a supernova only a few neutrinos were detected, but
next-generation experiments such as Hyper-Kamiokande can detect around 200,000 neutrino
events from a supernova halfway in our galaxy, which allows for further investigation of
neutrino properties [153]. If neutrinos are massive, neutrinos that are emitted in a burst will
arrive at a delayed time compared to massless particles. Furthermore, the delay depends on

the neutrino energy, and can be written as

my EN?% D
At =2. T . .
oTs (eV) (MeV> 50 kpc (3:37)

2Some of these results have already been improved upon since the plot was made.
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Figure 3.9: The beta energy spectrum of tritium beta decay shown over the complete energy
range (a) and a small region around the endpoint Ey (b) for a neutrino mass of
0 eV and 1 eV. For tritium, the fraction of counts in the grey shaded region is
2 - 10713 of the total counts. Source: [197].

From the SN1987a data an upper bound on the mass of the electron antineutrino of 5.7 eV
could be established |196]. This leaves much room for improvement, meanwhile one should

patiently wait for the next supernova to occur within an observable distance.

Kinetic measurements

One further way to measure the absolute neutrino mass scale is through precise measurement
of the kinematics in beta decays. In beta decays the created electron and antineutrino share
the decay energy, resulting in a continuous energy spectrum. The endpoint of this energy
spectrum FEjy, as well as its shape is dependent on the “average” mass of the electron neutrino,
which is given by
my, = > |Uekl*mi, (3.38)
k

with PMNS matrix elements U.i. The energy spectrum for the beta decay of tritium is shown
in Figure (a) over its full energy range, as well as a small region around the endpoint
Ey (b). The red and blue lines show the spectrum for a neutrino mass of 0 eV and 1 eV
respectively. For tritium, the fraction of counts in the grey shaded energy region is 2 - 10713
of the total counts. For the use of tritium over other isotopes as a beta emitter in these

experiments there are several good arguments [197]. Firstly the beta decay of tritium
SH - *He' 4+ e + 7 (3.39)

has a half-life of 12.3 yr, which allows for a stronger source compared to more long-lived
isotopes. The endpoint energy of the spectrum lies at 18.6 keV, which is the second lowest
endpoint of all beta decays. This is desirable, as the fraction of beta energies close to the
endpoint of the spectrum decreases for more energetic beta decays. Finally, tritium and 3He

have a simple atomic structure, allowing for easier calculations of nuclear effects.

Currently the KATRIN (Karlsruhe Tritium Neutrino Experiment) is measuring this beta
spectrum using a MAC-E-Filter spectrometer, shown in Figure [3.10] The principle of a
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Figure 3.10: Schematic overview of a MAC-E-Filter, showing the retarding electrical poten-
tial, as well as the alignment of the momentum of the 8 decay electrons with the
magnetic field. Source: [19§].

MAC-E-Filter is as follows [197]: Electrons emitted from tritium beta decays enter the spec-
trometer at the solenoid on the left-hand side producing a strong magnetic field. Inside the
spectrometer they are guided by the magnetic field B, which is lower by many orders of mag-
nitude in the centre of the spectrometer. In this way the cyclotron energy of the electrons
is transformed into a longitudinal motion along the main detector axis. At the same time
an electric field is applied as a retardation potential. This electrostatic barrier is adjusted
such that only the highest-energy electrons can pass. These electrons are then accelerated
again and collimated before leaving the spectrometer at the right-hand side and moving to

the detector. This way, an energy resolution of 0.93 eV can be attained [199).

The MAC-E-Filter spectrometer technique was also used in previous neutrino mass searches.
The Mainz experiment reported an upper limit on m,, < 2.3 eV at 95% C.L. |200], and the
Troitsk experiment determined m,, < 2.05 eV at 95% C.L. [201]. Currently the KATRIN
experiment has reported the first sub-eV value of m,, < 0.7 eV at 90% C.L. from the second
run, m,, < 0.8 eV at 90% C.L. when combined with the results from the first run [202]. The
aim of the KATRIN experiment is to probe neutrino masses down to 0.2 eV [199].
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4 Radiative seesaw models

In the two previous chapters we have discussed the open questions in the areas of dark
matter and neutrino physics. For neutrinos, the observation of neutrino oscillations means
that two neutrinos have non-zero masses, which in turn is a strong hint for physics beyond
the Standard Model. We have also shown that specific extensions to the SM particle content
can generate small neutrino masses via the seesaw mechanism. On the other hand, based on
the large amount of cosmological evidence, there exists cold dark matter, the nature of which
is unknown. Furthermore, there is no suitable WIMP candidate within the Standard Model,

thus an explanation for dark matter has to come from beyond the Standard Model as well.

These two issues are addressed in radiative seesaw models. They are based on one-loop
realisations of the d = 5 Weinberg operator, which has several advantages over the tree-
level scenarios that were introduced in In particular, the neutrino mass generation is
suppressed at the one-loop level by the loop intergrals, with a further contribution from the
suppression of lepton number violation by a factor of €. Higher dimensional operators are
theoretically also possible and would yield further suppression. Handwavingly, the neutrino

mass generated at the n-loop level through a d dimensional operator is proportional to [203]

My, X <}1I\>2 X (161772)71 X € X <<élx>2>d5. (4.1)

From this form it is easy to see that the tree-level (“O-loop”) purely relies on the seesaw

between the Higgs vev and the scale of new physics, whereas generation at loop level causes
further suppression by factors of 1/1672, earning the name radiative seesaw. In this chapter
we will show in what ways the topologies of these one-loop realisations can be classified. In

doing so, we will mostly follow the work that has been done in [203, 204].

4.1 Classification

A systematic classification based on the loop diagram topologies can be made. Starting from
the d = 5 Weinberg operator, repeated from Equation (3.30)

Lo C"TB (LoH) (LgH) + h.c., (4.2)
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T1 T2 T3

b o<

Figure 4.1: One-loop diagram topologies with four external legs. Source: [203].

where Ly, is the left-handed lepton doublet, and H = iooH*, 6 different topologies can be
distinguishedﬂ which are shown in Figure However, not all diagrams are suitable to
really generate neutrino masses at one loop. For topology T2 it is not possible to construct
the vertices in such a way that they are renormalizable due to the d = 5 Weinberg operator
requiring that two of the external legs are fermionic. This means that at least one of the
vertices will have d = 5. Diagrams T4 to T6 are not really radiative seesaw topologies.
Taking topology T4 as an example, it is possible to see the diagram as an extension of the
tree-level diagrams in Figure [3.6] where one of the vertices of the tree-level diagram is an
effective coupling that is actually described by the loop. Thus the topologies T4 to T6 can
be regarded of extended analogies of the Types I-III seesaw. The remaining T1 and T3
topologies are suitable to generate radiative neutrino masses. However, in order to prevent
a larger tree-level contribution, the newly-added fields should be odd under a Zo symmetry,
so that each vertex requires an even number of BSM fields. As an additional benefit the new
particles cannot decay into SM states. This way, the lightest particle of this new dark sector

is a suitable dark matter candidate if it is electrically neutral.

The next step is to specify the possible combinations of particles that can appear inside
the diagrams of the T1 and T3 topologies. These are presented in Table 2 and 3 of Ref.
[203]. The overview presentet there is exhaustive for the case where one assumes at most 4
new fields, as more fields would be redundant for most phenomenological purposes, and one
restricts itself to singlet, doublet, and triplet SU(2), representations. The kind of models we
consider in this thesis only extend the SM by a few new fields in order to explain different
phenomenologies, without considering possible higher-energy physics. These kind of models
are thus dubbed minimal models. As a follow-up a study of the compatibility of the different
particle contents with neutrino mass and dark matter constraints was performed, which found
35 different viable models [204].

!Topologies containing self-energies are discarded.
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Figure 4.2: Further classification of one-loop diagrams that allow for radiative neutrino
masses. Source: [204]

To show how neutrino masses are generated in these models, we will show an explicit cal-
culation. One of the most famous radiative seesaw models is the scotogenic model, proposed
by Ernest Ma [205]. In the notation of Ref. |[204] it corresponds to the model T3-B with the
hypercharge parameter a = 1. The next chapter goes into further detail about the scotogenic
model, but for now it is worth mentioning that the neutrino loop consists of three genera-
tions of fermionic singlets N; (¢ in Figure d)), and a scalar doublet 7 (¢! = ¢), with the
neutral eigenstates nr and n;. The contribution from 7z to the neutrino mass corresponds

to an integral that be written as [206]

diq p+d+mn, 1
—i(MR)ag = —1)yiay; P - — Pp, 4.3
’L( R) B Z( )y yﬁ/(zﬂ_)4 R(p+q)2_m?Vi+,L€q2_m%2+26 R ( )

7

where y are the couplings of the neutrinos to the dark sector, and Pr = (1 — ~°)/2 is the
right-handed chirality projector since the fermion singlets are purely right-handed. As one
should obtain the same result for the mass irrespective of the external momentum, we can
set p = 0. Then the term in the integral proportional to ¢ is zero since the numerator is
odd. Thus only the term proportional to my, contributes. When evaluating this integral we
should be careful as divergences can appear. Thus we make use of dimensional regularization

and evaluate the integral in D instead of 4 dimensions, where we will later take the limit
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back to 4 dimensions. In our case the integral corresponds to the Pessarino-Veltman integral

Bgp, which is given by

2mp)4=P 1 1
Bl m2. m2) — (/dD 44
o(p”, o, m3) in? TE—md +ic b+ o) —m] +ie o

which for our argument set results in

1 m%;. 2
N; R

In this result the first term contains the divergent part as well as some constants

1
A = - —9g + Indnr, (4.6)
€

where g is the Euler-Mascheroni constant, and ¢ = (4 — D)/2 is the deviation from 4
dimensions. Upon taking the limit back to 4 dimensions € — 0 and the 1/e term diverges.
From this result the contribution of the scalar ng is

. _ YiaYip
- Z(MR)OCB =1 : 3277'2
i

mNiBU(Ovmﬁvm?Vi)' (47)

For the other scalar n; the calculation is completely analogous, with the exception of an
overall minus sign. In this way the divergent terms of the loop integral cancel exactly, and

the neutrino masses are determined by the convergent terms

2 2
YialYi m m m m
(M, )ap = (MR)ag = (MDag = D 5o gm, | —5—Lg-In gt — by in L
P s mR—mNi mNi mI—mNi mNi
(4.8)

which requires a mass splitting between the scalars ng and 7; as can be seen from the last
term. In the next chapter we go into further detail on the relation between this mass splitting

and the effect on the neutrino masses.

Lepton flavour violation

In the quark sector of the SM weak interactions the existence of the CKM matrix allows
for weak decays to couple between generations. This is why SM processes conserve baryon
number, but there is no conservation of baryon flavour, i.e the number of baryons of a certain
generation can change in weak interactions. Even so, the conservation of baryon and lepton
number is not an imposed, but an accidental symmetry of the SM. Unlike the quark sector

of the SM, the leptons were thought to conserve flavour as observed in e.g. muon decays

po— e + v, + e (4.9)
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However the discovery of neutrino oscillations, means that leptons can violate flavour too.
The non-zero mass of neutrinos can in principle result in lepton flavour violation (LFV) for
the charged leptons in a way analogous to the CKM matrix. Still, the rate of LFV processes
such as 4~ — e~ 4+ is heavily suppressed by the small neutrino masses [207]. The addition of
new fields beyond the Standard Model can change this situation. This makes lepton flavour
violation a probe for BSM physics. For example, the addition of a second Higgs doublet in 2
Higgs doublet models (2HDM) can induce flavour changing neutral currents (FCNC) [208].
For the case of radiative seesaw models, the realisations of the d = 5 Weinberg operator
will also cause LFV violation, as the SM neutrinos are in the same SU(2);, doublets as the
charged leptons, and can thus also couple to the new fields. This topic will be discussed in
more detail in Chapter
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5 The effects of the absolute neutrino mass
on the scotogenic model

5.1 Introduction

The general concept of radiative seesaw models was introduced in the previous chapter. In
this chapter we will go into detail for a specific model, the scotogenic model. Originally
proposed by Ma [205], it is one of the best known models in its class. It attractiveness stems
from the fact that it is a relative minor extension to the SM, whilst still being able to generate
radiative neutrino masses through interactions with a dark sector containing two kinds of DM

candidates.

In the scotogenic model, the dark sector consists of a scalar doublet and three singlet
fermions, all of which are odd under a Zo symmetry. Both the neutral component of the
scalar doublet, as well as the singlet fermions are viable DM candidates, provided that the
particle in question is the lightest particle in the dark sector. Through the interactions

between the SM neutrinos and this dark sector, the neutrinos obtain their mass.

As was previously mentioned in Chapter (3, the KATRIN experiment aims to establish
the absolute mass scale of the neutrinos. At the time of writing, the most current KATRIN
result put an upper limit on the absolute mass of 1.1 eV [209], with the expected sensitivity
limit aiming to probe down to an absolute mass scale of 0.2 eV [199]. However, more recently
an improvement on this limit down to 0.8 eV has been achieved [202]. Due to the close
connection between the neutrino masses and the dark sector in radiative seesaw models,
neutrino experiments such as KATRIN can indirectly put constraints on these models. Our
aim is to study the effect of the absolute neutrino mass scale on the scotogenic model. This
chapter is based on the work published in Ref. [210].

We will first give an overview of the particle content and properties of the scotogenic
model. In the next sections we will show results of a general scan in its parameter space,
with emphasis on the relation between the neutrino and DM physics. Due to the elegancy of
the scotogenic model, this chapter is simultaneously used to introduce several concepts that
will return in later chapters, such as the tools that are used in performing the numerical scan

of the parameter space.
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Table 5.1: The new particles that are added to the SM particle content in the scotogenic
model including their SM gauge group and Zs properties.

Field Type Generations SU(3)c SU((2)r. U(l)y Z»
N Majorana spinor 3 1 1 0 -1
n Scalar doublet 1 1 2 +1 -1

5.2 Properties of the model

In this section we describe the particle content, the Lagrangian, as well as the mass eigen-

states. We will then consider the form of the equation for the radiative neutrino masses.

5.2.1 Particle content

As was mentioned, the particle content of the SM is extended by adding a scalar doublet 7
and three fermion singlets NV;. These are listed with their gauge group properties in Table
Furthermore, both fields are odd under a Zs symmetry. This introduces the following

terms in the Lagrangian of the model

Ly = —m2Ni NiN; + Yia (UTLa> Ni+h.c. =V, (5-1)

where L, denotes the left-handed SM lepton doublets with a generational index a = 1,2, 3.
From Equation (5.1]) the link between the neutrino and DM sector becomes very clear already,

since the Yukawa coupling y;, directly connects the SM neutrinos to the dark sector.

V' is the scalar potential. The scalar sector consists of the following two doublets

v~ () = ()

where the doublet H corresponds to the SM Higgs doublet. The scalar sector is similar to
that of the two Higgs doublet model (2HDM), with (n°) = vy = 0, because the Zs symmetry
does not allow 7 to obtain a vev. H then has the SM vev of (H) = 246 GeV/y/2. The scalar

potential is as follows
A 2 )\ 2
V =myHH +min'n+ ?1 (HTH> + 32 (nTn) + A3 (HTH) (nTn)

+ A (HTn) (nTH) n % [(HM)Q n <nTH)Q] , (5.2)
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where my and A\ are fixed by the SM vev (H) and the measured Higgs boson mass of
125 GeV [211]. Rewriting n° = \% (nr + inr) gives then the following masses in the scalar

sector

m,Q7+ = m% + A3(H),

m2 . =mp =m, + (A3 + A+ As) (H), (5.3)
m?n =m? = m,27 + (A3 + N\ — A5)(H).

The parameter A5 induces a mass splitting between the real scalar components, which, as
was shown in the previous chapter, is of great importance to the neutrino masses. If A5 were
exactly zero, lepton number would be conserved, and no neutrino masses would be generated.
Hence A5 is allowed to be small. After electroweak symmetry breaking (EWSB) we end up

with the six physical particles in total:
", 0%, " and Ni, N2, Na.

The n°F and n°! both stem from the neutral component of the scalar doublet. Either one of
these, or the lightest fermion of the N; plays the role of DM, and it is stabilized by the Zs
symmetry. Throughout this chapter we will consider the latter case. The masses of the IV;
follow directly from the matrix my,, which we choose diagonal since it does not influence the

phenomenology of the model. We define N7 to be the lightest fermion.

Vacuum stability requires that the scalar couplings obey the following relations [212]:

A1 >0, Ay >0,
A3 > —v/ A, (5.4)
A3+ A\ — |/\5’ > —y/ A1,

with perturbativity imposing |\| < 4.

5.2.2 Neutrino masses

The Z5 symmetry forbids a seesaw mechanism in this model. However, as can be seen from
Equation ([5.1)) the neutrinos couple to the dark sector. This allows the neutrinos to obtain
their masses at one loop level. The relevant diagram is shown in Figure The resulting
neutrino mass matrix, repeated here from Equation (4.8)), is given as

2 2 2

2
Yialip mg mg my In m7y

2 5 In—t — —— 2

(My)ap = 352 N m% —m m m? —m m
: R N; N; 1 N; N;

(5.5)

From this we can see that the small mass difference between nr and 77, caused by a non-zero

value of A5, results in non-zero neutrino masses. This clearly illustrates the direct relation
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between neutrino masses and the dark sector. If |A5] < 1, the mass difference m%—m? = A\sv?
is small as well. With m = (m% + m?)/2, Equation (5.5)) can be simplified to

A 2 3 U RTTUN. m2 ) m2 )
~ 5V YiaYipTN; 1+ 5 N; 5 In 2NZ (56)
Mmpr— My, My

2

(My)ap =
v 3272 P (m%J —my,)

Figure 5.1: Diagram of the neutrino mass generation in the scotogenic model.

5.2.3 PMNS matrix

The Pontecorvo-Maki-Nakagawa—Sakata (PMNS) matrix is a mixing matrix that describes

the mixing between the mass and gauge interaction eigenstates of the neutrinos:

Ve 1 U Ue U v
vyl =Upuns | 2| =|Un Uw2 Uus va | (5.7)
vy v3 U Uz Urs) \13

L L L

where in the above equation the indices e, p, and 7 denote the eigenstates in which the
neutrinos partake in weak interactions, and the indices 1, 2, and 3 denote the mass eigenstates.
The matrix is commonly written in terms of three mixing angles between the generations 619,
013, and 623, and a CP-violating phase dcp, in terms of the sine s;j and cosine ¢;j of mixing

angle 0;;

1 0 0 C13 0 8136_i6CP C12 s19 0
Upuns = | 0 c23  s23 0 1 0 —s12 ci2 0. (5.8)
0 —S893 (€23 _51362'6019 0 C13 0 0 1
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5.3 Experimental constraints

5.3.1 Relic density

Another important experimental constraint for any DM model is the relic density. The
current value for the relic density, as measured by the Planck satellite, is Qh? = 0.120+0.001

[23]. Here we allow for a theoretical uncertainty of 0.02.

Next to the relic density constraints, we put several other experimental constraints on the
parameter space. These constraints concern neutrino-related constraints, such as the neutrino

mass splittings, as well as upper bounds on lepton flavour violating processes.

5.3.2 Neutrino constraints

With the relation between the SM neutrino mass matrix and the BSM masses and couplings
established through Equation (/5.5)), we can invert the relation and use the measured neutrino

mass differences and mixing angles of the PMNS matrix to constrain the Yukawa couplings

Yio-

We apply the measured neutrino masses and mixing angles at 3o [213]. In order to guar-
antee that the model automatically satisfies these neutrino constraints, we apply the Casas-

Ibarra parametrisation [214]. The neutrino mass matrix can be compactly written as

(M) o5 = (4"AY) 15 (5.9)

where A is a diagonal matrix with eigenvalues

2 2
Ay m%TiRm?vi In :Z?fj o — o T;”?i . (5.10)
It is diagonalised by the PMNS matrix U,,
m, = U;MVU,, = diag(my1, mya, my3). (5.11)
This implies
my, = Uty AyU,, (5.12)

and upon multiplying the above equation by rh, Y2 from the left and right we obtain
diag(1,1,1) = 2UlyT AyU,m ;' /? = RTR. (5.13)
Solving this expression for y, leads to the following expression for the Yukawa couplings

y = A"V2 R 12U, (5.14)
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meaning that they can be constrained up to an orthogonal matrix R with three arbitrary
angles 6; € [0, 27].

5.3.3 Lepton flavour violation

In the SM the lepton flavour number is a conserved quantity, the exception being neutrino
oscillations. From Equation it can be seen that not only the neutrinos, but also the
charged leptons couple to the dark sector. Off-diagonal elements of y;, allow for lepton
flavour violating (LFV) processes at one-loop order. This allows processes such as u — ey
that are forbidden in the SM. The current and future bounds on the branching ratio of the
most important LFV processes are listed in Table

Table 5.2: Current and future bounds on the lepton flavour violating processes that were
imposed in the parameter scan.

Process Current bound Future bound
BR(p — ey) | 4.2x10-1 [215] | 2 x 1071 [216] |
BR(p — 3e) | 1.0x 10" [217) | 10710 [218] |
CR(p—e, Ti) | 43 x 10712 [219] | 10718 [220]

5.4 Numerical scan

5.4.1 Tool chain

In order to perform a numerical scan of the scotogenic model, we make use of several programs
that calculate different features of the model. For this purpose, we built a tool chain that
takes as an input a specific model and parameter values, and returns the quantities that we are
interested in by connecting the different programs. Many of these tools were originally made
to analyze supersymmetric models, but can nowadays also be used for non-supersymmetric
models. A schematic overview of the programmes involved is shown in Figure The
complete tool chain can be divided into two parts: model generation & setup, and the

numerical evaluation. We will go through the overview step by step.

The first step is to implement the scotogenic model so that it can be handled by the
programs further down the tool chain. This task can be performed by SARAH [222] [223].
The input files for SARAH can be made by hand, but for radiative seesaw models, the
program MINIMAL-LAGRANGIANS has been developed by Simon May [224]. After specifying
the particle content of a radiative seesaw model, it generates the most general Lagrangian
allowed by the gauge symmetries, as well as a global Zs symmetry, and moreover produces
the required input files for SARAH.

Based on a specific particle content and the accompanying Lagrangian, SARAH returns
analytic expressions for vertices, particle mass eigenstates up to the one-loop level and mixing

matrices, as well as the renormalization group equations up to two-loop. These results are
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Definition of the field content
(data.py)

[ minimal-lagrangians ]

Y
SARAH model files
Manual changes, add | <model>.m,
SPheno.m - particles.m,
parameters.m

cHEP model
files * .md1l

SPheno code

SLHA input file

LesHouches.in.<model> low

SLHA spectrum file
SPheno.spc.<model>

micrOMEGAs

Figure 5.2: Schematic overview of the toolchain involved in the numerical evaluation of this
model. Based on Figure 6.1 in [221].

then used to automatically create input files for SPHENO and MICROMEGAS, the next

programs in the tool chain.

The previous steps up to SARAH only have to be performed once. Once the model files for
the other programs are created, the role of SARAH has been completed. The next step in the
tool chain is handled by SPHENO, which stands for Supersymmetric Phenomenology, but also
works with non-SUSY models|225] 226]. With the model files created by SARAH, SPHENO
takes an input file containing the model parameters, and calculates the mass spectrum,
particle decay modes, mixing matrices, as well as contributions of BSM physics to the p-

parameter, (g — 2),, and LFV processes.

From there the output is passed to MICROMEGAS [227], which calculates properties re-

lated to dark matter phenomenology, using the model files that have been generated by
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SARAH. Amongst the values that can be calculated by this package are e.g. the relic den-
sity including the contributing annihilation channels, as well as WIMP-nucleus cross sections

that are relevant for direct detection.

A single parameter point in the numerical scan is written into the input file of SPHENO,
which is passed on to MICROMEGAS. After enough parameter points have been scanned,
the data is analyzed further.

5.4.2 Parameter ranges

With experimental constraints in the neutrino sector and the lepton flavour violation bounds,
we perform our numerical scan. We vary the masses of the scalar doublet 7, as well as those
of the fermion singlets N; in the range 0.1 —10 TeV. The lower limit of this range is motivated
by the LEP bound on charged particles [228]. For the scalar couplings there is the pertur-
bativity constraint |Ag 345 < 4m. However, since A2 only induces self interactions of 7, its
value is not relevant to the phenomenology, so we set Ao = 0.5 without loss of generality. We
allow A5 to be very small, and following previous work [229] we sample 10712 < |\5] < 1078.
For normal (inverted) hierarchy, m,, (m,,) is sampled between 4 x 1073 — 2 eV, the upper
range just above the KATRIN limit of mf < 1.1 eV. For the moment we are not interested
in studying the CP phenomenology, hence we set dcp = 0. The three angles from the Casas-
Ibarra parameterisation are unconstrained, as was mentioned in section and therefore
we sample 0 < 0; < 2w. As an overview, the parameters and their respective sampling ranges
are shown in Table [5.3

Since the Yukawa couplings y;, are not sampled directly, but determined through the
Casas-Ibarra parameterisation, they are not listed in Table However, we also impose the

perturbativity constraint |y;,| < 47 like was done for the scalar couplings.

Table 5.3: Overview of parameters that were used in the numerical scan.

Parameter Range
my, 0.1 —10 TeV
my; 0.1 —10 TeV
A2 0.5
)\3 -4 — 4m
A4 47 — 47
A5 10712 -107%
my, (NH) / my,, (IH) | 4x 1073 -2 eV
dcp 0
0; 0—2m
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5.4.3 Coannihilations

In our scan, we are mainly interested in the case where the lightest fermion singlet is the
DM candidate. The fermion singlet can annihilate either as NyN7 — vv or NyNy — 71~
where respectively the neutral or the charged component of the new scalar doublet acts as
a mediator. In principle, coannihilation processes such as Nin® — W+~ can occur if the
masses of the initial particles are mass-degenerate. We are not interested in these processes,
since they require a degree of fine-tuning. Hence we will only consider the points for which

these coannihilation processes contribute less than 1% to the relic density.

5.4.4 Results for fermionic DM

Fermion Dark Matter and Normal Hierarchy Fermion Dark Matter and Inverted Hierarchy

10

« Al points o Al points
e LFV constraints e LFV constraints
& Relic density constraints o & Relic density constraints
B s LFV and relic density constraints
KATRIN limit: mif < 1.1 eV

* LFV and relic density constraints
KATRIN limit: m§ = 1.1 eV

KATRIN sensitivity goal: msl < 0.2 &V
TSR AN O

r

10° 10°

[y2/11]
[y2/31]

102 10! 0 102 10! 100
oy, [eV] M, [eV]

Figure 5.3: Ratio of Yukawa couplings as a function of the lightest neutrino mass, with all
points that satisfy the perturbativity (grey), LEV constraints (blue), relic density
(green), and all constraints (red).

As was mentioned in section the Yukawa couplings y;, in our scan were calculated
through the Casas-Ibarra parameterisation, with its eigenvalues y, (o = 1,2,3). The result
of this parameterisation is shown in Figure It shows the ratio of |y2/y1| versus the
lightest neutrino mass that was obtained in our scan, with different constraints imposed on
the sampled points, both for NH (left) and IH (right). The grey points include all sampled
points, with only the perturbativity constraint included. The blue points are those that
satisfy the current LFV bounds for the processes as listed in Table The green points
satisfy the relic density constraint we demanded, and the red points fulfil both constraints.
From these plots, it can be seen that for low neutrino masses, the ratio |ya2/y1| varies over
almost the full range as shown in the plots, but this spread is reduced for larger neutrino
masses. In the region where the electron neutrino mass lies between the current and expected
KATRIN sensitivity of 1.1 eV and 0.2 eV respectively, the neutrino mass differences and the
PMNS matrix play a subdominant role. Furthermore, the imposed LFV and relic density
constraints reduce the overall spread of the points, but the trend of reduced spread for larger
neutrino masses is still there. However, imposing both constraints simultaneously leaves only

the points that lie on or close to |y2/y1| ~ 1. This behaviour is independent of the neutrino
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hierarchy, and holds for the ratios |y3/yi| and |y3/y2| as well. This is explicitly illustrated in
Figure which shows all three eigenvalues plotted against eachother (the third eigenvalue

being the temperature scale).
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Figure 5.4: The absolute eigenvalues of the Yukawa couplings |y;| and |y2| with the value
of the third eigenvalue |y3| denoted by the color gradient (right). The points in
these plots are those that satisfy all constraints (red points from Figure .

Next we turn to the relation between the neutrino mass scale and the scalar mass splitting,
parameterised by As. Figure shows the dependence of |\5| on the mass of the lightest
neutrino m,,. A clear relation between the two quantities only arises after imposing the
LFV (blue), relic density (green), and all (red) constraints. This dependence is linear, for
masses above ~ 0.052 eV for the lightest neutrino. Below this mass, the mass of the lightest
neutrino is smaller than the neutrino mass differences. Therefore the heaviest neutrino mass
dominates, and A5 becomes independent of m,, (m,,) for NH (IH). At 90% C.L, the points
that satisfy all constraints (red points) can be fitted by a line with a slope of

(3.08 £0.05) x 10~°m,, eV (NH)

s = (5.15)
(3.11 £ 0.06) x 10~°m,, eV (IH),
and the constant region can be fitted with
(1.6 £0.7) x 10~1°(NH)
5 = (5.16)

(1.7 £ 1.5) x 10719(IH).
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Figure 5.5: The dark sector-Higgs boson coupling |A5| versus the lightest neutrino mass.

From this we see that bounds on the absolute neutrino mass scale result in clear bounds on
As. Once the absolute neutrino mass scale is known, the dark sector-Higgs coupling A5 will
be fixed. For the region where A5 is constant, the fit error is relatively large for IH. This can

be attributed to the low statistics in this region, as can be seen in Figure[5.5

With our findings for A5 in mind, we turn to the Yukawa couplings. With the ratio m,, /| 5|
fixed, one can expect from Equation that there exists some relation between the DM
mass and the Yukawa couplings as well. From Figure [5.6] it becomes clear that there is a
relation between the masses of the DM fermion and the scalar doublet when considering the
points that satisfy the relic density and LFV constraints. In particular, the ratio of masses
lies around mpg /my, ~ 1.5. The leading term in Equation is then proportional to
ly1[?/ma,.-

Figure shows the Yukawa coupling of the lightest neutrino as a function of the DM
mass. Furthermore, the red line indicates a square root that was fitted, with the 90% C.L.

marked in grey. We find the following dependence

(0.078 £ 0.021) \/my, /GeV (NH)
0.081 + 0.012) /my, /GeV (IH).

One can rephrase the result in the following way: once the DM mass is known, its Yukawa

1| = (5.17)

coupling to the SM leptons is fixed. Since the off-diagonal elements of y;, cause LFV violating

processes, we will also show how future LFV measurements affect the model.

The selection of points by the branching ratios of LF'V processes was done with the current
experimental bounds as presented in Table The table also lists expected future sensitiv-
ities. Figure [5.8] again shows the same set of points as in Figures and namely those
that passed the relic density and current LE'V constraints. In this figure both the current
as well as the future bounds of the y — ey and u — 3e processes are indicated. From this
one can see that the future LFV bounds, combined with the KATRIN sensitivity goal probe

deep into the parameter space of the model. As an illustration, we provide a benchmark
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Figure 5.6: The masses for the scalars vs the lightest fermion mass for fermionic DM and
NH. The points in this plot are those that satisfy all constraints (red points from

Figures and .

point at the KATRIN sensitivity limit. The input parameters are shown in Table and
the neutrino masses and mixing angles are listed with the resulting relic density and LFV

branching ratios in Table [5.5

The effect of coannihilations

We explicitly stated in Section that all points with more than a 1% contribution of
coannihilations to the relic density are disregarded. It turns out, that due to coannihilations
between the fermion and the scalar doublet, the effect of the Yukawa couplings y;, (which

are determined by the Casas-Ibarra parameterization) on the relic density decreases. This

Table 5.4: Input parameters for a typical benchmark point at the KATRIN sensitivity limit
(all masses in GeV).

my, my, My, | My A1 A9 A3 A4 A5
1926 3773 3607 | 3371 | 0.26 0.5 7.576 6.060 6.2-10"10
Y11 Y12 Y13 Y21 Y22 Y23 Y31 Y32 Y33

—-3.056 —2.471 0.183 1.748 —-2.003 2.038 —-1.180 1.690 2.673
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Figure 5.7: Yukawa coupling of the lightest neutrino vs the DM mass. The temperature scale
is the ratio of the scalar mass over the DM mass.

Table 5.5: Neutrino masses and mixings, relic density and branching ratios/conversion rate
for our NH benchmark point (all masses in eV, angles in °).

my, Am%l Amgl 019 023 013 QOh?
0.2 | 7.231-107° 2.444-103 | 32.03 44.28 8.50 | 0.120
BR(p — ey) BR(p—3e) CR(pu—e,Ti)
2.990-10713 8321-1071% 3.180-10713

greatly decreases the influence of A5, and no correlation between the absolute neutrino mass

scale and |A5| is observed if scenarios with coannihilations are considered.

5.4.5 Results for scalar DM

The case where one of the real scalars of the neutral component nr or n; is the lightest
particle can also be considered. Figure shows the quantities as Figure but now for
scalar DM. There is no linear dependency of |A5| on m,, anymore. Instead there is a cloud
of points which satisfy all constraints starting from |\s| = 3 - 10719 which is larger than the
lowest values in the fermion case (|A\5] = 1.6 - 1071), but can in principle extend upwards to

values near the perturbativity limit of 4.

The main difference with the fermion case is that the scalar DM candidates stem from
an SU(2) doublet, whereas the fermions are singlets. Hence scalar dark matter couples to
the electroweak gauge bosons. Furthermore, there is a direct coupling to the Higgs boson
through the A3, A4, and A5 terms. The Yukawa coupling ¥;, now only plays a marginal role
as the main interaction channel with ordinary matter is through the 4-point interaction of

nr,r to WTW™ pairs.



78 5 The effects of the absolute neutrino mass on the scotogenic model

Fermion Dark Matter and Normal Hierarchy Fermion Dark Matter and Inverted Hierarchy
107124« BR(u—ey) s < 107124 BR(u—ey) - % v
o BR(x s 3¢) . K 2 | . o BR(u—3¢) L
3¢ o 3 I .
—— Current I?rmbt BR(u = 3¢) < 1.0 x wi‘:; N ‘;:"- _". .. ® -" -.' 1= Current I?mit' BR(u = 3¢) < 1.0.x wii ':?-‘-'_;:F . ",:.i-' :'
10-134 — Cu it: BR(p = e7) < 4.2 x 10 .-_ :-.._.. 1071834 — ¢ it: BR(p — ey) <4.2x 10 I .. St il .
——- Fu BR(j — ey) <2.0x 107" " o H . ..: e * * -=- Fi : BR(i — ey) < 2.0 x 10717 u‘.‘_:- ...-.' ]
—=- Fuf BR(j — 3e) < LOx 10710 '= . o e === Fuf : BR(i — 3¢) < 1.0 x 107'¢ o %
KATRIN limit: mgf < 1.1 eV ' “ . T 10-144 KATRIN limit: mgf < 1.1 eV . cee
.
107144 KATRIN sensitivity goal: mS < 0.2 eV. o : o . KATRIN sensitivity goal: m=" < 0.2 eV’ .
. .
o o .
) . . . 4. ) [ ittt il et e et & LR
e e G ELLEET L EELEE 107154 e, .
15 ] .
10 . X . . “e o8
1016 drmmmm e e e ]
.
0 L A
10-174
1077 — " " = ) (
1072 107! 10° 1072 107! 10°
my,[eV] my,[eV]

Figure 5.8: Branching ratios for the LFV processes © — ey and g — 3e vs the lightest
neutrino mass. The solid(dashed) lines indicate current(expected) limits.

5.5 Summary and outlook

We studied the effects of the absolute neutrino mass scale on the parameter space of the sco-
togenic model, with the lightest fermionic singlet being the DM candidate. In our parameter
scan we took the measured neutrino mass differences and mixings in order to calculate the
Yukawa couplings through the Casas-Ibarra parameterisation. We have shown that the pa-
rameter space can be probed in two orthogonal ways: via LFV, as well as trough a KATRIN

measurement of the electron neutrino mass.

We have shown a linear relation between the parameter A5 that governs the mass splitting
between the neutral components of the scalar doublet and the absolute neutrino mass scale,
after applying perturbativity, LE'V, as well as relic density constraints. This linear relation
is valid for a lightest neutrino mass of 0.052 eV and 0.056 eV for NH and IH respectively,
below this threshold A5 remains constant. Around this scale, the mass of the lightest neutrino
becomes comparable to the mass difference with the heaviest neutrino. Thus one moves away
from the regime with an approximately massless neutrino, to a regime with three massive,
and for larger absolute mass scales degenerate, neutrinos. Having shown this linear relation,
a KATRIN measurement would result in a clear prediction for the dark sector-Higgs coupling
As-

Based on the relation between m,, and As, together with the observation that the ratio of
the scalar masses to the DM mass mp 1/mp, ~ 1.5, we established that the first eigenvalue of
the Yukawa matrix |y;| is proportional to the square root of the DM mass. This means that
a measurement of the DM mass combined with a KATRIN measurement allows us to predict
the values of these crucial parameters in the scotogenic model. Even when considering the

improved KATRIN results, our conclusions remain the same.

Furthermore, these findings generalise to models with triplet fermions [230] and/or singlet-

doublet scalars [231], since the neutrino mass matrices are similar to the one presented here.
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Figure 5.9: The dark sector-Higgs boson coupling |A5| versus the lightest neutrino mass, now
for the case of scalar dark matter.

For the case of scalar dark matter, no relation between the absolute neutrino mass scale
and the dark sector-Higgs coupling was found. This can be attributed to the fact that scalar
dark matter does not solely communicate through the newly introduced couplings, unlike
fermionic dark matter whose sole interaction with SM particles is via the newly introduced
Yukawa coupling. In particular, scalar dark matter mainly interacts with the electroweak
gauge bosons. The next chapter will consider the scalar DM candidates of the scotogenic
model instead, albeit from a different perspective. The coupling to the electroweak gauge
bosons makes it an interesting candidate for observation through indirect detection, compared

to the fermionic singlet that out of all SM particles only couples to the leptons.

Outlook

The effect of the CP phase in the PMNS matrix was not considered, and dcp was set to zero.
As an outlook for further studies we show in Figure the influence of the CP phase on the
relic density, which shows a clear, albeit minor, effect on Qh?. The parameter values used in
the plot are listed in Table Further effects on LEF'V process as a function of the CP phase
is also an open question that could warrant further research. As shown in Figure the CP

phase seems to have an effect on the branching ratio, though it is generally small compared
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to the effect of the absolute neutrino mass and only becomes clear when one fixes nearly all
model parameters. For completeness, the used input parameters for Figure [5.11] are listed in
Table One can see that the branching ratio increases for larger absolute neutrino mass,
since the Yukawa couplings grow in size, with the exact value depending on the value of the
CP phase. What is interesting to see is the extent in which the CP phase affects the couplings
to different generations. As can be seen in Figure (right), depending on the CP phase
one of the branching ratios Br(u — e7y) and Br(7 — e7) can be dominant over the other. In
this way one could use the experimental constraints on LF'V processes to constrain the CP

phase, but this is left for future work.
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Figure 5.10: The relic density Qh? plotted versus the CP-phase écp of the PMNS matrix.
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Figure 5.11: The branching ratio of ;1 — ey (left) and the ratio Br(y — ey)/Br(7 — ey) as a
function of the lightest neutrino mass m,, for different values of dcp, assuming
normal hierarchy.
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Table 5.6: Input parameters that were used in making Figure All masses are in GeV,
except the few mass parameters explicitly denoted otherwise. Neutrino mass dif-
ferences and mixing angles were applied at 30 [213)].

Parameter Value
mn, 1000
MmN, 4000
M N, 4000

My 2000

A1 0.26

Ao 0.5

A3 2

A 1

A5 1.0-107?
My, 5 [€V] 0.315

Table 5.7: Input parameters that were used in making Figure All masses are in GeV,
except the few mass parameters explicitly denoted otherwise.

Parameter Value
my, 1000
mn, 4000
M N, 8000
m, 2000
A1 0.26
A2 0.5
A3 0.5
M -0.5
A5 1.0-107*
my, [eV] [107% —8.1-1071]
A2, [eV?] 7.53-107°
A3 [eV?] 2.44-1073
Sop {0°,45°,180°,234°}
Opymns {12,23,13} | {33.62°,47.2°,8.54° }
0; {0.27,0.57,0.77}
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6 Indirect detection of neutrino signals from
scotogenic DM with IceCube

6.1 Introduction

As has been discussed in previous chapters, radiative seesaw models connect neutrinos directly
to the dark sector. A method for observing DM signals in the context of these models is
therefore by looking at products produced in annihilation processes of DM, for which an
overview was given in Chapter [2l If such processes are abundant enough, the created high
energy neutrinos that are eventually created can be observed with neutrino telescopes on
Earth. The shape of the neutrino spectrum depends on the annihilation processes that
occur. Direct annihilation of WIMPs into neutrinos creates a sharp line at F,, ~ mpy. The
spectrum from neutrinos that are created in secondary processes, e.g. from DM annihilating
into W+ W ™ pairs, does not show such a feature. Instead the resulting spectrum is continuous.
Previous works mainly focused on direct annihilation into neutrinos, see [232, [233], 234, [235].
In this chapter we will consider the general case, i.e. both direct annihilation into neutrinos,

as well as neutrinos from secondary processes.

Our galaxy is surrounded by a halo of dark matter in which dark matter can annihilate.
This annihilation rate can be enhanced through boosts in the local relic density. As our Sun
moves through the galactic halo, dark matter can scatter with a nucleus inside the Sun, and
subsequently be captured in its gravitational potential. This leads to an accumulation of
WIMPs in the core of the Sun, leading to a local overdensity. Other astrophysical objects
that have been considered in the literature are e.g. the Earth [236| 237], the Galactic Center
[238, 147, |239], or super massive black holes [234].

In this scenario, WIMP-nucleon scattering plays an important role. Direct detection ex-
periments, amongst which XENONI1T and PICO-60, have put stringent constraints on the
WIMP-nucleon scattering cross section |47} {130, 95, 128, 126]. In this chapter, we consider
neutrino signals that can be produced from DM in the scotogenic model. The IceCube Ob-
servatory [155] is the largest neutrino telescope worldwide, and is at the forefront of the
search for neutrino signals from WIMP annihilations. The goal of this chapter is to find out
whether the scotogenic model allows for neutrino fluxes from WIMP annihilations that are
large enough to be detectable in IceCube. In this way, results from the IceCube Observatory

can be used to constrain the parameter spaces of these models.
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Contrary to the previous chapter where we studied fermionic dark matter, we will now
consider the scenario in which the scalar DM candidate is the lightest Zs odd particle. Since
the model has been introduced in the previous chapter, we will here start by discussing the
processes that lead to the capture of DM in the Sun. We go beyond the scope of standard
elastic DM-nucleon scattering by also considering the inelastic case in which a WIMP can
scatter to a slightly heavier state. We follow up on this by discussing the subsequent annihi-
lations and their signals in the ICECUBE Observatory configuration with 86 strings (IC86).
This chapter is based on the work that was published in Ref. [240].

The concepts that are worked out in this section are also relevant for the next chapter,

which discusses DM annihilation signals from the Sun for the model T1-3-B o« = 0.

6.2 WIMP capture in the Sun

If WIMPs from the galactic DM halo lose sufficient energy when scattering off nuclei in the
Sun they are trapped by its gravitational potential, accumulating in the Sun’s core. This
capture of DM is in large part determined by the scattering processes that can occur in the
Sun, as well as the corresponding cross section. In this section we go into further detail about
the mechanisms behind DM capture, for which we consider the scotogenic model. Remember
that the scotogenic model has two classes of DM candidates, a fermionic (NN;), or a scalar

(n°% and 7°7) one, both with their own phenomenology.

First, we consider singlet fermionic DM, as was done in the previous chapter. For this
scenario we can be brief. It does not scatter off nucleons at tree level, and can hence pass
through the Sun unhindered. It does not accumulate in the Sun, and is thus undetectable
in neutrino telescopes on Earth. Moreover, these fermions can only annihilate into two SM
charged leptons or neutrinos, of which the cross section is suppressed by the required heavy
mediator mass and the small Yukawa couplings involved. This also rules out detection from
the Galactic Centre, where DM can accumulate gravitationally without the need for energy

loss through scattering.

The case for scalar doublet DM is completely different. It has two different scattering
processes through which it can scatter off nuclei (quarks), which is why we will consider this
scenario for the rest of the chapter. These scattering processes are shown in Fig. These
processes differ in two ways. Not only is the mediated particle different (Higgs vs Z-boson),
but for the Z-mediated process the outgoing scalar particle is not the same as the incoming
one, as is usually the case. The process in which both incoming and outgoing particles are
the same is referred to as the elastic scattering, whereas for inelastic scattering the outgoing
particle is a slightly heavier state. The possibility of such an upscattering was proposed in
Ref. [241], under the condition that the mass splitting between the states 6 = [m,or — m, 01|
is smaller than

2
§< B, (6.1)
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Figure 6.1: Feynman diagrams of the elastic (left) and inelastic (right) scalar DM-nucleon
scattering processes in the scotogenic model. If n°! is the DM candidate, n°% and
n°7 change their roles. For mass splittings larger than a few hundred keV, the
right diagram is kinematically forbidden.

where p is the WIMP nucleus reduced mass and v is the relative velocity. In the framework
of the scotogenic model, this mass splitting is realised through As. As was shown in Chapter
this parameter can take small values, also for scalar DM, though there exists no relation
to the neutrino mass in this case. In this way, a small mass splitting between the neutral
scalar states becomes possible, which can be written

0~ M. (6.2)

mnOR,I

For each of the processes we will calculate the WIMP-nucleus scattering cross sections from
the WIMP-quark scattering diagrams assuming 7°F is the lighter of the two neutral scalars.
This result is general, as the results for the case where 7%/ is lighter are similar, but with 7%

and n° swapped.

6.2.1 Elastic scattering

We start by calculating the elastic cross section, shown in the left of Fig. [6.1] Even though
elastic scattering cross section routines are already present in MICROMEGAS, it is beneficial
to manually calculate the elastic cross section for comparison. This process is mediated by
the Higgs boson, for which the relevant interaction terms in the Lagrangian can be written
as [242]

1 2 _
,C = —ign()RnORh (T]OR) h — ggqhqqh, (6.3)

The coupling g,or.1,0r15, = (A3 + Ay & A5)(0)V/2 can be extracted from the high-energy
Lagrangian that was given in Chapter |5, and the couplings ggqn = ¥4/ v/2 are the SM Higgs-
quark Yukawa couplings, which can be written in terms of their masses as y, = my/{(¢").
These can also be obtained through SARAH [223].

For scattering energies much smaller than the Higgs mass of 125 GeV, which is the case for

such non-relativistic scattering processes, one can discribe the process through an effective
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Table 6.1: Values of the scalar quark form factors in nucleons that were used [227].

proton neutron
™M 10.0191 0.0273

£ 10,0153 0.011

N 10,0447 0.0447

operator in the Lagrangian by integrating out the mediator. For the elastic case, this results
in [242, |42]

1 2 _
Lo = iaq2mn0R (nOR) aq. (6.4)

A factor 2m,or has been taken out of the prefactor and included in the operator, so that it
has the same mass dimension if the scattering particle were a fermion [243]. We thus define

the coupling of this effective operator as

g = Gyor.typripGagh/ (2Mpormy,), (6.5)

with mass dimension -2. We now make the next step from scattering off quarks to nuclei,
which is the scattering amplitude on a nucleon N, which can either be a proton p or a neutron

n. It is written as

M = 4m,onmy Y aqg(N|gq|N), (6.6)
q

for a nucleon mass my, with |IV) begin the nucleon state in the non-relativistic normalisation.

For the light quarks (¢ = u, d, s) the matrix element can be evaluated as [242, 42]
mg(N|gg|N) = mn £, (6.7)

with quark masses my. The fq(N) denote the scalar quark form factor of a quark ¢ in nucleons,
which can be extracted experimentally. We use the values shown in Table [227]. The
heavy quarks (@ = ¢, b, t) deserve a different treatment. These induce triangle diagrams that
indirectly couple the Higgs boson to gluons, as was pointed out in Ref. [244]. For these quarks

the matrix element can be written as

mQ<NIQQ|N>=237mN 1= > M. (6.8)

q=u,d,s

The resulting effective coupling to protons (neutrons) is then

Fom) p(n) 9g | 2 aQ
_ mla 2 p(n) Q| .
b 5 gty 2oy |y 9

P q=u,d,s q=u,d,s Q=c,b,t Q
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Now we can make the final step from nucleon to nucleus, by considering a nucleus of mass
number A with mass m4. Spin independent interactions couple coherently to the Z protons
and A — Z neutrons that make up the nucleus. In the limit of zero momentum transfer |q|
the scattering cross section can be written as [242, 42]

0 _ /‘72 2
oh =" 12+ (A= D)l (6.10)

At higher momentum transfer one needs to take into account loss of coherence, and the
differential cross section is given as

0
do oy

d\qP = 4,[1,2'1)2F2(Q), (6'11)

which is dependend on the nuclear form factor F?(Q). @ is the energy transfer, sometimes
also denoted recoil energy Eg, and is |q|?/(2m4). It ranges from a minimum Qyi, = 0 to the

maximum at Quax = 44%v%/(2m4). In our analysis, we use a Gaussian form factor [245]

F*(Q) = exp(—Q/Qo) (6.12)
with Qo = 3/(2m4R?) and
R= [0.91 ((7;:\‘/,)i + 0.3] x 10713 cm. (6.13)

This allows us to evaluate the integral of the scattering cross section analytically, which

speeds up our further numerical evaluation and scans through the parameter space.

6.2.2 Inelastic scattering

The inelastic scattering scattering process is mediated by the Z boson, as shown in Figure
(right). It is worth noting that the inelasticity does not play a large role in the scattering
amplitude, but enters through the kinematics later on. Generally, a GqZ vertex contains a
vector and an axial vector part (V' — A interaction). However, in the non relativistic limit, the
axial vector contribution vanishes. The vector part describing the coupling of the Z boson is
given by [242]

[ — Gyor1 70 (nORaunw _ 8un0R770]) Zg + gqqzoq_’Y“qZS- (6.14)

The vector interaction contributes to the spin independent cross section. In the context of

the scotogenic model, the couplings are determined by the SU(2);xU(1)y gauge group of
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the electroweak sector, with gauge couplings g and ¢’ respectively. The couplings can be
obtained from SARAH and read

GyoRyOI 70 = ig/(2cw)
Jagzo = 9(Ig — 2Qqsty) [ (2ew), (6.15)

with sy and ey being the sine and cosine respectively of the Weinberg angle tan 6y = sy /ew = ¢'/g.
Further relevant quantum numbers are the weak isospin for the up- and down-type quarks of
I, = £1/2 and their electric charges Q, 4 = (2/3,—1/3). Once again one can integrate out

the mediator to obtain the following effective Lagrangian [242]
Lo = —bg(n°" 0, — 8,m°™ ") ay"q, (6.16)
with the effective coupling to a quark ¢

by = Gyt 70Gggz0 /. (6.17)
The resulting scattering amplitude is

M = dmormp Y by60(N|gy q|N), (6.18)
q

as the scalar four-momenta, which entered through the derivative term in the effective La-
grangian, add up to pZOR +pp " x 2mnog,1(52. As the vector current is conserved, only the
valence quarks contribute to the sum in the scattering amplitude. In the non relativistic
normalization for the nucleon states the contribution of a quark inside a nucleon with n,

quarks to the matrix element is [242]
2mn (N |gv"q|N) = nguny"un =~ ng2mpydk. (6.19)

This means that for the inelastic process there will be a difference between scattering off
protons compared to neutrons, which was not present in the elastic case. Since only the

valence quarks contribute, one obtains

by = 2by + ba,
by, = by + 2bg. (6.20)

Now scaling up a step, one can obtain the cross section on a nucleus by means of a coherent
sum over the nucleons. This is analogous to the scalar interaction in the inelastic process,

for a nucleus with A nucleons and Z protons the cross section is

2
o9 = “? (Zb, + (A — Z)b,)? . (6.21)
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As we will show later, the cross section for the inelastic case is much larger than for the
elastic case, which stems from the fact that the gauge couplings with which the Z couples
in the former process are larger than the Higgs couplings that appear in the latter. As was
mentioned before, the kinematics of the inelastic process do not play a large role for the

differential cross section

= F . .22
s AL (6:22)

It does however change the integration boundaries, as part of the energy lost by the incoming
particle must be spent on the upscattering to the heavier state. These are modified to the
following forms 246 247} 248|

2
1 9 u? ma 0
in = — 1—-— (1 1-— ) 6.23
@min o MmoR1Y m?4 ( + M, 08,1 pv?/2 ’ ( )
2
1 9 u? ma 0
x = = , 1——|[1- 1-— — 0. 6.24
Qma anoR v m124 ( mTIOR,I /,“}2/2 ( )

6.2.3 Capture rate

With expressions derived in the previous sections, we have established the scattering cross
sections for both processes. In this section we will again move to larger scales, by determining
the capture rate of DM inside the Sun. The capture rate per unit shell volume in a celestial
object, including the Sun, is given by [245, 246, [247} 248]

ac < fluw) -
— = du——=w 2
v /0 U W (w), (6.25)
with f(u) being the velocity distribution of DM in region the galactic halo where the Sun’s

gravitational pull has no effect. We assume it follows a Maxwell-Boltzmann distribution. As

DM falls into the gravitational potential of the Sun, it accellerates to a velocity

w = \/u?+ov(r)?, (6.26)

with v(r) being the escape velocity in a shell at radius . The scattering rate 2 which is the
rate at which a DM particle with velocity w scatters off a nucleus A so that the final velocity

lies below the escape velocity v(r) is

O Qmax
_ nACHW 9
O = dQF*(Q). 2

Y 4pPe?/(2my) /anin (@) (6.27)

This expression consists of two parts. The first part contains the total scattering rate n Aagw
on a nucleus A with solar number density n 4. The second part is an integral over the possible

energy transfer range ). For inelastic scattering, the kinematics of the process constrain @ to
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lie between the values given in Equations (6.23)) and (6.24]), for v = w. For inelastic scattering
there is an additional capture condition that must be satisfied, which reads

1
Qeap = myors (w* = v(r)*) =5, (6.28)

so that the lower bound of the integral in Equation (6.27) has the following condition:
/
min

[245]. As we will discuss later, the capture rate is almost constant below a mass splitting

= max(Qcap, @min). The case of elastic scattering is recovered in the limit § — 0

of O(100 keV). For larger mass splittings the capture rate drops off slowly at first, before
eventually dropping off quickly as the process becomes kinematically forbiddenE

As a quick recap from Chapter [2.3.2] remember that the time evolution of the number of

WIMPs inside the Sun is controlled by the capture and annihilation rates as
N=C-2r. (6.29)

The capture rate C' is dependent on the cross sections of the scattering processes involved,
as well as the nuclear abundances inside the Sun as was discussed in the last section. I' is
the annihilation rate and depends on the available channels. In principle, evaporation of DM
from the Sun can also take place if the DM is very light, but it has been neglected in this
work. Under the condition that the WIMP-nucleus scattering cross section is large enough,
the two rates will reach equilibrium at a time that is well below the current lifetime of our

Sun [249]. In this case the annihilation rate is completely dependent on the capture rate
r=ca/2, (6.30)

which in turn depends on the elastic and inelastic scattering cross sections. For the case of
inelastic scattering this assumption is not a trivial one. A scenario in which purely inelastic
scattering processes take place has been discussed in Ref. [249]. There it was found that
equilibrium is not reached for DM masses above 100 GeV and § > 200 GeV, with the
assumption of an inelastic cross section of o, ~ 1079 pb. As we will discuss later, we obtain an
inelastic cross section on protons of o, ~ 104 pb for our scenario, meaning that equilibrium is
reached at an earlier time. Moreover, the scotogenic model also contains an elastic scattering
process. This means that WIMPs can be captured through an inelastic scattering process,
and subsequently thermalize in the Sun through elastic scattering processes. This scenario
has been discussed in Ref. [247], which concluded that equilibrium can be reached for elastic
scattering cross sections on the order of 10712 pb. It should be stressed that even though
for most models these requirements for equilibrium are easily fulfilled, there exist regions of
the parameter space, in particular those with large mass splittings and small elastic cross

sections, where this is not the case. As a consequence equilibrium has not settled in yet,

We have reproduced the numerical results for the capture rate in Figure 3 of Ref. [247] up to a missing factor
of two in E2254C a5 well as those in Figures 1 and 2 of Ref. [248]. Note that Ref. [246] uses Qmin = Qcap,
which ignores the case where Qmin > Qcap and thus gives too large capture rates for large mass splittings.
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which causes a suppression in the DM annihilation rate, and as a consequence the ICECUBE

event rate decreases.

6.3 Detection of neutrino signals of elastic and inelastic DM

annihilations in the Sun with lceCube

Our aim is to perform a numerical scan of the scotogenic model to see whether ICECUBE can
detect neutrino signals from annihilating DM in the Sun. As we have assumed equilibrium
between DM capture and annihilation in the Sun, we can describe the differential flux of

neutrinos on Earth by

g, 1 dN;
= — 1Y B 31
dE, ~ ird? Zf: "I dE, (6.31)

The equation has several different terms, with dg the distance Earth-Sun and the annihilation
rate I' = C/2 related to the capture rate. The last term is a sum over all possible final
states ff with corresponding branching ratios Br ;¢ and the neutrino or antineutrino energy
spectra dNy/dE,. These are computed by MICROMEGAS based on tables and feature
neutrino propagation and oscillation effects inside the Sun and in the vacuum. The function
neutrinoFlux automatically calculates the elastic capture rate and subsequently determines
the annihilation branching ratios and energy spectra of the channels, and then provides
the total neutrino flux at the Earth. However, for the inelastic process there was no such
implementation in MICROMEGAS. Hence we made use of CALCHEP 3.7 [250|, which is
already included in MICROMEGAS to compute the DM-quark scattering matrix elements
and cross sections with the formulae of the previous section. In order to calculate the capture
rate inside the Sun, we used the DARKSUSY 6.2.3 package [251], which containes the routine
dssenu_capsunnum which was modified to calculate the inelastic capture rate. This output
could then be used in MICROMEGAS similar to the elastic case. A schematic overview can
be seen in Figure [6.2] which is the extended version of that was shown in the previous
chapter. From the neutrino flux arriving at the Earth given by , one can deduce the
amount of signal events in the ICECUBE detector, by convoluting it with the effective detector
area of 1¢86. This means that we do not consider effects stemming from neutrino propagation
through the Earth’s interior, such as absorption and tau-regeneration. Though these effects
are expected to have only minor effects on the result, they should be considered in future

analyses.

The differential number is given by [252]

st . d(byu d¢17u
pat _te<dE Av, (B) + 24 45,(E) ) | (6.32)

for an exposure time ¢, and the effective area of the detector for muon (anti)neutrinos,
which is energy dependent. The routine IC22nuAr for the effective area of the obsolete 1¢22
configuration with 22 data-taking strings was already present in MICROMEGAS. It has been
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Figure 6.2: Schematic overview of the toolchain involved in the numerical evaluation of this
model. Based on Figure 6.1 in [221].

updated for the effective area of the current 1¢86 configuration, using the data from Ref. [157].
This configuration also includes eight DeepCore strings that can lower the energy threshold
of the detctor from above 30 GeV down to 10 GeV. Figure shows the effective area as a
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function of the neutrino and antineutrino energy. Above 2.5 TeV the effective area has been
extrapolated linearly to fit with our scan range. As was already mentioned, the corresponding
data points have been taken from Ref. [157]. In the region where both selections overlap, we
use the ICECUBE effective area, as it is larger than the one from DEEPCORE [253|. ICECUBE

101E L
1000
107!
&
E 10
<
5
I 10-3
2
(5}
10-*
10-5 v/!{?": v IC86 DeepCore selection, combined
v !’:"' +  IC86 IceCube selection, combined
et
10-6 v/' lin. extrapolation, combined
10! 102 103 10

E, [GeV]

Figure 6.3: The v, and 7, effective areas of the DEEPCORE detector and the ICECUBE
detector configuration 1C86 as a function of the neutrino energy. The data for
the combined effective area is taken from Ref. [157] (triangles and crosses) and
linearly extrapolated (solid black line). The individual effective areas for neutrinos
(dashed blue line) and antineutrinos (dotted red line) are calculated with the deep
inelastic scattering cross sections taken from Ref. [254]. Both the ICECUBE and
DEEPCORE selections of the effective area are used in our work.

is sensitive to muon neutrinos as well as antineutrinos. However, the corresponding energy
dependent deep-inelastic scattering cross sections with nucleons in the detector are slightly
different. In Ref. [157] only the combined effective area v, + 7, was given, hence we take the
different cross sections o, (5,) from Ref. [254] into account and calculate both effective areas

separately through the relation

Acombined
Ay () = —mbined_ (6.33)

Up) — T (vp)
With these relations in place, we can now show the expected neutrino fluxes that arrive at
ICECUBE, as well as how they relate to the signal event rate. We do this by means of a
benchmark point BPA, for which the values are listed in Table The benchmark point has
been obtained through random sampling and therefore is a good representation of a general
point in the parameter space. For BPA we have a scalar DM candidate n°/ with a mass
of 1007.38 GeV. The main annihilation channels are W+W~ (58.36%), Z2°Z° (23.51%), hh
(12.30%) and WHTW =~ (4.99%). As one could have expected, the dominant annihilation

channel with a branching fraction of over 63% is due to W+W ™ pair production (with or
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Table 6.2: Parameters of the scotogenic model for our benchmark point BPA. Shown are
the coupling parameters )\;, the squared mass m% of the new scalar doublet, the
(diagonal) mass matrix my for the three new fermion singlets, and the real and
imaginary parts of the Yukawa matrix, y® and .

A1 A2 A3 A4 As m? [GeV?] | mn, [GeV] mn, [GeV] my, [GeV]

026 050 056 —0.14 2.00-10"7 | 1.00-10° 1.32-10° 3.13-10° 3.44-10°

y™/1072 y'/107?
~17.20 207 —6.91 258 446  5.10
—494 941 1517 —6.88 2.02  2.30
522 1598 —8.20 —2.08 —1.23 —1.40

without a photon). As we will show later, this is generally the case for DM masses with
myor1 > my . Processes into fermion pairs are generally suppressed by the mass of the
mediating Higgs boson, whereas the 4-vertex into W W ™ pairs receives no such suppression.
Direct annihilation into neutrinos is in principle allowed, but is suppressed by the small
Yukawa couplings ¥;, and the heavy mass of the propagator my,. Figure (top) shows the
differential neutrino and antineutrino fluxes in full and dashed lines respectively for the elastic
(blue) and inelastic case (red). The vertical line at 1007.38 GeV corresponds to the DM mass
and marks the end of the spectrum. As we have no direct annihilation into neutrinos, we
do not have a peak in the spectrum at the DM mass. The differences between the neutrino
and antineutrino fluxes, which become substantial at higher energies are due to absorption,
oscillation and regeneration effects that take place inside the Sun [255|. The bottom plot of
Figure shows the differential number of events in the 1C86 detector. It is obtained by
convoluting the neutrino spectra with the effective detector area. We see that at low energies
the amount of events starts out very low in spite of the high fluxes at these energies, which
can be explained by the low effective detector area. Integrating over the neutrino area yields
a total event rate for BPA of only 0.07 expected events per year for the elastic case. On the

contrary, the inelastic case yields a much larger amount of 8.65 - 10* expected events.

6.4 Numerical scan

In the previous section we have presented our numerical routines, schematically shown in
Figure [6.4] as well as the results for a specific benchmark points. For further evaluation of

the model, the scalar couplings are varied within the following ranges

Az € [— )\1)\2,47Tj| , A\ € [max{—\/ AlAo — A3 + ’)\5’ , —4’/’(’},0:| , ’)\5’ € [10_10, 10_3] .
(6.34)
For these ranges vacuum stability and perturbativity constraints are satisfied, as well as the

requirement that the lightest scalar is electrically neutral. A5 is restricted to small values,
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Figure 6.4: Top: Elastic (blue) and inelastic (red) muon neutrino (full) and antineutrino
(dashed) fluxes at Earth as a function of the neutrino energy, calculated with the
modified function neutrinoFlux in MICROMEGAS at the parameter point BPA.
The mass of the DM particle n°! is 1007.38 GeV. Bottom: Expected number of
signal events in 1C86 per year as a function of the neutrino energy.

as has been extensively discussed in Chapter [5| The mass parameter of the scalar doublet is

varied over the wide range

my € [1GeV,10 TeV] . (6.35)

Since we only consider scalar DM as the fermions do not accumulate in the Sun, their masses
must be larger than the lightest scalar. We performed two different scans. In the first scan
the masses of the fermions are sampled randomly in the range of the scalar mass up to 10
GeV, so that they are always heavier. However, in the second scan we choose a particular
scenario in which the fermions have a mass that lies only 0.1 GeV above the scalar mass
to demonstrate the effects of coannihilation processes on the model . The SM neutrino
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oscillation parameters are taken from Ref. within the 3o range for normal ordering.
The CP violating phase dop is allowed to take any general value 0 and 27w. The mass of
the lightest neutrino is varied in the range [10*4, 1.1] eV, which corresponds with the upper
limit of the KATRIN experiment as was reported in Ref. . As was explained in Chapter
the Yukawa couplings are calculated through the Casas-Ibarra parametrization, and must

satisfy the perturbative limit of |y;q|? < 4.

Relic density

B Planck QA% = 0.120(1) W Planck QA% = 0.120(1)
102] = ma2
—— /2

®
&
I
1
1
L

100 10! 102 103 10! 100 10?
mpar [GeV] mpy [GeV]

Figure 6.5: Relic density of scalar dark matter in the scotogenic model, for the normal (left)
and coannihilation (right) scan. As an indication, the observed relic density by
PLANCK has been included, as well as lines at myz/2 and my /2.

With these input parameters, the relic density of the model points can be calculated.
Without imposing any constraints, the relic density as a function of the DM mass is shown
in Figure for the normal (left) and coannihilation (right) scan. The observed relic den-
sity by PLANCK is indicated by the narrow orange band. For the normal scan without
coannihilations, there is a region between 10-20 GeV in which the relic density is within
the PLANCK limits, but it decreases for higher masses. Only above 400 GeV can the model
points yield the correct relic density again. There are certain mass regions where the ex-
pected relic density changes rapidly. These usually occur near thresholds. As an illustration,
lines have been drawn at half the Z and Higgs boson (h) mass. At these masses the pro-
cesses M — Z/h — SM SM have a resonance. This enhances the annihilation cross section,
resulting in a lower relic density. Further thresholds can be seen around the W, Z, and h
masses, at which point the channels nn — WTW ™~ /ZZ/hh become available. In the case
where coannihilations are included, the relic density is boosted, which was also concluded in
[256]. The overall shape of the parameter region does not change. This has as a consequence
that the low-mass region with the correct relic density is shifted to around 30 GeV, and that
there now is a region from my, /2 to slightly above 100 GeV with a correct relic density. At
higher masses, the correct relic density is obtained for masses from around 200 GeV and

upwards. There is thus a larger viable mass range for the coannihilation case.
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Experimental constraints

In order to evaluate the rest of the scan results, we impose further experimental constraints,
similar to those of Chapter 5] which we repeat here. We constrain the relic density of PLANCK
[23], to which we add a relatively large margin of QA% = 0.124+0.02 to account for theoretical
uncertainties [257]. The following LF'V branching ratios (BR) and conversion rates (CR) are

imposed

BR(p—e+7) < 42-107%,
BR(p—3¢) < 1.0-10712 (6.36)
CR(p—e Ti) < 4.3-107'2

published by the MEG [215], SINDRUM [217] and SINDRUM 1II [219] collaborations.
Furthermore, there are LEP limits on the invisible decay width of the Z° boson due to new
physics [258]

BR(Z° — new) < 0.008, (6.37)

which are so tight that it effectively excludes mpym < mz /2 [259, [260], as well as constraints
on the invisible Higgs decay width from ATLAS (CMS) at the LHC [261}, 163]

BR(h — inv.) < 0.11 (0.19). (6.38)

From direct detection experiments there are constraints on the elastic and inelastic cross
sections by XENONI1T [95], XENON100 [262, 263] and PANDA-II [264]. The possible
annual modulation of the DAMA /LIBRA [93] 265], its ongoing verification [266, 267, |268] as
well as further indirect detection limits from DM annihilation into neutrinos in the Sun [269,
157, 270] or the Galactic Centre [147, 158, [239) 151] are discussed in the following sections.
These constraints are viewed in light of the expected event rates from the Sun for the current

1C86 configuration.

6.4.1 Elastic cross section limits

The scattering cross sections play an important role in the capture of DM, which is why we
will discuss these extensively. Our results for the spin independent cross section are shown
in Figure These results are in agreement with Figure 9 in Ref. [256], when taking into
account the difference in scan ranges, as well as the updated imposed constraints on the Higgs
mass, relic density, neutrino masses, and LF'V. We find that the parts in the parameter space
with low DM mass generally contain sufficiently heavy charged scalars to satisfy the LEP2
bound (> 97 GeV) [228]. However, these are excluded by the LEP limit on the invisible Z°
decay width [259| 260]. There are no further models in the mass range mz/2 < mpy < mp,/2
that can be constrained by the less stringent invisible Higgs decay bounds 261} [163]. Apart
from these models that lie in the low mass range, all viable models lie above a mass of

500 GeV (top), which gets significantly lowered to 200 GeV when including coannhilations
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Figure 6.6: The spin independent (SI) elastic cross section with ANTARES [269], IcECUBE
, SUPER-KAMIOKANDE and XENONI1T exclusion limits as a func-
tion of the DM mass. All points and lines are color coded according to the main
annihilation channel, provided there is one with a branching ratio of over 50%.
Also shown are the LEP exclusion from the invisible Z° boson width
and the neutrino floor . In the lower plot, coannihilation processes are en-
hanced by the small scalar-fermion mass difference.

(bottom) [256]. The models are colour coded according to the dominant annihilation channel,
which is the case if a single branching ratio reaches 50%. If no branching ratio reaches
50%, a point is marked as having no dominant annihilation channel. For most models at
higher masses the main annihilation channel is into W boson pairs, as was also the case for
BPA. If the DM mass is too low to produce a W boson pair, the dominant channel is bb
instead. In Figure we have included several direct and indirect detection constraints.
The channel-dependent indirect constraints come from ANTARES , IceECUBE
and SUPER-KAMIOKANDE , which are a few orders of magnitude weaker than the direct
detection bound of XENON1T [95]. Of the indirect bounds, only the ICECUBE constraint
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on the WTW™ channel comes close to reaching the viable parameter space for the model
with coannihilations, whereas the XENON1T bound cuts into the parameter space. The
elastic cross section can take very small values, and even dip into the neutrino floor ,
where direct DM detection might be difficult.

6.4.2 Inelastic cross section limits
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Figure 6.7: Scotogenic models in the plane DM mass vs. neutral scalar mass splitting, color
coded for expected IC86 events (temperature scale) and elastic scattering exclu-
sion by XENONI1T (red boxes) [95]. Also shown are the exclusion of the low-
(sodium) and high-mass (iodine) DAMA /LIBRA preferred regions
by LEP and XENON100 and the upper limits on the mass splitting
from the XENON100 Run II data and by the PANDAX-II experiment with
smaller recoil energy window and larger background . In the lower plot, coan-
nihilation processes are enhanced by the small scalar-fermion mass difference.

The DAMA /LIBRA experiment observed an annual modulation signal , which
has been interpreted as DM with a mass of around 10 and 50 GeV [272, 273]. Still there
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remains tension with other direct detection direct detection experiments, which led to the
hypothesis that DM undergoes inelastic scattering off nuclei in DAMA /LIBRA, to which
other direct dectection experiments are insensitive [241]. In fitting the DAMA /LIBRA
observation, the inelastic scattering cross section that was generally assumed is 10~# pb [246,
247,248, which is very close to the value of the inelastic WIMP-proton cross section 1.7-10~%
that we found from our analysis. The mediator is not a Higgs boson but a Z" boson, as was

shown in Figure [6.1] This scattering process violates isospin by a factor
bn/by = 1/(4sin Oy — 1) =~ —6.6, (6.39)

resulting in a WIMP-neutron cross section of 1/ (QW)GQFm?V = 74.3-10~* pb that is much
larger [274} [275]. It is in line with the typical cross sections obtained in the inert doublet
model, which is the only model with just a single scalar DM multiplet that can exhibit

naturally small mass splittings in the neutral components at a renormalizable level.

Figure shows the viable models, i.e. the points that survive the experimental constraints
listed in Section [6.4] in a plane of the mass splitting versus the DM mass. The models that
pass all further experimental constraints are color coded by means of a temperature gradient
according to the 1C86 event rate. As a teaser for the next section, we would like to point out
the dependence of the event rate on § to the reader. If the model is ruled out by XENON1T
[95] it is marked by a red box. Based on the DAMA /LIBRA observations [93| 265] other
experiments have specifically looked for inelastic DM. From a XENON100 run with 100.9
live days with a fiductial volume of 48 kg of liquid xenon the grey shaded area in Figure [6.7]
containing one of the preferred DAMA /LIBRA (iodine) regions was excluded [262]. The
run IT data with 224.6 live days with a fiducial volume of 34 kg liquid xenon was reanalyzed
in the light of effective field theory descriptions of dark matter. For the inelastic process in

the scotogenic model this amounts to the following correspondence

o = (LR, (6.40)
where py is the DM-nucleon reduced mass, and C{V is the coefficient, which for our spin-
independent process stems from the operator Op [263]. This analysis was done using isospin
conservation. Since we just showed that the inelastic scattering process in the scotogenic
model does not conserve isospin, we translate the limits on the coefficient C{¥ in Ref. [263]
to the WIMP-proton cross section as [276]

Z Z\ b1 7?

0 0 n

o, =0xN [ + (1 — > ] . (6.41)
p A A) by

In principle one should sum over the different xenon isotopes weighted by their abundance,

however we assumed for simplicity A = 132 as it is the most abundant xenon isotope. This has

little effect on the results. As a consequence, DM masses above 300 GeV with mass splittings
smaller than 250 keV are excluded, indicated by the full black line in Figure [6.7] Further
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limits come from PANDAX-II, with 79.6 live days with a 329 kg liquid xenon fiducial volume.
Their results were only given for DM masses of 1 and 10 TeV, which has been interpolated and
marked by the dotted black line. The limits are slightly weaker than XENON100 in spite
of the much larger fiductial volume because of higher background and a smaller recoil energy
region. The exclusion of inelastic scattering in direct detection experiments is limited by
the maximum recoil energy, so further exclusion would need much larger cross sections than
obtained here [277]. The other DAMA /LIBRA fit point around 10 GeV (sodium) is still
possible, but would require a larger cross section of 1072 pb with different isospin violation
bn/bp ~ —0.7 [278,273]. Together with the higher (albeit already excluded) point, the results
are closely investigated by the DM-ICE17 [266], COSINE-100 [267, 279], SABRE [280], and
ANAIS-112 [268] experiments, with the expectation of a 30 C.L. test of the DAMA /LIBRA
results by autumn 2022.

6.4.3 Expected event rates in 1C86 from (in)elastic scattering in the Sun

After an extensive discussion about the scattering cross sections and the relevant constraints
on these, we can now turn to the final goal of this paper: To study the possible event rate in
IcECUBE. The expected number of events was shown on a temperature scale in Figure [6.7
as a function of the DM mass and §. The event rate as a function of the DM mass is shown
in Figure The event rates are spread over many orders of magnitude, from below 1076
events per year up to 10°. The careful reader might by now already have spotted that the
points can be divided into two categories: those due to inelastic and elastic scattering, with
the former yielding much more events than the latter. For each model there are two points in
the plot, for both inelastic and elastic scattering. A blue line at the level of one event per year
has been included to guide the eye. For the elastic case, the event rate stays below one event
per year in all mass ranges. The event rate can be boosted if one includes coannihilations.
In this case event rates are enhanced to above 10 per year. However, all model points that
would yield such elastic event rates are generally excluded by direct detection experiments.

This means that purely elastic scattering in this model cannot yield detectable event rates.

Figure shows the event rate as a function of the mass splitting . From the plot it is
quite clear that the inelastic scattering process is very sensitive to the value of d, whereas
the elastic process is unaffected, as expected. At least 10 events per year can be expected
for mass splittings of § < (500 4 20) keV. On the lower end of the scale, points below 250
keV have already been excluded by XENON100 [263], as was shown in Figure which
still leaves plenty of room in the parameter space to be probed by ICECUBE. Since the mass
splitting is directly related to the value of A5, applying Equation would give a lower
bound of

A5 > 1.6-107° - mpy/TeV. (6.42)

if no neutrino signals due to DM annihilation in the Sun are observed. In Figures and
we have color coded the point depending on whether they pass experimental constraints
or not. We implemented the results from XENONIT [95] (red boxes), XENON100 [262,
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Figure 6.8: The expected number of events per year in the current ICECUBE configuration
with 86 strings (IC86) as a function of the DM mass from inelastic and elastic
DM scattering in the Sun. The black line marks the number of expected events
in the WTW ™ channel for an IC22 study . The blue line marks one event
per year for orientation. Also shown are the points excluded by XENON1T ,
XENON100 [262, and LEP from the invisible Z° boson width 260]. In
the lower plot, coannihilation processes are enhanced by the small scalar-fermion
mass difference.
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Figure 6.9: Same as Fig. as a function of the neutral scalar coupling splitting 9.
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Figure 6.10: Same as Fig. where the inelastic and eleastic event rates have been summed.

263] (grey markers), as well as the invisible Z" decay constraints from LEP , (blue
shaded area in Figure and purple circles in Figure . Points that pass these constraints
are marked green or blue for inelastic or elastic scattering respectively. We have also included
the full black line in Figure which is an estimate of the number of inelastic events for
annihilation into W W ™ pairs for the older IC22 configuration . As could be seen from
Figure this is also the main dominant channel for mpy > mw in our setup. The trend
for the expected events is similar, though the number of expected events is of course larger

in our IC86 prediction.

Taking a closer look at Figure [6.9 we see the quick dropoff for larger values of §. This
rapid decline can be related to the DM mass and the value of A5 through Equation . In
the previous Chapter, one can see in Figure that the lower bound for A5 is constrained
by the neutrino mass scale. For small absolute neutrino mass there exist viable points for
a value above |\5| a few times 107!, whereas this lower bound increases by more than an

order of magnitude at the KATRIN limit at 1.1 eV. For the coannihilation scenario, one



6 Indirect detection of neutrino signals from scotogenic DM with ICECUBE 105

generally needs values of [A5| > 1078 due to relic density constraints. As inelastic scattering
for § < 250 keV has already been excluded (see Figure , a lower bound on A5 can be
obtained through equation (6.2)). For the lowest viable DM masses of 500 (200) GeV in the
normal (coannihilation) scenario, a lower bound of A5 > 4.1 (1.7) - 1079 is obtained. For
IC86, the event rate due to inelastic scattering remains detectable up until mass splittings
of around 500 keV, which for the highest sampled masses at 10 TeV would mean a value of
|A5] ~ 1.6 - 10~* could be probed. Dark matter can be captured by means of inelastic or
elastic scattering, but the resulting neutrino signals that are produced upon DM annihilation
cannot be distinguished by the IC86 detector. Figure [6.10] illustrates this by summing the
inelastic and elastic event rates shown in Figure From this it is clear that below the
kinematic edge the inelastic scattering process dominates by many orders of magnitude over
the elastic process, so that the former in practice is wholly responsible for DM capture in the
Sun that is directly related to the IC86 event rate. The points that lie below the main bulk
are those with a DM mass below the W mass, which have distinctly lower inelastic event
rates due to the bb channel now being dominant, as can be seen from Figures and

6.4.4 Galactic Center constraints

Another region of interest for indirect detection with neutrino telescopes is the Galactic Cen-
ter of our Milky Way, as it too features a higher density of DM. Signals from this region
can therefore also be used to constrain the self annihilation rate of WIMPs. We compare
predictions of the thermally averaged cross section (ov) with bounds from a combined anal-
ysis of ANTARES and ICECUBE [239], as well as results from SUPER-KAMIOKANDE [270],
assuming a NFW DM halo distribution [131]. Figure shows the thermally averaged cross
section (ow) as a function of the DM mass for the normal (top) and coannihilation (bottom)
scans. The color coding is the same as in Figures and The dotted line is the pre-
diction for a generic thermal WIMP with a mass above 10 GeV [43]. For the normal scan
this agrees relatively well, but for the coannihilation scan there are many points that lie far
above this line. This can be attributed to the coannihilation processes increasing the relic
density [256], requiring larger values for (ov) to obtain the correct relic density. As the local
relic density in the Galactic Center depends on the NFW profile, and is not dependent on
the WIMP-nucleon scattering cross section as in the Sun, the close relation to bounds from
direct detection experiments loosens. In this case, the XENONI1T [95] and XENON100
[262, 263 experiments exclude mainly points with lower (ov), as well as those in the lower
mass ranges. These low-mass points are furthermore excluded by the LEP constraints on
the invisible decays of the Z° boson [259, 260]. The SUPER-KAMIOKANDE limits on the bb
channel are weaker by multiple orders of magnitude. At higher masses, the bounds of the
joint ANTARES and ICECUBE analysis on the WTW ™ channel are tighter than those of
SUPER-KAMIOKANDE. The former bounds do come almost within an order of magnitude for

the coannihilation scan. Further improvements to their analysis, as well as extending the
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Figure 6.11: Thermally averaged cross section (ov) with combined ICECUBE ANTARES
and SUPER-KAMIOKANDE exclusion limits as a function of the DM
mass. All points are colored according to the main annihilation channel, provided
there is one with a branching ratio of over 50%. Also shown are the points
excluded by XENONIT [95], XENON100 and LEP from the invisible
Z° boson width 260 as well as the expected cross section for a thermal
relic . In the lower plot, coannihilation processes are enhanced by the small
scalar-fermion mass difference.
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mass range of the bounds would likely be able to dip into the parameter space of our scan

results.

6.5 Conclusion

In this chapter we have investigated the possibilites for indirect detection of scalar DM in
the scotogenic model with the IC86 setup. We mainly focused on the scenario where DM is
captured by scattering processes with nuclei inside the Sun. The resulting local overdensity
boosts the DM annihilation rate. We introduced the relevant scattering processes that are
involved in DM capture, which we could divide in an inelastic through Higgs exchange and
an elastic process through Z exchange. For each of these processes we derived the scattering
cross section and related this via the capture rate to the event rate in IC86. To this end
we constructed a toolchain of different programmes, to which we implemented routines for
inelastic scattering in DARKSUSY 6.2.3. We modified existing indirect detection routines
inside MICROMEGAS 5.0.8 to account for the newer effective detector area of 1C86.

With these tools in place we performed two parameter scan of the scotogenic model, one
normal scan which was sampled completely random, and a second coannihilation scan in
which we forced a small mass splitting between the scalar DM candidate and the fermion
singlets. Under the influence of the coannihilation processes, the relic density is increased
[256], and the mass range in which the DM candidate can satisfy the relic density constraint
is lowered to 200 GeV down from 500 GeV in the normal scan. The results of the scan were
subjected to further constraints from neutrino physics, LFV, collider bounds from LEP(2)
and the LHC concerning the presence of charged scalars and hidden decays of the Higgs and

Z boson, as well as bounds from direct and indirect detection experiments.

We found that the spin-independent cross section is on the one side constrained by direct
detection experiments, ruling out larger cross sections, especially in the coannihilation scan.
On the other hand there were many model points with cross sections below the neutrino
floor, which would make these difficult to probe by direct detection experiments. For inelastic
scattering direct detection experiments rule out the part of the parameter space with mass
splittings of & < 250 keV. However, a substantial amount of IC86 events are predicted even
for much larger values, up to around 500 keV. In this region one could expect an event rate
on the order of 10? per year, making a dedicated analysis in IC86 worthwile. For larger mass
splittings the event rate drops steeply. Since the scalar mass splitting is directly related to
A5, constraints on d can be translated into bounds on A5. In the case where no neutrino
events are observed, a lower bound of |\5| = 1.6 - 107° - mpy;/TeV can be placed. We also
found that the models with purely elastic scattering cannot yield enough predicted events to
be detectable. In particular, direct detection constraints on the elastic cross section restrict

the event rate for purely elastic scattering to 0.1 event per year.

Next to neutrino signals from annihilating DM inside the Sun, we also compared the

results of our scan with constraints of DM annihilation in the Galactic Centre, assuming
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a NFW DM halo profile. For this region we found that the points with lower thermally
averaged cross sections (ov) were mostly excluded by direct detection experiments. Apart
from the low-mass points that mainly annihilate into bb, which were excluded by LEP and
detection experiments, nearly all high-mass points have annihilation into W+ W ™ pairs as the
dominant channel. Whereas the bound form a joint ANTARES and ICECUBE analysis for
this channel clearly lies above our scan results for the normal scan, the gap is much smaller
for the coannihilation scenario, coming within one order of magnitude. Further improvement
of this limit is particularly interesting, as it can bring the parameter space of our model
within detection reach of IC86.

Furthermore, our findings can be extended to other dark matter models that feature a scalar
sector with small mass splittings allowing for inelastic scattering. A candidate for further
studies is the AMEND model, which contains a small singlet-triplet scalar mass splitting due
to additional symmetries of the Lagrangian [75]. Even though inelastic scattering processes
can lead to large event rates in IC86, not every model has a suitable particle content to
allow this. Thus far we have only considered spin-independent processes, as there are no
spin-dependent scattering processes in the scotogenic model. Hence a study of a model
which features both spin-dependent as well as spin-independent scattering would also be
an interesting scenario to study. As the elastic spin-independent cross section was tightly
constrained by direct detection, and does therefore not lead to a detectable event rate, the
addition of a spin dependent process might increase the event rate. This idea is studied
further in the next chapter in the context of the model T1-3-B with a = 0 [281} [221].
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7 Indirect detction constraints on the T1-3-B

model from lceCube

7.1 Introduction

We have seen how the scotogenic model only exihibits spin-independent scattering processes,
but does allow for inelastic scattering processes, which greatly increased the event rate. We
now turn to the model T1-3-B with a = 0 [281}, [221], which can either contain a scalar or a
fermionic DM candidate. In contrast to the scotogenic model, it is now the fermionic sector
that is our main interest, since those DM candidates are of singlet-doublet nature and can

scatter via spin-dependent scattering.

In many ways this chapter will be a continuation of Chapter [6], and many topics that appear
in the current chapter will already have been introduced there. We will give an overview of
the model, and then discuss the WIMP-nucleon scattering processes that are present in this
model. Contrary to the scotogenic model, there is no inelastic scattering, but instead there
exists a spin-dependent process for the singlet-doublet fermion DM. The scalar triplet DM
candidate only scatters through spin-independent scattering. We will present the results of
a numerical scan of the parameter space, where we focus on the expected event rates from
WIMP annihilations in the Sun in IC86. Furthermore we discuss the resulting SI and SD
cross sections, as well as the thermally averaged cross section (ov) in the Galactic Center
and compare these results to limits from the direct detection experiments XENON1T and
PICO-60. We also consider limits from neutrino observations in the Sun and Galactic Center
from ANTARES, IcECUBE and SUPER-KAMIOKANDE. This chapter is based on the work
presented in Ref. [253]

7.2 Model description

The model considered in this chapter belongs to the T1-3 topology, which is shown in Figure
The specific particle content that is added to the SM for the model T1-3-B with a = 0 is
listed in Table In order to see which components of the new fields are electrically neutral

and hence suitable as DM candidates, we write the fields componentwise as

0 yt 7o )
U= p= ;Y= o= | V2 : 7.1
' <w> ' (w> ’ (@‘ ~ 0! i
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Figure 7.1: Topology of neutrino mass generation in the T1-3 class of radiative seesaw models
[204, [281} 221].

Table 7.1: New fields in the model T1-3-B with o = 0.

Field Type Generations SU3)c SU((2)r, U(l)y Zo
v Majorana spinor 1 1 1 0 —1
P Weyl spinor 1 1 2 -1 -1
)’ Weyl spinor 1 1 2 1 -1
10} Real scalar 2 1 3 -1

where the subscript ¢ for the scalar triplet denotes the generation. In this chapter we restrict
ourselves to the case where there are only two scalar triplet generations (ns = 2), as it is
the minimum requirement to generate two non-zero neutrino masses. In further studies one
could consider the case n; = 3, which generally results in three massive neutrinos. Looking at
the above field components, one can see that both the scalar and the fermion sector contain
neutral components. The Weyl spinors of the fermion doublets form a vector-like doublet

containing the Dirac spinors:

0 _ ° - Ch
b= <i02(¢/0)*>  ¥p = <i02(¢,+)*> ' (72)

We follow Refs. [281} [221] in their notation, meaning that the Lagrangian of the model can

be written as
L =Lsm + Liin — %(Mg)ijﬁ(qsi@) — (;M@\w +H. c.) — (Myyppy' +H. c.)
— (M) (HTH)Tr(¢i5) — (A3) ¥ T (i i bm)

- (A4(Hw)w +H c.) — \s(HY) +H. ¢) — ((Ae) Ligjt + H.c.).  (7.3)

The dark sector couples to the Higgs boson through the interaction term A; for the scalar
triplet, and through the A4 and A5 Yukawa couplings for the fermionic sector. Ag couples the
SM leptons L, to the dark sector, completing the neutrino loop shown in Figure [7.1] The
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A3 term only induces self interactions for the scalar triplet, and is of little importance to the
phenomenology of the model. Therefore Az is set to zero. Furthermore we choose M(g and
A1 to be diagonal, i.e. we neglect the mixing between the scalar generations as this does not
change the phenomenology. Due to the coupling of the fermionic sector to the Higgs, the
Higgs vev v contributes to the fermionic mass matrix. After EWSB the mass matrix of the

neutral fermions is given by

My Asv Aqv

\ V2 V2

My= |22 0 M|, (7.4)
Aqv
M Myy 0

which is diagonalized by the unitary mixing matrix U,. The resulting three Majorana mass

eigenstates y; with masses m,p0, are
X4 v
X(Q) = Ux P0 |- (7.5)
Xg 1/]/0

This shows that the fermion sector contains a mixed singlet-doublet DM candidate, induced
by A4 and As. In the scalar sector the triplets also pick up a contribution from the Higgs vev,

resulting in the mass eigenstates
M3y = M7 = M3 + Mo, (7.6)

Diagonalizing the mass matrix by a matrix O,, yields the squared masses of the scalar com-

ponents m7270‘i' The mass eigenstates are denoted by

nO,i 0,+
< (1)7:i:> =0y ( é,i) . (7.7)
Tlo 2

This is the most general treatment, but as was mentioned before, we do not consider mixing
between the triplet generations. At tree level, all triplet components have the same masses,
but loop corrections induce a mass splitting between the neutral and charged components.

In particular, the charged component is 166 MeV heavier at one-loop level [282].

From the neutrino loop in Fig. one can derive the analytical expression for the neutrino

mass matrix

1 - imyJn *
(M)ij = 555 2 NN (On)in(On)im D (Uy)ig® —5—5 g —3*
=1 k=

fut
3
=
ES

3

1 = imyJjn
= 32?2)\6 X (On)in(On)im Au, (7.8)
=1
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Figure 7.2: Feynman diagrams for DM scattering on quarks (nucleons) through Z° (left) and
Higgs boson exchange (right).

where n, = 2 as explained before, and ny = 3 the number of neutral fermions. For the above
expression, we apply the Casas-Ibarra parameterisation [214], which returns the entries of
)\62

. i . -1 _im
A" = Uphins /Mo, RN/ Ay~ Ob™. (7.9)

The mixing matrix for the scalar mass matrix are explicitly present, as well as the PMNS
matrix Upyns [47]. The mixing matrix for the fermion masses also plays a role, but its entries
have been absorbed in A;. my,; are the eigenvalues of the neutrino mass matrix M,. The
matrix R was also present when discussing the Casas-Ibarra parameterisation in Chapter
for the case with three non-zero neutrino masses. In the current case of two non-zero neutrino

masses, R is a 3 x 2 matrix fulfilling the condition

0 00
RR" =0 1 0of, (7.10)
0 01
meaning that R can be parameterized as
0 0
R = | cos(f) —sin(6) (7.11)

sin(d)  cos(0)

by a single 6, which is allowed to take any value between 0 and 27, unlike the previous case

where 3 angles were needed.

7.3 Scattering processes

Having introduced the model, its particles, as well as the generation of neutrino masses, we
now turn to the scattering processes of WIMPs inside the Sun. Both the spin dependent
and the spin independent cross sections determine the scattering rate of WIMPs on nucleons,

and thus the capture rate. Dark matter in this model is either fermionic or scalar in nature,
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resulting in different scattering phenomenology. Contrary to the scotogenic model, the T1-
3-B a = 0 model does allow for SD scattering processes, but there are no inelastic scattering
processes. In the scalar triplet DM scenario, the only scattering process possible is the SI
scattering through Higgs exchange. Scattering through Z boson exchange is not possible, as
the triplet carries no hypercharge, making its neutral component a real scalar. The absence
of a SD scattering contribution results in a lower cross section, which we will later show to

have a clear effect on the event rate in ICECUBE.

In the singlet-doublet fermionic DM scenario there is exactly one tree level scattering
diagram possible for SD scattering through a t-channel diagram with Z exchange, as well as
a similar diagram but with a Higgs exchange for SI scattering [42]. The scattering diagrams
are shown in Figure An s-channel diagram is not possible, since none of the particles in

the dark sector couple to quarks.

In this particular model the ST and SD cross sections are correlated for fermionic DM, due
to their common dependence on the mixing between the fermion singlet and doublet that
is induced by A4 and A5. In the case of scalar DM, there is no SD scattering, and the SI
scattering via the Higgs solely depends on A1. As can be seen in Fig. the scattering cross
sections depend on the coupling between the mediator (either the Higgs or the Z-boson) with
quarks and WIMPs. For a neutral fermion x, of generation g, the vertex rules as calculated
by SARAH are given by [223]:

Xg
>_";{0 = - \2@ {(U51 [MU)gs + A5 (Un)gra] + Aa(Ux)gs(Ux)gn + As(Ux)ga(Ux)ygn § Pr
- \}51 {(Ux)gl [>‘4(Ux)g’3 + )‘S(Ux)g’ﬂ + >‘4(Ux)g3(Ux)g’1 + )‘S(Ux)sﬂ(Ux)g’l} Pr,
(7.12)
>’m2# =- %Z [91 sin(fw) + g2 cos(Ow )] [(UX)QQ(UX);’Q - (Ux)g?»(Ux);':%] P
Xg!

+ 5 [or sin(8w) + 92 cos(Bw)] [(U) 203z — (U)ga(U)js) 7P (7.13)

Because the neutral fermions are generally not close in mass, the only relevant case is the
elastic process with g = ¢’. Both vertices depend on A4 and A5 in different levels of explic-
itness. Only the coupling with the Higgs contains explicit entries of Ay and A5, but these
parameters contribute implicitly through the mixing matrix U, because of the off-diagonal

entries in the fermion mass matrix in Equation ([7.4). Analytically diagonalizing the fermion
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mass matrix is non-trivial and yields quite unwielde expressions. Hence we choose to use

perturbation theory and expand the fermion mass matrix for small A4

Mo o0 0 0 %
Mg = Mo+ MMy=| 0 0 Myy | +M f/i 0o 0|, (7.14)
’ v
0 Myy 0 5 0 0

with the ratio A = \s /A4 fixed. We then approximately diagonalise the above matrix, result-

ing in
02 (A2 My +2Xa s M 1 +73 My
My + 5007y =3, ) (a + 3,) 0 , 0
A=A
0 — My — W}}JM 0 , (7.15)
(AatAs)%0?
0 0 My 2(My—M,,)

up to second order in A4. The associated mixing matrix can be written as

1 0 0
U=|0 -5 5|+ (7.16)
X V2 V2 .
o L L
V2 V2
2 2 2 2
'U2 ()\5+)\4) (M\I’+M¢1p/>+4>\4)\5M‘I’M¢1P/ _ ()\4—>\5)”U _ ()\4-‘,-)\5)1)
4(M‘I’_M¢w,)2(M‘I'+Mw’¢/)2 2(M‘I’+Mw¢/) Q(Mq,waw/)
(Na My +X5 My )v 2 (A2=22) My +2Xa M0 (Aa—As) 2 (A2=22) My —2Xa M0 (Aa+)s)
V2(My =My y) (Mg My r) 8V2ZM,yr (My+M,,y0)° 8VZM,yr (—My+Myy )
(M Mg +X5 M, v 2 (A2—22) My +2X5 M, (,\4;>\5) 2 (A2=23) My —2X5 M,/ (,\5+2>\4)
V2(My =My ) (Mg +My,) 8V2M,y (My+M,y0 ) 8V2M 0 (—My+M,,y0)

There are two cases to be distinguished: My < My (assuming )\?1751/2 < Miw, - M32) [I, for
which x1 is the lightest eigenstate, and My > Myys in which x3 takes this role. Since the

quantity (A4 — X5)? is always positive, 2 is never the lightest fermion.

We now return to the expressions for the DM-mediator vertices from Equations and
, in which the approximated entries for the mixing matrix U, can be substituted, which
depend on the parameters Ay and A4, but also on the mass terms My and Myy. Including
only the terms which are at most second order in A4 and A5 or a combination thereof, results

in the following couplings:

1Otherwise a more careful analysis is required. E.g. if AqAs > 0 or Ay 5 < )\5741&1\47‘1, the statement above is
pap!

also true.
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w (Mq/)\g + 2M¢¢/)\5)\4 + M\p)\ﬁ)

xixah’: - LA +O (M), (7.17)
My = My,
o wudel (M5) (7.18)
X2X2it 2(My + MW,) 4,5) :
i (M + As)? 5
RO 22T L 0 (AL), 7.19
X3X3 2(qu — quzp’) ( 475) ( )
s B (i) o0d), ()
W) (Mg - M2,
ol —2 —iv? (A2 = A2) oy + 0 (A3S), (7.21)
COS(QW) 8Mw¢/( v+ Mww/) )
-2
(3%
XaxaZh: —2 (AT = 22) V" + O (Ai5) - (7.22)

COS(QW) Squp’(M‘ll — Mww/)

The vertices for y2 have been included for completeness, despite the fact that it is never the
lightest fermion. All cross sections depend on A4 and A5 directly, however the way in which
they do differs. Independent of the DM candidate, the coupling to the Z boson vanishes in
the case |\4] = | 5], resulting in a zero spin dependent cross section. For the spin independent
case, the situation depends on the DM candidate involved. If x3 is the lightest fermion, it is

trivial to see that the vertex disappears for Ay = —A5. For x7 this is the case if the following

My My
M= ds [ /(28 ) 1 - 2 ) 7.23
. 5< () -1- (7.23)

Because the cross sections ultimatly depend on the squared DM-mediator couplings, we can
compare our results with the output of SPHENO 4.0.3 [225, 226] and micrOMEGAs 5.0.8
[227] to see if this approach is valid.

relation is satisfied:

The comparison between the two methods is shown in Figure for the x1 (left) as well as
the x3 case (right). Especially for the latter case, the results are in agreement. For x; DM,
the results do agree up to a certain extent, but there is a deviation that increases for larger
values of [A\4]. This can be expected from the perturbative calculation under the assumption
A1,5 < 1. Moreover, one can see that the dips in the cross sections for some values of A4
correspond well to the values for which the vertices of Egs. — vanish. Based on
this we can conclude that due to their common dependence on the Yukawa couplings A4 and
A5, the spin dependent and spin independent cross sections are correlated. As an illustration,
Figure shows as a preview the 0,(SD) versus o,(SI) results from the numerical scan,
which clearly illustrates the correlation. The correlation is only lifted for fine-tuned scenarios

that are not exemplary for the general parameter space.

This relation explains how the limits on the spin independent cross section set by XENON1T

also indirectly restrict the spin dependent cross section.
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Figure 7.3: Spin dependent (orange) and independent (blue) cross sections calculated numer-
ically and the vertex factors squared (red and blue) for both y; (left) and x3
(right) as DM. The vertex factors have been rescaled so they agree with the cross
sections at A4 = 0. The scalar singlet has been decoupled by setting my = 10 TeV
and A; has been set to zero (cf. Ref. [221], Fig. 7.1).
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Figure 7.4: Dependence of the spin dependent cross section on the spin independent cross
section.



7 Indirect detction constraints on the T1-3-B model from ICECUBE 117

Table 7.2: Parameters used for our benchmark point (masses in GeV). The matrix elements
not mentioned (e.g. A\?) are set to zero.

My Myy | (M2 (M3)2 A4 As ML N2
362 614 | 24-10% 4.3-107 || —0.17 —0.65 | 0.011 0.012

At A2 A2t A2 At N2
—1.74-10~° —=5.28-10"° 0.90-10~° —18.67-10"° 5.36-10"°> 11.91-10"°

7.4 Neutrino detection at IceCube

Having discussed the scattering processes, the next step is to determine the event rates in
IceECUBE. The most important concepts concerning the neutrino flux, effective area and
numerical routines have already been introduced in Chapter [0} and these have not changed
for this chapter. Instead, we will present a benchmark point and highlight its most important
features. In Tab. we show the parameters for a typical point in the parameter space,
which has an expected event rate in ICECUBE of 16 events per year. The DM candidate in

this benchmark point is fermionic.

Figure[7.5] (left) shows the differential (anti-)neutrino fluxes from the Sun. The difference in
spectral shape is due to absorption, oscillation, and regeneration effects in the Sun [255]. The
corresponding event rate per energy is shown on the right. Similar to the benchmark point
that was shown in Figure for the scotogenic model, the high flux at low neutrino energies
results in few events at ICECUBE due to the small effective area at these energies. Also in
this case there is no increase in flux at £, = mpy, meaning there is little contribution from
direct annihilation of fermion DM into neutrinos. These processes are generally suppressed
by the Yukawa couplings Ag that are small due to the neutrino masses and LF'V constraints
[281]. We do however see a continuous spectrum. The SI cross section of the benchmark
point is ,(SI) = 1.75- 107 pb, meaning that it lies above the XENON1T limits. However,

this statement does not generalize.

7.5 Numerical results

Unlike the scotogenic model, we do not have inelastic scattering processes in this model.
Therefore we do not use the complete toolchain with all the routines as was shown in Figure
but instead the shorter toolchain of Figure [5.2|suffices. We of course do use the modified
MICROMEGAS routines that were updated to include the IC86 effective detector area.

In our scan we choose the following ranges for the parameters. The mass parameters
My ¢ are scanned between 100 GeV and 10 TeV, with the non-diagonal entries of My
set to zero. The couplings |A; 45| are varied between 1 - 1073 and 10, where \; taken to be
diagonal so that there is no mixing between the scalar triplet generations as was mentioned

before. We allow the sign for these parameters to be positive or negative. We need not
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Figure 7.5: (Anti-)neutrino flux from the Sun (left) and expected event rate at ICECUBE
(right) for the benchmark point given in Tab. The dashed lines indicate the
value of the DM mass.

sample values for Ag, as these are determined through the Casas-Ibarra parameterisation of
Equation (7.9). As input values for the Casas-Ibarra parameterisation we vary the neutrino
mass difference and the PMNS mixing angles in the 3¢ range [213], assuming normal ordering.
The matrix R in contains an angle 6 which we allow to vary over its full range from
0 up to 2. The relic density of Qh? = 0.12 is allowed to vary by £0.02. Furthermore
we impose LFV constraints for the most stringent processes. For this model these are the
current limits on BR(u — ey) < 4.2-10713 and BR(z — 3e) < 1.0-107'2 [217].

7.5.1 Relic density

T
W Planck QA% = 0.120(1)
— mz/2

N g

o °
1074 W Planck QA% = 0.120(1)
— mz/2
s

0 Mostly singlet
10-6] © Mostly doublet

108 : 100 10! 102 103 10"
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Figure 7.6: Relic density of scalar (left) and fermionic (right) dark matter in the T1-3-B
model with & = 0. As an indication, the observed relic density by PLANCK
has been included, as well as lines at myz/2 and my /2.

For each of the dark matter candidates, one can look in which region of the parameter
space the correct relic density is obtained, before considering further constraints. Figure [7.6]

shows the relic density as a function of the dark matter mass for scalar (left) and fermionic
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(right) dark matter. In the case of scalar dark matter, the relic density at low masses shows
features from annihilation processes through electroweak gauge bosons. Possible processes
are in this case caused by coannihilations of the form ¢%¢* — W* — SM SM and a resonance
around myy /2 appears. These coannihilations become dominant, since processes of the form
#°¢° — Z — SM SM are not possible for a real scalar triplet, unlike the case of the scalar
doublet of the scotogenic model in Figure [6.5] This coannihilation is inherent to this model,
since the charged triplet component is 166 MeV heavier. At the W mass direct annihilation
into W pairs becomes possible. Without any further constraints, the viable mass range is

around 1 to 3 TeV. For lower masses, the relic density is generally too low.

The case of fermion dark matter is slightly more complex. Fermionic dark matter consists
of a singlet and a doublet component that can mix. For pedagogical purposes, the plot in
Figure distinguishes between these two types. For mostly singlet dark matter, the case
is relatively easy, as there are no couplings to the SM gauge bosons, except for a slight
contribution from the mixing with the doublet. This can result in a small annihilation cross
section, and hence a (much too) large relic density. In a mass range from several tens of
GeV up to around 2 TeV it is possible to obtain a correct relic density for mostly singlet
dark matter. For mostly doublet dark matter there exist couplings to the electroweak gauge
bosons and the Higgs boson, as can be seen at the resonance around my/2. The relic density
increases from there until reaching a maximum just before the W mass. Thus a correct
amount of mostly doublet dark matter can be generated around 10 GeV, in the mass region
of the electroweak gauge bosons, and in a region just above 1 TeV. Please note that this
discussion of mostly singlet and mostly doublet is not completely black and white, as there
must always exist some amount of singlet-doublet mixing to have couplings to the Z and
Higgs bosons, following section

7.5.2 Spin independent scattering

The results for spin independent scattering of the numerical scan, taking into account all
experimental constraints, are shown in Figure where the spin independent cross section
is plotted versus the dark matter mass. Accounting for the slightly different parameter ranges,
the results agree with Figures 7 and 10 of [281]. The figure contains both scalar and fermionic
DM candidates, which can be distinguished based on their mass. Scalar DM corresponds to
the cluster of points around 2 TeV, whereas the points with masses from just over 1 TeV and
below are fermionic in nature. The color coding of the points shows the dominant annihilation
branching ratio. For this purpose we defined that a branching ratio is dominant if it reaches
at least 50 %. In case no single branching ratio reaches this threshold a point is marked as

having no dominant channel.

Scalar dark matter forms a cluster of points around ~ 2 TeV. The dominant channel is
annihilation into WW ™ pairs through a direct 4-point vertex. In the case of fermion dark
matter, the main annihilation channel depends strongly on the mass. At masses up until the

W mass the main annihilation channel is into bb states through an s-channel Higgs boson.
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Figure 7.7: The spin independent (SI) cross section in pb with ANTARES [269], ICECUBE
[157], SUPER-KAMIOKANDE [270] and XENONI1T [95] exclusion limits as a func-
tion of the DM mass for both fermion (below about 1 TeV) and scalar DM (above).
All points and lines are color coded according to the main annihilation channel,
provided there is one with a branching ratio of over 50%. Also shown is the neu-
trino floor [129].

Above the W mass, but below the top mass WTW ™~ is the dominant channel. Above the top
mass the ¢t channel becomes kinematically allowed and quickly becomes the main channel.
Like the bb channel, tf production also takes place through s-channel Higgs exchange, with the
former process becoming irrelevant due to the large Higgs-top Yukawa coupling. At masses
slightly above 1 TeV there exists a small transition region without any dominant process, but
for the rest W production becomes the main channel again. These results can be explained by
the singlet-doublet nature of the fermionic DM candidates. The points with masses around
1 TeV are those which are mainly SU(2) doublet in nature, meaning their coupling to the
electroweak gauge bosons is relatively stronger. The oppostite holds for the points at masses
below 1 TeV, which have a large singlet component (except around the W and Z masses).
Thus their coupling to the gauge bosons completely has to come from the singlet-doublet

mixing, and the coupling to top quarks through the Higgs is more prominent.

The charged components of the vector-like doublet are usually close in mass to the neutral
components, which means that one must be careful and consider bounds on charged fermions
as established by the LEP experiments [228]. Because fermionic DM is mostly singlet at

low masses, the mass of the charged component of the doublet lies above the LEP limit of
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Figure 7.8: The spin dependent (SD) cross section in pb with PICO-60 [99], XENONI1T
[128], ANTARES [269], ICECUBE [157] and SUPER-KAMIOKANDE [270] exclusion
limits as a function of the DM mass for singlet-doublet fermion DM. All points
and lines are color coded according to the main annihilation channel, provided
there is one with a branching ratio of over 50%. Also shown is the neutrino floor
for bb final states [283].

102 GeV. An exception to this is the region around the electroweak gauge boson mass, as
shown in (right). We sample the mass parameters from 100 GeV up to 10 TeV, and
whereas the neutral doublet components mix under the influence of A4 and s, resulting
in dark matter masses below 100 GeV, the charged component has no such mixing and
thus stays close in mass to Myy. In this way the LEP limit is satisified. Previous limits
on the spin independent cross section set by the ANTARES [269], ICcECUBE [157] and
SUPER-KAMIOKANDE [270] collaborations from DM annihlations in the Sun are a few orders
of magnitude weaker compared to the bound from direct detection as established by the
XENON1T experiment [95]. The ICECUBE W*W ™ bound is the most stringent one, almost
cutting into the region with sampled points, with the bb bounds being several orders of
magnitude weaker. The grey shaded region represents the neutrino “floor” stemming from
the atmospheric and diffuse supernova neutrino background, making DM direct detection
difficult [129].
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7.5.3 Spin dependent scattering

Next to a spin independent scattering process, there exists a spin dependent scattering process
for fermionic DM, but not for scalar DM. Figure shows the spin dependent cross section
and the main annihilation channel, with the same color coding as Figure [7.7 Again the
WTW ™ channel imposes the strongest constraints, with the bounds from ANTARES [269)
and ICECUBE [157] being more stringent than the XENON1T [128] bound. The full PICO-60
data set [99] has a sensitivity comparable with the indirect detection experiments. Following
Ref. [284], IcECUBE and PICO-60 have removed the Standard Halo Model assumption
and released velocity independent limits, which have the disadvantage of being weaker [285].
The yellow and green shaded area in the plot is the neutrino floor for bb states, which is
due to high-energy neutrinos produced in cosmic ray interactions in the solar atmosphere.
This makes indirect detection difficult [283], especially in the low mass region, where only a
small band between the PICO-60 bound and the bb channel neutrino floor as established by
SUPER-KAMIOKANDE.

7.5.4 Limits from the Galactic Center

Figure shows the thermally averaged cross section (ov) for both fermion and scalar dark
matter points that were shown in Figure The same color coding as in the previous plots
that were shown is used here as well. In the calculation of this quantity, a NF'W profile for the
galactic DM halo was assumed [131]. The expectation for the standard thermal relic scenario
is plotted using the dashed line [43]. It is an upper limit in the case of fermionic DM, whereas
it is a lower limit for scalar DM. All points lie well below the bounds established by ICECUBE
[158], ANTARES [147] and their combination [239] as well as by SUPER-KKAMIOKANDE [151],
hence these measurements do not further constrain the model. The region that could most
easily be probed by future ICECUBE ANTARES analyses would be for heavy scalar DM
above 1 TeV.

7.5.5 Expected event rates in IceCube

After discussing the scattering cross sections and (ov) in detail, the next step is to make the
connection to the expected event rate in ICECUBE. Fig. shows the calculated event rate
in the ICECUBE observatory, where we have drawn a line at one event per year as orientation.
The green points show the triplet scalar DM, which have extremely low event rates due to
the absence of a SD cross section, and SI cross sections below the current XENON1T limit,
leading to little accumulation in the Sun. This makes the scalar DM in this model unfeasible

for detection in ICECUBE.

The case of singlet-fermionic DM (the other points) is more interesting. For some parts of
the parameter space, an event rate of up to 1000 events per year can be reached. However,
we need to take the previously shown direct and indirect detection constraints into account,
which are representend by the different markers in Fig. A constraint that was not
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Figure 7.9: Thermally averaged cross section (ov) with combined ICECUBE ANTARES [239)
and SUPER-KAMIOKANDE [151] exclusion limits as a function of the DM mass for
both fermion (below about 1 TeV) and scalar DM (above). All points are colored
according to the main annihilation channel, provided there is one with a branching

ratio of over 50%. Also shown is the expected cross section for a thermal relic
[43].



124 7 Indirect detction constraints on the T1-3-B model from ICECUBE

O  Excluded by XENONIT S, +  Excluded by ANTARES
Excluded by PICO SD,, X Excluded by lceCube
v Excluded by XENON1T SD,,, ®  Fermion DM, not excluded
Excluded by Super-K ® Scalar DM, not excluded
103 4 e
1023
5 ]
s 107y
~ 3
|:|| 0 1
o 10—
= ]
210715
(3]
O 5|
0 10—2_
=4
1073 i
10~

mpm [GeV]

Figure 7.10: The expected number of events per year in the current ICECUBE configuration
with 86 strings (IC86) as a function of the DM mass for singlet-doublet fermion
(blue) and triplet scalar (green) DM. Allowed points are shown together with
points excluded by direct and indirect detection (other colors and symbols). The
blue line marks one event per year for orientation.
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previously shown, but is included in this plot is the XENON1T bound on spin dependent
scattering on neutrons that is not very prominent in the Sun. The viable models that pass
all constraints (blue) do not reach up to 1000 events, as they have already been excluded
by ICECUBE (black crosses). The viable points can reach up to 10 events per year in 1C86,
which makes it compatitive compared to limits from direct detection on the SD cross section
by PICO-60 (orange triangles) in particular. Since the spin dependent and spin independent
cross sections are correlated in this model, the stringent limits from XENON1T on the spin
independent cross section also constrain the spin dependent cross section. In some regions of
the parameter space this correlation is lifted, but this requires fine-tuned scenarios which we

do not consider here.

7.6 Conclusion

In this chapter we focused on neutrino signals from DM annihilation inside the Sun for the
T1-3-B model with a = 0, which contains either triplet scalar or singlet-doublet fermion DM.
We found that for both DM candidates direct annihilation into neutrinos is in principle pos-
sible. However, due to constraints on the involved Yukawa couplings from LFV and neutrino
physics constraints these are small and no monochromatic neutrino lines at F, = mpy are

observed.

Instead the resulting spectra are continuous, with the main annihilation channels being
either to the electroweak gauge bosons W and Z, or the heavy b and t quarks. Annihilations
into leptons such as p or 7 are in principle allowed, these are however subdominant. DM
accumulation in the Sun can boost the local relic density by a large enough amount to make
indirect detection of DM annihilations in neutrino telescopes feasible. From our analysis of
the expected amount of events in ICECUBE we conclude that the scalar triplet DM scenario
cannot be detected at present. In this scenario there exists no spin dependent scattering cross
section, making the capture rate inside the Sun too small to provice for detectable neutrino

fluxes. The resulting event rate lies clearly below one event per year.

In the case of singlet-doublet DM the case is very different. This DM candiate does allow
for a spin dependent scattering process next to the spin independent one, which results
in rates of 1000 events per year. We also showed that these two processes are correlated
through the singlet-doublet mixing terms A4 and A5. This result became appearant in the
numerical scan, where we used the more stringent XENONI1T spin independent limits to
constrain the spin dependent cross section through this correlation. A considerable part
of the parameter space that has large event rates could thus be excluded. We also applied
previously obtained constraints from ANTARES, ICECUBE, and SUPER-KAMIOKANDE from
the Sun and Galactic Center to our results, but these were found to be much weaker. Further
bounds from PICO-60, and results from ICECUBE and ANTARES on the spin dependent

cross section restricted the event rate in viable models to up to 10 per year. This means that
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indirect detection with the ICECUBE neutrino telescope is competitive with direct detection

experiments.

As an outlook, we would like to point out that our findings can provide motiviation for a
dedicated ICECUBE analysis on this topic. Furthermore, these conclusions can be extended
to models with real scalar triplet DM and/or singlet-doublet mixed fermion DM, that feature
similar WIMP-nucleon scattering processes. But for now, we will leave the South Pole and

in the next chapter focus on direct detection of DM.
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8 Electron recoil with MeV neutrino dark
matter

In the last two chapters, the main focus was on indirect detection of neutrinos by the ICECUBE
observatory. We now shift gears and focus on direct detection instead. As we have seen in
the scotogenic and T1-3-B a = 0 models, WIMPs in radiative seesaw models usually have
masses from several tens of GeV up to a few TeV, in line with the usual models of cold
dark matter (CDM) [29]. In this chapter we instead focus on an entirely different and little
explored mass range; the SLIM (Scalar as Light as MeV) model, which as its name suggests
can accomodate a DM candidate at the MeV scale [72, 231]. The original motivation for
this model was that it can explain the 511 keV line from the Galactic Centre [286]. The
lower mass range is of further interest as warm DM, e.g. in the form of keV sterile neutrinos,
has often been proposed as a solution to several cosmological open questions relating to the
density profile and distribution of DM haloes in the Universe [287]. Whereas this model has
been studied before [72, 231], there are several open ends that warrant further investigation.
This chapter is based on the work published in Ref. [288].

So far the precise value of the relic density from PLANCK measurements had not been
considered in the literature yet [23|, and neither were the effects of the neutrino mass differ-
ences and mixing angles, that both constrain the parameter space of the model. Moreover, we
study the best-known lepton flavor violating channels, which constrain key couplings of the
model [289]. The DM we consider in our studies will have a mass in the MeV to GeV range.
As it plays a role in generating the neutrino masses, it couples to leptons, but does not couple
to quarks at tree level. At higher masses, one-loop scattering processes may be possible, but
for the MeV to GeV range no nuclear scattering signal is expected from this WIMP [290].
However, at lower masses WIMP-electron scattering becomes a possible scattering process,
compared to the usual detection experiments that measure recoils of heavy nuclei. There has
been a recent interest for this process [291 |292], that do not explicitly consider a new light

vector boson, but other mediators (scalars) as well.

In this chapter we will address these topics. We start by introducing the particle content
of the model, the couplings, and the mass eigenstates. The next step is to discuss several
experimental constraints on the relic density, as well as further cosmological and collider
constraints. We then perform a numerical scan of the parameter space of the model. As
was also done for the scotogenic and T1-3-B a = 0 models, the neutrino masses and mixing

angles enter through the Casas-Ibarra parametrization, fixing the couplings to the SM leptons.
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This is relevant for the LFV processes 1 — ey, u — 3e, and u~ Ti— e~ Ti, of which we
compare the results from our scan to the current and projected experimental sensitivities.
After studying these constraints, we move to the topic of electron recoil for MeV DM. Here
our approach is twofold: we compute the electron recoil cross sections for this model, which

we then compare to new, realistic estimates of XENON1T and further future experiments.

8.1 Model description

8.1.1 Particle content

The SLIM model is in many aspects similar to the by now extensively discussed scotogenic
model [205]. Its scalar sector consists not only of the SM Higgs doublet H with a mass term
my1, the self-coupling A1, such that its vev satisfies v2 = —2m?/\; = (246 GeV)? which results
in the SM Higgs boson mass m% = A\v? = (125 GeV)2. At low energy the scalar sector can
be extended by either a real or a complex scalar singlet. In our studies we make the choice

for a complex scalar

p= \}i(pR +ipr), (8.1)

for which we will later discuss the phenomenological implications. Moreover, the scalar sector

is extended further by adding an additional scalar doublet [231]

n* 8.2
"= (jg(fmﬂm))' 52

Next to these scalars, two SM singlet right-handed neutrinos N; are added. With the addition
of these particles, radiative neutrino mass generation at the one-loop level becomes possible
[72]. The choice for two right-handed neutrinos results in two non-zero neutrino masses. A
third generation could be included, which would yield three massive neutrinos, but this does
not significantly change the phenomenology. Furthermore in we add a global U(1) symmetry
under which all new particles have the same charge of +1, stabilizing the lightest neutral dark
particle as DM candidate. The global U(1) symmetry is softly broken to a Zs symmetry, the

phenomenology of this will be discussed later.

The model bears many similarities with the scotogenic model [205], because of the addition
of a second doublet and right-handed neutrinos. However, the addition of the complex scalar
singlet and the soft breaking of the U(1) symmetry opens up new phenomenology not present
in the scotogenic model. In particular, the model allows for MeV neutrino DM and two
similarly light neutral scalars can provide a solution to the missing satellite and too-big-
to-fail problems [293]. As a reference, the scotogenic and the SLIM models correspond to
models T3-B and T1-1-A with hypercharge parameters « = —1 and 0, respectively following
the notation of Ref. [204].
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8.1.2 Lagrangian

In order to simplify the notation, we choose to work in the mass basis of the right-handed
neutrinos N; (i = 1,2), so that its mass matrix is diagonal with entries my,. This choice does
not affect the phenomenology. When including the SM leptons L; (j = 1,2, 3), the additional
terms can be written as

L =—miH'H —min'n —mip*p — Smi (0° + (0)?) — p(n' Hp+ h.c.) — Smy,NiNi

= MU = 23300 = (") = M) (H'H) = (' ) (H')

— Ns(p"p) (HH) = Ar(p"p) () — (As)y; Nin' L + hc.). (8.3)

As can be seen from the Yukawa coupling |Ag|, the DM candidates in this model have a direct
connection with the SM leptons. The global U(1) is softly broken to a Zy symmetry through
the presence of the m?2 term, which means that this term can be naturally small. The same
goes for the Majorana mass term for the fermionic singlets. It remains renormalizable in

spite of the global U(1) to Z3 breaking, meaning that m4 should have a small value.

8.1.3 Physical mass eigenstates after EWSB

In the scotogenic model, no mixing in the scalar sector is possible. However, in this model
there exists a mixing between the neutral component of the scalar doublet and the complex
singlet. The charged component of the scalar doublet does not mix and after EWSB obtains
the mass

1
m%i =m3 + 5)\4112. (8.4)

Because of the contribution of the Higgs vev v in the p term of the Lagrangian, a mixing

between the neutral scalar components is induced. The mass matrix is written as

2 v? v
M2, = ms + (A + A5) % ng _ A B ’ (8.5)
’ ,LL% m%—&—)\ﬁ%imi B CR’]

where for the real and imaginary components there is respectively a plus or minus sign in
front of the m3. This term in Equation (8.3)) causes a small mass splitting in the components

of the complex scalar. For the neutral scalars we define the following mixing matrix

CGrr\  [cosbrr —sinfrr\ (nr1
C2R,1 sinfrpr  cosOrr/) \prrI

with mixing angles 0 ;. The resulting eigenvalues of the mass matrix are

1

mhr =5 <A +Crs+ \/(A — Cr)?+ 4B2> . (8.7)
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Table 8.1: Overview of model parameters with their values or scan ranges and phenomeno-
logical impact, respectively.

Parameter ‘ Value ‘ Range Phenomenological impact

m? —(89 GeV)? — Fixed by v and my,

mo 83 GeV — Fixed by v, A4 and s

ms 264 GeV — Fixed by v and Ag

my - 10 keV ... 10 MeV Induces soft U(1) breaking
1 — 251 GeV ... 252 GeV | Fixed by v and €
€ — (107 ... 6.1-10') GeV? | Induces MeV masses

mn, - (0.1 ... 0.98) -mg, O(MeV) DM candidate

MN, — 10 GeV ... 200 GeV O(GeV) sterile neutrino

A 0.26 — Fixed by v and my,

A2 0.12 — Induces only scalar conversions
A3 0.13 — Induces only scalar conversions
A4 0.097 — Fixed by v, m,+ =99 GeV, R,
As 0.13 — Fixed by v, m,+ = 99 GeV, R,
A6 2.3 - Induces MeV masses

A7 0.17 — Induces only scalar conversions
s — 1076 ... 102 Fixed by Casas-Ibarra parametr.

In the region of the parameter space where B? is close to ACR,1, with a difference €
ACR,[ — B? = E(A + CR,[) (8.8)

yields to two neutral scalar eigenstates mg,, , that can lie at the MeV scale. The other two
eigenstates mg, , , have masses that are on the higher mass scale around m,+. In this chapter,
we assume that the lightest particle of the dark sector is V1, i.e. we consider fermionic dark

matter.

8.2 Collider, cosmological and neutrino constraints

Having introduced the model, we now turn to experimental constraints from different fields.
Even though the SLIM model has a wide parameter space, restrictions from experiment
and theory could in principle exclude large parts of it. Table [8.1] shows allowed values and
ranges of the parameters that are used throughout this chapter. A small phenomenological

explanation is included for each of the parameters.

The parameters m; and A, often denoted p and A in SM contexts, have been discussed in
section There are theoretical constraints on the parameter space, considering unitarity,
which requires several combinations of the other \; couplings to lie below 87. Furthermore
there are bounded from below conditions, so that no particles with negative squared masses
are present. However, these constraints are automatically fulfilled once experimental con-

straints from cosmology, neutrino observation and collider measurements are imposed.
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8.2.1 Collider constraints

Postulating new particles in the usual SM mass range instead of at the TeV scale has sev-
eral implications. One of the issues is that of an allowed invisible Higgs decay, in which
the Higgs decays into two particles of the dark sector. In this model, the decay channel
h — Cor,1¢2r, 1 — N1N1vv is generally allowed due to the low masses around the MeV scale.
The channel h — (1g,1C1R,r can in principle also be available, but it can be closed by ensuring
that the relation m¢,, , > my,/2 is satisfied at all times. The current experimental limits on
the branching ratio of invisible Higgs decays lie at 26% from ATLAS, and 19% from CMS
[294, [163]. The Higgs doublet H couples to the scalar sector in the following way

O (2 ) ). o
p % A6V p

Comparing the above matrix to the scalar mass matrix given in Equation (8.5)), one can see
that they become proportional to eachother when making the identifications [293]

2 v 2 v’
ms = (A4 + )\5)? and  m3= )\65, (8.10)

under the assumption of small m3. With the coupling to the Higgs proportional to the mass
of the light MeV scalars, large invisible branching ratios can be avoided. Due to the above

identifications, mg and mg3 are now dependent on A\ 5.

Further collider constraints come from the model-independent LEP result, which excludes
charged scalars below a mass of 98.5 GeV [228]. This means that the combination Ay + A5
that shows up in the expression for the charged scalar n™ must be restricted to satisify this
constraint. The Higgs branching ratio into two photons, on which the CMS measured a ratio
of Ry, = 1.20701% [295]. Our choice Ay = 0.097,\5 = 0.13 satisfies both constraints, in
accordance with Figure 3 in Ref. [293]. This results in a mass m,+ = 99 GeV. Since this
charged scalar acts as a mediator in electron recoil, which will be discussed later, a larger
value for A4 would only increase its mass and result in smaller electron recoil cross sections.

Furthermore, larger A4 and As lead to larger lepton flavour violation branching rates.

8.2.2 Cosmological constraints

The initial motiviation for the SLIM model was to explain the 511 keV line that had been
observed from the galactic centre [286], which prompted studies on scalar MeV DM [72, [231].
Only later it was noticed that considering MeV neutrino DM, if it can scatter off the active
neutrinos in the early Universe through the exchange of a slightly heavier scalar (¢2r. 1) [293],
can solve the problems of missing satellite galaxies, the cusp core of inner DM density profiles
and the fact that the unobserved satellites are too big to not have visible stars [287]. For
the slightly heavier scalar (o ; to have a mass in the MeV region the relation introduced in

Equation (8.8) must be satisfied. The scalar couplings A2 37 only induce interaction within



132 8 Electron recoil with MeV neutrino dark matter

____________ e
(H) o 1 (H)
/A
| |
. |
- -

v N v

Figure 8.1: One-loop diagram leading to the active neutrino mass matrix in the SLIM model.

the scalar sector itself, they have little influence on the phenomenology and we thus set them
to the values Ao = 0.12, A3 = 0.13, and A7y = 0.17. The mass parameter of the singlet mg
should not dominate over v, restricting the value of Ag < 3, in accordance with Figure 2 of
Ref. [293]. There, A¢ was varied, with the value of € from Equation fixed to 107 GeV?2.

In contrast, we fix A¢ = 2.3 and vary € over the following range
e=(107°...6.1-10") GeVZ. (8.11)

This way we can more easily control the mass of the two light scalars via the mixing parameter
p. In Refs. [296, 297] it was shown that weak-strength DM interactions can erase primordial
fluctuations of DM provided that the DM candidate has a mass in the MeV range and couples
to neutrinos and/or photons. For this scenario the elastic cross sections must be temperature-
independent which requires, next to the previously mentioned characteristics, a small mass
splitting between the MeV neutrino and the light scalar(s). This is reflected in the scan

ranges of €, my, and \g (related to ms, the mass term of the scalar singlet).

In order to satisfy the requirement for a small mass splitting between the lightest Majorana
neutrino and the lightest scalar, we constrain the ratio of their masses my, /me, r tO lie in
the region 0.1...0.98. As for the heavier Majorana neutrino, it has a mass in the 10 to 200
GeV range, and due to its rapid decay No — nv — Nivv does not contribute to any relevant

phenomenology.

8.2.3 Neutrino constraints

The SLIM model also belongs to the class of radiative seesaw models, and hence the SM
neutrinos obtain their masses at one-loop level, through the diagram shown in Figure 8.1

This results in a neutrino mass matrix that is given by [293]

1672 2 2 2 2 2 2

2 2 2 .2 2 2
(M,);; = (A8)ik(A8) jk cos” Ormip 1y MR |, S Ormsp 1 2R
v)ig — N n + n
mip —Mmy, My, Mg — My, My,

k
2 2 2 .2 2 2
_cos Ormi; I mi;  sin Orms; n ms; (8.12)
2 2 2 2 2 2 | :

myy — My, My, Moy — My, My,
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with the angles 6 ; coming from the scalar mixing matrix given in Equation . The form
of the expression for the neutrino mass matrix is very similar to that of the scotogenic model,
however this time the mass splitting is realised through the soft breaking of the global U(1)
to Z3 through the non-zero m?. Furthermore, the SLIM model has 4 physical neutral scalars
compared to the 2 of the scotogenic model, due to the addition of the complex scalar singlet.
In Ref. [293] the value of m3 was fixed to 3 MeV, but we allow it to vary over the range 10
keV ... 10 MeV, because as we will soon show, the scalar mass splitting directly affects the

couplings to the SM leptons Ag.

In order to constrain the parameter space in such a way that it satisfies the neutrino mass
difference and mixing constraints, we use the Casas-Ibarra parameterization [214]. Similar to
the procedure we already performed for the scotogenic and T1-3-B a = 0 models, we write

the diagonalized neutrino mass matrix using the PMNS matrix U
D, = UJM,U, = diag(0, m,2,m,3), (8.13)

with two massive neutrinos due to our choice of adding two Majorana neutrinos. In this case

one can separate the couplings Ag from the sum in Equation (8.12]) and write
M, = M Mg, (8.14)

with M being the diagonal 3 x 3 matrix with entries that depend on the loop particle masses
and mass differences. Eventually this results in an expression for the lepton-dark sector
coupling

A = M~Y2RDI2UT. (8.15)

In this case the matrix R is written as

R <0 cos @ sin@) , (8.16)

0 —sinf@ cos6

with an arbitrary angle 6 ranging from 0 to 27w. The parameter Ag, which couples the
neutrinos to the dark sector, has direct influence many important properties of the model. It
determines the relic density, the electron recoil cross section, as well as the branching ratio of
lepton flavour violating processes. As we have shown, it can be constrained based on particle

masses and neutrino data.

8.3 Relic density

After discussing the different constraints that are relevant to this model, we now turn to
the discussion of the results of the numerical scan. The general tool chain has already been
discussed, as shown in Figure but we would like to mention the specific versions that were
used. We generated the Feynman rules and model properties with SARAH 4.12.2 [223], the
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Figure 8.2: The relic density QA2 obtained in the SLIM model with right-handed neutrino
DM versus the absolute value of its coupling to electrons and electron neutrinos
A&L. The relic density measured by Planck is shown as a blue horizontal band,
and the lightest Majorana neutrino mass my, is given on a colour scale.

output of which was implemented in SPHENO 4.0.3 [226]. The output of SPHENO was then
passed on to MICROMEGAS 4.3.5 [29§].

In this process, the constraints presented in the last section were included, but also further

relevant outputs from SPHENO 4.0.3 such as the p parameter, as well as the branching ratio of

the b — sy process. The viable sampled parameter points, i.e. those satisfying all mentioned
constraints, are then passed to MICROMEGAS 4.3.5, which calculates the relic density.

The relic density Qh? of all viable parameter points is shown in Figure as a function of

|)\§1|, the absolute value of the coupling between the electron and the lightest right-handed

neutrino, with the points color coded according to the DM mass my,. This coupling is

important, as it plays a role in annihilation processes in the early universe. The relic density

depends on both these parameters, and the relic density Qh% = 0.120 £0.001 as measured by
PLANCK is indicated by the blue band. The relic density drops off quicly for increasing

)\gl. The opposite is true for the dark matter mass, thus one can keep the relic density

constant and increase the coupling to the SM A! by simultaneously increasing my, from the
MeV to the GeV scale. This means that we can obtain couplings of almost O(1) if the DM
mass is increased to the GeV scale. To show this relation further, in Figure 8.3 we show the
size of the coupling |A§!| versus the DM mass for the points from Figure that satisfy the
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Figure 8.3: DM-electron coupling )\gl versus DM mass my, for models which satisfy not only
collider, cosmological and neutrino mass constraints, but also lead to the correct
relic density.

PLANCK relic density constraint. This can be attributed to heavier DM requiring larger
couplings to the SM, enhancing annihilation processes that lower the relic density to the

observed level.

In order to show the effect of the Casas-Ibarra parameterization has on our parameter
space, we show the relation between the relic density and my in Figure As we vary my
over its mass range from 10 keV to 10 MeV, the relic density changes by many more orders of
magnitude. The reason that this parameter has such a large effect is because m4 breaks the
global U(1) symmetry to Zs, and induces the mass splitting shown in Equation . These
masses are in turn important for the generation of neutrino masses, given by Equation ,
which depends on the difference of scalar masses. In the limit of m4 — 0 neutrinos become
massless. This is similar to the scotogenic model in Chapter [5] where the scalar mass splitting
A5 played a similar crucial role. A similar argument on the relation of the parameters in the
neutrino mass formula can be made here. For decreasing values of my, the term in square
brackets in Equation becomes smaller. In order to generate the same neutrino masses,
either the fermion masses My, or the couplings Ag have to increase. However, as shown in
figure [8:3] increasing values of Ag lead to larger annmihilation cross sections, which in turn

results in a lower relic density.
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Figure 8.4: The relic density as a function of the mass splitting parameter my. The dark

matter mass is included as a colour scale, and the relic density measured by
Planck is shown as a blue horizontal band.

8.4 Lepton flavour violation

Similar to the previously discussed scotogenic and T1-3-B a = 0 models, also in this model
charged SM leptons can interact with the dark sector through couplings that are generally not
diagonal in flavour space. The most stringent bound comes again from the p — ey process,

of which the possible diagrams are shown in Figure [8:5]

" ,=$=Z n- - " g
" \\\\ Y ’/=‘\\\ ’/=‘\\\

po N e pmopm Nooem pm Nooem e

Figure 8.5: Feynman diagrams contributing to the lepton flavour violating process p — ey at
one loop through the exchange of Zs-odd right-handed neutrinos (N) and charged
scalars (n7).

Since the charged leptons and charged scalar are in a doublet with the neutrinos and
neutral scalars respectively, these processes depend on the same parameter Ag that in our
scan is constrained through the Casas-Ibarra parameterization. In particular, the process
depends on the couplings )\gi and )\gi. Since Nj is the lightest fermion, loops involving

the much heavier Ny do not contribute much. Figure shows the branching ratio of the
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Figure 8.6: Branching ratio of the lepton flavour violating process pu — ey versus the DM-
electron coupling [A§!|. The DM-muon coupling |Ay !| is shown on a colour scale.
Also shown are the current (solid black line) and expected future (dashed
black line) limits on the branching ratio by the MEG experiment.

process p — ey as a function of the absolute value of the DM-electron coupling |A§'|. The
other important coupling, the DM-muon coupling, |)\§1| is implemented as a colour scale.
The plot clearly shows that the branching ratio is strongly dependent on the mentioned Ag
elements. In particular, there is a clear lower bound on the branching ratio for a specific ]/\§1|.
An overall lower bound on the branching ratio can also be seen in the plot, which is due to
the neutrino masses and mixing which we take as input in the Casas-Ibarra parameterization.
The black solid line shows the current upper limit on the branching ratio as determined by
the MEG experiment, at a value of 4.2 x 10713 , which already excludes a large part of
the parameter space. Due to the clear lower bound on the branching ratio, this results in the
bounds [A!| < 6 x 10—3 and ]Agll < 1072. This is in agreement with the literature where
similar values were obtained in approximate calculations . Further planned upgrades of
the MEG experiment will improve its sensitivity, lowering the bound on the branching ratio
to around 2 x 1071%, further restricting the parameter space . This is shown by the

dotted line, from which one can also see that the values of [AS!| and |y 1\ must be smaller.

A further LFV process that has been relatively tightly constrained is g — 3e. The current
upper bound for the branching ratio of this process has been established at 1072 by the
SINDRUM experiment [217], close to the bound on p — ey. Furthermore, the SINDRUM
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Figure 8.7: Branching ratio of the lepton flavour violating process ;1 — 3e versus the one of the
(usually most constraining) process u — e7y. The rate of muon conversion in the
field of titanium atoms p~Ti — e~ Ti is shown on a colour scale. Also shown are
the current (solid black lines) [215, [217) 219] and expected future (dashed black
lines) [216, [218| 299] experimental limits on the branching ratios and conversion
rate.

IT experiment determined a limit of 4.3 x 10—12 on the conversion rate of muons to electrons
in titanium [219]. Future experiments are set to improve upon these limits, with projected
sensitivities of 10716 [218] and 1078 [299] respectively. Figure [8.7/shows BR(u — 3¢) versus
BR(p — ey), with CR(u — e, Ti) as a colour scale to compare the strength of the different
bounds. The current and future bounds are again indicated using full and dashed lines
respectively. It can be seen that there is a clear correlation between the different LFV
processes, as all points lie on a small line, with only a small spread at higher branching
ratios. Furthermore, the current bound on u — ey is the strongest one, but in the future,
the © — 3e bound can become slightly stronger. Note that the constraints from these LEV
processes on the parameter space as shown in Figures and are valid irrespective of the

relic density, as this constraint was not applied in the scan for these plots.

8.5 Electron recoil cross section and experimental sensitivity

We now turn to direct detection of MeV DM in the SLIM model. The usual way of WIMP

direct detection uses scintillation signals released by WIMP-nucleon scatterings. This way, the
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XENONIT experiment has reached the current most stringent limit on the spin-independent
cross section in a mass range from 6 GeV up to 1 TeV [95]. Further experiments such as
XENON100 have been able to reach lower mass ranges down to 3.7 GeV by an ionisation (S2)
signal only analysis [300], or in the case of CRESST-III with the use of cryogenic CaWO,
crystals down to 160 MeV [101]. In the case of the SLIM model, the DM is leptophilic and
does not couple to nuclei at tree level. However, there exists a coupling to the SM leptons,
which can induce electron recoil signals which might be observable, provided that the involved
couplings are large enough. There is also much interest both from an experimental, as well as
from a theoretical perspective in sub-GeV DM. Current detectors should not only be sensitive
to electron recoil through the exchange of vector bosons (Z’ or dark photons), but to other
mediators as well [291],|292]. The goal of this section is to derive theoretical and experimental
predictions for the electron recoil cross section of a general MeV DM candidate, as well as
the exclusion limit using new XENONI1T sensitivities which are then compared to other

experiments. The obtained results are also applied to the SLIM model.

For a general DM particle x with a mass m, the differential ionisation rate with respect

to the electron recoil (er) energy Ee, is given as

dRion o Px d<o-n£ U>

dinEe ' my ~ dInE,

(8.17)

which mainly depends on N7, the number of target nuclei per unit mass, the local density in

the galactic DM halo p, = 0.4 GeV/cm? [301], as well as the thermally averaged annihilation

cross section (o7 v). The differential thermally averaged cross section is calculated from
ot _ 2 [t )PPV, Zer) Fona) Prenin ) a g, (839
dln Egy 8ﬂxe o ’ ’

which is summed over all allowed electron states (n, £). It chiefly depends on the DM-electron
scattering cross section, which will be primarily discussed in section[8.5.1} Other dependencies
are on the reduced DM-electron mass fiye, as well as the form factor f¢ (k/, ) that depends
on the outgoing electron momentum k' = \/2m.FE,, and the momentum transfer q. Under
the plane wave assumption for the scattered electrons and a sperically symmetric atom with

full electron shells, the form factor can be expressed as

Y 12
Fion(K'q )\QZ W/\xne(mfkdk, (8.19)

with xne(k) being the radial part of the bound electron wave function in momentum space
[290]. The wave function of the ionised electron is distorted due to the influence of the nearby

atom. Hence the thermally averaged cross section has to be corrected by the Fermi function

2my ozm6

F(K, Zeg) = —————  with v =T

2
1— 6—27”/ (8 O)
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The effective charge felt by the ionised electron Z.g is generally larger than unity, as the nu-
cleus is not wholly screened by the (remaining) bound electrons. However, the approximation
Zer = 1 holds for outer shell electrons [291, 292]. We treat the electrons in the target atom as
single-particle states of an isolated atom, and use the tabulated numerical Roothaan-Hartree-
Fock (RHF) wave functions [302]. The last term in Equation (8.18)) is where the astrophysics

comes into play with the mean inverse velocity [292]

0o 3,U
N(VUmin, t) = / de(v,t), (8.21)

which depends on the DM velocity distribution in the Earth’s frame f(v,t). The time de-
pendence of this distribution is caused by the Earth’s orbit around the Sun. Asymptotically
far from the Sun’s gravitational potential, we take the velocity distribution fo(v) as the
Standard Halo Model in the Galactic frame

Foo(V) = 1/Nege(mv2)™32e7V/%  if  |v| < vese, (8.22)

where Negc serves as a normalisation factor. The orbital velocity around the Galactic centre
is v9 = 220km/s, and the Galactic escape velocity is taken as vesc = 544km/s [303]. The
minimal DM velocity required to scatter off a bound electron is

E+FEy g

min — . 2
v . + 2y (8.23)

It depends on the sum of the electron binding energy ng and the recoil energy Fi,.

8.5.1 Theoretical expectations

In Equation the DM-electron scattering cross section &,. plays a large role. The
scattering of a majorana WIMP off an electron can take place via the exchange of a Z-odd
charged scalar n~ via the s- and u-channel, which are shown in Figure A t-channel
diagram is not possible due to the presence of the Zo symmetry. The cross section is usually

factorised in the following non-relativistic way

2
_ 2 VRPN
oo = T M) (5.24)
e

167rm§<

)
¢*=a?m?

with fixed momentum transfer ¢ = am,, with the electromagnetic fine structure constant a.

The matrix element can be derived from the diagrams in Figure [8.8] The form factor

[Fom(a)” = [Mex ()| Mey (ame) 2, (8.25)

relates the matrix element at different values of transferred momentum ¢. In the case where
the mediator is light Fpa(g) = a®m?/q¢?, but for heavy mediators the form factor is constant

Fpm(q) = 1. The case we consider here is the scenario in which the DM candidate x has



8 Electron recoil with MeV neutrino dark matter 141

Figure 8.8: Feynman diagrams contributing to the scattering of right-handed neutrino DM
(x = N1) off electrons (e™) through s- and u-channel exchanges of the charged
Zy-odd scalars (7).

a mass of O(GeV). As was already mentioned in section charged scalars with masses
below 98.5 GeV have been excluded by the LEP results [228]. Due to the large mass of the
mediator n~ it can be integrated out, resulting in a form factor Fpy(g) = 1. Together with
the DM-mediator coupling A§' this results in a reference cross section of
2 Ael 4
Bro = M (8.26)

T™m
ni

For the points in the parameter space satisfying the experimental constraints mentioned
in section [8.2] as well as the relic density constraint shown in figure in section the
electron recoil cross section was calculated. Figure shows the cross section for the models
satisfying all constraints as a function of the DM mass. The absolute value of the DM-electron
coupling, |\§!|, is shown as a color scale. Even for the largest possible values [A§}| > 0.1 the
cross sections do not exceed 10746 ¢cm? by much. The LFV constraints that were shown in
Figures and put tight bounds on the value of the coupling, meaning that the cross
section only reaches 107°2 cm? at most. Even though the couplings are not extremely small,
the reason for the suppression is due to the mass of the heavy mediator, which is constrained
by the previously mentioned LEP limit of 98.5 GeV. Since this mass enters the denominator
to the fourth power, one obtains these small values. Most of the viable models have masses
above several MeV, meaning that they are in agreement with experimental bounds on big-

bang nucleosynthesis [41].

8.6 Experimental sensitivities

With the theoretical expectations in mind, we now turn to the (expected) experimental
sensitivities. Liquid xenon (LXe) experiments canonically rely on the recoil of nuclei due
to WIMP scatterings. However, for DM in the sub-GeV regime without any interaction
with nuclei the only possible ionisation signals can come from the recoil of electrons. For
an LXe experiment with an exposure of 1 kg-year, under the assumption of a constant form

factor, as well as no recoil energy threshold in the detector, with only the irreducible neutrino



142 8 Electron recoil with MeV neutrino dark matter

10752 4
10—53;
1073

10754 -

Oye [cM?]
[ ]
IASY

10—56; °
-57 | .
10 ] 10~4

10758 -

050l — T
103 1072
my, [GeV]

Figure 8.9: Scattering cross section of right-handed neutrino DM off electrons versus the DM
mass. The DM-electron coupling Ag! is shown on a colour scale.

background, the sensitivity was estimated on the order of a few times 104! cm? for sub-GeV
masses in the few tens of MeV range [291]. We will argue that a larger exposure of 60 kg-
year is realistically within reach for current experiments. The red dotted line in Figure [8.10
shows the expected sensitivity for 1 kg-year, scaled down by a factor of 60 to account for the
incrased exposure. It reaches a value of just above 10742 ¢cm? for masses of several tens of

MeV. This is however still ten orders of magnitude above the largest cross sections shown in

Figure

This estimate is a best-case scenario, as in reality detector energy thresholds and the
neutrino background will play a role in a LXe experiment. We will investigate the effects
of these assumptions in the case of XENONI1T, as it is the largest LXe detector. With an
electron recoil background of 82fg events/(ton-year-keV) at low energies, it has the lowest
background level for a DM direct detection experiment worldwide. This low background
level is reached by ensuring low radioactive materials in the detector setup, as well as a
self-shielding LXe volume. An event in the XENONIT time projection chamber (TPC) is
reconstructed by the direct scintillation light from ionisation (S1) as well as the time-delayed
charge signal from the drifted electrons (S2). The requirement of the presence of an S1
signal means that there exists a threshold for the electron recoil energy of 2.5 (2.3) keV for
XENON10 (XENON100) [308], down to 1.3 keV for XENONIT [95]. These energies are

much larger than the binding energy of an electron, which lies around several tens of eV.
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We first make an estimate of the sensitivity of the XENONI1T experiment for a 1 ton-year
exposure that was collected for the spin-independent WIMP nuclear recoil analysis [95]. In
this estimation we make use of realistic recoil backgrounds and energy thresholds, as well
as the standard mode of fiducialisation that considers both the S1 and the S2 signals. The
electron recoil background in XENONIT is expected to be flat in the region of interest (ROI).
It is dominated by the B-decays of the 2'4Pb originating from 22?Rn that is naturally present
in the detector material. There is the further sub-dominant background from S-decays of
85Kr, whose concentration is reduced by means of cryogenic destillation, leaving only a sub-
ppt presence [309]. The energy threshold of an event is set at a corrected scintillation (cS1)
signal between 3 and 70 photoelectrons (PEs) and an S2 signal of 200 PEs [95].

Analogously to the methods that were deployed in Ref. [310], we derive a conversion be-
tween the S1 signal in terms of PEs and the energy recoil in keV by means of the Noble
Element Simulation Technique (NEST) [311]. NEST contains a global analysis of LXe mea-
surements from all available historical data for the mean photon and charge yield, including
XENONIT, as is further discussed in Ref. [312]. This conversion is reliable down to a recoil
energy of 1 keV, at which point the XENONI1T detection drops below 10%. We apply the
NEST conversion function to a conservative scenario with a threshold of 2 keV, for which a
full triggered efficiency is still a possibility, as well as 1 keV, where the detection efficiency
is limited, as already mentioned. With the use of Poisson statistics, following Table XXII
of Ref. [313]), one can obtain an average upper limit on the event rate for each desired DM
mass. This corresponds to an experimental sensitivity on the reference cross section e, as

illustrated by the green and blue lines in figure [8.10

The sensitivity can be enhanced by using the expected annual modulation due to the
annualy modulated velocity of the Earth relative to the DM galactic halo due to its orbit
around the Sun. This way, the XENON100 experiment became sensitive to DM masses down
to 600 MeV with an energy threshold of 2.3 keV. The best sensitivity is for a DM mass of

0—35

2 GeV with a cross section of 6 - 1 cm? for an axial vector coupling [304], illustrated by

the black line in figure [8.10}

So far, all the sensitivity limits were still far removed from the ideal red dashed curve. In
order to get closer to this line, a lower energy threshold is a necessity. This can be done by
disregarding the S1 signal and only looking at the S2 signal, for which the energy threshold
lies lower. The downside is that one loses information about the event, since no correlations
between S1 and S2 signal events can be established. This can also increase the background,
as the event depth z cannot be estimated without the S1 signal. A reliable background model
becomes more difficult, since there are additional single-electron backgrounds arising from
impurities in the LXe and metal components inside the TPC [314]. Currently, DM nuclear
recoil searches by XENON10 with a 1 keV threshold and a 15 kg-days exposure [315] and
XENON100 with a 0.7 keV threshold and a 30 kg-years exposure [300] have been performed,
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with the conservative assumption that all counts in the search window are potential sig-
nal counts. These were reinterpreted in Ref. [291] as coming from DM-electron scattering,

reaching exclusion limits of 3 - 10738 em? or slightly below 10738 cm? at 100 MeV.

Newer XENONIT results of an S2-only analysis have just been released [126], driving
the energy threshold down further to 0.4 keV. With strict cuts on the data the background
could be reduced drastically to 1 event/(ton-day-keV), with a remaining effective exposure
of 22 ton-days or 60 kg-years. The electron recoil background spectrum that was considered
was flat and originated mainly from (-decays of 214Pb, coherent elastic neutrino-nucleon
scatterings, and cathode events due to low energy [-electrons from the cathode wire grid
inside the TPC. Thus the sensitivity could be extended to lower masses of 100 to 20 MeV,
indicated by the grey lines in figure [8.24]

In spite of these experimental advancements, the experimental upper limits and sensitivities
shown in figure are still ten orders of magnitude larger than the largest value we found
in the SLIM model of 10752 cm?. This small value can be attributed to the suppresion by
the large mediator mass to the fourth power, despite the large DM-electron couplings. We
also observe that the XENON1T experiment with its unprecedented low background is mostly
limited by its detection threshold. The S2-only analysis managed to push this threshold down
to 0.4, making great improvements upon previous results. However, there are still some orders
of magnitude with the theoretical best exclusion limit, leaving room for further improvements.
Cryogenic bolometers such as CRESST-III [101] have even lower energy thresholds, but suffer
from smaller detector masses, resulting in less exposure. New detection principles as employed
in the charge-coupled-device (CCD) experiments SENSEI [316] and DAMIC [317] with 0.1
kg to 1 kg target masses respectively, as well as a low-threshold Generation-2 SuperCDMS
detector [318] and a superconducting aluminium cube [319] are currently being explored with
the goal of improving upon the current LXe experiments [306]. The LXe experiment LBECA
seeks to improve the sensitivity by through a significant background reduction for single or
few electron signals [307], as indicated by the dashed purple line in figure It can be
observed that the projected sensitivity lies quite close to the ideal red dashed line. In the
same plot the projected sensitivity of the SENSEI experiment is shown as a blue dashed line.
The current limits from the first shallow underground run are still eight orders of magnitude

weaker than the projected sensitivity [316].

8.7 Conclusion

The absence of a DM candidate in the SM, as well as the presence of non-zero neutrino masses
is the main motivation for considering radiative seesaw models. With usual WIMP candidates
having masses from several GeV to beyond the electroweak scale, we instead put our focus
on right-handed neutrinos with a mass in the MeV to GeV range. These can provide an
explanation for the observation of DM as well as generate neutrino masses at one-loop level

when also extending the SM by a Zs odd scalar doublet that mixes with an additional scalar
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singlet. If the mass of the lightest scalar is in the same MeV to GeV mass range, this model
can additionally solve the cosmological missing satellite, cusp-core, and the too-big-to-fail

problems.

We then performed a scan through the full parameter space of the SLIM model with MeV
to GeV right-handed neutrinos to identify models that are in agreement with current relic
density observations. The production of the correct neutrino mass differences and mixings
was guaranteed by applying the Casas-Ibarra parameterization. We have shown the effects
of the scalar mass splitting m,4, which has been shown to affect the relic density through the
DM-electron couplings Ag that are fixed through the Casas-Ibarra parameterization. These
couplings varied between 10~% and the already sizable value of 10~!. Moreover, these models
had masses mostly over a few MeV, making them in agreement with bounds from big-bang

nucleosynthesis.

Due to the multitude of interactions between the SM leptons and the new particles in
the dark sector, lepton flavour violating processes are common in these models, as was also
shown when discussing e.g. the scotogenic model. These processes had not been analysed
in this model yet. We showed that the usually most sensitive branching ratio, that of the
1 — ey process, leads to tight restrictions on the parameter space. In particular, this
process puts strict upper bounds on the size of the DM-electron coupling /\gl. The non-zero
neutrino masses indirectly put a lower bound on the branching ratio through the Casas-Ibarra
parameterization, so that the planned MEG upgrade is able to verify or exclude this model.
Furthermore, we also included the yu — 3e as well as muon to electron conversion in titanium
processes in a direct comparison. These processes are currently less restrictive than u — ey,

but future experiments can reach similar or even slightly better sensitivities.

Since the DM particles do not couple to nuclei at tree level, no signal from nuclear recoil
is expected in LXe detectors. The DM particles are leptophilic, hence we considered signals
from electron recoils, which had already been suggested as a method to detect DM at the MeV
to GeV scale. Even with the sizable couplings of up to )\§1 =10~ the cross section does not
exceed 10746 cm? when low-energy, collider, cosmological and neutrino mass differences and
mixing constraints were imposed. This can be attributed to the large mediator mass, which
must be at least 98.5 GeV to be consistent with LEP result. The electron scattering cross
section is suppressed by the mass to the fourth power. Upper bounds on the DM-electron
coupling set by lepton flavour violation constraints reduced the cross section to an upper

value of 10752 ¢m?2.

The experimental expectations for the sensitivity to electron recoil of the XENON and other
direct detection experiments were then studied. We compared exclusion limits for a 1 ton-
year exposure with realistic background and energy threshold values to a theoretical estimate
without backgrounds or detector thresholds. An experimental value for the cross section of
10736 ¢m? is more realistic than a few times 10™* cm? in the ideal case. Furthermore, the
bounds are tighter for DM masses of a few 100 MeV rather than a few tens of MeV, due to
energy threshold limitations. The recently published S2-only analysis from the XENONI1T
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experiment features a much lower energy threshold of 0.4 keV, and includes a simplified yet

0739 c¢m? for the electron recoil cross

realistic background model. The obtained values of 1
sections at masses of a few tens of MeV showed great improvement upon previous limits,
and even approaches the theoretical sensitivity limit. This can be improved by exploring
the S2-only analysis further, as well as increasing the exposure. In the future, XENONnT
will be challenged by experiments employing different detection principles in the MeV mass
range such as SENSEI, DAMIC-1K, SuperCDMS-G2+4, or superconducting aluminium cubes.
These values have to be taken with a grain of salt, as the first run of the SENSEI experiment

is eight orders of magnitude above its projected sensitivity.

Some of the results presented in this chapter are model independent and can thus be
generalised to models that feature a DM candidate similar to the right-handed neutrino in
the MeV to GeV mass range that was considered here. It should not depend on the softly
broken U(1) symmetry that was introduced here to stabilise the DM, as well as on the
presence of the light scalar, as the main feature was the coupling of the DM candidate to
the SM leptons via the charged component of the scalar doublet. As an outlook, the global
U(1) could be promoted to a local symmetry, offering a rich, new phenomenology. A future
direction of research could consider the effects spontaneous breaking of this symmetry in
cosmological and collider searches [320]. Chapter (10| will focus on radiative seesaw models

with a local U(1) symmetry.
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Figure 8.10: Experimental upper limits and estimated sensitivities for the DM-electron scat-
tering cross section 0y, in LXe, LAr and other detectors. Shown are the previ-
ously estimated sensitivity for a 60 kg-year exposure assuming only irreducible
neutrino backgrounds and no detection thresholds (red dotted) together
with our sensitivity estimates for an assumed electron energy detection thresh-
old of 2 keV (blue) and 1 keV (green), respectively, for a 1 ton-year exposure of
XENONIT with realistic assumptions at 95 % confidence level (C.L.) [95]. Also
shown are published limits from XENON100 (black) [304] and a charge-only
analysis of XENONI1T (gray full line), both at 90 % C.L. The gray dotted
line is a more conservative version of the latter limit considering that electron
recoils below 186 eV (12 produced electrons) are undetectable, as the LXe charge
yield @, has never been measured below these energies . For comparison,
we also show the ionisation-only limit in Argon from DarkSide-50 (orange full
line) and sensitivity projections (dashed lines) for SENSEI (blue), DAMIC-
1K (magenta), Al (supercond.) (pink), SuperCDMS (cyan) and LBECA
(purple) [307].
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9 Measurement of ?Rn decays in gaseous
xenon

In Chapter [2| we also discussed different detection methods that are used to directly de-
tect dark matter. Experiments using dual-phase noble gas TPCs, such as XENONI1T [95],
LUX [116], and PANDAX-II [119] have put stringent bounds on the WIMP-nucleus spin-
independent scattering cross section. In order to improve the sensitivity of such experiments,
the background in the detector needs to be as low as possible. For the XENON1T experiment
the biggest challenge is to purify the detector medium from contaminations. In particular,
the 222Rn isotope is the largest source of background [321]. It is part of the 233U decay chain,
and thus its parent nucleus 2?Ra is present in the detector material. From there 2??Rn can
diffuse itself inside the xenon volume of the detector with its half-life of 3.8 days, where the
beta decays of the daughter isotope 2'“Pb mimicks electronic recoil events [322]. Next to
selecting detector materials that emanate relatively little radon, methods that are used to
extract the radon from the xenon are by means of adsorption (e.g. with active charcoal [323])
or cryogenic distillation [324]. The XENONI1T experiment uses the latter method, and a
new pumping system for the upcoming XENONnT experiment has been developed [325].

The goal of this chapter is to present the measurement results to detect the presence
of ?ORn through the o decays in its decay chain. The choice of ??2°Rn over ???Rn is a
pragmatic one, as the longest half-life in the decay chain of the former is only 10.64 hours.
We will first describe the measurement setup that was used, after which the calibration of the
photomultiplier tubes (PMTs) is discussed. Then the data from two different measurements

are analysed and presented.

9.1 Setup

We made use of the Miinster gas system, which is filled with gaseous xenon. A schematic
overview of the setup is shown in Figure For these measurements not all of the detectors
and features of the system were used. We will only discuss the parts that were used in these

measurements.

PMTs

For our measurements we used three R8520-406 SEL. HAMAMATSU PMTs, which capture
photons caused by « decays. One of the PMTs was placed in a T-shaped frame, hence the
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name T-detector. In this detector the PMT is located perpendicular to the gas flow. The
other PMTs were placed opposite from each other in an X-shaped frame, which is accordingly
named cross- or X-detector. These are the two leftmost detectors at the top of the gas system
overview as shown in figure [9.3] Figure shows a photo the T- and X-detectors. The gas
flows through the vertical pipe from the bottom to the top of the picture, first passing the
X-, then the T-detector.

Figure 9.2 shows two of the PMTSs in their mounts that were used to place (and keep) them
in place inside the detectors. The PMTs are connected to the base of the mounts with two

wires, one is used to power the PMT, the other to carry the signal.

The main advantage of the cross detector over the T-detector is that the former contains
two PMTs, and therefore one can require that only events where a coincidence between
both PMTs is present are taken into account. This reduces the noise levels due to events
caused by dark counts or other (electronic) noise sources. Throughout this chapter Channel
0 corresponds to the PMT in the T-detector, and Channels 1 and 2 to the PMTs in the cross

detector.

Qdrive

A crucial component in this system is the Qdrive, which is shown in figure 9.3 directly above
Flow Control 2 (FC2). It pumps the xenon through the system. The flow control (FC)
modules are used to monitor the gas flow through the system. Similarly, the P modules
measure the pressure in the pipes. This becomes very relevant if the gas is led through some
of the modules such as the getter or the thorium source, as they add resistance to the gas

flow, locally increasing the pressure.

228Thorium source

For our experiments we made use of the thorium source, which emanates the 2°Rn. The
source is separated from the rest of the gas system by the pneumatic valves (PV) PV10 and
12, as well as two manual valves directly next to the source. PTFE filters inside the source
prevent the 228Th and 2?*Ra, so that only 2?°Rn and its decay products leave the source and

enter the gas system.

Getter

The getter contains material with which isotopes can be filtered out of the system. Atoms
that interact with the getter material are absorbed. Being a noble gas, xenon is unaffected
by this, and hence the getter can be used to filter impurities out of the xenon gas. One of the
goals of our measurements is to determine whether the decay products of 22°Rn are filtered

out.
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Figure 9.1: The T- and X- detectors in the Miinster gas system. The T-detector can be seen

at the top of the picture, the X-detector is directly below it. Not shown in this
picture are the power- and signal-cables.
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Figure 9.2: Two of the PMTs that were used in the measurements, both of which are placed
in their mounts.
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Figure 9.3: Schematic setup of the Miinster gas system. The flow paths used in these mea-
surements have been marked red.
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Figure 9.4: A PMT built into one of the mounts in the dark box. The PTFE diffusor is in
the centre.

9.2 Gain calibration

In order to establish a relation between the number of analog to digital converter (ADC)
counts given as signal by the PMTs and the energy which was deposited in the xenon through
the decays that is independent of the detector geometry, one needs to know the gain of the
different PMTs. The ADC used is the CAEN V1724, which has a 14 bit output in a 2.55 V
peak-to-peak input range. For this purpose a gain calibration was performed using the dark
box. This is a box whose interior is completely dark when shut. The PMTs that are to be
calibrated are placed inside mounts in the corners of the dark box. As an example, figure
[0-4] shows a single PMT mounted in one of the corners of the dark box. The light source is
located in the centre of the dark box. It consists of an LED inside of a PTFE diffusor. In
this calibration a UV LED was used.

The LED is triggered by a signal with a frequency of 100 kHz, whilst the ADC receives a
trigger signal with a frequency of 1 kHz. The PMT output signals were first led to the 10x
amplifier, before reaching the ADC. We take measurements of 512 samples, with a sample
size of 10 ns. One series of measurements was taken at a PMT voltage of 800V, with the LED
voltage ranging from 3.500V up to 3.700V in steps of 50 mV. A second series of measurements
was taken for an LED voltage of 3.550 V, and a PMT voltage in a range from 700 to 850 V
in steps of 50 V. For each of the PMT voltages, a measurement without LED was also taken

in order to determine the noise distribution.
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In order to determine the gain, a conversion between ADC counts and photoelectrons is

made first. The relation used is:

ls
10 * RADC * Qe’

Npe = 0.137 %1073 (9.1)
where 5 = 10 ns is the sample time. The resistance of the ADC is Rapc = 509Q. Q. = —le
is the electron charge. The factor 10 in the denominator corresponds to the factor 10 from
the amplifier. The factor 0.137 * 10~3 comes from the peak-to-peak voltage of the ADC (2.55
V), divided by its 14 bit range of 2'4. Only the part of the event that contains the LED
signal is of interest, hence the five samples after the middle of the event are selected. These
contain the peak from the LED signal, since the settings of the ADC were selected such that
the event window is centred around the trigger. The samples are then summed to obtain the

total amount of photoelectrons. This yields the gain.

9.2.1 Noise distribution

In order to differentiate photoelectron signals from noise, it is very important to have have
information about the noise coming from the system. In this section we will go into detail
about the noise spectrum. Ideally, the PMTs in the dark box would measure no signals, and
hence one would expect these events to form a sharp peak at 0 gain. An ideal, noiseless,
measurement set-up only exists in a gedankenexperiment, therefore in practice this utopian
peak at 0 gain will have a certain width and shape, to which we refer as the pedestal. This
is due to the noise affecting the baseline of the PMTs. This can cause quasi-events, where
one sees a non-zero signal due to a noise effect causing the signal to slightly deviate from the

baseline level.

There can be several causes for this. A possible cause of this can be a fluctuating baseline
of the PMTs. Moreover, since the PMTs are at room temperature, thermal electrons are
emitted as well. These can be detected by the PMTs, leading to dark counts. Noise is not
only created inside the PMTs, but can be introduced at a later stage as well. For example,
if the signal cables are not isolated well, and are in contact with other objects, some of the
charge might leak away to the ground or to other signal cables. Before the signal is processed
in the ADC it first passes an amplifier. Both of these can be sources as noise as well. Under
the assumption that the noise is symmetrically distributed around 0, one could describe the

pedestal by a Gaussian distribution centered at 0.

In a perfect measurement where the LED is pulsed, one expects peaks in the gain spectrum
for single, double photoelectron events (and so on). These peaks are at regular intervals, i.e.
the position of the double photoelectron peak is at twice the gain of the single photonelectron
peak. As was mentioned in the discussion about the noise, this is not obtained in practice
and noise in the system affects the photoelectron events in the same way. Even so, the region
around 0 gain is dominated by background signals, and the data in this region should look

similar, regardless whether the LED is pulsed or not.
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Figure 9.5: Gain histogram for a measurement at a PMT voltage of 800V and an LED voltage
of 3.55 V. Shown are the background and data for PMTs 0 and 1.

Figure [0.5] shows the noise spectrum for PMTs 0 and 1, as well as the data for the mea-
surement with an LED voltage of 3.55 V. In this measurement, the PMTs were operated at
800 V. It can be seen that the background for each of the PMTs is different. The background
has a sharp peak around 0, but there is a “shoulder” on the left side of the peak which is
more prominent for PMT1 compared to PMT0. This makes the background broader and
non-Gaussian. From around a gain of 0.5 * 10 upwards, the number of events in the signal
where the LED was pulsed is much larger than off. This is where the (smeared out) photo-
electron peaks are expected. At a first glance, the two data sets seem to overlap in the region
around 0 gain, but upon further inspection it turns out that the shapes are slightly different.
There are two things to notice. Firstly, the pedestal is broader for the data with LED than
for the background data on both sides. But not only is it broader, it is also shifted. The
top of the peak is slightly shifted towards negative gain. This is in contrast with the similar
measurements found in the literature [326], which applied the same principles, and found a

high but narrow pedestal.

A possible explanation for this can be that when the LED is switched on the signal oscillates
around two symmetric offsets, but with an uneven probability. This can explain both the
breadth of the peak as well as the shift of the top, when one considers a larger peak slightly
shifted left, and a smaller peak shifted to the right, resulting in an asymmetric pedestal. The

reason for this behaviour is not known.
Based on the previous discussion, the following function consisting of Gaussians can be an
ansatz to fit to the data:
f(p“) = g(:c, abg’ 07 O'bg) + g(x, at, W, U) + g(ﬂ?7 az, 2:“’7 \/50') + g(x, as, 3”7 \/go')a (92)

with the amplitudes of the Gaussians of the single, double and triple photoelectron peaks a1,

as, and ag following a Poisson distribution, which is given by

Aee—A

P(k;\) = 1

(9.3)
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Figure 9.6: Gain fit for PMT 1, at a PMT voltage of 800V, with an LED voltage of 3.55 V.

The amplitudes can be varied with a relative factor d,.. The Gaussians themselves are defined

as
(z—p)?

€ 202 . (94)

a

9(@,a,p,0) = Tora
As was mentioned before, and as one can see from figure the noise data looks clearly
non-Gaussian. In order to describe the data in light of an oscillation between two symmetric
offsets (but with different probabilities) we therefore do not fit single Gaussian peaks. In an
attempt to describe this behaviour, we allow that each of the Gaussians in our fit shifted
into the positive and negative direction on the x-axis, with an offset pg. Due to the uneven
probabilities the Gaussians that have been shifted by £py need not have the same amplitude.
This asymmetry is captured by the parameter a, with the shifted Gaussians having amplitudes
of (1 £ a) * a. Furthermore, the Gaussians are convoluted with the noise data, which serves
as a template for the noise signals. The idea behind this is that the way the noise “distorts”

the noise signals in the same fashion as the signals when the LED is switched on.

Figure[9.6]shows the same data as the right plot in Figure[9.5] but includes a fit to the LED
on data with the residuals shown below. To have sufficient statistics to apply a Poissonian
error, only the bins that contained at least 10 counts have been used in the fitting. Some
of the individual parts of the fit have been shown. One can see two peaks in the noise
region around 0 gain. They have the same shape, but are shifted by the aforementioned
factor +pos0. Furthermore, single and double photoelectron peaks have been shown. For
the sake of clarity, only an unshifted Gaussian is shown for these peaks, but both are shifted

analogously to the double peaks in the noise region.
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Table 9.1: Fit parameter values from Equation (9.2)) that were used in the fit shown in Figure

P8

Name Value | Para Error | Error+ | Error- Limit+ Limit- | FIXED
1 apg | 3.109e+04 | 4.576e+01 1.000e+04 | 1.000e+09
2 Opg | 8.417e-02 4.790e-04 1.000e-02 | 3.000e+00
3 ap | 5.331e4+03 | 1.163e+03 5.000e+4-03 | 1.000e+07
4 w1 | 1.436e+00 5.992e-02 5.000e-01 | 1.800e4-00
5 o1 | 1.373e+00 4.847e-02 5.000e-02 | 2.000e4-00
6 A | 2.848e-01 4.116e-02 1.000e-03 | 3.000e-01
7 | rel dy | 3.186e-01 7.787e-02 1.000e-02 | 1.000e+00
8 | rel do | 1.000e-02 1.142e-01 1.000e-02 | 1.000e+00
9 | rel d3 | 9.999e-01 7.438e-01 0.000e+00 | 1.000e+00
10 po | 1.719e-01 2.780e-04 0.000e4+00 | 7.000e-01
11 a | -5.810e-01 1.761e-03 -1.000e+4-00 | 1.000e+-00

However, with a reduced x? of around 198, this fit is far from good. The residual plot
shows in which region of the fit the deviations are largest. This is especially the case in the
region around 0 gain, where the fit is more than 5 standard deviations away from many of
the data points, on one occasion even 49 standard deviations. There are two reasons why
the errors are especially large in this region. The first being the different shape of the noise,
as has been mentioned before, which becomes quite pronounced when the noise spectrum is
convoluted with the fitted Gaussians. The second being that the relative error in each bin
scales as ~ 1/4/n, which only exacerbates the first issue, as most of the counts are in the
noise region. Due to these factors, the fit function is not a suitable fit to the data. These
issues to not only show up in figure they are present in each of the three PMTs, as well
as at different LED and/or PMT voltages. Therefore new gain calibration measurements are

advisable.

9.3 Measurement setup

9.3.1 %°Rn decay chain

220Rn is the isotope of radon that occurs in the decay chain of 232Th, the most common
thorium isotope. 232Th decays via an a-decay into 2?*Ra and two 3~ -decays into 2?8 Ac, and
subsequently into 28 Th, which is the isotope in the radioactive source that was used in these

measurements.

Figure shows the decay chain of 2?8Th. It decays to ?*Ra with a lifetime of 1.9 years.
The ?**Ra decays to ?2°Rn with a lifetime of 3.6 days. We do not observe these a-decays
since the isotopes cannot leave the source due to the PTFE filters that prevents these nuclei
from exiting the source. The ??°Rn which is released into the system decays through two
successive a-decays into 2'°Po with a lifetime of 55.6 s, which then decays into 2'?Pb with a
comparatively short lifetime of 0.16 s. With a lifetime of 10.64 hours, 2'?Pb has the longest
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lifetime of all radioactive daughter nuclei in this decay chain [327]. It decays via a S~ -decay
into 21?Bi.

212Bj has a lifetime of 61 minutes and decays through two different decay channels. In
35.94% of the cases it decays via an a-decay into 298T1. With a halflife of 3.1 minutes the
208T] decays via a 8~ decay to the stable 2°°Pb. In 64.06% of the cases 2'2Bi decays into 21?Po
via = decay. The 212Po is very short lived, with a halflife of 3« 1077 seconds, whereupon it

quickly decays into the stable 2®Pb via an a-decay.

Hence we can distinguish two parts in the decay chain: the decays before 2'2Pb, as well
as the decays that happen after the 2'?Pb decay. Our aim is to detect 22°Rn through its
a-decays, as more energy is released in these decays compared to S-decays. The energies
that are released during the a-decays are shown in Table

Table 9.2: Table showing the a-decay energies of the isotopes in the 22°Rn decay chain [327].
The isotopes are listed in tlﬂe order they occur.

Isotope | a-decay energy [MeV]
220Rn 6.288
216pg 6.778
212B; 6.051
212pg 8.784

9.3.2 Measurement procedure

As a test, a measurement using a ®3Rm source releasing 83™Kr. No increase in the event rate
was seen after opening the source. This is likely due to the low activity of the source, as well
as the fact that the energies involved in the decay of 83™Kr to 83Kr are 32.1 and 9.4 keV.

These energies are very small compared to a-decays that have energies the MeV scale.

On 26-02-2020 a measurement was started during which the ??®Th source was opened.
The initial flow path is the one shown in Figure 9.3, with MV9 and PV 9 closed in order to
bypass the getter, and PV10 and PV12 closed to bypass the thorium source. Therefore we
refer to this measurement as the getter bypass measurement. Gas circulation was started by
switching on the Qdrive. This was left for about 120 minutes in order to have some data
whilst the source has not been opened yet. The thorium source was opened by opening PV
10 and 12, as well as the two manual valves next to it. Then MV16 was closed to force
the gas flow through the thorium source. Due to the resistance the thorium source adds to
the gas flow, the Qdrive voltage was increased to keep the flow at a similar level. After 180
minutes, the source was closed by first opening MV16, and subsequently closing PV10, 12,
and the manual valves next to the thorium source. Since the Qdrive did not have to pump
against the resistance of the thorium source anymore, the voltage was lowered back to the
original level. In order to measure the drop off in rate of the daughter nuclei of 22Rn the

measurement was continued for around four more days.

On 03-03-2020 a measurement was started during which the 22Th source was opened, it

was performed in the same fashion as the one from 26-02-2020, however this time the getter
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Figure 9.7: Decay chain of 228Th, including the lifetimes and decay mode(s) of each isotope.
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was not bypassed. Thus this is referred to as the getter measurement. In this measurement
PV8 was closed, whereas MV9 and PV9 were opened in order to lead the gas through the
getter. This is also indicated in Figure 9.3

0.4 Results

9.4.1 Getter bypass measurement results

Figure shows the event rate that was measured over five days of measurements. In this
plot one can clearly see the large increase in rate at the moment the source is opened, as well
as the quick drop-off in rate the moment the source is closed. After the source is closed, one
can see that over the next few days the rate drops back to the background level before the
source was opened. In order to look at some details, Figure shows the first 1000 minutes
of this measurement. One thing to notice here is that there is a spike in the rate the moment
the source was opened before the rate remains (relatively) constant. This feature can be
attributed due to the fact that the source builds up amounts of 2?°Rn and its daughter nuclei
whilst the source is closed. Upon opening the source, this build-up of nuclei is released into

the system. After this, the radon gas from the source enters the system at a constant rate.

When the source is closed again, 22°Rn decays quickly due to its short lifetime. Hence, one
sees a quick drop-off in the measured rate. Due to the presence of daughter nuclei the rate
does not drop back to the background level. Through two a-decays ?2’Rn decays via 2'®Po
into 212Pb. This last nucleus is with its half-life of 10.64 hours relatively long-lived compared
to the other daughter nuclei. Hence, upon closing the source, there has not been enough
time yet for an equilibrium to settle between the abundance of 2'?Pb and 2'2Bi. Because of
this the abundance of 21?Bi will increase at first. As we are not sensitive to 3-decays, we
do not observe the decay of 2!2Pb to ?!2Bi. Hence we need to observe the decays of 2!2Bi
and its daughter nuclei. Therefore the rate increases slightly at first as the amount of 2'2Bi
increases due to the 22Pb decays. Since the amount of 2!2Bi depends directly on the amount
of 212Pb, we expect that the observed rate after the source has been closed should decrease

proportionally to the amount of 212Pb i.e. with a life-time of 10.64 hours (= 638.4 m).

Figure [9.10] shows the decrease of the rate from ¢t = 1000 m to ¢ = 7000 m. The data were
fitted with a function of the form

N=Ax2"t2 4 (9.5)

where ¢ and ;5 are in minutes. Assuming a Poissonian error distribution, we obtained a

least squares fit with the following values:

name ‘ value ‘ o
A 306 | 0.17
tyg | 645.2 | 2.1
c 1.924 | 0.005
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Figure 9.10: Count rate for the measurement started on 26-02-20 from ¢ = 1000 m, including
fit and residuals.

The rate seems to drop off at a slightly slower rate compared to the half-life of 2'2Pb.

Figure[9.11]shows a histogram of the peak area for each of the three PMTs. In this plot, the
different gains of the PMTs have not been taken into account, therefore the spectra are shifted
relative to each other. Nonetheless one can see at a first glance that the spectra of channels
1 and 2 are very similar, as was expected for the two PMTs in the cross detector. Note that

this histogram represents the absolute number of counts, not the rate on the y-axis.

9.4.2 Time cuts

As a next step, let us consider the event rate at different times in the experiment. For this
purpose we will only regard the events from the T-detector, i.e. channel 0. There are four
main phases to be considered, namely the time pre source, with an open source, post source,
and the time where the event rate has fallen back to the background level again, which we
denote as “post source background”. This is illustrated in Figure where the count rate
is shown at each peak area during each of the four phases of the experiment. The first thing
that is worth pointing out is that the rates of the time pre source and of the background long
after closing the source match closely. However, there are some slight differences, since the
pre source line falls of quickly compared to the post source background line. This is partly
due to the statistics, as the total amount of events in the pre source timeframe is lower, but
also small traces of radioactive isotopes cause tiny rates at higher peak area in the post source

background.
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Figure 9.12: Histogram of the peak area count rate for Channel 0 (T-detector) for the different
phases in the measurement from 26-02-20.



164 9 Measurement of 22°Rn decays in gaseous xenon

For each of the phases the count rate decreases with increasing peak area. Looking at the
timeframe where the source was open, the event rate is greater across all peak areas. An
interesting feature that is clearly visible is the bump slightly below 5000 ADC counts. This
feature was already visible in Figure but we can now clearly see that it originates from
this phase. In section [9.4.2] we will discuss this feature further.

For the time-frame post source, we see that the rate is close to the background rates at
low peak area. Furthermore, one can slightly discern two distinct peaks around 5000 ADC
counts, very close in peak area to the bump visible for the line for the open source. This
feature could not be seen in Figure since it is obscured by the larger amount of events
from the period with the source opened. Less profound, but still somewhat visible are two

peaks around 1000 ADC counts. These are not visible in the data with open source.

Alpha peaks

As mentioned in section [9.4.2] we will take a closer look at the peaks that are visible in the
data in Figure Let us repeat Table[9.2]showing the energies of the a-decays. However, it

Table 9.3: Table showing the a-decay energies of the isotopes in the 22°Rn decay chain [327].
The isotopes are listed in t}f order they occur.

Isotope | a-decay energy [MeV]
220Rn 6.288
216pg 6.778
212Bj 6.051
22pg 8.784

is unlikely that all the energy released in these decays is detected in the PMTs. Therefore we
make the ansatz that these decay events show up as Gaussians in a peak area histogram. The
data set of the open source data should contain primarily 2?Rn and ?'%Po decays. Because
these decays are close in energy, this would result in a wide, single Gaussian which would
agree with the observations of section On the contrary, the decays of 2'2Bi and 2'?Po
have energies that are clearly apart from each other, resulting in two separate Gaussians in
the post source data. For both phases we fit the histogram data with a function containing
an exponential background, two Gaussians corresponding to the two a-decays in each phase,

as well as an offset. The functions then look as follows:

Nl = Al * e_klz + g(:l:a gai, 1,01, ERn—220) + g(:l:a gai, k,01, EP0-216) +c (96)
Ny = Ag % e722% + g(z, gag, 1, 02, Epio12) + g(x, gas, i1, o9, Epe.a12) + ca,

where the Gaussians are defined in the following way:

a (z—Bx_1231)°
g(l‘,ga, M, 0o, EX—123) = \/g%e 202 . (97)

In this way the mean value of each Gaussian is located at a peak area that is proportional

to the energy of the decay, with a proportionality factor p. Additionally, we assume that for
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N; the amplitudes of both Gaussians were equal. This is based on the large difference in
lifetime between 22°Rn and 2!%Po. Based on the discussion in section we expect that
the 216Po formed through the 22°Rn rapidly decays into 2!?Pb, and hence that the amount of
events for both decays is equal. The functions N7 and Ny are fitted to the open source and

post source data respectively in a combined fit. The resulting fit of this function to the data

is shown in Figure with the following parameters:

Name Value Para Error
Aq 1.532e+04 | 2.121e+402
Ao 1.246e+03 | 4.806e+01
A1 3.581e-04 8.734e-06
Ao 3.144e-04 2.651e-05
gay 6.291e+05 | 2.046e+404
gas 6.827e+04 | 8.837e+03
gas 2.926e+04 | 6.005e4-03
o 6.875e+02 | 9.733e-01
o1 4.784e+02 | 1.155e+01
09 3.346e+02 | 3.222e+01
c1 -5.226e+02 | 6.326e+01
co -2.063e+01 | 2.131e+01

The two Gaussians in the open source data correspond to the 2°Rn and 2!5Po decay signals.
Since their decay energies are close to each other, this results in a wide, single peak. For
the post source data, the two different peaks can clearly be distinguished. The ansatz that
the means of the Gaussians are proportional to the decay energies of the respective isotopes
seems to put the Gaussians at the same location as the peaks in the data. As a critical side
remark, one can notice the values of ¢; and co, which are both negative. One might wonder
why these are negative, as the number of counts tends to ¢; and ¢y for large peak area, but a
number counts smaller than 0 is unphysical. For this we point back to Figures and
In these figures the number of counts or count rates respectively decrease exponentially, but
there is a noticeable sharper decline at larger peak area. The takeaway from this discussion
is that the fit function that was used is only applicable to this region around the a-peaks, but
should not be used to describe regions with different peak areas. But since we are interested

in the a-decay signals, this does not affect our results.

Cross-detector

Thus far, for most of the analysis only the T-detector has been considered. However, the cross
detector can offer a much better picture, since one has the ability to only select events which
were seen in both PMTs. This reduces the background rate, since noise signals in a single
PMT are excluded. The T- and cross detector should be independent from each other, since
they are at different locations inside the gas system. If the T- and cross detector consistently

trigger simultaneously, it would point towards a mistake in the setup or electronics.
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Figure 9.13: Histogram of the peak area for Channel 0 (T-detector) for the open- and post
source data in the region of the alpha peaks. The fit to the data is included as
well. 26-02-20

As an illustration, Figure has been remade, this time only the events in which both
PMTs in the cross detector measured a signal were selected, as can be seen in Figure
The graphs of Channels 1 and 2 still look very similar (though shifted because of the differing
gain in the PMTs), but the amount of events from the T-detector has been reduced to a tiny
amount at small peak areas. Moreover, there are less counts in the region below 1000 ADC
counts. This indicates that many of these events were just noise (possibly pile-up). Figure
is likewise a remake of Figure [9.12] though the differences between these two figures are
not as stark, since we only consider the events of a single PMT and not of both cross detector

PMTs simultaneously.

As previously mentioned, the graphs of Channels 1 and 2 look similar, but are slightly
shifted due to different gain of the PMTs. Because a meaningful gain calibration could not
be performed, a manual change was made to the peak area in order to be able to compare
the data of the two PMTs. In particular, scaling the peak area of Channel 2 by a factor
of 1.155 seems to make the spectra of both detectors overlap. This is a shaky and ad hoc
solution. The normal procedure would be to scale the spectra relative to the PMT gains.
Figure [9.16| shows again the count rates per adjusted peak area for each of the phases in the
measurement. This time the peak areas of both PMTs within a single event were summed.
The formulation adjusted peak area is chosen because of the manual change to the peak area
of the events of Channel 2.

There are several differences when comparing Figures and [0.16] First of all, the

count rate drops off less for higher peak area for the combined data than for the single
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Figure 9.14: Histogram of the peak area for each of the detectors for the measurement started
on 26-02-20. Only the events in which both Channel 1 and Channel 2 (cross
detector) were triggered were taken.

PMT. Furthermore, the peaks that are visible in the data for a single PMT are clearer when
combining the events of both cross detector PMTs. This is to be expected since the part of
the signals of one decay might not all end up in a single PMT, but might reach the opposite
PMT instead. However, the peaks also seem to be broader, especially the peak around an
adjusted peak area of 32000 ADC counts in the post source data in Figure [9.16]
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Alpha peaks

Similar to the discussion of the alpha peaks in the discussion of the T-detector data, equation
was fitted to the data in the region of the alpha peaks again. The result can be seen
in Figure [9.170 The fit is not good, the clearest deviation can be seen in the open source
data. The two alpha peaks in the post-source data can be distinguished, but only one of
the two fitted peaks fits the data. In order to investigate this behaviour more closely, one
can just take the open-source data, and only fit N7 of equation . This was done for the
combined data of PMTs 1 and 2, as well as just the data of PMT 1. The results are shown in
Figures and respectively. In both cases the shape of the fit does not seem to match
with the shape of the peak, whereas for the T-detector data the peaks could be described by
Gaussians, see Figure [0.13]

Turning to the post-source data, things change. As can be seen in Figure the position
of the fitted peeks is indeed off, similar to Figure[9.17} The same fits are shown for the data
of the single PMTs in Figures and [9.22] for PMT 1 and 2 respectively. These fits look
slightly better, however it is now the right peak which is a bit off, though less than the left
peak in the combined PMT data was.

Summary

Using the Miinster gas system, we let gaseous xenon flow through a ??®Th source emanating
220Rn. The gas was then led to our measurement setup consisting of 3 PMTs, one single
PMT in the cross detector, whereas the other two were placed oppositely from each other
in the cross detector. We observed a clear increase in event rate after opening the source,
which quickly dropped off to a lower level after closing the source. Thereafter the event rate
decreased slower than was expected from the half-life of 2'2Pb. Separation of the data based
on the phase of the measurement uncovered peaks that were not visible in the complete data
set. Using a fit with Gaussians located proportional to the decay energies of the a-decays we
were able to describe the peaks in the T-detector data. However, this approach did not work

for the X-detector data, neither for the individual PMTs nor for the combined signals.
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Figure 9.17: Histogram of the peak area for Channels 1 and 2 (X-detector) for the open- and
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The fit to the data is included as well.
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Figure 9.23: Count rate for the measurement started on 03-03-20.

9.4.3 Getter measurement results

The measurement was done with the getter included. The getter should function as filter for
the daughter nuclei of 2°Rn. If this is the case, then the event rate should fall off quicker
than the rate that was measured in the measurement without the getter as radioactive nuclei
are filtered out of the system. In particular, the 2'2Pb, which is relatively long-lived, can be
filtered by the getter as it is present in the system for a long time. In such a scenario, the
signals of the 2'2Bi and 2!?Po decays will become much weaker. The ??°Rn and 2'5Po decays
are expected not to be influenced by the getter, since the gas that has passed the source will
pass the PMTs first, before reaching the getter. If we look at Figures and we see
that the qualitatively look similar to Figures and However, there is a slight bend in
the event rate around ¢ = 1400 m. At this point the flow in the system dropped, and as a
consequence the count rate decreased slightly. It should also be noted that the measurement
time is shorter compared to the 26-02-2020 measurement. This means that there is less data
on the period where the event rate has fallen back to background levels, resulting in slightly

worse statistics.

Focusing on the decrease of the event rate after the source has been closed, this drop
becomes clearly visible. Both in the graph of the data with the fit itself and in the plotted
residual there is quite some variation just before ¢ = 1500 m. For the fitted function as in
, we obtain the following values:

name ‘ value ‘ o
A 46.61 | 0.20
typ | 579.7 ] 1.8
c 2.105 | 0.009

The halflife is now clearly lower than the 645.2 + 2.1 m that was obtained from the 26-02

measurement without the getter, but this result cannot be considered valid given the large
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Figure 9.25: Count rate for the measurement started on 03-03-20 from ¢ = 800 m, including

fit and residuals.
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Figure 9.26: Count rate for the measurement started on 03-03-20 from ¢ = 1500 m, including
fit and residuals.

deviations of the fit to the data. Therefore the same function was fitted again, but this time

only the data points from t=1500 m were taken into the fit. This gave the following results:

name ‘ value ‘ o
A 38.52 | 0.53
typ | 633.7 | 4.8
c 1.989 | 0.014

The lifetime that is obtained from this fit is much more in line with the one from the 26-02
measurement. It seems that even though the gas was led through the getter, the event rate
still decreases at roughly the same rate as the amount of 22Pb. If the getter filters out the
lead, the rate should drop more quickly. The absence of this decrease cannot be attributed
to the nuclei depositing themselves on the wall in the system. In that case, the event rate
visibly drops at the same time the gas flow dropped. If a large fraction of the nuclei had
been deposited on the wall, changes in the flow rate should not have mattered. Based on the

event rate alone, the influence of the getter cannot be determined.

Alpha peaks

To find out whether the getter did filter out the daughter nuclei of the radon, we made a
histogram of the peak area of the events, shown in Figure The result is similar between

both measurements, and one can distinguish peaks at the same places in the spectrum as in

Figure [9.17]
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Figure 9.27: Histogram of the peak area for each of the detectors for the measurement started
on 03-03-20.

We will again go into more detail by selecting the events measured by the T-detector,
because it detected the most events, and divide the data based on the phase of the experiment.
Like in Figure the data is divided into four parts: pre source, open source, post source,
and the background after the source has been closed for a long time. This is shown in
Figure for the 03-03 measurement. The peak in the open source data around 5000 ADC
counts is still clearly visible, and also the two peaks in the post source background can be

distinguished Furthermore, there are also weak features visible at 1000 ADC counts.

In order to describe the region containing the alpha peaks, equation was fitted to

the data again. The result is shown in Figure [9.29

obtained:

Name Value Para Error
ai 1.650e+04 | 2.928e+02
as 1.403e+03 | 1.213e+02
A1 3.436e-04 6.805e-06
Ao 3.067e-04 4.114e-05

gay 8.250e+05 | 2.623e+404
gas 1.035e+05 | 2.542e+404
gas 6.063e+04 | 1.615e+04
I 7.854e+02 | 1.409e+400
o1 5.987e+02 | 1.414e+01
09 4.952e+02 | 6.277e+01
c1 -3.127e+02 | 4.185e+01
C -5.641e+00 | 2.767e+01

The following parameter values were
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Figure 9.28: Histogram of the peak area count rate for Channel 0 (T-detector) for the different
phases in the measurement from 03-03-20.

The errors in gas and gas are relatively large, around a quarter of the parameter value. This
can be attributed due to the peaks in the post source data being not as large compared to
the rest of the data. For the peaks in the open source data this difference is much larger.
But even so, there is again a clear correspondence between the position of the peaks and the

energy released in the alpha decays of the 22°Rn chain.

Cross-detector

We select only the events that were measured in both PMTs of the cross detector. The result
in Figure[9.30|is very similar to Again, events that were picked up simultaneously in the
T-detector are at low peak area and few in number. There are some differences when looking
at the count rates for different phases in the experiment. Figure (left) shows a histogram
of the count rate versus the peak area for Channel 1. The result looks globally similar to
the measurement without the getter, as shown in Figure but the second peak in the
post source data now looks weaker when compared to the other measurement. However,
combining the events in Channel 1 and 2 a second peak in the post source data is visible, see
Figure m (right). As was noticed in section these peaks are broader than those for a
single PMT.

When trying to fit equation the same problems as in the other measurement show
up. As can be seen in Figures [9.32] and [9.33] the peaks of the fit neither match the shape of

the peaks in the data, nor are they located at the correct positions.
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Figure 9.29: Histogram of the peak area for Channel 0 (T-detector) for the open- and post
source data in the region of the alpha peaks. The fit to the data is included as
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Figure 9.30: Histogram of the peak area for each of the detectors for the measurement started

on 03-03-20. Only the events in which both Channel 1 and Channel 2 (cross
detector) were triggered were taken.
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Figure 9.31: Histogram of the peak area count rate for Channel 1(left) and the adjusted peak
area count rate for Channel 1 and 2 combined (right) for the different phases in
the measurement from 03-03-20
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in the region of the alpha peaks. The fit to the data is included as well. 03-03-20
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in the region of the alpha peaks. The fit to the data is included as well. 03-03-20

0.5 Discussion of the results

The aim of this measurement was to detect the presence of 2?°Rn and its daughter isotopes
in xenon gas, as well as to see whether the getter is able to remove some of these isotopes
from the xenon gas inside the Miinster gas system. For this purpose we used three PMTs,
one of which was placed in the T-detector, the other two opposite from each other in the
X-detector. Two measurements were taken, one where the gas was led through the getter,

and one where the gas bypassed it.

In both measurements a large increase in count rate was observed quickly after the thorium
source was opened. The count rate dropped off rapidly after the source was closed, since 22Rn
has a lifetime of 56 seconds, and its daughter nucleus 2'Po only 0.16 s, meaning an amount
of 212Pb with a relatively long half-life of 10.64h (~ 638m) was built up. The subsequent
decrease of the count rate was steady. The count rate halved every 645.2 + 2.1m (getter
bypass) and 633.7 £ 4.8m (with getter), and both values are in agreement with the half-life
of 212Pb,

For the T-detector data, a histogram of the counts by peak area was made in both mea-
surements. In doing this, the data of the different phases was taken into account seperately as
well. This was done in order to prevent the large amount of measured 22°Rn and 2'Po decays
overshadowing those of 2'2Bi and 2!?Po. With the data separated in this way, Gaussians were

fitted to the a-decay peaks, where the means of the each of the Gaussians was proportional
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to the a-decay energy of one of isotopes that is present in the 22Rn decay chain. In the case
where the getter was bypassed, this fit described the data well. This shows that we have
indeed observed the a-decays of 2°Rn and its daughter isotopes. The same was done for the
measurement in which the getter was used. Also in this case the fit described the data well.
The getter did not seem to have any effect on the presence of the daughter nuclei of 22Rn
in the xenon gas. The results of the T-detector are strong evidence of the presence of 22Rn

and its daughter nuclei.

The X-detector data showed clear similarities in the observed signals between both PMTs,
these recorded events were independent of the ones measured in the T-detector. The same
fit that had been used for the T-detector, was used a-peaks in the X-detector data as well.
The fit did not describe the data well, as one of the Gaussians ends up shifted away from one
of the peaks in the data. It is difficult to pinpoint the exact cause of the difference between
the T- and X-detector data sets. A possible explanation can be that the X-detector captures
a substantial larger amount of scintillation signals. Indeed, the peak areas of events in the
X-detector are larger than those in the T-detctor. The PMTs might capture too much signals
to handle, distorting the data. To test this scenario, one could decrease the volume at which
the PMTs were operated.

Looking at the data of just a single PMT in the X-detector, the fitted Gaussian peaks in the
data with open source deviate from the data in shape. Furthermore, for the data post-source
the position one of the fitted Gaussian peaks is clearly off compared to the measurement.
Thus the deviation between the fit and data is not an artefact of combining the data of both
PMTs, but is already present in the data of a single PMT. Hence this issue is neither caused

nor can it be resolved by a thorough gain calibration.

The gain calibration of the PMTs was not successful, as the data was of a too poor quality.
This is mainly because the noise spectra that were taken had a non-Gaussian shape. On top
of this there were differences in the shape of the data in the noise region between the noise
spectra and the data with pulsed LED. The noise region contained most of the counts, also
with a pulsed LED. With Poissonian errors, the relative error is smallest for these bins. These
factors made it difficult to apply a good fit to the data, hence new measurements should be

taken.

9.6 Outlook

We have detected the decays of 22°Rn and its daughter nuclei in xenon gas. The next step
is to test whether the radon can be separated from the xenon by charging it and drifting it
through an electric field. Xenon gas entering a chamber can be led into an electric field. One
one side, there is a gold surface that is illuminated by a UV LED. This causes electrons in
the gold surface to escape and drift in an electric field towards the anode through the gas
present in the system. During this time, the electrons encounter xenon and radon nuclei, as

well as any daughter nuclei. If there is a difference in the rate in which these elements absorb
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these extra electrons, one can separate them using the electric field. The second part of the
chamber is divided into two parts by a piece of steel in the middle. A single PMT is mounted
on each side. The idea is that if the radon is indeed drifted to one side by the electric field,
the PMT in one of the parts will measure a larger rate than the other one. If successful, this

principle could be used to remove radon on a larger scale.
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10 Extending the SM gauge group with a
local U(1) symmetry

Most of the radiative seesaw models that have been considered thus far have a Zo symmetry as
a common feature, with the exception of the SLIM model of Chapter [§|that featured a global
U(1) symmetry that was broken to Zs however. The reasons for this feature were discussed in

Chapter 4] and are repeated here. In particular, the Z5 symmetry has the following effects:

e It ensures that neutrino masses are generated through radiative corrections at the one-

loop level, by preventing any tree-level seesaw contribution.

e [t stabilises the particles in the dark sector by preventing decays into SM particles.

This makes the neutral particles in the dark sector suitable dark matter candidates.

e It prevents flavour changing neutral currents (FCNCs) at tree-level induced by the

otherwise allowed Yukawa couplings between SM quarks and leptons and BSM scalars.

Whereas there are many valid phenomenological arguments in favour of this symmetry, its
inclusion in radiative seesaw models is ad hoc and does not come with a direct motivation
from a theoretical perspective. A similar role can be fulfilled by other symmetries, which
makes it attractive to study new symmetries that can have the above mentioned effects.

These can be divided into two seperate categories.

The first class of symmetries used in the literature are the global symmetries, which can
be divided further into discrete and continuous symmetries. The extensively discussed Zo
symmetry falls into the former category, as well as the related Z3 329, [330] or higher Z,, [331]
symmetries. An example of a Z5 symmetry that more underlying theoretical motivation is
R-parity in supersymmetric theories. Other symmetries that are sometimes included in the
literature are so-called familiy symmetries, e.g. A4 [332} [333]. For a continuous symmetries
a global U(1) symmetry is used [293| [288] |334], which can then broken to a Z, symmetry
[335].

The other class of symmetries are local (gauge) symmetries. In this chapter, we will focus
on the extension of the SM SU(3).x SU(2)rx U(1)y gauge group by an extra U(1) group.
This scenario has already been considered in the literature, such as a U(1) gauged version of
the scotogenic model [336], but no systematic overview exists. The addition of an extra U(1)
results in the appearance of a new Z’ gauge boson. If the symmetry is (spontaneously) broken
by a new Higgs field, then the new gauge boson is massive. Popular choices for assigning

charges under the new gauge groups are those that are based on accidental symmetries of the
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Standard Model. In the SM baryon (B) and lepton (L) numbers are conserved seperately, as
well as the quantity B — L. Hence some models consider extensions based on gauged lepton
number U(1)z, [337, 338] or B — L U(1)p_1 symmetries [339]. Another option is to have a
“dark” U(1) symmetry, under which the SM is completely uncharged, and only the new fields
are charged [336, |340, |341]. Furthermore, there exist models with a gauged U(1) symmetry
in which Dirac instead of Majorana masses are generated (342} 343, 344, [345| 346]

As was explained in Chapter[4] a classification of radiative seesaw models with a Z symme-
try was presented in Refs. (203} [204], where models with < 4 new multiplets were considered.
The aim of this chapter is to present a systematic overview of the the same models for the case
where a gauged U(1) symmetry takes the role as a stabilising symmetry, and to discuss the
different criteria that need to be considered. We will then discuss some of the phenomenol-
ogy related to the Z’ boson and the extended scalar sector. We then turn to grand unifying
theories (GUTs) and discuss the prospects of embedding our models into an SO(10) GUT.
This chapter is based on joint work with Thede de Boer and Michael Klasen, a publication

is in preparation at the time of writing.

10.1 One-loop classification of models with a local U(1) symmetry

In radiative seesaw models, the neutrino masses are generated by one-loop realisations of the
d = 5 Weinberg operator [190] that was first introduced in Equation (3.30]) in Chapter [3|as

Lo C‘*Tﬁ (LoH) (LgH) + hec., (10.1)

which generates a Majorana mass term for the neutrinos after electroweak symmetry breaking.
For the case where the number of new multiplets is < 4, and all multiplets are either singlets,
doublets, or triplets of SU(2), an exhaustive overview of possible models has been found in
Ref. [203], of which a part can accomodate a dark matter candidate [204]. This was already
discussed in Chapter [4] These models use all use a Zy symmetry. The different topologies of

models that can generate viable neutrino masses are shown in Figure 4.2

The goal of this section is to replace the Zo symmetry of these radiative seesaw models by
a gauged U(1)x symmetry, following the same assumptions as was done in Refs. [203] [204].
The only difference is that an extra complex scalar (, which must be uncharged under all
SM symmetries, is added in order to break the U(1)x symmetry. This scalar is allowed to
develop a vev v¢. The scalar can couple to the neutrino loop, so that the d = 5 Weinberg

operator is modified to

Cq n

in which an even number of ¢ is included. Then two cases can be distinguished. If v is
small with respect to the scale of new physics v¢ < A, then it does not affect the d = 5
Weinberg operator from Equation ((10.1]), as all contributions of operators with n # 0 are
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suppressed by one or multiple factors of vg /A2 If the vev is on the order of the new physics
scale vc ~ A, then the operator receives no suppression for n # 0. In this case, the operator
will be similar to the ordinary d = 5 Weinberg operator after ¢ has obtained a vev. Either
way, the operator after the breaking of U(1)x is not modified, and thus the complete model
overviews presented in Refs. [203, |204] are applicable here. However, the addition of ¢ with

a vev can induce new mixings between fields.

10.1.1 Theoretical conditions

The first step is to consider the general theoretical conditions that need to be fulfilled when
embedding radiative seesaw models into an extra U(1)y gauge symmetry. In doing so, one
has to assign how each field is charged under the new symmetry. Not all distributions of
the charges under the new symmetry are possible. The first of these aspects are the gauge
anomalies, which for a consistent theory must vanish. Furthermore, the d = 5 Weinberg
operator should not be explicitly forbidden by the theory, and neither should the couplings
that are involved in the neutrino mass diagrams. Also the SM Yukawa couplings, responsible

for the SM fermion masses, should be preserved. The former leads to the condition
X+ Xyg=0. (10.3)

Finally, the U(1)x symmetry must be imposed in such a way that eventual dark matter
candidates are prevented from decaying into SM final states. As a final note, this discussion
is done under the assumption that different generations are equally charged under the new

symmetry.

General solutions

In this section we derive general constraints that are only dependent on the SM particle
content, and thus are applicable to any radiative seesaw model with an extra U(1) symmetry.
Remind yourself that the Yukawa terms of the Standard Model are written as (omitting
generational indices), repeated from Equation

Ly = —y°H'Le$ — v H'Qd% — y*H'Qu% + h.c., (10.4)

which must be preserved as such. Likewise, the d = 5 Weinberg operator from Equation
(10.1) must also be allowed. One can then see that the charge assignments X, for a field ¢

must satisfy the following relations

Xq— Xu + X =0 (10.5)
XQ—G-XH—I-Xu% =0 (10.6)
XL—XH—FXe%:O, (107)
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S

Figure 10.1: Triangle diagram contributing to gauge anomalies.

which upon inserting Equation ([10.3) can be reduced to

Xge = —Xg — X (10.8)
Xug = —Xq + X1 (10.9)
Xe: = —2X]. (10.10)

Gauge anomalies

Further constraints come from gauge anomaly cancellations. Anomalous symmetries arise
from field theories where the Lagrangian of the classical theory obeys this symmetry, but the
quantum theory based on the same Lagrangian does not. This has no consequences if the
symmetry in question is a global symmetry, but for anomalous local symmetries problems
arise. If a local symmetry is anomalous, then the Ward identity will be violated and the
corresponding massless gauge boson picks up an unphysical longitudinal polarisation [347].
The anomaly can be described in terms of triangle diagrams, such as those in Figure [10.1
Gauge bosons couple to the triangle, in which the chiral fermions of a theory run. In order to
be anomaly free, all contributions of the diagrams must cancel. Whether this can be achieved,

depends on the generators T' of the gauge group, which is written in terms of
A(R)d™ = 2A(R)Tr [T@{Tb, TC}} , (10.11)

in which the generators are in the fundamental representation, and A(R) is the anomaly
coefficient, which depends on the representation of the fermion running in the triangle [347].
For the fundamental representation this coefficient is always 1. An anomaly free theory is
satisfied if d*¢ = 0, or the sum over the anomaly coefficients of all fermions cancels. All of
the conditions are given in Table These depend on the complete (SM+BSM) particle

content. A fixed contribution to the gauge anomalies comes from the Standard Model fields
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Table 10.1: Conditions for gauge anomaly cancellation for the gauge group
SU(3)exSU(2)LxU(1)y xU(1)x.  The sums run over all components of
fermion fields ¢. For this table, we assume that all multiplets are either SU(3)¢
triplets 33 or singlets 13, and that all multiplets are SU(2), triplets 35, doublets
29, or singlets 1s.

Anomaly Constraint
U(1)y > Y, =0
U(1)§( Zw Xz:z =
U(1)2 xU(1)x PO Yij =0
U( )3 xU(1)y S XoYy =0
SU(3)zxU(1)y D ypess Yo =0
SU(3 ) U(l)x Zq/)e:),g Xy =0
SU(2 ) U(1)y Eweb Yy + 42111632 Yy =0
SU(2 ) U)x | Xpez, X 42 yes, Xy =0
grav 2xU(1)y Zw Yy, =0
gravZxU(1) x DXy =0

themselves. With the constraints from Equations (10.8410.10)), the following contributions

are obtained

( ) Ulx: 0 (10.12)
x: 3[6Xg+2Xy1] (10.13)
)x: 0 (10.14)
oo (10.15)
) (10.16)
) (10.17)

xi 53X - Xy
% 3X.[6Xg+2X[)
% 3XE[-6Xg—2Xy)

for the new U(1)x group. All gauge contributions involving only SM gauge groups vanish
for the SM particle content. One further anomaly that must be taken into account is the
Witten anomaly [348]. It states that an SU(2) gauge theory with an odd number of left-
handed fermion doublets is inconsistent. Whatever extension of the SM particle content we
will make, the contribution of the SM particle content to the gauge anomalies must always
be cancelled by the contribution from the BSM fields.

10.1.2 Fermion charge considerations

The general constraints that were just presented impose further restrictions on the charge
assignment of new fermions if one also takes into account that a tree-level seesaw must be
avoided, and that the topology of the neutrino loop must be conserved. Based on this one
can make several observations about the characteristics of fermions for the minimal radiative
seesaw models we consider here, which contain at least one, and at most three fermion

multiplets. To illustrate our train of throught, we first make some observations about the
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fermions inside the neutrino loop, to which we give an argument. With these observations,

we derive constraints on the BSM fermions for the specific topologies.

Observation 1. All contributions to the gauge anomalies from vector-like fermions vanish
due to opposite contributions from the other vector-like component. Thus only fermions that

are not vector-like contribute to the anomaly cancellation conditions.

Observation 2. If there is a single new fermion i that is not a priori part of a vector-like

fermion, v must be made vector-like.

Argument: From the Witten anomaly it is clear that ¢ must be made vector-like if it is a
doublet, which is satisfied if a second doublet is added, and the components are combined into
a vector-like fermions. If 1) is a singlet or a triplet, the anomalies associated with hypercharge
must cancel. Because the SM and other new vector-like fermions do not contribute to the
hypercharge anomalies, 1) must either be vector-like or have zero hypercharge. However, in the
latter case, if a singlet or triplet has zero hypercharge, it must have a non zero U(1)x charge
in order to prevent contributions from seesaw types I or IIIE| In this case the contribution of
the fermion to the grav? x U(1)y anomaly must cancel, since it has no contributions from
the SM (see Equation . This is only possible if ¢ is made vector-like.

Observation 3. If there are two or more new fermions that are relevant in the neutrino
loop, at least ome of these fermions must be a doublet and at least one fermion must be a

singlet or triplet.

Argument: In any minimal model with more than one fermion, i.e. of the topology T1-2
or T1-3 in our case (see Chapter , there always exists a direct coupling of two fermions F
and F5 to the SM Higgs doublet. This is only possible if one of the new fermions is a doublet.
The second fermion coupling to this vertex must be a triplet or singlet to complete the vertex

in an SU(2), invariant way.

Observation 4. If there are two fermion fields that both are either singlets or triplets under

SU(2)r, then they must be vector-like or identified with each other in order to form a vector-

like field.

Argument: In order to cancel the hypercharge anomalies, both fields must be vector-like,
identified with each other or have zero hypercharge. Only in these cases there is no BSM
contribution to the U(1)y x U(1)%. From this condition, it can then be seen that the SM
must be uncharged under U(1)x, or that the U(1)x charges are a copy of the hypercharge. It
follows that all BSM contributions to the U(1)x anomalies must cancel amongst themselves.
As the singlets and triplets with zero hypercharge must have a U(1) x charge in order to avoid
seesaw type I and III, one finds that both must be vector-like or identified with each other.

With these general considerations for the fermionic sector in mind, the consequences for
the various topologies of radiative seesaw models, which include different numbers of fermions

in more detail.

INote that this argument works even if the SM neutrino is charged under U(1)x as X = —Xg.
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Models with one new fermion (T1-1, T3) From Observation [2] it follows that the fermion

must be vector-like in all cases.

Models with two new fermions (T1-2) From Observation [3| it is clear that one of these
fermions must be a doublet and the other one is either a singlet or a triplet. As the doublet
must be vector-like in order to cancel the Witten anomaly, from Observation [2|it follows that

the second fermion is also vector-like.

Models with three new fermions (T1-3) The discussion for three fermion fields is a bit
more involved. From Observation [3] at least one of the fermions is a doublet. We start with
the case with only one fermion doublet, which must be vector-like following Observation
Then it follows from Observation [4] that the two remaining fermions must be vector-like or
identified with each other.

The other possibility for the other fermions is the case of two doublets and one sin-
glet /triplet. From the anomaly cancellation conditions for hypercharges, one finds that for
the case of two doublets, the doublets must have opposite hypercharge or they must form a
vector-like doublet. If both doublets are vector-like, the argument is reduced to the one given
for one fermion for the remaining singlet /triplet. Thus the singlet/triplet must be vector-like
following Observation [2| Finally if the doublets are not vector-like (i.e. they have different
U(1)x charges), one needs to specifically calculate the anomaly cancellation conditions. Do-
ing so, the only solution is that the singlet/triplet is vector-like and carries a U(1)x charge,
to avoid a tree-level seesaw contribution. Furthermore both doublets must have opposite

U(1)x charge in order to have no tree level seesaw mechanism.

One can see that with these considerations all new fermions must either be made vector-like,

or they must be combined with another fermion to form a vector-like fermion.

The SM is uncharged

Because any BSM fermion that is added must be vector-like, the conditions for gauge anomaly
cancellation are simplified. For the BSM fermions, the contribution to the gauge anomalies is
a trivial one, as all contributions from vector-like fermions vanish separately for each vector-
like fermion. Therefore the cancellation conditions from Table[I0.I]have no BSM contribution,
and only the SM has to be considered. In order to assign U(1)x charges to the SM fields,
one can make use of the results of Chapter 30.4 in Ref. [347] for the case of an extra U(1)
group on top of the SM hypercharge. For the charge assignment of the new U(1)x charges
there is either the trivial possibility of a charge proportional to the hypercharge, or the B— L

charges

1
Xp=—Xe =X =1 Xo=—Xu, = —Xa =3, (10.18)
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which require a charge X,¢ from the addition of a right-handed neutrino. In our work, we
do not introduce right-handed neutrinos, as they would induce non-radiative neutrino mass
terms, and could allow for Dirac neutrino masses. Moreover, the B — L symmetry is violated

by the Weinberg operator by two units.

For the BSM fields inside the neutrino loop, one is free to choose any U(1)x charge config-
uration that does not alter the loop topology, since there will be no contribution to the gauge
anomalies. One can start by giving each of the fields inside the neutrino loop a charge Xiy,
provided that the vertices in the neutrino loop are conserved. In principle one can then give
all SM fields a U(1)x charge that is proportional to their hypercharge. As the loop topologies
conserve hypercharge, the fields inside the loop can be shifted in a similar fashion, which can

be described as
Xout = Xin + AYy, (10.19)

where one is free to assign an additional charge for the particles inside the loop Xi,. In the
case of two abelian groups, such as two U(1) groups, one is free to make a change of basis.
By defining a new basis in which all U(1)x charges are shifted by —\Y}, for every field, one
can arrive at the case where the SM is uncharged under U(1)x, and only the new fields have

the original charge of Xj,.

Dark matter stability

A further requirement is that at least one of the potential dark matter candidates in our
models is stable. The stability of dark matter requires that none of the new particles has
zero charge under the new symmetry as in that case, there is no symmetry restricting DM
interactions with the SM, meaning that any otherwise viable DM candidate would decay into
SM states. Thus all new particles must have non zero U(1)x charge. In models in which
one of the fields in the neutrino loop has the same U(1)x charge as ¢, there can be no stable
dark matter candidate. In this case there must always exist a scalar field with an equal or
opposite charge to ¢, which can mix. This allows the scalar field to decay into two Higgs
bosons U(1)x breaking. Therefore charge assignments in which new fields have the same

charges as ¢ under U(1)x should also be avoided.

Unbroken symmetry

Since we previously argued that the SM particles can be made uncharged under the U(1)x
symmetry, it follows that all the particles inside the neutrino loop have the same U(1)x
charge. This is possible if this symmetry is unbroken, or if the vev of ( is far below the scale
of new physics A, such that neutrino masses are generated through Equation with

n=0.
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Broken symmetry and mass mixing

For the case where v ~ A, the contributions of of the operators in Equation with
n # 0 contribute, and ¢ couples to the particles in the neutrino loop. However, the fact that
¢ can couple to the new fields, causes mass mixing when ( obtains its vev. Furthermore, the
coupling to ¢ can lead to U(1)x violation after symmetry breaking, allowing for more charge

assignments. There are two places where these effects show up.

First, the mass dimension three vertices with the Higgs, which show up in the T1-1 and
T1-2 topologies, can violate U(1)x. These can violate U(1)x by one unit of X;. These are
realized through vertices of the form

MNH o' ¢, (10.20)

which after U(1)x breaking turn in to the three scalar vertices that are present in the Zs

versions of the models
nHS, (10.21)

where p = Av¢/V/2.

The second place where U(1)x charges can be violated is in the propagators. This happens
through vertices of the form ¥’'(, ¢¢'¢, and ¢¢’'(( by one or two (for the last vertex) units of
X¢. These terms are only allowed if ¢/¢ and 1’ /¢’ are in conjugate SU(3)cxSU(2)xU(1)y
representations. If the fields involved have no hypercharge, the identifications ¢ = ¢’ and
¢ = ¢’ can be made. In this case, one must have X, /¢ = —%, no mixing is induced, instead

it contributes to the mass of the particles.

Not all mixing terms are allowed. As mentioned above, we require that the dark matter
candidate is stable, and that the new fields cannot have the same charge as (. For scalars,
this excludes mixing terms of the form H¢( and Hp(H for doublets and singlets/triplets
respectively, as well as the ¢¢(( vertex. In the case of a fermion with the same charge as ¢

there must exist a scalar with the same charge, after which the argument for scalars applies.

10.1.3 Complete overview of charge assignments

Keeping the DM stability and mass mixing effects in mind, we can now present the different
possibilities in distributing charges for each of the topologies. The effects of mass mixing differ
per topology, hence we will discuss each of the topologies seperately. As explained above, for
each of the topologies it is always possible to assign all new fields the same U(1)x charge.
The other possibilities can then be obtained by considering U(1)x violation in propagators
via mixing and vertices as explained in the previous section. For each topology, this results
in a list of non-equivalent charge distributions. In this section we set X = 2 without loss
of generality, since U(1) charges can be freely rescaled. The hypercharge assignment of
the models is given by the parameter «, following Refs. [203] 204]. We introduce  as the
parameter for the U(1)x charges.
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T1-1

For this topology both vertices that couple to the Higgs are completely scalar vertices, which

can violate U(1) x. Thus for any « one can have the distributions

Xyp=Xy =X, =Xy=0 (10.22)
Xy =Xy =X+ Xe = Xy =6, (10.23)

where the second charge assignment includes the effect of the U(1) x violating dimension three
vertex. For some values of «, some of the fields have zero hypercharge, possibly allowing for

more different charge assignments.

a=1 In the case of a = 1, the scalar ¢’ has zero hypercharge. All new possible charge

assignments can be found from the above ones by redefining ¢’ — (¢’ )T.

a = —1 The scalar ¢ has zero hypercharge. The new possibilities for charge assignments

are equivalent to the ones already found if one redefines ¢ — ()"

a =0 Both ¥ and ¢ have zero hypercharge. In this case is one more non equivalent charge

assignment given by

X¢
Further charge distributions can be obtained if ¢ and ¢’ are in the same representation of
SU(2);, in which case mixing between ¢ and (¢/)' is introduced by the breaking of U(1)x.

This allows for the following new non equivalent charge assignments for this model

X
Xp= Xy £2Xe = Xy = X, = i%, (10.25)
X,
Xp=Xy FXe=Xy=Xy= i?ﬁ (10.26)
X
X<p + XC = qu + XC = le = X¢ = :*:7(: (1027)

If ¢ and ¢’ are in the same SU(2), representation, and have opposite U(1)x charge, we
can identify them with each other by defining ¢/ = ¢f. However in order to have at least
two massive neutrinos, there must be two generations of either ¢ or ¢. The latter case is

equivalent to the case where the fields are not identified with each other.

Equivalent models can be found by redefining ¢ — o' and/or ¢ — ¢ and if possible
¢ — ¢!. As an example, we show the case of Equation , where we again set X, = 2.
If we assume that ¢ and ¢’ are in the same SU(2)y, representation, mixing can occur. Then
Xy = Xy =1, but X, = —1 and Xy — 3. The corresponding neutrino loop is shown in
Figure At a vertex, the propagator of a scalar field x that runs inside the neutrino
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Figure 10.2: Neutrino loop in T1-1 models with the addition of some U(1)x violating vertices.
The arrows indicate the flow of the U(1)x charge at the vertices.

loop contributes x to the vertex term in the Lagrangian if the arrow is pointing inwards to
the vertex, and x' if it points outwards. Thus, starting from the fermion in the loop and
going counter clockwise, one can see that a vertex of the form ¢¢/f¢T¢t induces a violation of
the U(1)x charge by two units of X after breaking. Next there is a vertex H¢' o' ¢, which
violates the U(1)x charge by a single unit of (. The last U(1)x violating term is ¢@(, after
which the ordinary Hp!¢! closes off the loop. This is illustrated in Figure by the arrows,
which denote the flow of the U(1)x charge. The internal propagators are labelled with the
charge of the corresponding field. Note that this charge assignment is different to Equation
by the sign of X,. The case presented as an example is equivalent. Because ¢ has no
hypercharge, one can define the same model with ¢ — oT.

List of models T1-1 The resulting list of all non-equivalent models is shown in Table [10.2]
where X has been set to 2. Models with different charges of ¢ are equivalent and can be
obtained by rescaling the U(1)x gauge coupling. The parameter 5 cannot take the values 0
and £2, as this would make the DM candidate unstable. Note that if a scalar doublet has
the charge X = +4 there may be mixing of a new scalar doublet and the SM Higgs doublet
through the vertex H¢(¢ making the dark matter candidate unstable. In Table[10.2] as well
as the following ones, the notation is similar to Ref. [204], with the field content denoted
as X&, where X is the type of SU(2) multiplet (1 for singlet, 2 for doublet, 3 for triplet),
L denotes whether the field is a scalar (S) or a fermion (F'), and Y = 2(Q — I3) is the
hypercharge. The hypercharge of the particles itself is described in terms of the parameter

[
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Table 10.2: Non-equivalent models of topology T1-1. X, is normalized to 2.

Model [ a [| o | ¢ [ v [ ¢ [ Xp [Xo[Xy[X]
TELLA| o [ 15 [ 25, [1F ] 2§ B B 1 B | B
TiI-1-A [ o || 15 [ 25 [ 15| 2 [|px2| 8 | B | B
TI-1-A [ o || 15 | 25 | 187 | 27 1 -1 1 ]1
TI-1-A | 0 || 15 5 2y 1 1|1
Ti-1-A | 0 || 15 [ 29, | 1F | 27 1 [ £3] 1 [ 1
TI-1-A | 0o || 15 [ 29, | 1f | 27 3 3 1] 1
TI-1-A [ £2 |13, [ 27 5 [ 15, ] 25 B B | B | B
TI-L-A | +2 (13, |27 5|15, |25 [ Bx2] B | B | B
Ti-1-B| o [[ 1§ [ 25, [ 38 [ 2§ B B 1 B | B
Ti-1-B | o || 15 [ 25, [ 30| 2f | =2 B8 | B | B
Ti-1-B | o || 1§ | 2%, [ 30 | 27 1 -1 |1 |1
T1-1-B| o | 1§ 3] 27 1 1|1
Ti-1-B| o || 15 | 25 | 35 | 27 1 [ £33 1 [ 1
Ti-1-B | 0 || 15 | 2%, | 35 | 2 3 3 1|1
T1-1-B | 2 [[ 15, [ 27 5|35, [ 25 B B | B | B
TI-1-B | 2 |13, [ 27 5|35, |25, [[B+2] 8 [ B8 | B
T1-1-C | +1 ][ 23, [ 15 o | 25, | 15, B g | B | B
T1-1-C | +1 [ 23, |15 , |25, | 15, [ B£2] B | B | B
Ti-1-D | 1 [ 2§ [ 15 [ 2N [ 33 B B | B | B
TI-1-D| 1 ([ 27 | 15 [2F ] 35 [[px2]| B | B | 8
Ti-1-D [ -1 2% [ 19, [2F, | 35 E B 1B 1B
Ti-1-D | -1 [ 2%, [ 15, [2F, ] 35 [[p+2| B | B | B
TI-1-F [ £1 [ 2%, [35_, [ 25, | 33, B B | B | B
TLLF [ £1]23, [30 528, [ 335, [8£2] 8 | B | B
TI-G| o [ 35 [ 2% [ 1 [ 2F B 1 B BB
TI-1-G | o [ 35 [ 25, [ 1| 2¥ | px2] B | B | B
T1-1-G | 0 || 35 | 25, | 1§ | 2¢¥ T [ -1 1 ]1
T1-1-G | 0 || 35 5 2y 1 1] 1
TI-1-G | o || 35 | 25, | 1I" | 27 1 +3 | 1 | 1
Ti-1-G | o [ 35 [ 2%, [ I | 27 3 3 111
T1-1-G [ £2 || 35, | 27 5 [ 15, [ 25 B B | B | B
TI--G |22 [ 35, [2f 5 [1E, |25 [ B+x2] g | B | B
TiI-1-H | o [[ 35 [ 25, [ 3 [ 27 B B 1 B | B
TiI-1-H | o || 35 [ 25, [ 35| 28 [[px2| g | B | B
Ti-1-H| 0 || 35 | 25 | 3] | 27 1 [ 1] 1 ]1
Ti-1-H | 0 || 35 35 27 1 1|1
Ti-1-H | o || 35 | 25 [ 3] | 27 1 +3 ] 1 |1
Ti-1-H | o || 35 | 25 |3 | 27 3 3 1 |1
TI1-1-H [ £2 |33, [ 2] 5 [ 35, ] 25 B B | B | B
TI-1-H [ £2 |33, [ 27 5 [35,]25 ,[[s£2] 8 | B | 8
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T1-2

For this topology, the three scalar vertex can violate U(1)x, whereas the Yukawa coupling of
Y and ¢’ to the SM Higgs cannot. This means that the only distribution that is allowed for

all o is
Xy =Xy =Xy =Xy = 8. (10.28)

For specific values of « there are the possibilities:

a=—1 Both ¢ and ¢ have zero hypercharge. This allows for the new non equivalent

charge assignment of

X¢

Xy=Xo= Xy =Xp=%7

(10.29)
a =0 Now both v and ¢’ have zero hypercharge. We find the new non equivalent charge

assignment

X¢

(10.30)
List of models T1-2 The resulting list of all non-equivalent models is shown in Table [I0.3]
Similar to Table X¢ has been normalized to 2. Again, the parameter 3 # 0,42 and
the assignment 8 = +4 may yield problems with dark matter stability if the SM Higgs mixes

with a new scalar doublet.

Table 10.3: Non-equivalent models of topology T1-2. X, is normalized to 2.

[ Model | o [[ ¢ | ¢ [ ¢ [ ¢ [[Xy[ X[ Xy [ Xy
Ti2A [ o [ [ [ [2F BB B8] 8

Ti22A | 0 || 1F [ 27 | 15 [2F ] 1 [-1]1 1

(Ti2A [ 2[15,[2% [15, 20, [ 8 |8 [ 8|8 |
Ti2B| o [ 15 [ 2 [35 [2F | B | B | 8 B

Ti-2B| o || 1F [ 27 |35 [2F [ 1 |-1] 1 1

([ T12B[ 215, [2%, [3% [20, | B [ B [ B [ 8 |
(Ti-2D[ 1 [2f |13 [ [35 [ B [B [ B[ B8 |
T1-2-D | -1 [[ 2F, [ 15 [ 29, | 3F

e AR AL B

(T1I2F | 1 [[27 [35 [ [30 [ B[ B[ B[ B |
Ti2-F | -1 ][2F, [ 35 [25, |35 || s | B8] B | B

Ti-2-F [ 1|2, [ 35 [29, [ 35 || 1 [ 1 [-1] 1
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T1-3

As three out of the four multiplets inside the loop are fermionic, none of the vertices can

violate U(1)x. For any « the distribution
Xy =Xy =Xs=X, =8 (10.31)

is possible.

a=0 Both ¥ and ¢ have zero hypercharge. There is one more non equivalent charge
assignment

Xoy=—Xp=Xyp=X,= j:% (10.32)
If ¢ and ¢’ are in the same representation of SU(2)r, mixing between 1 and (') can be
introduced by the breaking of U(1)x. No new non-equivalent charge assignments are found.
If ¢ and ¢’ are in the same SU(2); representation, and have opposite U(1)yx charge, we
can combine them to form a vector-like doublet instead of making both fields vector-like
seperately. However in order to have at least two massive neutrinos, there must be two
generations of either ¢ or . The latter case is equivalent to the case where the fields are not
identified with each other.

List of models T1-3 The resulting list of all non-equivalent models is shown in Table [10.4]
Similar for the previous topologies, X¢ is set to 2 and the parameter 3 must be # 0, £2 and

in case of a scalar doublet # +4.
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Table 10.4: Non-equivalent models of topology T1-3. X, is normalized to 2.

Model [ o [ ¥ [ ¢ [ ¢ | v [ Xu| Xy | Xy ]| Xy |
TI3-A[ o [ 17 [2N 15 [25, [ B8] 8818
Ti-3-A | 0 || 1f7 [ 2F [ 15 | 2F 1| -1]1]1
TiaA 0 [ 1F [2F T8 [ 1 =11
TI3-Al o [ [ [ if[2 [[-1] 1171
TI-3-B| o [ 15 [ 23525, 18] B8 1]8] 8
TI3B| 0o || 1F [2F |35 [ 25, [ 1 | -1] 1] 1
T1-3B| 0 || 17 | 2f | 3§ 1| -1 1
TI-3B| 0 || 1F [2F |35 [ 2F, [ -1 1 [ 1] 1

| T3-C 228 [ Lo 2L [Wol[ B ] 68 [B] 8]
(Ti3D[ 1 [[2f [15 [ ]38 [ B[ B ]|B]B]
[T13D [ -1 [[2F, [ (25, [ 35, [ B B [ B ] B |
| T3 [ 120 [35 [2L [0 B | 68 [ B[ 8]
TI3-G|l o [[35 [2F [ 152, | 8] B8] 8
T1-3-G | o || 35 | 2F | 15 | 2F 1| —1]1]1
T1-3-G | 0 3% 2% 1% - 1 [ -1]1
TI-3G| o [ 3 [ 2 [ 15 [ 2, [[-1] 1 | 1] 1
Ti-3-H| 0 [[ 30 [ 2" [ 35 [ 2F, B | B | B
Ti-3-H| 0 [ 30 [2F [ 35 [ 2F, || 1 | -1] 1] 1
T1-3H| 0 || 30 | 2f" | 35 1| -1]1
TI3-H| 0 [ 3 [ 2 [ 35 [ 2, [[-1] 1 | 1] 1
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T3

This topology has fewer vertices, none of which can violate U(1)x. For any value of « the

distribution
Xo =Xy =Xy =5 (10.33)

is possible. There are no values for « for which more assignments are possible.

If ¢ and ¢/ are in the same representation of SU(2)., mixing between ¢ and (¢')' can
be introduced by the breaking of U(1)x. This is the case for & = 0 in which ¢ has no
hypercharge, and ¢ and ¢’ have opposite hypercharge. However, this results in no additional

possibilities for the charge assignments.

List of models T3 The resulting list of all non-equivalent models is shown in Table
Same as for the previous topologies X = 2, the parameter a is again constrained by 3 # 0,42
and if 8 = +4 a new scalar doublet may mix with the SM Higgs boson which makes the DM

candidate unstable.

Table 10.5: Non-equivalent models of topology T3. X is normalized to 2.

(Model | @ || ¢ | ¢ | ¢ [|Xo[Xo[Xy]
| T3A | 0 [ 1§ |3 [20 [[B[B]B8]
[T3A 2 [ 15, [ 3§ [25, [ B[B]8 ]
| 3B [ 3120 5[25 1|1 ]| A |68 [F]
| 3B | -1 25, |2 [ W | B[B]B]
| T3C [ 1, 3120 5[25 1 [8 -] A | B[ 6|
| T3C | -1 [ 25, |2 [ 3 [| B[A]B]
[ T3E [0 -2[[36 5[ 35 [2, ] A |65 ]
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10.1.4 Residual global symmetry

After breaking the U(1)yx gauge symmetry, a smaller symmetry can remain as a residual
global symmetry. This would be advantageous, as this guarantees that DM remains stable and

prohibits a tree-level seesaw contribution. Before U(1) x breaking, the gauge transformation

{6,9,¢} — @Xsw01{p, 4, ¢}, (10.34)

leaves the Lagrangian invariant. If one fixes the value of o = 27/ X, then ¢ automatically
transforms trivially. This means that after U(1)x symmetry breaking the Lagrangian is

invariant if all fields are transformed under

o0}

{$0} = e X {0}, (10.35)

As we have seen in the previous section, the charges of the fields are either all equal, or they
differ in units of X.. Thus the charge of a field ¢ can be described in terms of the ratio of
Xy and X as

)?2 — £ n(9) (10.36)
where we assume that all fields have an integer charge, then » € Q and n € Z. In this case
r is dependent on the model, but not on the fields, and n does depend on ¢. Inserting the
above expression into Equation ([10.35]), one can see that the term containing n does not
affect the invariance of the Lagrangian. Therefore the important quality that determines the
remaining global symmetry after U(1)x breaking is the quantity r. For the ratios r = 1, %, :
a remnant global 7334 symmetry is left. Some of the models can exhibit an even larger
symmetry, specifically a global U(1) symmetry, which of course contains the Z,, as subgroups.
The models with a Zy symmetry are just as in Ref. [204], though the particle content of
the particular models differs slightly because of the vector-like fermions and the complex

scalars.

10.1.5 Neutrino masses

In order to give a valid phenomenological description of neutrino masses, each of the models
should be able to generate at least two generations of massive neutrinos. This has already
been stated in a few locations in Section but here we will go into further detail. In
Ref. [203] the formulae for the neutrino masses for each of the topologies are given. Under
the assumption that all new fields only have a single generation, a simple pattern emerges in
the neutrino mass formulae. Denoting the Yukawa couplings of the SM neutrinos to the dark

sector with 7,1/, the resulting mass matrix can be written as being proportional to

(M,) oy X Yoy + Yalp == Aap + Ang, (10.37)
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where the exact proportionality depends on the masses and couplings of the new fields. One
can verify that in this case the matrix A has rank 1. The rank of M, and thus the number
of massive neutrinos can be estimated to be < 2. As the entries of the Yukawa couplings
are not fixed a priori, the neutrino matrix will actually have rank two unless two particles in
the loop are identified with each other, which yields y = y'. Some models allow for the case
where two fields are identified with each other. In this case, only a single massive neutrino

would be generated, unless multiple generations of one of the new fields are added.

10.2 Comparison to other U(1) models

After presenting the overview of all possible models we will now give some concrete examples
of models found in our overview that have already been studied in the literature. Of course
it is also possible to construct U(1) gauged models that rely on other symmetries, such as

U(1)p—r or U(1), gauge symmetries. We will also compare these models to our results.

10.2.1 Concrete examples of our models

As a first example of a radiative seesaw model, there exists a U(1) gauged version of the
scotogenic model [336, 1340]. It corresponds to the model T3-B with o = —1 and a = 1 of
our overview, see Tab. It contains two scalar doublets with an opposite U(1) charge of
+1 and three generations of fermion singlets with charge 1. In the case where the complex
scalar that breaks the U(1) symmetry has a charge of 2, a Z, symmetry is obtained, whereas
a global U(1) is obtained if the complex scalar has a charge of 3. The lightest fermion singlet
is then a suitable DM candidate. The extra scalar, as well as the new gauge boson are then
argued to provide an explanation for the cosmic ray positron excess observed by PAMELA
[143]. A light force carrier could increase the annihilation cross section by the Sommerfeld
enhancement, which could explain AMS-02 results in the same way [349]. Further focus is on
the self interacting DM, which can solve problems in cosmic structure formation for a new

gauge boson or scalar mass on the MeV scale.

10.2.2 Comparison to B-L gauged models

A popular scenario is to promote the accidental B-L symmetry of the SM to a gauge symmetry,
which often shows up in GUTs. An overview of models with a gauged U(1)p_ symmetry
generating Majorana neutrino masses was derived in Ref. [339] for the one-loop case with
remnant Zo symmetry, the two-loop case with a remnant 73 symmetry, and a three-loop
case with a remnant Z, symmetry. For the one-loop case, the starting point is the particle
content of the scotogenic model [205], to which two complex scalar singlets o and x are
added, the former of which develops a vev that breaks the U(1)p_7, symmetry. In order to
avoid a tree-level seesaw contribution, the right-handed fermionic singlets Ng have charges
®Qp_1 # —1. In order to satisfy gauge anomaly cancellation constraints additional exotic

Dirac and Majorana fermions are added to the models, which are not directly related to the
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generation of neutrino masses. For realizations with at a higher loop level, extra fermions
need to be added as well. This is in contrast to this work, where we only consider fields
that are involved in the neutrino mass loop, and an additional scalar to break the U(1)x

symmetry.

10.2.3 Comparison to L gauged models

Scenarios, where the lepton number symmetry was promoted to a local gauge symmetry have
also been considered [337, |338]. Whereas Majorana masses can be generated with a global
U(1)p, only scenarios with Dirac neutrinos are considered if the symmetry is made local. In
Ref. [337] one-loop Dirac neutrino masses with a remnant Z3 symmetry is obtained if 3,9,3
copies of right-handed fermion singlets with U(1)y, charges —2, 3, —4 respectively are added to
satisfy gauge anomaly conditions. Two scalar singlets with charges 3 and 6 are also included

to obtain non-zero fermion masses.

10.2.4 Comparison to Dirac neutrinos

As was already mentioned in comparisons with some of the previous models, it is also possible
to consider models in which Dirac neutrino masses are generated instead of Majorana ones.
This requires the addition of right-handed fermions, and neutrino masses are not generated by
the d = 5 Weinberg operator anymore. In Ref. [342] an overview of these models is presented,
for the case where varying numbers of right-handed singlet fermions that are charged under
a new U(1) gauge symmetry are added, for which the gauge anomaly conditions are solved.
vector-like fermions are explicitly excluded. The Dirac masses are generated through d = 5
and d = 6 operators, which also require additional scalars. The smallest number of singlets
one can add is 6, which is anomaly free for the U(1) charges (-1,-1,-1,-4,-4,5) and (-1,2,3,-5,-
5,6), when the SM remains uncharged [343].

Further models that generate Dirac masses often employ B-L symmetry again. In order to
satisfy the B — L gauge anomalies, three right-handed neutrinos, with L. = —1 suffice, though
it leads to a tree-level seesaw contribution. Another solution is to give the right-handed
neutrinos the B — L charges —4, —4,5. Further fermions can then be added, as long as the
contributions to the gauge anomalies vanish separately among all additional fermions. In
order to generate neutrino masses, scalars need to be added as well. This way, a number of
different models can be constructed, see e.g. [344, [345| 346].

10.3 Z' phenomenology

In the previous sections we have derived an overview for U(1)x gauged models, and compared
the results to models in the literature. We now focus on the phenomenology of U(1) x gauged
models, in which we focus on phenomenological aspects that are in general present, and

depend as little as possible on the specific particle content of the model. One of the common
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features of models with an an extra gauged U(1) symmetry is the appearance of a new gauge
boson, the Z'. For an extensive overview of Z' physics, see Ref. [350]. In this section we will

discuss several aspects related to the new Z’' gauge boson.

10.3.1 Gauge kinetic mixing

The gauge sector looks fundamentally different in theories with two (or more) U(1) groups
[351]. For theories with two Abelian gauge groups, the kinetic Lagrangian terms for the gauge
fields can be written in general as

1~ =~ 1- = ..
ﬁkin = _EFl,uyFiuV - ZF2/1,1/FQAW - Flp,yFéuy, (1038)

DO ™

where the final term is allowed for Abelian gauge groups, as the field tensors are gauge
invariant. This term induces gauge kinetic mixing, and can be generated from radiative
corrections, even if it is absent at tree level [350]. The form of the covariant derivatives,

taking only the U(1) groups into account, is most generally given by
Dup=|0,—i) QgAY | ¢ (10.39)
i?j

Here, Qé) = X,,Y, is the U(1) charge of the particle ¢ under the gauge group U(1);,
(i = X,Y). The coupling g;; thus couples a field with charge Qé) to a gauge field A;‘ and is in

its most general form not diagonal. The interactions of the gauge fields can then be written

- b
7 t gi1 912 Jy
LDA A i (10.40)
( H 1#> <921 922) (]i)

with the currents j}% and j; defined in terms of the charges

as

i =3 ¥, (0610 — ') + ¥, [ 3 Qhgdl | 10f?
¢

i7j

+ ZYWEa (@) 1y, (10.41)
v
Jhe =30 iXy (07010 — 610"0) + X, [ 3 Qhoi Al | 16
% &
+ Y Xya (0") . (10.42)
v

The spinor sum is taken over Weyl spinors. The basis of the gauge fields can be freely chosen,

whereas it is inconvenient to redefine the currents as the charges are defined beforehand. In



10 Extending the SM gauge group with a local U(1) symmetry 203

order to make the connection with literature, we first transform the coupling matrix into a

diagonal form. This is done by decomposing the matrix as follows

g11 gi2
(911 912) _ (w gx> <9Y 0) (10.43)
g21  g22 0 :
g21 922 9 9x 9x

We now redefine the gauge fields (using a non unitary transformation) by

I 911 912 Al
A (o ax A : (10.44)
Al‘ 921 g22 Al‘

X gy  9x 2

gx and gy need to be chosen in such a way, that the kinetic Lagrangian takes the canonical
form as in Eq. (10.38) E] Such a field redefinition also gives new contributions to the kinetic
mixing term. With the redefinition of € — €, the Lagrangian takes the following form, which

is often found in the literature as starting point [352, 353|

1

£3—4

vp, - Cpwpe L pwp Ay, A g 0 [ 10.45
y 'Yuv 9 y ' Xuv 4 X X;w+ Yu X 0 gx j“ . ( : )
X

This form with a diagonal coupling matrix is often found in the literature as starting point.
In order to bring the kinetic terms to the canonical form without kinetic mixing, they can be

diagonalized by transforming the fields with the non-orthogonal transformation

1 1
A'L;/ — i V1+e Vv1—e AllL (10 46)
AH - \/5 1 -1 AR :
X Vite Vi—e 2

after which the Lagrangian is given by

Lo | — 1 \/QIY? \/ng? ]Xl;
£ {F P = (B By + 5 (Aue Agy) [ Vare Vi) (V) (10.47)
l—e +/1—e€ Jx

The matrix coupling the gauge bosons to the currents can in general not be diagonalized.
However using the QR decomposition it can be transformed to a lower triangular matrix in

the following way:

1(&% fl%>:1<vl+e Vl_e)( g 0 )::QR (10.48)

g —g —gy € gx
\/§ \/ly—e \/lfe \/5 \/1 —€ _\/1 te V1—e2  /1—€2

We can now rotate the fields with the redefinition

AN 1 [Vide V-« Al (10.49)
AP '_\/i V1—€e —v/1+e€ Ag . '

2The analytic expressions are quite unwieldy and are thus not given here.
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which leaves us with the following Lagrangian

1 1 0 I
LD - 1FWFW - ZFIWF[W + (Au A’#) ( _‘Ze ox > (JL”) . (10.50)
V1—¢€2 V1—¢€2 ]X

This result agrees with case b) in Ref. [354]. If we would have chosen R to be an upper
diagonal matrix, we would have ended up with case a) in Ref. [354]. Thus it is, starting
from the most general case, always possible to transform into a basis such that the SM gauge
boson A, couples to the charges Y only. On the other hand, the gauge boson AL picks up a
small coupling to the current ji; as well, but still chiefly couples to jk.

10.3.2 Gauge mass mixing

The previous section concerned itself with basis transformations inside the gauge kinetic
terms. The next step is to consider the breaking of the U(1) x symmetry as well as electroweak
symmetry breaking. In this process, the gauge bosons obtain their masses. The scalar sector
will be discussed in section [10.4] The covariant derivative for SU(2);,xU(1)y xU(1)x in the

basis as in equation ((10.50) is given by

_o. i 9 oy i 9K 4 x oagpe
D, =0, z(gyAM—FmAM)Y zmA#X igT' Wy, (10.51)

where X,Y and 7% are the generators of U(1)x, U(1)y and SU(2)y, respectively. The part of

the Lagrangian relevant for the mass of the gauge bosons is given by
L > |D,H|* + D, (10.52)

Expanded around the minimum this expression yields for the neutral gauge bosons

2 2 2 2
v —€gy 3 Ue gx /
Lo A Al — gW S A X 10.53
8(9Y”+m“gﬂ)+2<m“<) (10.53)
9YVE 99y _ gyl
s 2 282 8V1-et A
v v € v
= (4, W oay) | oo L wa | (10.54)
eg%U%[ eggyv%[ ng%v% gggva? A

T8V  8/i—e 8(1-€) T 2(1-€)

Through the Weinberg angle, A, and WS mix to form the photon and the Z boson. This

results in the following mass matrix

0 0 0 .
> 1lo M2 A >
) Z
(’y Z AM) > e S Z/ , (10.55)
0 A @ 1+€ Sin Gwa)Z( AP
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with

a2 ) gt (10.56)
Z 4 4 cos? 0, '

being the SM Z mass in absence of kinetic mixing. The mixing terms are given by
gy /9% + 93 v in 6
= a2, (10.57)
4v/1 — €2 1—¢€2

and completely depend on the kinetic mixing parameter. The term in the lower right corner

has been rewritten in terms of the mass
M3 = gx X2} (10.58)

of the new gauge boson in the absence of kinetic mixing. This means the complete term can
be written as )
M2 M2
2 _ X 2 2 A

MA’ = @ (1 + € sin 6w]\4:§> (1059)

The remaining non-diagonal part can be diagonalized by a second mixing angle €', of which

the value is given by

2A
tan20' = ——— (10.60)
M2 — M3,

Up to second order in ¢, the squared masses of v, Z and Z’ are then given by

0

M?2
2 2 o2
MZ (1 — €7 SIn Hw M)g(_ZM%> . (1061)

_ M2
Mg( <1 -+ 62 (1 -+ Sln2 QwM)Q(_ZM%>>

The Z° boson mass has been experimentally measured by e.g. the LEP experiment and
matches the SM prediction. As the shift in the Z° mass that depends on the kinetic mixing
and the Z’ mass, this can be used to constrain the viable parameter space. We compute the
ZY mass numerically and show the area in the my — € plane, where myz deviates more than
30 from the experimental value of myz = 91.1876 GeV. The results are presented in Fig.[10.3
We also show the limits set by BABAR [356] and NA64 [357] as well the the favored region

to explain the anomalous magnetic moment of the muon, which will be discussed in section

M0.3.31
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Figure 10.3: Excluded regions in the myz — € plane from various experimental constraints.
The parameters are gx = 0.1, X = 3, while € and v¢ are varied. Also included
is the (g — 2),, favoured region [355].

Gauge couplings

As a consequence of the mixing into mass eigenstates, the interaction term in the Lagrangian

can be expressed as

c s 0 g 0 0 7y
ED(fyM Z, ZL) —sc o & 0 g 0 7k (10.62)

/ / / —9gy €

_ gx -p
58 s’ &) \ime 0 ima/ \x

where jf 5 is the current belonging to the generator 73 of SU(2);,. We see that the photon
does not couple the U(1)x charge, but the Z and Z’ boson couple to both isospin as well as
the U(1)x charge.

10.3.3 Anomalous magnetic moment

In the Zs case a contribution to the anomalous magnetic moment from the models’ parti-
cle content comes from loops similar to the ones relevant for LE'V or the neutrino masses.
These usually give only small contributions to the anomalous magnetic moment as they are
suppressed by the masses of the fields running in the loop .
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If the mass of the Z’ is not too large it can contribute to the anomalous magnetic moment
through a similar loop as the photon does. Through kinetic mixing the Z’ boson obtains a
coupling to the SM leptons. The couplings can be extracted from equation (10.62). With

1

gv = 5(9r +91) (10.63)
1

ga = i(gR —9L) (10.64)

the contribution of a neutral vector boson to a, = (g — 2),/2 is given by [359]

2
222 (1 — ) + g4 |22(1 — x)(z — 4) — 47?21 23

Aay, = ml2/1 d z 1 (10.65)
872 J, (1 —=x)(m%, — mz) + miz

We calculate the contribution of the Z’ boson numerically and mark the area where solely
the contribution of the new gauge boson can explain the discrepancy between SM and the
latest Fermilab result in the 30 range [355] in Fig. The entire area is already excluded
by other experiments such as BABAR.

10.3.4 Direct detection

If the hidden sector is stabilized by a Z; symmetry, dark matter can scatter on nuclei via
Higgs and Z° exchange. Whether the WIMPs couple to these bosons is dictated by their SM
gauge group representation as well as their Lorentz representation. The coupling to the Higgs
boson in given by a new parameter of the model whereas the coupling to the Z° boson is
given by the SM gauge couplings. If the latter case is not suppressed for example by singlet
doublet mixing (see Ref. [253]), the dark matter candidate is usually ruled out by direct

detection experiments.

In the case where the Zy symmetry is replaced by the U(1)x symmetry, we have an ad-
ditional possibility for dark matter to scatter off nuclei. As the WIMPs are charged under
U(1)x, the coupling of Z’ is given by gx Xpwm at leading order in e. Kinetic mixing introduces
some corrections so that the Z’ boson also couples to hypercharge and weak isospin. Similarly
the there is always an contribution from the SM Z-boson. If the charge of the dark matter
field Xpy = :I:%, the vev of ( can introduce a mass splitting between the oppositely charged
components of the dark matter field. In this case elastic scattering via the Z’ boson is not
possible. As an example for a case where this scattering process is relevant, we consider the
case of Dirac dark matter. For simplicity we assume that the Dark matter is a singlet under
the SM gauge group. The couplings of the Z and Z’ boson to dark matter and to quarks can
be extracted from Equation (10.62). The scattering cross section for protons is given by (see
e.g. Ref. [242])

112
op="[2bu+ ba|? (10.66)
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Figure 10.4: XENONI1T limits [95] for Dirac dark matter in the myz — € plane for different
values of mpy and gx. The area above the lines is excluded by direct detection.
The parameters are Xpy = 1, X¢ = 3 while ¢, v¢, and the DM mass are varied.

where 1 is the WIMP-nucleon reduced mass which depends on the terms

v / qga7' v 0 gaZ0
by = Ixxz ,V29qqZ Vo Iz ,V29qqZ V. (10.67)
mz, Mmoo

that describe the interaction of the gauge bosons with the quarks through the quark-gauge

boson couplings g... v .

To illustrate the sensitivity of direct detection experiments to Z’ scattering, we calculate
the cross section for different dark matter masses and different values of gx, in which we vary
the kinetic mixing parameter and v¢. We then calculate what parts of the parameter space
are excluded by XENONIT [95]. We show the results in Figure One can see that large
parts of the parameter space are excluded by XENON1T, especially at lower Z’ masses. A
comparison to Figure [10.3] shows that for most values of gx, direct detection proves to be
the most stringent limit. It is important to note that this finding holds true for Dirac dark
matter as well as for complex scalar dark matter, whereas for Majorana and real scalar fields

there is no elastic scattering via Z’ exchange.

Inelastic scattering

If the charge of the dark matter is Xpy = :I:%, a mass splitting between the oppositely
charged components of the dark matter field is induced. The mass matrix is then generally

generated by terms in the Lagrangian as

LD —myppth — ApthC — Ay y'¢ + hc., (10.68)
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which after U(1)x breaking this turns into

LD _% (¢ 1!/) (\/izi/\zb ﬂ?jw) (;f/) , (10.69)

For small v¢, the mass splitting between the two components will be small. The two mass

eigenstates then have a mass splitting of
0= \@’Uc()\w + )\¢/), (1070)

for which the inelastic scattering is possible if v¢ lies at O(100 keV).

10.3.5 Astrophysical effects

The standard scenario for cold dark matter assumes that DM is collisionless in structure
formation. However, this has lead to discrepancies between results from simulations and
observations. There is the core-vs-cusp problem, where simulations expect galactic DM haloes
to have a density cusp at the center, whereas observations from dwarf galaxies seem to indicate
a flat core. A second problem is the missing satellites problem, where the amount of satellite
DM haloes of the Milky Way predicted by simulations is larger than observed. Related to this
is the too-big-to-fail problem, which comes from the issue that the simulated satellite DM
haloes are so large, that they must host galaxies and have star formation. These are absent in
observations. These problems can be ameliorated if DM is allowed to have a self-interaction
with a cross section of o ~ 10724 ecm?, flattening DM halo cores. In needs to work on longer
distance scales, which can be fulfilled by a light force carrier with a mass ~ 10 MeV [360,
361].

In the case where the U(1)x remains unbroken, a massless gauge boson exists. In this
case, the range of the force is long-range (’dark electromagnetism’) and couples only to gauge
fields. The primary limit on the coupling comes from the demand that the dark matter be
effectively collisionless in galactic dynamics, which implies o/ < 10~* for TeV-scale DM [362].
These values are easily compatible with constraints from structure formation and primordial

nucleosynthesis.

10.3.6 Lepton Flavour Violation

LFV processes are generally present in radiative seesaw models. Mostly these processes
occur through diagrams of similar topology as the neutrino mass loop, but then with charged
leptons and charged components of the BSM field multiplets. There are no gauge bosons
involved in these processes (except for radiated photons in e.g. u — ev). The addition of a
7' boson that couples to leptons is in the most general case not diagonal in generation space.
This can induce LFV processes both at tree level as well as the one-loop level, e.g through

box diagrams [363]. However, in our setup, the Z’ couplings to leptons are generated through
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kinetic mixing, and are thus equal to the SM Z couplings up to a factor from kinetic mixing.

This also ensures that lepton flavour universality is maintained.

10.4 Higgs sector

The addition of the new complex scalar singlet ¢ introduces new phenomenology in the Higgs
sector. In this section we will work out some of the new features of the extended scalar sector,

as well as some related phenomena. For more extensive discussions, see Refs. [364, [208].

10.4.1 Higgs sector

We will now work out the features of a Higgs sector involving the most general potential
containing the SM Higgs doublet H and the new scalar singlet ¢, with charges 0 and X,
under the new U(1)x group respectively. The scalar potential is given by

V = iy () —m2(C10) + D (HHY + S50 4 A (HUH)(CQ). (10.71)

In many ways this is similar to a type I 2HDM Higgs sectOIE], with the difference that ( is
a singlet instead of a doublet. Therefore terms like (HT¢)(¢TH) and (H'¢)? + h.c. that do
appear in 2HDMs do not appear here. We denote the vevs of the scalars by

(H) = (L) (€)= vgj;- (10.72)
V2

With these vevs one can derive the two minimum equations of the potential, which we solve

for the mass terms. This results in

A2 AECUE

mi = 5 5 (10.73)
Acv? ) 2
2 Y H¢VH

With the above minimum equations this results in the mass matrix

2
M= M AHC”ZI v (10.74)
)‘HCUHUC )\CUC’

with eigenvalues

1
mi, = 5 (Ah + Ao = /O, = A + Ducon?) (10.75)

1
m}%Q =5 ()\U}Qq + )\Cvg + \/()\U%I — )\Cvg)2 + 4)\H¢v?{vg) , (10.76)

3In these models the second Higgs doublet ¢ is odd under a Zo symmetry, as are the right-handed fermions.
Thus only ¢2 couples to the SM fermions.
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that are obtained by diagonalizing M through an orthogonal matrix, with a mixing angle

given by
2 H¢VHYC

tan2a = .
e )\U?{—Acvg

(10.77)

Higgs couplings

The mixing in the scalar sector has an effect on the Yukawa couplings through which the SM
fermions obtain their masses. The SM fermions do not couple to ¢ in the unbroken phase,
and receive no contribution from v¢. In the SM, the couplings of a fermion f can be brought
to the form

. (10.78)
VH
with which they couple to h. Because of the mixing between h and o to h; and ho, these

couplings get modified as the h state can be written as
h = cosahy — sina ha. (10.79)

We identify h; with the SM-like Higgs boson. The couplings of hy and hs to the SM fermion

are then ‘
myf Cos & my sin «

10.80
o o (10.80)

respectively. Through mixing, the SM fermions obtain a coupling to hs. Both couplings are
similar to the SM Higgs couplings, up to a rescaling factor depending on the mixing angle.
The couplings to the electroweak gauge bosons are modified in the same way. The couplings
can be probed in collider experiments. This singlet extension scenario was considered in an
ATLAS analysis, which placed an upper limit on the mixing angle of sin?a = 0.12 [365].
Further global fits to the LHC 7 and 8 TeV data constrained the mixing angle cos a 2 0.86
[366]. Precision measurements of the W mass can place upper bounds of | sin «| < 0.19 [367].
The High Luminosity (HL) LHC could reach sin?a ~ 4 — 8 x 1072 [368]. From Equation
one can see that the mixing angle is suppressed by a factor vy /v if the latter vev
is larger or by the inverse ratio if v, smaller. Thus, the bounds on the mixing angle can

generally be satisfied if v is not close to the SM Higgs vev vy.

Direct detection

Irrespective of the U(1)x charge, there can exist a coupling between the dark matter candidate
and ¢ in the form of (HTH)(¢¢). Through Higgs mixing this allows for dark matter scattering
on nuclei via scalar exchange. Such a scattering is model dependent, as the coupling of dark
matter to o is a free parameter. If a DM candidate is scalar, a direct coupling to the SM
Higgs is generally possible through a (H'H)(xTx) term. For fermion DM a direct coupling
to the SM Higgs is only possible if there exists a singlet-doublet or triplet-doublet coupling
to the Higgs. If no such particle content is available, the only contribution is through Higgs

mixing. In this case, the scattering takes place through the exchange of hy. Compared to the
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exchange of the SM-like Higgs h, its coupling to the quarks is then suppressed by the factor

sin o, see Equations ((10.77) and (10.80). If ho is heavier than hi, it receives an additional

suppression as the scattering cross section scales with m;j

. Thus, such a contribution is

generally subdominant.

10.5 Grand unification

The question whether all fundamental interactions can be expressed in terms of a unified
description is a fundamental question in theoretical physics. The theories that offer such a
description for the SM interactions are called Grand Unified Theories (GUTs). The work
by Glashow, Weinberg, and Salam resulted in a succesful theory that unified the weak and
electromagnetic interactions, and together with QCD the gauge symmetries of the SM are
given by the SU(3).x SU(2)rx U(l)y gauge group. However, in the GWS electroweak
theory there are still two separate gauge couplings (g,¢’). A first attempt to unify the SM
interactions into a single gauge group with a single couplings strength was put forward by
Georgi and Glashow, and was based on the SU(5) gauge group [369]. The SM gauge group has
ranklzﬂ 4, and a unifying group must have at least the same rank, which SU(5) fulﬁlsﬂ Another
well known class consists of GUTs based on the rank 5 SO(10) group, which was proposed
by Fritzsch and Minkowski [370]. However, even larger unification groups are considered, an

example is the exceptional group Fg of rank 6 [371].

There are also examples of GUTs that are not based on a simple lie group, but on a product
of several groups. The Pati-Salam model is based on the SU(4)cxSU(2),xSU(2)r group. It
has several interesting aspects: first, the SU(4) group correspond to the quark colour charges,
to which lepton number is added as a fourth colour [372]. Furthermore, the model contains a
left-right symmetry through the inclusion of an SU(2)g group. Smaller left-right symmetric
models can also be realised through an SU(2);,xSU(2)rxU(1) g1 gauge group [373]. These
are often accompanied by a parity symmetry, so that at higher energies the gauge couplings
are equal g; = gr. They are theoretically attractive as in this way the parity violation of
the (left-handed) weak interaction is restored, and right-handed counterparts of the W and
Z bosons appear (Wg and Zr). Another interesting type of GUTSs are trinification models
that have a SU(3)cxSU(3),xSU(3)r gauge group, which can have a single gauge coupling
if a Z3 symmetry is added.

It should be noted that many of these models can be embedded into larger models. For
example, SO(10) GUTSs can contain

S0(10) S SU(5) x U(1),
SO(lO) D) SU(3)C X SU(Q)L X SU(Q)R X U<1)B—L7 (1081)

4The rank of a lie group is the number of diagonal generators.
SFor the SU(N) groups, the rank is equal to N — 1. The rank of U(1) is 1.
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which in turn can be embedded in an Fg model. For a single GUT group there can exist
different paths to break the symmetry down to that of the SM. We will now highlight some
aspects of SU(5) and SO(10) unification.

10.5.1 SU(5) unification

As was mentioned in the introduction, the first attempt to unify the SM in a single gauge
group was based on SU(5) [369]. The group contains 24 generators \;, which is 12 more than
the total number of generators in the SM (8 + 3 4+ 1). To see how the SM can be described
in terms of SU(5) multiplets, we need to consider its representations. Starting from the
fundamental 5 representation, higher-dimensional representations can be constructed. For
the purpose of unification, we can restrict ourselves to the following representations, whose
decomposition into SU(3)x SU(2)x U(1) is given by

_ 1 1
1Lo)+(1,2,—=
§_>(37 73)+(7 ) 2)
1. . 2

10+ (32,5 + (.1 -3) + (L1 (10.82)

The reducible 5 + 10 representation suffices to accomodate all SM fermions. The decompo-
sition can be understood as follows: the 5 contains the SU(3) right-handed down-type quark
triplet, as well as the SU(2) lepton doublet containing the electron and the neutrino. The

other fermions are contained in the 10. These multiplets can be written as [374]

x=(dt df d e —wr)

0 u%? —uf.% —ur1  —dr1

| —u$ 0 uf | —upy —dro
zp:\ﬁ ug  —ug 0 | —ups —dps |- (10.83)

url U2 UL3 0 —e%h

dpy dpa dps | eg 0

Note that these multiplets do not contain the right handed neutrino. It is however possible to
add the right-handed neutrino as an SU(5) singlet. The SU(5) group contains 24 gauge bosons
that correspond to the 24 generators of the group. These live in the adjoint representationﬁ
24 [375]. It can be decomposed in terms of the SM gauge group as

24— (8,1,0) + (1,3,0) + (1,1,0) + (3,2, —g) + G2 g), (10.84)

one can read the individual decomposed terms to see that this representation contains the
8 SM gluons, the W* and W3 SU(2) gauge fields, and the B field that mixes with W3 to

form the photon. There are two new terms, that contain the 12 new gauge bosons, which

5In the adjoint representation, the structure constants f2° obtained from (A9, /\b] = f3%)° are used as gener-
ators.
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Figure 10.5: Proton decay in an SU(5) GUT mediated by the new X boson.

transform non-trivially under both SU(3) and SU(2), these are the X and Y bosons. We will

discuss their effects later.

In order to unify the fundamental interactions, the gauge couplings of the SM gauge group

must become equal at a single energy scale, i.e.

91 =92 = 93 = g5, (10.85)

where the U(1) coupling g is related to the hypercharge coupling ¢’ with the normalisation
factor g1 = /5/3 ¢/, and g5 is the single SU(5) gauge coupling. This leads to the prediction
that the value of the Weinberg angle is

3
sin Oy = 3 (10.86)

which is far removed from the current value of sin? fy = 0.22337 + 0.00010 [47].

Proton decay

The embedding of quarks and leptons in the same SU(5) multiplets allows for proton decay
mediated by the X and Y gauge bosons. These leptoquarks are charged under both SU(3)
and SU(2), and couple the leptons directly to quarks, . An example of proton decay through
p — etnY with the exchange of an X boson is shown in Figure The proton becomes
unstable, with a mean lifetime of [374]

o M (10.87)

gtm;

The latest experimental bounds on the proton lifetime from Super-Kamiokande have placed
a lower bound of 2.4 x 1034 years on this channel [376], meaning that the leptoquarks must
be very heavy to suppress proton decay. For the SU(5) model, the unification scale of 10
GeV is on the low end, and would imply a too short proton lifetime [374]. In general, proton
decay is a feature of GUTs, and proton lifetime bounds provide stringent constraints on these

theories.



10 Extending the SM gauge group with a local U(1) symmetry 215

Higgs sector

In order to break the gauge symmetry two Higgs multiplets are introduced. One multiplet

in the 24 adjoint representation ®, and a quintuplet H [374]

21\ Hs3
o=S""o H=|uot], (10.88)
i=1 \/5 HO

the first of which breaks SU(5) down to the SM symmetry at the GUT scale of ~ 10 GeV.
The quintuplet contains a coloured triplet Hs, as well as the HT and H that form the SM
Higgs doublet, which induces electroweak symmetry breaking. However, the Higgs sector
in this theory (and generally in other GUTS) faces is unsatisfactory from a theoretician’s
perspective. This has to do with the large mass scales that are present in the theory. First
there is the gauge hierarchy problem, which is the question why there are very large mass
ratios of 13 orders of magnitude in a single theory. The second problem is the doublet-triplet
splitting problem, which is related to the quintuplet. It contains the SM-like Higgs doublet
that causes electroweak symmetry breaking at the weak scale, and the coloured triplet Hgs
that must be heavy, as it can contribute to proton decay, leading to a large mass difference
between the quintuplet components. Of course one could then fine-tune the parameters of
the theory up to a precision of 10713 to ensure these mass ratios, but this adjustment is not
guaranteed if one then includes radiative corrections. For more extensive discussions on this
topic, see Refs. [377) 378].

10.5.2 SO(10) unification

The SO(10) group has a rank of 5, which is larger compared to SU(5) (rank 4), and can
contain the latter as a subgroup [370]. Its main attractiveness stems from the fact that all

SM fermions can be included in its 16 representation. One can decompose this representation
in terms of SU(5)xU(1) as

16 — (10, -1) + (5,3) + (1, —5), (10.89)

which next to the SU(5) 10 and 5 representations that contained the SM fermions, naturally
includes an SU(5) singlet to accomodate a right-handed neutrino. The larger rank allows for
several different breaking patterns to the SM gauge groups. The two main routes are either
via the SU(5) path or the Pati-Salam SU(4)oxSU(2)r,xSU(2)g and left-right symmetric
model paths. SO(10) GUTSs can be broken down to the SM gauge group with an additional
U(1) group.
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Table 10.6: One loop coefficients for complex scalars. For other particle types this is multi-
plied by the corresponding factor from Equation ([10.93)). The values are taken

from [379].
(SUB)c,SU@)z, UM)y) | 058
(1,1,:1/) (070’ lyQ)
(1727y) (0’§’§y2)
(1,3,) (0.5 3v°)

10.5.3 Running of coupling constants

The gauge coupling constants have different values depending on the energy. The evolution,
or running, of a coupling constant g; is described by the renormalization group equation

(RGE) [374]

g

9k _ 5(g2) = by e (10.90)

dIn(u)

at one-loop order at an energy scale p. The S function 3(g?) is here given at one order, but

from more advanced loop calculations loop contributions at two-loop or even higher orders
can be determined. At one-loop it only depends on the coefficient bx, which in turn depends
on the particle content of a specific theory. Generally the contribution of each particle can

be considered seperately, so that the contributions to by can be written as [379]
N .
b =M+ ) niby, (10.91)
i

in which ¢ sums over the BSM field content, which can have n; generations of each field. The
contribution of the Standard Model is

M = [ 19|, (10.92)

Each of the new fields adds a contribution to b, depending on the type of particle, as well as
its representation under the gauge group(s). They can be expressed in terms of a complex

scalar field in a certain representation bgs with an additional factor of

complex scalar

1

- 1 1 scal
ip=pgsdz TeanseaEn (10.93)
2 Weyl fermion
4

Dirac fermion
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As we are interested in radiative seesaw models, we only consider new fields that are SU(3)¢
singlets, and at most triplets under SU(2) . For these fields the contribution to the § functions
are listed in Table At one loop the RGEs can be solved analytically

-1 by, 12

ot (1) = o H(po) — 7 ln%, (10.94)

for which it is common to express the couplings in terms of ai = g]% /4.

Two U(1) groups

The discussion has so far only considered the running of gauge groups that do not mix. In a
gauge theory with two (or more) abelian groups one must take mixing between these groups
into account. These can be calculated in the basis where only one off-diagonal coupling is

non-zero, and are given by [380)]

d , 1

dln(u)g — (47-(-)2 (AXXg/S + 2AXY9/29XY + AYYg'gggy) : (10.95)
d 1
_ AYY 3 0.
din() Y a2t I (10.96)
d 1

AYY gxy g%y +207) + 24%Y ¢ (d%y + 9%) + A ¢%gxy), (10.97)

(Y =y |

which depend on the coefficients A%, that are analogous to the b}; coefficients in Equation
(10.90). They are

1.
AY = Y'Y (10.98)

for a complex scalar. To reconcile this notation with our previous expressions, we relate the
above couplings to those of Equation ([10.50f). The following terms correspond to each other

g/ _ 9x
V1—¢e2’
—gve
gxy = Vi (10.99)
gy = gy -

For the normalization of the U(1) groups we choose the values of

g1 = v 5/3gY)
J=1/5/39xv, (10.100)
91=/3/24".
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Table 10.7: One loop coefficients for complex scalars for two U(1) groups.

(SUB)e, SU@)L. UMy, U()x) | b¢5= (b ba,br. b b)
(1,1,9,2) (0,0.252, 207\ Zay)
1,2,y, ) (0,%,% 452 2\/>xy>
(1,3, y, ) (0,%% 5x,3\/gxy)

With these definitions, the RGEs can be written as

d 1 .
_ bag? + 20625 + brgad? 10.101
dh’l(ﬂ)g4 (477')2 ( 494 + g4g+ 1949 )5 ( O O )
d 1
= bigs 10.102
din() 7t T @m)2 90 ( )
L 8= (M0 4 200) + 2ha(@ + D) agke) . (10,109
din(w)? ~an)?

At the one-loop level the running of the SM hypercharge coupling g1 can receive contributions
from particles that are charged under U(1)y, but it does not depend on U(1)x charges or
the new gauge couplings g4 and §g. This means that the different charge assignments of the
models we found does not affect the unification of the SM gauge couplings. However, the
running of g4 and g are sensitive to different charge distributions. The contributions of new
fields to the RGEs at one-loop for the case of two U(1) groups are listed in Table [10.7]

10.5.4 Gauge unification in radiative seesaw models

We now apply this formalism to the radiative seesaw models we found in section
A similar studies of unification in radiative seesaw models with a 75 symmetry has been
performed in Ref. [379]. In order to compare our results, we will use the same procedure in
evaluating the RGEs numerically. We set the scale of new physics Axp = 1 TeV, up to which
we run the gauge couplings with purely the SM contribution biSM. Above Anp, Equation
is used to calculate the contributions of the BSM fields for each of the models. The
start of the RGE running is at the Z mass myz = 91.1876 GeV, for which we take the same

initial values as in Ref. [379):
ai(mz) = 0.01704,  as(myz) = 0.03399,  as(my) = 0.1185. (10.104)

Of course the values of g4 and § are unknown at Axp, but these are found after running
the SM RGEs. In order to numerically quantify the degree to which the couplings unify, the

intersection points of the gauge couplings in the (u,a~!) plane are determined. Based on
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these points, the unification scale A is determined from the average of the energy scale of the

three intersections in log space. The error in A is determined through

A 10g10(A)

, 10.105
10%10(A) ( )

in which Alog;y(A) is the distance between the intersection points that are furthest apart.
The value of the coupling at unification a~!(A) and its error are calculated completely anal-
ogously. With the unification point determined, the unified gauge coupling can be used as an
initial condition for g4, which is then run down to Axp. At the unification scale there exists
no mixing between the U(1) groups, and § = 0, which can then also be calculated down to

160
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Figure 10.6: Running of the gauge coupling constants in the T1-3-A model with oo = 0 for the

case of two scalar singlets at one-loop. The running of the new gauge coupling

a;l is included, as well as the mixing coupling g, which has been increased by

a factor 100 for clearer visibility. For comparison, the running of the gauge
couplings in the SM at one-loop are also included.

As an example, the running of the coupling constants in the T1-3-A model with @ = 0
at the one-loop level is shown in Figure In this case 1) and ¢’ are identified with each
other to form a vector-like doublet. Hence the charge assignment is Xy = —X = Xy = 1,
following Table with X = 2. The running of the new gauge coupling azl is included, as
well as the mixing coupling g, which has been increased by a factor 100 for clearer visibility.
To illustrate how the running of the coupling constant changes by the addition of new fields,
the coloured dashed lines indicate the SM running at one-loop. Since none of the new particles
are charged under SU(3), the running of the corresponding coupling constant is equal to that
of the SM.
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The complete overview for all models is listed in Tables[10.8|to[10.1T} No general statement
can be made, as the possibility of unification for a model should be considered on a case by
case basis. Some of the models unify relatively well, with an error in the unification scale
of at most a few percent. However, some of the models show large deviations, and are thus
unlikely to unify. It should be noted that we considered the one-loop case here. The study in
Ref. [379] considered the two-loop RGEs, which add a slight correction to our results. We find
that models with a good chance to unify generally do so in the O(10'2 GeV) — O(10'* GeV)
range, which is in line with the literature. Compared to the “benchmark” SU(5) scenario
with a unification scale of 10" GeV, we find that for our models the scale is even lower. This
can be explained by Figure where it can be seen that the running of a1_1 and agy ! tends
to smaller values if new fields are added. As was explained just before, the running of as Lis
unchanged. Therefore the unification scale is pushed to lower values, which inevitably leads
to issues with proton decay, as was discussed in the overview of SU(5) unification of section
A possible solution to increase the unification scale is to introduce heavier coloured
states between the TeV scale of radiative seesaw models and the GUT scale, which would

push ozgl to lower values.

Table 10.8: Models with Topology T1-1. Models marked with * have two generations of v

when ¢/ = ¢f.
Model | m | A [GeV] %1?/(\/)\) (%] | a~Y(A) | &2 (%]
T1-1-A | 2 | 1.43e+13 35.66 39.54 20.75
T1-1-A | 0 | 2.21e+14 18.47 41.55 10.32
T1-1-A* | 0 | 3.34e+14 22.55 42.27 12.78
T1-1-B | 2 | 3.23e+11 12.12 31.77 6.03
T1-1-B | 0 | 4.99e+14 57.09 34.11 24.94
T1-1-B* | 0 | 3.55e+21 153.25 21.04 201.32
T1-1-C | 1 | 5.37e+13 9.31 39.36 5.04
T1-1-D | 1 | 1.86e+13 4.08 37.10 2.11
T1-1-D | -1 | 4.01le+13 8.77 37.53 4.47
T1-1-F | 1 | 1.89e+13 20.96 35.43 10.24
T1-1-G | 2 | 3.59e+12 21.33 37.20 11.86
T1-1-G | 0 | 1.27e+14 1.13 39.50 0.59
T1-1-G* | 0 | 1.70e+14 2.45 40.11 1.30
T1-1-H | 2 | 2.04e+11 21.32 30.22 11.76
T1-1-H | 0 | 2.59e+15 77.36 32.03 38.94
T1-1-H* | 0 | 3.94e+28 192.07 9.68 780.08
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Table 10.9: Models with Topology T1-2.

Model | m | A [GeV] %“(%\) (%] | a1 (A) % (%]
T1-2-A | 0 | 7.74e+13 7.10 39.60 3.82
T1-2-A | -2 | 1.46e+13 17.48 38.49 9.65
T1-2-B | 0 | 6.07e+13 11.24 37.76 5.69
T1-2-B | -2 | 4.92e+12 4.39 36.33 2.32
T1-2-D | 1 | 7.56e+11 27.49 30.96 14.37
T1-2-D | -1 | 4.76e+14 65.96 32.39 31.85
T1-2-F | 1 | 5.47e+11 36.60 29.32 22.36
T1-2-F | -1 | 3.33e+15 86.49 30.11 51.83

as 1" is combined with 1) into a vector-like doublet.

Model | m | A [GeV] | 328088 (%] [ a~1(A) | 22 [%]
T1-3-A | 0 | 3.41e+13 3.16 37.86 1.64
T1-3-A* | 0 | 1.07e+14 10.75 40.23 5.86
T1-3-B | 0 | 3.42e+13 20.59 36.14 10.08
T1-3-B* | 0 | 8.64e+13 26.03 36.58 12.54
T1-3-C | 1 | 1.98e+13 15.53 38.70 8.54
T1-3-D | 1 | 3.57e+13 51.69 31.90 25.70
T1-3-D | -1 | 1.06e+12 29.78 31.05 15.50
T1-3-F 1 | 6.17e+13 92.44 23.21 100.62
T1-3-G | 0 | 5.13e+14 74.63 30.64 42.35
T1-3-G* | 0 | 4.77e+14 63.03 32.97 28.84
T1-3-H | 0 | 4.95e+15 95.56 28.10 68.46
T1-3-H* | 0 | 5.78e+16 106.39 27.89 77.93
Table 10.11: Models with Topology T'3.
Model | m | A [GeV] Alg%l%(\/)\) (%] | a=L(A) % (%]
T3-A | 0 | 2.35e+13 0.88 37.64 0.46
T3-A | -2 | 5.04e+13 5.52 38.08 2.85
T3-B | 1 | 1.84e+13 33.96 39.73 19.69
T3-B | -1 | 2.21e+14 18.47 41.55 10.32
T3-C | 1 | 1.00e+13 34.83 32.98 16.27
T3-C | -1 | 7.45e+13 46.67 33.59 21.05
T3-E | 0 | 2.23e+13 18.02 35.94 8.89

Table 10.10: Models with Topology T1-3. Models marked with * have two generations of ¢
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10.5.5 Embedding scotogenic models in a GUT

Even if some of the models seem to allow for unification, and we ignore proton decay, there
is still the issue of finding a unification group with suitable representations. Let us as an
example consider SO(10) and see whether it is possible to embed the SM fields in such a
way that the SM is uncharged under the extra U(1) group contained in SO(10). For this we
decompose SO(10) representations into SU(3).xSU(2)rxU(1)xU(1) via SU(5)xU(1), using
LieART [381]. Up to the 144 representation of SO(10), the decompositions are

10 —(3,1,2,2)vr, + (1,2, -3, 2)vL, (10.106)
16 —(3,2, -1 —1) (3,1,4,-1) + (1, —1)+

3,1,-2,3) +(1,2,3, 3) (1,1,0, 5) (10.107)
16 —(3,2,1,1) + (3,1, ) (1,1,6,1)+

3,1,2,-3) + (1, —3)+(1,1,0,5), (10.108)
45 —(8,1,0,0) + (3250)VL+(130,0)+(1,1,0,0)+

2, —1,4)vr + (3,1,4,4)vL + (1,1, —6,4)vL, + (1,1,0,0), (10.109)
54 —(8,1,0,0) + (3,2,5,0)vL + (1,3,0,0) + (1,1,0,0)+

6,1,4,4)vr + (3,2, —1,4)vr, + (1,3, —6,4)vL, (10.110)

(
120 —(8,2,—-3,2)vr + 6,1,22VL+(33QQ)VL—I—(3,2,7,2)VL—|—
L+ + (1

\% VL

) (
,2) (
3,1,4, 6)V +(1,1,-6,—6)yL + (3,1,2,2)vL, + (1,2, -3,2)vL, (10.111)
2) (6
1

126 —(8,2,-3,2)vL, + (6,3,2,2) + (6,1, -8,2) + (3,2,7,2)vr, + (3,1,2,2)y.+
1,1,12,2) + (6,1,—2,—2) + (3,3, -2, -2) + (3, 1,8, —2) + (1,2,3, —2)vi+
6,1,4 —6) + (3,2, —1, —6)vr, + (1,3, —6, —6)+
3,1,—4,6) + (1,1,6,6) + (3,1,2,2) + (1, 1,0, 10), (10.112)
144 —(8,2,3,3) + (6,1, -2,3) + (3,3,-2,3) + (3,2, -7,3) + (3,1,8,3) + (3,1,-2,3) + (1,2,3,3)+
8,1,—6,—1)+ (6,2, —1,—1) + (3,3,4,—1) + (3,2, -1, —1) + (3,1,4,—1) + (1,2,9, = 1)+

85 ]-a 0 ) + (37 27 57 75) + (g’ 27 757 *5) + (17 370’ 75) + (1? 1707 75)+
_.l_

(37 27 _17 _1) + (17 37 _6a _1)+

(

(3

(3

(3

(

(

(3

(

(

( )
(3,1, 3,1,2,2)vi, 2,-3,2)vr, + (3,2, —1, —6)yr.+
(3

(

(

(

(

(

(

(

(6,1,4 1)
(3,

(10.113)

in which the representations with VL indicate that there exists a second, but conjugated
irreducible representation. As was discussed in section the SM is usually embedded
into the 16 representation, which also includes a right-handed neutrino. This would imply
that all SM fields are charged under the second U(1). Even though one has the liberty to
make a basis transformation, it is not possible to make the SM uncharged. Since we add

new particles in our radiative seesaw models, it is possible that the SM + the new fields are

-1+ (3,1,4,-1)+(1,1,-6,—-1) + (3,1,-2,3) + (1,2,3,3) + (3,1,2,7) + (1,

27 _37 7)7
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accomodated by a higher-dimensional representation. However, none of the representations
contain the required representations in which the SM is unchargedm and thus it is not possible
to embed our models into SO(10). This issue could be resolved by considering unifying groups
of higher rank such as Fg, which contain extra U(1) groups, but this is beyond the scope of this
work. Furthermore, the 16 representation of SO(10) in particular, but GUTSs in general can
accomodate a right-handed neutrino in the same representation as other SM fields, making

tree-level seesaw contributions unavoidable.

10.6 Conclusion

We have studied the extension of the SM gauge group by an extra U(1) gauge group in
the context of minimal radiative seesaw model. Through arguments based on gauge anomaly
cancellation, the neutrino loop topology, as well as the Weinberg operator structure, we found
that the fermions in the dark sector must be vector-like, with the SM remaining uncharged
under the new symmetry. Moreover, we have considered mixing between mass states that
occurs after the breaking of U(1), which allows for additional charge assignment possibilities.
One can for each of the previously classified radiative seesaw models with Zo symmetry find
a model that includes a U(1) gauge group in such a way that the SM is uncharged, but the
fields of the dark sector do carry a charge. We made a classification of the possible charge
assignments. Upon breaking of the new gauge symmetry, it is possible to obtain a remaining
Zs, Z, or even a global U(1) symmetry, similar to the original versions of these models. The
difference is that now this stabilizing symmetry is not added ad hoc, but results from the
added gauge group. We compared our models to other U(1) gauged models, and found that

gauged radiative seesaw models in which the SM is uncharged have hardly been explored.

The addition of a new U(1) gauge group brings with it new phenomenology, most promi-
nently in the form of a new gauge boson, which through kinetic mixing mixes with the Z.
We showed the effects of kinetic mixing on the gauge couplings, as well as the induced mass
mixing between the Z and Z’ bosons, and discussed related experimental constraints. We
then discuss some other phenomenological aspects of a Z’ prime boson from astrophysics
and direct detection, which are model dependent. The presence of an extra Higgs boson also

induces mixing in the scalar sector.

We then discuss several aspects of GUTs, before we study the prospects for grand unifica-
tion in radiative seesaw models, for which we find that some of the models can unify. However,
the unification scales are lower than the usual scale of 10! GeV in SU(5) GUTs, and thus
have already been excluded by constraints on proton decay. For the next step we considered
whether our models can be embedded into an SO(10) GUT group. For this purpose we con-
sidered decompositions of SO(10) representations into SU(3).xSU(2)xU(1)xU(1) via the
SU(5) path. It is not possible to embed the SM into an SO(10) representation, such that

"Compare this to the SU(5) decompositions in Equation (10.82) which are the required representations for
the SM, in this case with an extra 0 charge under the second U(1).
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it is uncharged under the second U(1) group. Further studies might consider Fg as a GUT
group.

We have presented a general overview of radiative seesaw models with an extra local U(1)
symmetry. For future studies, the rich phenomenology of these models can be studied for

specific models in further detail.
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11 The discovery potential of U(1)-gauged
heavy Higgs bosons at the LHC

In the previous chapter we extensively discussed radiative seesaw and made the case that a
U(1) extension of the SM gauge group offers attractive features. We have also mentioned

models where the accidental global baryon and lepton are promoted to a local B— L symmetry

in section [[0.21

In order to probe the new gauge and dark matter sectors in such models at the TeV scale,
collider experiments, such as at the LHC are well suited. Recently, lower bounds on the
masses of new gauge bosons have been imposed [382, 383]. It has also been shown that
collider constraints leave some of the parameter space of U(1)p_, models open [384]. We
therefore explore a model with an extended U(1)p_1 gauge symmetry. In particular we want
to determine the discovery potential of the LHC at a center-of-mass energy of 13 TeV for
a heavy scalar resonance in the dilepton channel. For the upcoming high-luminosity (HL)
phase at the LHC, integrated luminosities of ~ 1000 fb~! or more will be reached [385].

Even though the model is different from the U(1) extended radiative seesaw models of the
previous chapter, the results of this particular study are applicable to them as well. This has
to do with the fact that the scalar singlet considered in this chapter has similar properties
to the singlet ¢ introduced before. A large difference is that neutrino masses are generated
through the tree-level seesaw mechanism, which is different from the radiative seesaw models
considered before. However, the focus of this study is on the scalar sector, in which the

neutrino mass mechanism plays no role.

11.1 Model description

The particle content of the SM is extended by several new fields. In the fermionic sector
n generations of right-handed neutrinos N are added, whereas the scalar sector is more
extensive. A second Higgs doublet is added, so that the scalar sector mimics a two Higgs
doublet model (2HDM) with doublets ®; and ®9, which is further extended by a scalar singlet
field ®,. Moreover, these fields, as well as the SM fields, are charged under a U(1)p_1 gauge
symmetry, listed in Tab. This is done in such a way that the model allows for neutrino
masses, but at the same time only one of the doublets couples to the SM fermions, thereby
preventing FCNCs in a way similar to type-I 2HDMs. In type-I 2HDMs the SM fermions
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Table 11.1: U(1)p_y, charges for all fermions and scalars of our model. In particular, this
assignment of charges is able to explain neutrino masses and the absence of flavor-
changing currents in the type-1 2HDM.

Fields ug,  d% Q L €5, N§, Dy P, D,
Charges —u —d (UQLd) M 2u+d u+2d %;d) 57“ + % 2u +4d
| U)p—r | -1/3 -1/3 1/3 —1 1 1 0 2 2

only couple to @9, by imposing a Zs symmetry under which ®; — —®; [208]. The Yukawa

Lagrangian is given by

Lo = Y3LQdS, + Yy BLQuS; + y5®) Les;

Dyt 1 ae M (11.1)
+y @, LNp +Y" Ng®;Ng + h.c.

From this one can see that the right-handed neutrinos obtain both a Dirac and a Majorana
mass through the coupling to ®» and ®, respectively. Componentwise, the scalar fields are

written as follows

oF ,
¢, = v and Dy = (vs + ps +ins)/ V2. (11.2)
((Ui + pi +ini) [V2 R
The vevs of the doublets are constrained by the relation v? = v? + v = (246 GeV)2. A very
important parameter in for such scalar sectors is the ratio between the two vevs, which is

written as
V2
tanf = —. (11.3)
U1
The scalar potential of 2HDMs is already quite extensive, even without including the scalar
singlet, which adds yet more terms. However, the U(1)p_1 symmetry greatly reduces the
number of allowed terms in the scalar potential. In this specific model this is the case due
to ®; and @9 transforming differently under U(1)p_y, in order to avoid FCNCs. At lower
energies, this symmetry has the same effect as a, by now familiar, Zo symmetry. The complete

scalar potential is given as

V(®,8) = m? ®ld +mdold,
% (@{@1)2 + % (@5%)2 (11.4)
z (@]@r) (hos) + 2 (@]a2) (2l
V, = m2dla, + % (@L@S)Q + @010,
+ 0] @0l + (1s®l@s®, + huc.). (11.5)

Compared to the canonical type-1 2HDM with a Z5 symmetry, the A5 term containing (<I>J{<I>2)2

terms is absent in the above potential due to the different U(1)p_j, charges of the scalar
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doublets. Usually this term is responsible for giving mass to the new pseudoscalar. For this
model, interactions with the scalar singlet now take this role. This gives us the requirement

that the couplings p; must be non-zero in order to avoid massless states.

11.1.1 Scalar masses

We will now discuss the masses in the scalar sector that arise from the spontaneous symmetry
breaking of the scalars. Whilst the doublet vevs are constrained by the sum of their squared
values being equal to the SM Higgs vev, there is no such constraint for the scalar singlet. As
we are interested in a resonance due to a singlet Higgs-like scalar, we choose a setup in which
(v1,v2) < vs, such that we obtain a weakly-coupled heavy scalar. The C' P-even eigenstates p;
and p, mix after the breaking of U(1)p_z and EWSB. This results in three mass eigenstates,

whose mixing can be written as

h Car 0 —5qy 1 0 0
Hl=]10 1 0 0 cq Saq | X
S Say 0 Cay 0 Say Coy (11.6)
Ca  Sa O p1
—Sq Co O 02

0 0 1 Ps

Where h is identified with the SM-like Higgs boson, H is the lighter scalar, and S is a heavy
scalar that couples weakly to the SM. From Egs. and it can be seen that the
mixing between the two doublets themselves is governed by the A3 and A4 terms. The 1 and
po mix the singlet with ®; and ®, respectively, whilst the ps terms mixes all three scalars.

The mixing angles «; and a, depend on these parameters, as well as on the vevs.

In the limit where p; < 1, the singlet-doublet mixing angles «; and a9 are small. The
scalar sector can thus be divided in the heavy singlet and a 2HDM-like Higgs sector. This
makes the phenomenology of the heavy scalar similar to the case that was considered in
section if ¢ mixes weakly with the SM-like Higgs. The mixing angle a then corresponds
to the usual scalar mixing in 2HDM setups, which is given by 386} 208]

( H ) N ( co.sa sin « ) ( o1 ) (11.7)
h —sina  cosa 0%y

where the mixing angle is given as

2()\3 + )\4)1)11)2

tan 2a ~
)\1’0% — )\QU%

(11.8)
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For small o1 2 < 1 the CP-even scalar masses are approximatively given by

m2 ~ A, (11.9)
1

wy ~ g (4 deed = yOuF a0+ A3,
1

mh o~ (Aw% + Aovi + \/(Alvf — A3)? +4(As + /\4)%%05) '

From this it can be seen that the lighter scalars H and h stemming from the doublet only
contain contributions of v? and v3. On the contrary, the scalar singlet only depends on its
vev v? and its self-coupling A;. As is common in 2HDM setups, the addition of a second
Higgs doublets results in two additional massive eigenstates. First the charged scalar H™,
which has a mass of

2 (V20505 — Aqv1v2)0?

= 11.10
mH+ 2U1U2 9 ( )

and a new pseudoscalar A, with a mass

2,2 2,2
m?, = HeViva £ U705) (11.11)

\/51)1’027)5

which is proportional to the cubic us coupling, which contains ®;, ®2, and ;.
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Figure 11.1: Parameter space in the Aj234 plane compatible with current measurements
of the SM Higgs boson mass mp for a ratio of Higgs doublet VEVs
tg = tan f = va/v; = 10. Our benchmark point is shown in black.

From Egs. one can see that the mass of the SM-like Higgs boson h depends on the
couplings A1, A2, as well as the combination A3y = Az + A\4. Its mass is coupled with that
of the lighter Higgs boson H, and is sensitive to the mass splitting A34. Fig. shows
the part of the parameter space of A\ 234 for which the mass of the SM-like Higgs boson
falls in the range my = 124.98 + 0.28 GeV, with tan 8 = 10. A benchmark point that will
be used further in this analysis is indicated by the black dot. From this figure one can see

that the allowed range for Ay of [0.21 — 0.27] is very narrow, compared to the much broader
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Figure 11.2: Dependence of the mass of the lighter Higgs H on the self-couplings A\; and As4.
Our benchmark point is shown in black.

Table 11.2: Scalar coupling constants of the SM fermions.

’ Vertex \ Coupling constant ‘
Htt, H bl_) Hr7 sin o/ cos ag —Cos @ Sin a1 sin ag
) ) 0
hitt. h bE hT7 COS O/ COS Org —Ssllrlll/f)( Sin o sin o
’ _ sin 3
Stt,Sbb,STT sy ey

compatible values of 0.01 < A; < 10 and 0.1 < Ag4 < 1. This can be attributed to the value
of tan 8 = 10, making vs > v, hence my is more sensitive to changes in As. For all points
that fall in these parameter ranges, stability and perturbativity requirements of the potential
are satisfied [387, [388§].

Since the masses of h and H are coupled, the allowed parameter ranges for the SM-like
Higgs h result in a mass range for H. Fig.[I1.2]shows this mass range as a function of A1, with
the value of A\34 as a colour scale. It can be seen that under these circumstances there exists
a linear relation between my and A1, with the breadth of the region being determined by the
value of A34. The benchmark point is included in this figure as well. It has been chosen such
as to comply with low-energy constraints from the STU parameters, which provide stringent
bounds on the mass differences between the scalars. This has been accomplished by selecting
a mass for the pseudoscalar A that is close to H. For the benchmark point we have the
following values: tan 8 = 10, v, = 1 x 10% GeV, and s = 1 x 1072 GeV. From Eqn. (11.11))
one can verify that this leads to my = 72 GeV, which is almost degenerate with my and
thus satisfies the STU constraints.

Furthermore, the mixing between the neutral C'P-even scalars changes the couplings to
the SM fermions. The complete resulting couplings are shown in Tab. For the weakly
coupled scalar that is considered here, the couplings reduce to those shown in Tab. Since
we have identified the scalar h as the SM-like Higgs boson, we also constrain its couplings
to be SM-like by requiring that 0.95 < cosa/sinf8 < 1. Fig. shows the compatibility
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Table 11.3: Same as Tab. in the limit aq, as < 1.

’ Vertex ‘ Coupling constant
Htt_,HI{b, Hrt :Eg
htt,hbb,h T sa
sin 8
I 7 = Sin o
Stt,Sbb,STT sin52
10 — 1.0
— ‘*:; —
8 p——
= — |7
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- = 3
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Figure 11.3: Compatibility of the 2HDM with an additional scalar singlet with SM-like
fermionic branching ratios of the Higgs boson h for t3 = 10. Our benchmark
point is shown in black.

of the couplings of h with the SM in same region of the parameter space shown in Fig. [I1.]]
(except for a slightly larger range for A\y). This is the case for the complete region that is
shown, including the benchmark point that is also marked in the plot by the black dot.

Of course the lighter scalar H can also couple to SM fermions, making it in principle
observable in the LHC. For our benchmark point we find that H has a main decay channel
with BR(H — bb) = 97%. This leads to large QCD backgrounds, which obscure its presence,
and make its discovery difficult. For the charged scalar H™ the main decay channels are into

cb, and 7t v, both of which involve QCD processes at some stage.

11.1.2 Gauge sector

The extension of the SM gauge group by an extra U(1) symmetry introduces a new gauge
boson with corresponding gauge coupling constant to the phenomenology, an overview of
which was given in section This changes the branching ratios of the scalars into gauge
bosons. Whereas H is too light to decay into W or Z boson pairs, the heavy scalar S is
kinematically allowed to do so, even though it is an SM singlet. This can be attributed
to the interaction that is possible between different U(1) gauge groups. Even though many
expressions have been worked out in section [10.3] we will repeat them here, as the expressions

are slightly different due to the 2HDM-like setup. In our case, the gauge kinetic terms in
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the Lagrangian of the U(1)y group with field strength tensor B,, and U(1)p_z with field

strength tensor X, can be written as

1 € 1
'Cgauge = _ZBMVB“V + mXﬂV‘BuV — ZXMVX#V‘ (1112)
For the case where the kinetic mixing parameter ¢ is small, the covariant derivative can be

brought to the following form

. . 7 €
D, = 8, +igT" W + Zg/% v <g/CO§0YW n ngx> X, (11.13)

from which it can be seen that particles that carry no (x can still couple to the new gauge

field X, due to the kinetic mixing term. This can be cast into a matrix form in the following

way
i (gW32 + ¢ QvB,+GxX, 2W F
Dy = 9 + L (IWu T 9Qy B+ Gx X,y \ g,\f . : (11.14)
2 9\/§W,u_ _gW,u +9'QyB,+GxX,
in which the coupling to the X, boson hast been abbreviated as
/
Gx; = 9y, +gxQx;. (11.15)
cos Oy

The hypercharge Qy; is +1 for both doublets, whereas Q)x, is the charge of doublet i under
U(1)x, which is +2 for @y, but 0 for ®3. From this covariant derivative one can derive the
mass terms the gauge bosons obtain from the vevs of the scalar doublets and singlet. One

obtains the following terms in the Lagrangian
1 1
Linass = miy W, WH + imQZZMZ“ — A*Z, XF + §m§(XNX“. (11.16)
The first two mass terms are as in the SM, with

1 42 15 5

1 2.2 2 2 2
Zm (Ul +’U2) = Zgz’U . (1117)

m%vzfg2 (U%—Fvg)zfgv mQZ:
4 4
There is a mass term belonging to the new gauge boson X,,, which also receives contributions

from the scalar singlet vev v,. It is given by
1
mk = 1 (viG%1 + v3G%s + V395 dX) - (11.18)
Next to these mass terms, there appears a mixing term between the Z,, and X,, gauge fields.
This is due to the Higgs doublets coupling to both the Z,, and the X, fields. It is given by

1
A? = Zgz (GXl'U% + GXQ'U%) , (11.19)
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leading to the neutral gauge boson mass matrix

my = 1 (my A? _ 1 gv° —9z (Gx10} + Gx203) '
2\ A% mi 8\ —gz (GXlU% + Gxgvg) viG%, + v3G%, + vig%d%
(11.20)
For a 2 x 2 matrix, its eigenvalues can readily be determined and read

1

my = g |k =g -3 a @y (11.21)
1

my = 3 [mZZ +m% + \/(mQZ —m%)* +4 (AQ)Z} : (11.22)

In more detail, the matrix in Eqn. [11.20[can be diagonalized by the orthogonal matrix O(&)

<Z) _ <C?S§ —sin§> (Z) 7 (11.23)
Z' siné  cosé& X

where the mixing angle is parameterized by

A2
tané = ————. (11.24)
my —mx

Since we work in the framework where vy, > vy 2, the resulting masses of the 7' boson lies

far above the SM Z mass. In this limit, the mixing angle £ can be approximated by

2 2
Glel + GX2v2

sin & ~ 5 , (11.25)
m7,
or to make the relation more explicit, this can be rewritten into
my [ gx 2 2
sing ~ —* [ ==(Qx1cos” f + Qx2sin” §) + etan Oy | . (11.26)
mzl aqz

This mixing angle will later play a role in the partial widths of the heavy scalar decays into
gauge bosons. In the rest of this chapter we will take the kinetic mixing parameter e = 1074
to agree with experimental bounds [389, [352]. Because the heavy scalar S has a dominant ®
component, which is a singlet under the SM, this means that the decays of .S into SM gauge

bosons is suppressed.

Fig. shows the mass of the new gauge boson Z’ as a function of the singlet vev wvy.
It can be seen that for a small coupling of gg_; = 0.01, the mass of the Z’ is constant at
small vg, since the main contribution comes from the doublets (remember that ®; is charged
under U(1)p_r). For larger couplings, or at higher v, the singlet vev dominates and the Z’
mass becomes proportional to it. Also included is the benchmark point, for which we take
gp—r = 0.01 in agreement with the latest LHC limits [390].
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Figure 11.4: Mass of the extra gauge boson my as a function of the singlet vev vs for two
values of gg_;, = 0.1 and gg_;, = 0.01. Our benchmark point is shown in black.

11.2 LHC phenomenology

Having discussed the particle content and parameter space of the model, we now turn to the
main goal of this chapter: to study the production and decay of the new heavy scalar at the
LHC. As can be seen from Tabs. and the coupling constant of the scalar S depends
on the (small) value of ay. In general, the decays of the scalar are strongly dependent on the
model parameters, especially if the available phase space is increased. Depending on the mass
of the Z’ boson, which is influenced by vs and gp_1, decays into Z'Z’ and/or Z'Z can be
kinematically allowed. While these decays are interesting, as they can probe the new gauge
coupling, they are not the focus of this chapter. Instead, the processes that are of interest are
the decays of the scalar into SM particles, and hence we work in a scenario in which decays

into Z’ bosons are kinemetically forbidden.

The partial decay width of S of the most relevant channels for our studies, being i, bb, hH, hh,
and ZZ, are given here. Even though the channels are closed in this particular scenario, the

partial widths into Z'Z’ and Z'Z are listed for completeness.

2 2 213/2
ro o Say (mg — 4my) (11.27)
Sup = Srm2.s2 :
S°p
352 (m% — 4m? 3/2
Lo = —2 (s, — dm) (11.28)

2 .2
87r'mssﬁ
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Figure 11.5: Dominant branching ratios of the heavy scalar S as a function of its mass for

mixing angles a1 = ag = 107 (left) and a; = 107* ag = 1072

—Qmiqu — Zm%m% + m;ll — Qm%m% + m‘}q + m‘é

Dsna = 647Tm%
X (_SaMQUS — Sal1Vs + ci,us =+ Siﬂs) 2
r . ( 2 42 4 g2 _ ) 2
Shh = 327rm§ Sql2Vs 1 Cup1Us 1 SuH1Vs — CaSalts
% = 4 (mk — dm¥m3, + 12m) ghstol

Lszz = g7
522 = 9B-L 1287rm‘ém%

2 124 2,2 My 4 4,2
mg — 4m’;(mg — dmgmy + 12miy)qgcev;

Tsziz =gp_1 TS
128m’ymmy

4 2,2 4 2,412 2,012 14
. \/m5—2m5m2+mz—2msmz—2mZmZ+mZ
FSZ'Z:ngL

2,12 3
256mymzmTmyg

x(m& — 2m2m% +my — 2mim/Z + 10mEm'Z + m’é)qésgcgvg

(11.29)

(11.30)

(11.31)

(11.32)

(11.33)

For briefness, we have written s¢ = sin§, c¢ = cos¢{ from Eq. (11.24)), as well as sg = sin 3

and s, = sina. We will now examine the branching ratios of the scalar decays for two

different scenarios. In both cases o is set to the small value of a; = 10, wheras in the first

scenario as = 1074, and in the second scenario ay, = 1072. The most prominent branching

ratios for these scenarios are shown in Fig. [11.5
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Figure 11.6: Left: Total production cross sections of heavy scalars S for scenarios with
a; = ag = 107 and oy = 107%, ay = 1072. Right: Upper limit on the
gluon-gluon fusion production of scalars decaying into dimuons imposed by the
ATLAS collaboration (black) and our model prediction assuming o; = 10~% and
as = 1072 (blue).

In the first scenario the coupling of the heavy scalar S to both doublets is small, with
pi ~ 1075, and it primarily decays into hh and Hh, see Fig. (left). Despite this small
coupling, these are the dominant channels. The reasons for this are twofold. On the one
hand the branching ratio of these channels are enhanced by their proportionality to the large
value of vg, counteracting the small values of p;. On the other hand the branching ratios
into the SM fermions are suppressed by the small value of oy = 1074, The second scenario,

with ag = 1072, is shown in Fig. (right). In this scenario decays into SM fermions play
a larger role.

Let us now focus on the production and detection prospcects at the HL-LHC wih a center-
of-mass energy of 13 TeV. The production process takes place through the gluon fusion process
in pp collisons. For the first scenario the main decay channels are into hh and Hh, which
include little QED background. However, as can be seen in Fig. (left), the production
cross section of the heavy scalar is too low in this scenario to be explored at the upcoming
HL-LHC. For the second scenario the production cross section is much larger, hence we focus
on this case. As can be seen from Fig. (right), there is a large lepton di-jet signal.
However, due to the large branching ratios into the 3rd generation quarks, as well as gluons,
there also exists a huge QCD background. For the dimuon channel the main background
contribution is Z boson production, hence we explore the discovery possibilities through the

following process

pp— S — 171, (11.34)

where we consider final-state [* representing electrons or muons.
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Table 11.4: Cut-flow chart for mg = 500 GeV and an integrated luminosity of 220 fb~! at
the LHC with 13 TeV and without systematic errors (z = 0).

Cuts Signal | Background || Significance
Initial (no cut) | 1130 983000 1.1
pri2 > 20 GeV | 1050 732200 1.2

|ne| < 2.5 1045 511800 1.4
may > 250 GeV 945 114000 2.7
Hard cut on myy 181 1109 5.0

The model is implemented using FeynRules [391], after which the partonic events are
simulated using MadGraph5b . Further hadronization and detector effects were handled
with the Phythia8 and Delphes3 MadGraphb interfaces respectively, using the kT-
MLM jet matching scheme . S production at one-loop has been implemented following
Ref. . The relevant background contributions, which were simulated in the same way,
are the Z, h, v, bZ, WZ and bbZ production processes. The following cuts were applied to

the data to reduce the backgrounds and select the relevant signal events

pri2 >20 GeV, || <25 (11.35)
Fr <40 GeV, mop > 250 GeV, (11.36)

with ppr, being the n-th hardest lepton within an event. Events with missing transverse
energy above 40 GeV are rejected to filter out W, Z, and tt events. Bottom jets fall out after
applying lepton isolation criteria. As a last step, a hard cut on the di-lepton invariant mass
mg — 40 GeV < my, < mg + 40 GeV can identify leptons produced by a heavy resonance
decay.
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Figure 11.7: Dilepton invariant mass distribution for a singlet-like scalar boson of mass
ms = 500 GeV (blue) and its SM background (red) before cuts and for an
integrated luminosity of 3000 fb—1.
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Figure 11.8: Required luminosity of the HL-LHC at 13 TeV center-of-mass energy to discover
a singlet-like Higgs boson S with 50 as a function of its mass for an assumed
systematic error of 10% (dotted line) and 0% (continuous line).

Fig.[I1.7then shows the signal of a resonance due to a heavy scalar with a mass of 500 GeV
against the background due to the previously mentioned processes before any cuts are applied.
The signal can be made visible at the 50 level after applying these cuts. As an illustration,
Tab. shows the cut-flow chart for mg = 500 GeV and an integrated luminosity of 220
fb~1, without taking systematic errors into account. In each step the number of signal and
background events are indicated, as well as the significance. The significance for a number

of signal (Ng) and background (Np) events is calculated as

Ng

, 11.37
V/Ns + Ng + (zNp)? ( )

with the last factor taking systematic errors into account. Fig. [T1.8] shows the required
luminosity for a 50 signal at the HL-LHC as a function of the scalar mass for an assumed
systematic error of 10% (dotted line) and 0% (full line). From this one can see that the
current LHC luminosity of 100 fb~! is not sufficient to discover a singlet scalar as studied
here. However, the planned HL-LHC upgrade can reach integrated luminosities of ~ 1400
fb~!, which is enough to detect singlet scalars up to the TeV scale, even with a systematic

error included.
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11.3 Conclusion

We have explored the phenomenology of a U(1)p_1 gauged model with a 2HDM + singlet
scalar sector. In our setup we focused on the weakly coupled scalar singlet. We have shown
how the model can accomodate an SM-like Higgs boson with the correct mass and couplings,
which however does come at a cost in the form of restrictions on the parameter space. Then
we studied the discovery prospects of the weakly-coupled scalar singlet through its dilepton
decay, for which we found that the current LHC luminosity is not sufficient to detect such
a scalar, but the planned HL-LHC can have sufficient luminosity to discover a scalar singlet

up to masses of around 1 TeV.

These results can be extended to other U(1) gauged models containing a weakly-coupled
scalar singlet, such as the models that were introduced in Chapter
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12 Conclusion and outlook

Even though the Standard Model is a succesful theory, it has its shortcomings when describing
neutrino masses and dark matter. In this thesis, we have shown how radiative seesaw models
can provide answers to both of these open questions. We have presented many aspects of these
models, with our focus on minimal realizations of radiative seesaw models. After introducing
the current status of dark matter and neutrino physics in Chapters [2| and [3] respectively, we
introduced these models in Chapter

In Chapter [5| we investigated the role of the absolute neutrino mass in the scotogenic model.
We found that if the dark matter candidate is fermionic, the absolute neutrino mass, and
the absolute value of the dark sector-Higgs coupling A5 become linearly proportional. This
is parameter is important because it generates a mass splitting between the neutral scalar
states, which is crucial for the generation of neutrino masses. We then related our results
to the KATRIN experiment, which has established an upper bound on the absolute neutrino

mass scale. Our results imply that a KATRIN measurement will fix the A5 parameter.

Chapters [0] and [7] considered the same topic: the detection of neutrino signals from dark
matter annihilations in the Sun with ICECUBE, for the scotogenic model and the T1-3-B
a = 0 models respectively. For the scotogenic model, we considered the case where dark
matter is captured in the Sun through an inelastic scattering process. We found that this can
lead to large event rates in ICECUBE of around 10% events per year. Inelastic scattering is
very sensitive to the mass splitting between the scalar states, and thus in the case where no
events are observed this leads to a lower bound on 5. For a scenario in which coannihilations
are included, bounds on the thermally averaged cross section from the Galactic Centre set by
ANTARES and IcECUBE are within one order of magnitude, making it in reach of further
indirect detection experiments. For the T1-3-B a = 0 no inelastic scattering is possible, but
it contains two dark matter candidates, a singlet-doublet fermion or a triplet scalar. The
singlet-doublet fermion can also scatter via a spin dependent process, for which the direct
detection constraints are relatively weaker. Thus indirect detection, which is more sensitive
to this, can play an important role. The resulting event rate is high enough to warrant
a dedicated ICECUBE analysis. For triplet scalar dark matter, there is no spin dependent

scattering, and the resulting event rate is too low to be detectable.

In Chapter [8| we put the focus on direct detection instead, and we considered the SLIM
model, which contains MeV to GeV right-handed, Zs-odd, neutrinos. We then made a
random numerical scan from the parameter space, which showed the effects of different model

parameters on the relic density. Furthermore, we showed that LF'V processes such as p — ey
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and the dark matter-electron coupling )\gl are related, and the former impose an upper bound
on the size of the latter. This is important, since we then calculate the dark matter-electron
recoil cross section, and find that it is too low to be detectable experimentally, due to the
necessary large mass of the mediator. We then present a derivation of the electron recoil cross
section sensitivity of XENON1T when taking into account realistic detector background and
threshold effects. Of all background sources in the XENON1T experiment, 2??Rn is the main
contributor. In Chapter [9] we presented a measurement of a different, but similar isotope,
220Rn. This isotope was mixed with gaseous xenon, and the resulting signals corresponded

well to the o decays that are present in the ?2°Rn decay chain.

In the last part of the thesis, models with an extension to the Standard Model gauge
symmetry were considered. Chapter|[L0|considered radiative seesaw models with an additional
local U(1) group. With arguments based on the gauge anomaly cancellation and the topology
of the neutrino mass loops, we presented a systematic overview of minimal radiative seesaw
models with a U(1) x symmetry. For the charge assignments of the new symmetry we also took
mixing effects into account. We compared our models to existing models with an extra U(1)
symmetry, and found that our particular setup has received little attention in the literature
thus far, which gives plenty of opportunities to study specific models in more detail. We
consider the case where the new gauge symmetry is broken by a scalar singlet (, resulting in
a Z, or global U(1) remnant symmetry. We then show the general Z’ phenomenology inherent
to all models, as well as the more extensive scalar sector. As a last step, we investigated the
possibility of embedding our minimal models in a GUT setup, but we found that embedding
our models in an SO(10) GUT is incompatible with our requirement that the Standard Model
is uncharged under the new symmetry. Finally, in Chapter we considered a model with
a U(1)p_r gauge symmetry, and investigated the discovery potential of a heavy, weakly
coupled, scalar singlet at the LHC. We found that such a heavy state can be detected at the
HL-LHC with a mass of up to around 1 TeV.
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A Gain calibration

For pedagogical purposes, we apply the same gain calibration methods and fitting to the data
that was used by Henning Schulze Eiffing to determine the gain of the PMTs in the Miinster
TPC [397]. Figure shows the result for PMT 11. The difference with Figure is clear:
With a x? value of 1.697 this fit is much better. This has to do with the fact that the pedestal
is narrower and more Gaussian. We find a gain of (2.100 + 0.097) x 10°, which is slightly
lower than the value of (2.305 4 0.075) x 10° that was found previously [397]. However, this
difference could be explained by the fact that we excluded all bins with < 10 counts to have

sufficient statistics, whereas previously every bin was taken into account. The fit parameters

are:
Name Value | Para Error | Error+ | Error- Limit+ Limit- | FIXED
1 apg | 2.043e+04 | 3.110e+02 1.000e4-04 | 1.000e+09
2 Obg 2.962e-02 6.025e-04 1.000e-02 | 3.000e+00
3 a; | 5.67le+04 | 1.891e4-03 5.000e+-02 | 1.000e+07
4 w1 | 2.100e+00 9.717e-02 5.000e-01 | 3.500e+-00
5 o1 | 1.580e+00 1.224e-01 5.000e-02 | 4.000e4-00
6 A 1.277e-03 4.199e-05 1.000e-03 | 1.000e-01
7 | rel dq 8.216e-01 8.717e-03 1.000e-02 | 1.000e+00
8 | rel do | 1.000e+00 1.455e-02 1.000e-02 | 1.000e+00
9 | rel d3 | 0.000e+00 1.000e-03 0.000e+00 | 1.000e+00 | FIXED
10 Do 9.684e-02 2.466e-04 -5.000e-01 | 7.000e-01
11 a | -1.000e+00 1.000e-02 -1.000e+00 | 1.000e+00 | FIXED

Because we do not see a double peak as

in figure we have no need for the parameter

asym. Setting this parameter to -1 means that we are left with a single peak. Moreover, the
amplitude of the triple photoelectron peak is set to 0 as it was found to have no effect on the
fit.

In contrast PMT 10 was reported to have the worst fit. For this PMT the result is shown in
figure We find a gain of (2.165+0.124) x 105, compared to (2.313 £0.046) x 10°. When
also taking into account bins with less than 10 counts, this changes to (2.402 4 0.041) x 10%,
the fit is shown in figure This shows that requiring a minimum amount of counts in a

single bin does affect the results of the fit.
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Figure A.1: Gain fit for PMT 11 of the Miinster TPC at an LED voltage of 5.4 V.
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Figure A.2: Gain fit for PMT 10 of the Miinster TPC at an LED voltage of 5.6 V.



A Gain calibration

243

X?Indf = 887.889/136 = 6.520 £ 0.121
10° i 4 LEDon
[ \ LED off

104 [ \
8103
c
3
o
O

102

10!

10°

5
] R
© * . - e * . en - M .
b . .o . PR L .

0 B e " - . e -
2 ) . . .

-5 hi]

-8 -6 -4 -2 4] 4 6 8
Gain/le6

Figure A.3: Gain fit for PMT 10 of the Miinster TPC at an LED voltage of 5.6 V, also taking

into account bins with less than 10 counts.
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