University of
@Southampton

University of Southampton Research Repository

Copyright © and Moral Rights for this thesis and, where applicable, any
accompanying data are retained by the author and/or other copyright owners. A
copy can be downloaded for personal non-commercial research or study, without
prior permission or charge. This thesis and the accompanying data cannot be
reproduced or quoted extensively from without first obtaining permission in
writing from the copyright holder/s. The content of the thesis and accompanying
research data (where applicable) must not be changed in any way or sold
commercially in any format or medium without the formal permission of the

copyright holder/s.

When referring to this thesis and any accompanying data, full bibliographic

details must be given, e.g.

Thesis: Author (Year of Submission) "Full thesis title", University of Southampton,

name of the University Faculty or School or Department, PhD Thesis, pagination.

Data: Author (Year) Title. URI [dataset]









University of Southampton
Faculty of Engineering and Physical Sciences
Southampton High Energy Physics (SHEP)

Right-handed Dark Matter from Higgs Portal Induced Mixing

by
Adam Murphy

Thesis for the degree of Doctor of Philosophy

January 2025



Acknowledgements

Before we start with the physics, let me first and perhaps most importantly
show my gratitude to all who have helped me over the last few years. The
first person I would like to thank is my supervisor, Pasquale Di Bari, who
has shown nothing but support and compassion, through both my ups and
downs over this period of study. His guidance, insight and instruction have
been truly appreciated; without his help, this thesis would not have been
possible. Secondly, I would like to thank the University of Southampton,
in particular the Southampton High Energy Physics group (SHEP) and the
Next Generation Computational Modelling group (NGCM). Within SHEP
and the NGCM, I would like to thank the tutors, fellow students, and all
other staff affiliated with the groups. Again, thanks for accepting me onto
such a fantastic PhD programme.

On a more personal level, I would like to thank my long-term partner
Rebecca Doughty for putting her life on hold for me over the last few years;
she has been there for me through the various highs and many lows over
this time. She has never stopped believing in me, even when perhaps I had.
I would also like to thank my parents Alison and Peter Murphy, who have
done nothing but help and assist me in times of need. As is fair, I would also
like to thank my two brothers, John and Liam; I am extremely proud of the
men you have become. I would also like to thank my family members who
are no longer here; I wish you were here and I wish we could have spent more
time together towards the end. On a lighter note, I also would like to thank
my friends old and new. Last but not least, I would like to thank my cat
Seren, without whom this journey would have been a lot darker and much
more lonely.



Abstract

Right-handed (RH) Higgs-induced neutrino mixing (RHINO) is
an extremely exciting model that is capable of accounting for not
only dark matter (DM), but also neutrino masses through the type-1
seesaw model along with the matter-antimatter asymmetry of the uni-
verse with leptogenesis. Within this model, the standard model is ex-
tended by not only introducing Majorana RH neutrino fields but also
a five-dimensional Higgs portal-like effective operator, which is capa-
ble of producing and converting a source RH neutrino into a dark RH
neutrino, which can play the role of DM. This operator harbours the
potential to also induce decays of the dark RH neutrino, which could,
in theory, be detected. This is extremely interesting as recently a
neutrino flux excess at O(100TeV) energies has been confirmed by the
IceCube collaboration when analysing the 7.5yr HESE data, wherein
the DM neutrino decays could contribute to this excess. The novel
aspect of this work is the realisation that the five-dimensional op-
erator could be expanded to allow production of the source RH neu-
trino, which in turn allows the particle to thermalise without requiring
some external physics, thus allowing one to successfully account for
the relic abundance whilst allowing a much higher seesaw scale. This
higher scale can be above the sphaleron freeze-out temperature and
can be as high as ~100TeV, therefore allowing the incorporation of
strong resonant leptogenesis within the model; thus, one can resolve
the matter-antimatter asymmetry of the universe. Within our results,
we obtain a ~1TeV-1PeV allowed neutrino mass range for the dark
RH neutrino. Additionally, our results indicate an effective scale for
the Higgs portal interactions, which appears to be that of the hy-
pothetical grand-unified scale ~ 10'9GeV, which is many orders of
magnitude below the effective mixing scale ~ 1023GeV. Within this
work, we also explain how this apparent hierarchy can arise from two
UV-complete theories, where the first theory features a SM extension
involving a heavy scalar as the mediator, whilst the second and more
interesting extension involves a heavy fermion as the mediator, where
we see that the first scale corresponds to the scale of new physics,
whilst the second much smaller scale is related to very small cou-
plings that can be identified with a symmetry breaking parameter.
To summarise, the RHINO model allows us to simply unify neutrino
masses, the matter-antimatter asymmetry of the universe, and DM in
a testable manner, due to potential decays of the dark RH neutrino,
which can be successfully embedded within a grand unified model.
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1 Introduction

In this section we start by briefly outlining dark matter, whilst introduc-
ing our solution to this problem based on right-handed dark matter from
Higgs portal induced mixing. Finally, an overview of the thesis is divulged.
The novel work in this thesis is based on the work published in Ref. [1] -
“Completing RHINO”, and is discussed in Sections 10, 11, and 12.

1.1 Introduction to Dark Matter and RHINO

“If this would be confirmed, we would get the surprising result
that dark matter is present in much greater amount than
luminous matter.” - Fritz Zwicky [2]

At the start of the last century, multiple obstacles were reached in our goal of
a complete rule book for the universe. One of these obstacles is a supposed
novel form of matter, which according to evidence interacts only gravitation-
ally. This novel form of matter has been named dark matter (DM) due to its
apparent lack of electromagnetic interactions. The initial evidence for DM is
often accredited to Swiss astronomer Fritz Zwicky [3], and in the years since,
a wealth of evidence has been acquired, resulting in many others arriving
at this same conclusion. DM is currently one of the greatest cosmological
and phenomenological mysteries in physics, with evidence suggesting that
DM plays an extremely important role in the formation of the large-scale
structure of the universe, where the structure of the universe is such that it
also implies that should DM exist, it is expected to be kinetically cold. DM
accounts for approximately 26% of the energy density of the universe, with
a density parameter determined by Planck satellite given by [4]

Qppih?® = 0.11933 4 0.00091. (1.1)

There are many different proposed cosmological models, the most favourable
is the Acpu, in which the universe contains three components, the first being
the cosmological constant denoted by A and is symbolic for dark energy, the



second is cold DM denoted by CDM, whilst the third and final component is
ordinary matter. The Acpy model is favoured as it can successfully account
for the existence and structure of the cosmic microwave background (CMB),
the large-scale structure, and thus the distribution of galaxies, the observed
abundance of hydrogen and helium within the universe, and the accelerating
expansion of the universe. Results within the Agpy model can successfully
account for DM contributing around 26% of the energy density of the uni-
verse, with ordinary baryonic matter accounting for around 4%, and the final
70% being accredited to the other mysterious dark phenomena, dark energy.
Extensive research and models are being produced in many particle physics
institutes across the globe in the hope of solving this fundamental cosmo-
logical and particle problem. Unfortunately, DM has not yet been observed
directly and not much is known about its nature other than its gravitational
effects. It is theorised that DM will be comprised of one (or more) currently
undiscovered particle species, and even though there is no direct evidence of
DM, there is plenty of indirect evidence that some form of DM does exist.
Proposed DM candidates are produced through different mechanisms that
can be subdivided into two categories; thermal or non-thermal production.
Currently, large volumes of work are being partaken in an effort to constrain
the properties of DM [5, 6, [7]. An estimate of the DM abundance as a
function of the proposed mass of the DM candidate can be obtained by

h2
Qxh? = PXp2 M, (1.2)
Pe Pc

where (x is the density parameter of DM and h is a dimensionless quan-
tity that is related to the Hubble constant by Hy = 100h kms~* Mpc~!. The
DM density parameter can be expressed in terms of the density of the DM
particle px, and the critical density of the universe p, = 1.054 x 10~°h? GeV
cm ™2, which is given by p. = 3H?/87G, where H is the Hubble constant and
G is the gravitational constant. The density of DM px can also be expressed
in terms of the mass of the DM particle my, and the number density of the
DM particle nx, by px = anXH. One particle species with the potential
to play a role in DM is the neutrino, which is a rather devious little particle.
Although predicted to be massless in the pure standard model (SM), they are

IThere is no reason to assume that only one particle species accounts for the relic
abundance.

10



known to mix, a phenomenon that can only occur if the neutrinos possess
mass. Thus, neutrino masses and mixing along with other mysteries, such as
DM, quantum gravity, and the matter-antimatter asymmetry of the universe
require us to extend the SM. In an ideal situation, proposed extensions would
be minimal and testable; unfortunately, many extensions are based on new
physics at inaccessible energy scales. In the case specifically of neutrinos,
it is hopeful that extensions are able to unify neutrino masses and mixing,
along with the potential to resolve DM, and the matter-antimatter asymme-
try through a process called leptogenesis if they are related. One possibility
is DM from Higgs-induced right-handed neutrino mixing (RHINO DM) [8,
9]. RHINO DM is based on a traditional extension using a type-I seesaw
Lagrangian, but with the addition of a non-renormalisable operator.

The minimal type-I seesaw mechanism [10] introduces right-handed (RH)
neutrino fields to the SM and provides a rather minimal way to explain neu-
trino masses and mixing, whereby ordinary neutrinos are extremely light
compared to the other SM particles, yet for some unexpected reason also
feature large mixing angles [11] in the leptonic mixing matrix. Another
advantage of the seesaw model is its compatibility with other beyond SM
extensions [12], whilst also easily incorporating leptogenesis, which is a sce-
nario of baryogenesis |13| that is capable of explaining the matter-antimatter
asymmetry that we see in the universe. Within the RHINO model, a RH
neutrino plays the role of kinetically cold DM rather than the typical warm
DM that is obtained by introducing lighter keV RH neutrinos [14]. The key
extension this model proposes is the introduction of a dimension 5 nonrenor-
malisable operator, which is capable of producing a dark RH neutrino Np
which features an almost non-existent Yukawa coupling to the SM. This dark
RH neutrino is then produced through Higgs-induced mixing with another
RH neutrino that we call the source RH neutrino Ng. This new operator
is an effective dim-5 non-renormalisable Higgs portal-like operator known as
Anisimov operator and, in older work, it is only concerned with the mixing
it induces between Np and Ng, and as such takes the form [15] §]

Y -
LA = %SQDVDNBNS, (1.3)

where A is the effective scale above which full theory is required. These
dark RH neutrinos, which are produced through the mixing induced by the

Anisimov operator, can then in certain instances account for the DM we see
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in the universe. Interestingly, this operator also predicts the possibility that
these particles decay [8, 9]. These decays are even induced at zero temper-
ature by the effective small Yukawa couplings which are generated by the
mixing this operator induces [16]. Naturally, if this RH neutrino is capable
of being the DM, it must be produced with the abundance one expects and
long-lived enough to evade detection and constraints at neutrino telescopes
[17]. These conditions are then imposed on the effective neutrino mixing
scale Apg = Apg /A along with the particle mass, resulting in a highly pre-
dictive DM model. The origin of the mixing between the source and the
dark RH neutrino is a misalignment between the Majorana mass eigenbasis
and the new basis where the Higgs-induced interactions are diagonal. This
interaction features a strong temperature dependence that is encoded within
a thermal self-energy, whereby the neutrino mixing can be expressed by an
effective potential or a thermal mass. The strong temperature dependence
allows the interaction to efficiently produce DM in the early universe when
the interaction is stronger than today, whilst also allowing the particle to be
generally long-lived and stable at present time with a chance to decay due to
the mixing induced at zero temperature. Originally, the dark RH neutrinos’
abundance was calculated using the Landau-Zener (LZ) approximationf] [8
9], while more recently the abundance was calculated using the density ma-
triz formalism. Upon comparison, it was found that the LZ approximation
overestimated the dark RH neutrino abundance [16].

In this previous work, two scenarios were explored, these being an initial
vanishing source RH neutrino abundance and a thermal source RH neutrino
abundance. In the case of a vanishing source RH neutrino abundance, a strin-
gent bound was obtained where the source mass has to be below the W gauge
boson mass, my ~ 80GeV, with the four-body decay rate getting suppressed,
whilst the dark RH neutrino must fulfil Mp > 107GeV. Unfortunately, within
this scenario, strong thermal leptogenesif] from non-relativistic decays is not
possible, as the matter-antimatter asymmetry should arise from resonant
production due to the decaying seesaw neutrinos with masses roughly double
that of the sphaleron freeze-out temperature, Tgp ~ 132GeV [18]. However,
within this scenario the matter-antimatter asymmetry could still be gener-
ated by other methods [19 [20]. If one compares this to ¥MSM one can

2The LZ approximation requires extremely quasi-degenerate DM-source neutrino
masses.

3When the matter-antimatter asymmetry is independent of the initial conditions and
produced through thermal interactions.
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still obtain relatively low-scale leptogenesis with O(GeV) seesaw neutrinos;
however, the DM would be extremely heavy. Within low scale leptogenesis
featuring O(GeV) neutrinos the matter-antimatter asymmetry is produced
within the relativistic regime and is therefore dependent on the initial condi-
tions as well as precise descriptions of the many different processes involving
the particles. For successful dark RH neutrino production it is required that
Try = 10°GeV, and as such a large pre-existing asymmetry is potentially
natural. Having the requirement to circumnavigate this potentially large
pre-existing asymmetry is certainly an unattractive proposition; however,
there is a rather simple solution, and that is what is proposed in this work.
The key idea is that the Anisimov operator is actually one side of a multi-
faceted operator, where the whole effective Lagrangian can be given by [§]
(I,J=D,8)

N —
Li=) %@T@N;NJ, (1.4)
1,J

which can be expanded into three terms which include the mixed Anisi-
mov term and two pure Anisimov terms given by

A . N 4 2 A
La= " @TONENs + “EOTONGNs + “POTONE N, (L5)

where the coupling strength between the dark and source RH neutrino,
Np and Ng respectively, is given by Aps = Apg + Agp, where A g is the inter-
action strength of Np coupling to Ng, whilst A, is the interaction strength
of Ng coupling to Np, through the Higgs-Higgs interactionﬁ

In previous models [8, 9, [21], it was assumed that Higgs portal inter-
actions did not play any role in DM production. However, we show that

4This is as ]\TBNS = NgN§ = ]\TSCND. This equality follows from the properties of charge
conjugation (discussed in Section 3.4) and the symmetry of the bilinear forms, where the
antisymmetric nature of the charge conjugation matrix C, and also for Majorana particles
one has N = N¢. Importantly it is possible to express the coupling as

At — ¢ — VA bV . A
DS ot NG Ng + 252 G NN, = W@QNBNS = 2os

0 3 ®TONINs.  (1.6)
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these interactions are capable of allowing one to still incorporate strong lep-
togenesis within the RHINO DM model, along with allowing Mp ~ 100TeV
decaying DM, which is currently favoured at neutrino telescopes. From Eq.
1.5/ one can see that there is an avenue for direct Np production from two
of the terms’] however, we assume that these terms do not contribute to
the DM abundance themselves and are neglected and later will justify this
decision. We are not assuming that these terms do not contribute at all,
as these interactions may as an example play a role in thermalisation of the
dark sector before a phase transition [22].

In this work we show that by including the source-source Higgs porta]ﬁ
interactions the allowed parameter space for strong leptogenesis enlarges at
higher seesaw scales for the non-relativistic regime. The reason for this is that
they can fully or partly thermalise the source RH neutrinos before mixing
occurs, for example, at temperatures higher than the Yukawa interactions.
Therefore, one can reproduce the observed relic density for values higher
than the previous of the effective RHINO scale /N\DS = A/Aps, and thus it
is possible to satisfy the four-body decay constraint for values of the seesaw
scale beyond the W gauge boson mass. In our work, we show that the seesaw
scale can actually be as high as ~ 100TeV, which is well below the leptoge-
nesis scales lower bound for the RHINO model of ~ 10°GeV which holds for
hierarchical seesaw neutrinos [23] so that production is either resonant [24]
25] and/or some form of combined fine-tuning in the seesaw formula [26) 27,
28| is required for enhancement of the CP asymmetries. Seesaw scales that
are as high as those present in our work are regarded attractive because they
can be more easily incorporated into realistic flavour models [12]. Finally,
for such a high seesaw scale, the DM mass range is in the ~1TeV-1PeV range

and is thus compatible with the excess found at neutrino telescopes, which
is roughly ~100TeV.

1.2 Thesis Outline

This thesis is structured as follows. In Section 2 the historical evidence for
DM is first explored, before moving on to give a brief overview on advance-
ments in physics that helped formulate the SM. Next, popular DM candidates

®One is pure dark neutrino production ¢ + ¢ — Np + Np, one is mixed source and
dark from the mixed term ¢ + ¢* — Np + Ns.
6¢+¢T — Ng + Ns.

14



are divulged before finally moving on to neutrinos as DM candidates. In Sec-
tion 3 important facts of the SM are explored with a particular emphasis on
neutrinos, which are predicted to be massless by the SM. In Section 4 we
move away from the standard model and discuss neutrino mixing and oscil-
lations, whilst also introducing the density matrix formalism. In Section 5
neutrino masses are discussed, along with the type-I seesaw which is of great
importance to the RHINO model, which is produced from a Dirac mass for
neutrinos along with a Majorana mass for RH neutrinos. Section 6 discusses
the early universe; this is a rather lengthy section involving topics such as de-
grees of freedom of the early universe, the Boltzmann equations, the famous
WIMP miracle, and leptogenesis. Section 7 introduces the Higgs portal op-
erators along with a discussion of operators in the SM. In Section 8 the three
avenues of DM detection are discussed with these being; collider searches,
direct searches, and indirect searches. Section 9 then discusses neutrino ex-
periments specifically. Section 10 then introduces RHINO DM in detail,
before Section 11 modifies RHINO by introducing source-source terms to
thermalise the source RH neutrinos. In Section 12 the results from including
the novel source-source terms are included and discussed, along with intro-
ducing two UV-complete theories from which RHINO DM can arise, before
finally concluding in Section 13.
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2 Dark Matter and Particle Physics

In this section, the observational evidence for dark matter is introduced
mostly in chronological order. Then major milestones of particle physics
are introduced that led to the production of the SM. After this popular dark
matter candidates are introduced, before finally discussing neutrinos as DM.

2.1 The History of Observational Evidence of Dark
Matter

Let us now dive a little deeper into the history of observational evidence for
DM. Historically, the DM problem was first theorised by Lord Kelvin in a
talk in 1884, after estimating the number of dark bodies in the Milky Way
from the velocity dispersion of stars near the galactic core [29]. The velocity
dispersion of a group of astronomical objects is the statistical dispersion of
velocities of the group around the mean velocity, where the group could be
stars within a galaxy or a group of galaxies, and the velocities are often
measured with some form of astronomical spectroscopy. From his results,
Lord Kelvin stipulated that most of the ’stars’ could in fact be dark bodies.
Shortly after, the term DM was coined by Henri Poincare in a discussion of
Lord Kelvins work. It was in 1933 that the Swiss astrophysicist Fritz Zwicky
was accredited with the discovery of DM [3]. Zwicky took this earlier work
further by applying the virial theorem to the Corma Cluster, and in doing so
he calculated the mass of the cluster which was greater than expected. The
virial theorem is given by

1 N
k::l

l\D

with T being the kinetic energy, F}, the force on the particle k' and 7},
the position of the k' particle or object, with the angled brackets indicat-
ing that it is a time averaged quantity. Zwicky made a comparison of his
results to estimations from apparent luminosity, and upon doing so, Zwicky
deduced that there must be far more mass present than the apparent visible
mass. With more accurate measurements in recent times, it turns out that
Zwicky overestimated the amount of DM present by more than an order of
magnitude.
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Figure 1: Flat rotation curves of five galaxies from 21lcm observations ob-
tained by D. H. Rogstad and G. S. Shostak in 1972 from Ref. [30]. The hy-
drogen surface density is shown in the left panels, whilst the rotation curves
are shown in the right panels, where Rgy on the x-axis is the point at which
80% of the hydrogen is contained within the galaxy. The bars underneath
the galaxies name indicate their effective spatial resolution.

In the years following Zwicky’s discovery, others made similar discoveries,
such as that from Horace W. Babcock’s PhD in 1939 where he found very
high rotational velocities at large radii [31], which he wrongly accredited to
some form of modified dynamics in the outer portions of the galaxy arising
from flat galaxy rotation curves. It was expected from the visible mass that
the rotational speed of stars and dust within the galaxy would slow down
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past some distance, but what they found was that the velocities would only
increase with distance away from the galactic core, which was not expected
when one considers Kepler’s third law. As awful as World War Two was,
it did create some advancements in science, especially in the field of astron-
omy. Ex-military radars were recognised as extremely useful for astronomical
observations, which was driven by famous Dutch scientist Jan Oort, with a
particular emphasis on the 21cm hydrogen line, which was then found in
1958, and thus offered a massive boost to the novel field of radio astronomy.
In the 1960s radio astronomy was still in its infancy; however, evidence was
acquired by Seth Shostak showing that multiple galaxies certainly did ro-
tate too fast in the outer portion of the galaxy [32]. Also, in the 1960s and
1970s Vera Rubin, Kent Ford, and Ken Freeman implemented galaxy rotation
curves using new technology which allowed more accurate measurements of
the velocity curve of spiral galaxies which were aligned side-on providing yet
more evidence for the existence of DM [33] 34], in the form of a flat optical
rotation curve when inspecting the M31 galaxy.

In the 1970s we benefited from improved radio telescopes, this allowed the
mapping of the 21cm line of atomic hydrogen (H-I) in nearby galaxies. This
enabled the measurements of distributions within galaxies at much larger
radii than was previously possible optically. This extended the sampling of
the total mass distribution to a novel dynamical regime. Early examinations
of Andromeda showed that the velocity of H-I did not decrease radially as
expected when Kepler’s laws of planetary motion were considered. Morton
Roberts and Robert Whitehurst traced the rotational velocity of Andromeda
to about 30kpc, which was much further than what optical telescopes allowed;
these novel H-I results from approximately 30kpc were then combined with
optical data below 30kpc from the galactic core, which ultimately showed
that the cumulative mass was still increasing linearly at the outermost data
points, which was not at all in alignment with the optical results which peaked
in the centre of the galaxy [35]. At the same time as these advancements
in the H-I mapping of galaxies, the development of interferometric arrays
for extragalactic H-1 was being developed. In 1972 David Rogstad and Seth
Shostak provided results for H-I rotation curves of five spiral galaxies and
found that the rotation curves of all five were flat, which suggested large
values of the mass-to-light ratio in the outer region of their H-I disks [30],
these results are displayed in Fig. [I]

The 1980s and onwards involved many novel observations that provided a
whole wealth of evidence for the existence of DM, these include gravitational

18



lensing, the cosmic microwave background, and structure formation within
the universe. Gravitational lensing |36} |37] arises from general relativity, we
know from general relativity that massive objects bend space-time, therefore
if a massive object lies between an observer and another massive object which
acts as a source, the massive object in between the source and the observer
should act in a similar manner to a lens, with a more massive object producing
a more significant lensing effect.

Figure 2: The appearance of the “Molten Ring” Galaxy due to gravitational
lensing obtained by the Hubble Space Telescope. Credits: Author - Anasta-
sio Diaz-Sanchez (Universidad Politécnica de Cartagena), Image - Saurabh
Jha (Rutgers, The State University of New Jersey), Acknowledgement - Leo
Shatz.

Strong gravitational lensing distorts background galaxies into arcs as seen
in Fig. 2| the distortion of the object between the source and the observer
can be measured and from this distortion the mass of this middle object can
be determined; a classic example of gravitational lensing is that of Abell 1689
[38]. When this calculation is performed, the mass-to-light ratios obtained
can act as a measurement of the DM within the astronomical object. Using
this method, it is also possible to produce a map of the DM distribution
around an astronomical object, as is the case with the MACS J0416.1-2043
[39]. Unfortunately, gravitational lensing rarely produces the large arcs seen
from strong gravitational lensing, and most lines of sight in the universe
are in fact affected by weak gravitational lensing. Weak gravitational lensing
seeks to investigate minuscule distortions of galaxies and is more statistical in
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nature; however, in doing so one can characterise the mean DM distribution
[40] and other properties of the lensing object.
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(a) The CMB map. (b) The CMB acoustic peaks.

Figure 3: The left figure is the CMB map from the nine-year Wilkinson
Microwave Anisotropy Probe from Ref. [41]. The right figure shows the
WMAP three-year power spectrum in black compared to other measurements
produced at a similar time, these other measurements are as indicated, ex-
tracted from Ref. [42)].

The CMB shown in Fig. exhibits characteristics of a nearly perfect
black body spectrum, but exhibits small variations in temperature, known
as temperature anisotropies. During the early stages of the universe, regu-
lar baryonic matter was ionised and interacted significantly with radiation
through processes such as Thomson scattering. DM on the other hand, does
not participate in these interactions. Nevertheless, the presence of DM does
leave an imprint on the CMB due to its gravitational potential on large scales
that influences the distribution and velocities of regular matter. Perturba-
tions caused by DM and regular baryonic matter during the early universe
evolved differently, thereby leaving distinct signatures on the CMB. The
CMB’s temperature variations across the sky can be analysed through an
angular power spectrum, which exhibits acoustic peaks with approximately
uniform spacing. These peaks can be fitted using computational models and
cosmological parameters to align theoretical predictions with observed data,
enabling one to constrain the cosmological parameters.

The results obtained from such a fitting process displays several peaks,
as shown in Fig. The first peak corresponds primarily to the curva-
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ture of the universe and the overall density of matter (both dark matter
and baryonic matter). Baryonic matter has a major influence on the second
peak, where the second peak is inversely proportional to the density of the
baryonic matter, such that a larger density of baryonic matter reduces the
second peak. This second peak essentially represents the rarefaction phase
of the acoustic oscillations that are present in the early universe. The third
peak is important for DM, the reason DM affects the third peak is that DM
contributes to a deepening of the gravitational potential wells of the early
universe. DM is unlike baryonic matter, which undergoes electromagnetic
interactions and thus experiences radiation pressure. Therefore, DM inter-
acting only gravitationally results in a more intense compressional phase in
the acoustic oscillations, where more DM results in deeper wells and a more
prominent third peak compared to the second peak. The presence of these
observed acoustic peaks in the angular power spectrum of the CMB provides
compelling evidence in favour of DM, specifically supporting the Acpy model
(43, 14].

These CMB acoustic peaks are difficult to replicate through alternatives
such as kinetically hot DM or modifications to Newtonian dynamics. Sim-
ilarly to the CMB is the proposed cosmic neutrino background (CvB) [44],
which has not yet been detected although it is hopeful that at some point
in the future it will be. The CvB is of interest as neutrinos are weakly in-
teracting, and thus are expected to have decoupled from the universe earlier
than the relic photons and as such these relic neutrinos are expected to allow
one to peer further back into the universe’s history than ever before. This
sounds extremely promising, however, considering the difficulty in detecting
high-energy neutrinos, the possibility of detecting neutrinos with an expected
energy of ~ 107* — 1075V is still far off |Z|

Another vital piece of evidence we have for DM is structure formation of
the universe after the dark ages when density perturbations in the universe
collapsed and formed stars, galaxies, and clusters of galaxies [45]. Before
structure formation, the universe was thought to be almost homogeneous, but
over time small anisotropies gradually grew from their gravitational effect;
however, if DM were not present, these anisotropies would not have the
necessary gravitational influence to grow into the structures we see in the
universe today due to the expansion of the universe. In this sense, DM
acts almost as a fundamental framework or seed for the formation of cosmic

"One has that the cross section is proportional to the energy of the particle, o < E
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structures |46]. DM also solves problems in relation to where the centre of
mass resides within colliding galaxies, as without DM general relativity must
be wrong, but with DM present, the centre of mass is where it is expected
to be, with an example of this being the Bullet Cluster [47].

2.2 A Brief History of Particle Physics

Parallel to us obtaining so much evidence for DM, our fundamental knowledge
of the underlying physical processes too was increasing rapidly. Currently,
particles and their interactions underlie much of what we know of the uni-
verse, with many of these interactions described by a quantum field theory
(QFT). QFT is a mathematical framework for calculating these interactions,
and currently we have a QFT for three of the four fundamental forces of
nature. The forces we currently have a QFT framework for is the electro-
magnetic force, the weak nuclear force, and the strong nuclear force, whilst
we do not have a QF'T for the gravitational force, which is also a major open
question currently in physics. Anyway, QFT was born from combining three
fundamental pillars of physical sciences and was developed in the late 19th
century and the very early 20th century. The first of these three pillars was
classical field theory, which essentially takes point-like problems to the con-
tinuum and assigns every point in space a value; this value is the strength of
the field at that point in space. Our first real application of fields was reached
with the development of the classical theory of electromagnetism [48].

The second pillar was special relativity proposed by Einstein in 1905 to
remedy the misalignment of Newtonian mechanics with Maxwell’s equations
of electromagnetism. Special relativity essentially corrects the mechanics of
an object when moving at speeds close to that of causality, and from it many
exotic and interesting physical consequences arose, things such as relativity
of simultaneity, length contraction, time dilation, a universal speed limit,
the famous mass-energy equivalence, amongst others [49]. One extremely
important consequence of special relativity is the Lorentz transformations
that allow us to switch between inertial reference frames that are moving at
constant velocity relative to each other. The third and final pillar combined
to form a QFT was in fact quantum mechanics (QM). The birth of quantum
physics is often accredited to Max Planck [50] and his black-body radiation
results, in which he treated atoms as tiny harmonic oscillators. Quantisation
is the process of restricting energies to discrete values, which Niels Bohr
managed to achieve with the atomic structure in the Bohr model of an atom,
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which remedied the discrete nature of atomic spectral lines. Louis de Broglie
then proposed the hypothesis of wave-particle duality in 1924. Through
the uniting of these ideas a QM framework was developed by Max Planck,
Louis de Broglie, Werner Heisenberg, Max Born, Erwin Schrodinger, Paul
Dirac, and Wolfgang Pauli, and others. Although much success arose from
QM there were still glaring problems, such as the lack of explanation for
spontaneous emission, a lack of ability to explain the photon, and QM was not
consistent with special relativity due to treating time as an ordinary number
but treating spatial coordinates as quantum operators (or more accurately
linear operators).

It was British physicist Paul Dirac who arrived at the first relativistic for-
mulation of quantum mechanics in 1927 in which he managed to successfully
describe some light- and matter interactions, with the photon featuring as
the force-carrying particle. This theory was named quantum electrodynam-
ics (QED), and with this formulation Dirac correctly explained spontaneous
emission. A year later Dirac produced a wave equation, known as the Dirac
equation, which described relativistic electrons [51]. QED was our first QFT
and our basis going forward for quantising the other fundamental forces; how-
ever, QED was not without its problems, as results could only be obtained
in first-order perturbation theory as at higher-orders infinities arose. This
problem was eventually overcome in the 1940s by physicists such as Freeman
Dyson [52, [53], Julian Schwinger |54}, 55|, Richard Feynman [56, 57, 58], and
others. Another great computational tool, the Feynman diagram was also
developed by Richard Feynman; an example diagram is displayed in Fig. [4]
Finally, with this new achievement matter and light interactions could be
explained accurately on the quantum scale, and almost 100 years later QED
is still one of our most accurate physical theories.

Going forward, QED served as the template for other QFTs and their at-
tempts to quantise the other fundamental forces. Over the next few decades,
a QFT was developed to explain the weak force, which is fundamental to beta
decay that occurs in radioactive isotopes; the QF'T for this fundamental force
is known as quantum flavour dynamics (QFD). Key contributions to QFD
were made by Steven Weinberg, Sheldon Glashow, and Abdus Salam [59]. It
was also found that QED could be combined with QFD at some arbitrary
energy level to form the electroweak force. The third of the four fundamen-
tal forces that has been quantised is the strong nuclear force, and the theory
describing it is called quantum chromodynamics (QCD), with major con-
tributions from Harald Fritzsch, Murry Gell-Mann, and Heinrich Leutwyler
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Figure 4: An example tree-level Feynman diagram of the s-channel contri-
bution to Compton scattering. The arrows on the fermion lines indicate not
momentum but the flow of charge in typical diagrams.

[60]. Both the weak and the strong interaction are based on Yang-Mills
theory [61], a gauge theory for nonabelian groups. From the development
and combination of these quantum field theories we obtained the pure SM
of particle physics. Within the SM exist all the subatomic particles known
today, these particles can be split into two types of particles these being;
fermions (matter particles) and bosons (force carrying particles). Fermions
and bosons are two different but fundamental particle types, with differences
based on their intrinsic and statistical properties. Bosons have integer spin
values, whilst fermions have half-integer spin values. Additionally, fermions
obey the Pauli Exclusion Principle, which states that no two fermions can
occupy the same quantum state simultaneously (this leads to the structure
of atoms and thus to the periodic table). Bosons do not obey this principle
and thus can occupy the same quantum state; this results in phenomena
such as Bose-Einstein condensation. This leads to differing statistical mod-
els being used to describe bosons and fermions, with fermions described by
Fermi-Dirac statistics and bosons described by Bose-Einstein statistics. In
QED both quarks and charged leptons are involved in interactions, with the
photon acting as the force-carrying boson and is based on a U(1)gy gauge
symmetry. Whilst QFD interactions involve left-handed helicity quarks and
leptons (both neutrino-like and electron-like leptons) and right-handed he-
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licity antiquarks and antileptons. QDF features three large bosons as the
force carrying particles, two of which are charged bosons called the W+ and
W~ bosons and one neutral boson, the Z boson. Electroweak interactions
are based on SU(2);, x U(l)y symmetry. QCD interactions involve only
quarks, with gluons as the force-carrying particles and is based on a SU(3).
gauge symmetry. Overall, the SM is based on a gauge field theory with a
SU(3). x SU(2)r, x U(1)y symmetry.

Within the SM there are 18 free input parameters which are not predicted
by theory and, as such, have been measured. In no particular order, these
parameters are [62]:

o The fine structure constant, o, which determines the electromagnetic
coupling strength between charged leptons and photons.

e The Weinberg or weak mixing angle 6y, which determines the mixing
of the electroweak gauge bosons after symmetry breaking.

o The strong coupling constant, g3, which couples the quarks to the glu-
ons in QCD.

o The Higgs potential vacuum expectation value, v, the scale of elec-
troweak symmetry breaking.

o The coupling constant of the Higgs potential, A, from which the Higgs
mass is determined.

« The three mixing angles (012, 023, and 6;3) found in the Cabibbo-Kobayashi-
Maskawa (CKM) matrix, which parameterise the mixing of the down-
type quarks’ weak interaction states.

e One physical CP-violating phase, which arises from the complex nature
of the CKM matrix and contributes to CP violation in weak interac-
tions.

o The nine Yukawa couplings, which couple the SM fermions to the Higgs,
and after symmetry breaking, result in the fermions’ masses. There are
no Yukawa couplings for neutrinos in the pure SM.

Many extensions of the SM increase the number of these parameters; however,
it is hopeful that a complete theory of everything has no free parameters.
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No particle in the pure SM has the right properties or characteristics
to account for DM and as such we are expected to look to new physics for
these answers. Dark matter must possess specific properties: it must be
massive, stable, dark, weakly interacting, and must not participate in the
electromagnetic or strong nuclear forces. Additionally, it must fit cosmolog-
ical observations, such as gravitational effects and the structure of galaxies,
which no known Standard Model particle can fully account for.

Other problems also arise in the SM; there is no quantum theory of grav-
itation, confusion around neutrino mass generation, CP violation and many
other problems on closer inspection. The fact that the SM is incomplete
drives research for physics beyond the SM, however, with QFT’s being so
successful so far at explaining so many fundamental phenomena, it is both
hopeful and expected that some extension of the SM featuring novel particles
and interactions could remedy the current problems in particle physics.

2.3 Popular Dark Matter Candidates

There are many proposed DM candidates; some are microscopic particle
candidates while others are macroscopic. Two examples of macroscopic DM
candidates include primordial black holes [63, 64], and massive compact halo
objects (MACHOSs) [65, [66]. Modified gravity [67] is perhaps another ex-
planation of DM, which include modifications such as; modified Newtonian
dynamics (MoND) [68], tensor vector-scalar gravity (TeVeS) [69], and en-
tropic gravity [70]. Particle candidates include novel light particles, particles
arising from the weak scale, and other proposed weakly interacting particles,
such as sterile neutrmosﬂ Some of these candidates are shown in Fig. .

8Sterile in the sense of SM interactions, they may partake in dark sector/hidden inter-
actions.
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Figure 5: Some popular DM candidates shown in the interactions strength-
mass plane. The colours red, pink, and blue represent whether the particle
is expected to be hot, warm, or cold DM respectively, from Ref. [71].

Light DM candidates include QCD axions that were initially introduced
to resolve the strong CP problem that arises in QCD , and are ex-
pected to have a low mass in the range of 1075 to 10~%eV. Weakly interacting
slender particles (WISPs) 75], such as axion-like particles (ALPs) and
hidden photons, are also potential candidates for DM which are thought to
behave similarly to active SM neutrinos. Fuzzy cold DM is another
hypothetical light form of cold DM, which was initially proposed to amend
the distribution of DM found in the galaxy rotation curves when compared to
the results produced by n-body simulations, these particles have an expected
mass of ~ 10722eV. Sterile neutrinos are another potential candidate for
DM, active neutrinos already contribute to the abundance of DM, although
marginally. If sterile neutrinos exist, they carry no Standard Model (SM)
quantum numbers and primarily interact through mixing with active neu-
trinos, leading to extremely weak interactions beyond just gravity. Their
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masses can vary widely, from as massive as 10°GeV to as small as 1eV.
In some cases, they may also help resolve issues related to neutrino mass
generation. Weakly interacting massive particles (WIMPs) |79, [80] are an-
other popular DM candidate with a mass of approximately ~ 100GeV, it
is hypothesised that the WIMPs get froze-out as the universe cools and a
relic abundance remains which can play the role of DM. Another potential
candidate is self-interacting dark matter (SIDM) [81} 82|, which can include
WIMPs. Some SIDM models feature a Yukawa-like potential, where a force
carrier mediates interactions between the dark matter particles, though other
interaction mechanisms are possible.

Many of these particles can arise from extensions of the SM, with an
extremely popular extension being supersymmetry |83 84], where the SM
is expanded to include particles which are superpartners of the SM species.
There are multiple particles that arise from supersymmetry that could play
the role of DM, with the lightest supersymmetric particle (LSP) being a
favoured potential candidate from supersymmetry. The neutralino could be
the LSP, and it is thought that decays of the LSP into SM particles are forbid-
den, because the supersymmetric particles have different R-parity compared
to the SM particles. Potential DM particles can also arise from extensions
which include extra dimensions [85] and other exotic physics. Another pos-
sibly is the little Higgs [86] model, where it is thought that the Higgs boson
is a pseudo-Goldstone boson which arises from global symmetry breaking at
high energy levels, perhaps at the TeV scale. Potential dark matter candi-
dates can also couple to the Standard Model through effective field theories
(EFTs) [87, 88|, which can be minimal extensions of the SM. The downside
of EFT’s is that they are approximations of a UV-complete theory at higher
energy scales.

2.4 Neutrino Dark Matter

Neutrinos are the only fermionic particles in the Standard Model that are
electrically neutral and remain stable over the vast age of the universe. These
facts coupled with the revelation that neutrinos do in fact have mass, made
them ideal early candidates for a DM particle. Neutrinos only partake in the
weak interaction; therefore, it is these interactions that kept the neutrino in
thermal equilibrium in the early universe; after a certain time these interac-
tions cease and the neutrinos effectively freeze-out at temperatures of a few
MeV, prior to nucleosynthesis. This process is thought to create the CvB,
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as touched upon previously. The number density for such a particle is given

bfl 73
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where we have T, ~ (4/11)Y/3T, ~ 1.96 K ~ 10~%eV. At later times in the
universe’s history, the neutrinos have cooled sufficiently and their velocities
drop below relativistic speeds, they transition to a non-relativistic regime. In
this phase, their matter density is governed by the sum of their rest masses,
such that p, ~ n, Y. m;, where m; represents the masses of individual neu-
trinos. The sum of neutrino masses is required to be around 11.5eV if one
wants the neutrinos to account for the DM, which is much greater than the
upper limit from neutrino mass experiments involving f-decay [78]. There
are other problems with active neutrinos playing the role of DM, one is that
the neutrinos decouple whilst relativistic and only become nonrelativistic
late in the matter-dominated epoch, around when T' ~ m,c?/kp, which for
m, =~ 0.05eV gives T" ~ 0.6 K, which is far too late for them to cluster and
form the observed structure. This means that the neutrinos would be hot DM
when they decouple and therefore in conflict with structure formation due to
their free-streaming damping any density fluctuations in the universem.

Another constraint is Tremaine-Gunn bounﬂ which provides a lower
bound on fermionic particle masses, or in this instance neutrino masses, from
a phase-space study of high-speed neutrinos within a galaxy’s DM halo, re-
quiring their masses to be above a few hundred €V to prevent overpopulation
of phase space and ensure consistency with fermion degeneracy.

Even though the active neutrinos of the SM are not capable of accounting
for all the DM within the universe, it has not stopped physicists’ attempts at

9Where « is the flavour index and result includes both helicity states.
10The free-streaming scale is given by

306V
Aps ~ 20 ( © ) Mpe. (2.3)

v

Assuming a free-streaming length of Agpg ~ 300 Mpc, we estimate m, ~ 2eV. However,
current experimental bounds on the sum of neutrino masses, ¥m, < 0.12eV, suggest that
the free-streaming length is likely even larger, leading to neutrino masses well below 1eV.

'Which has recently been extended to particles with a varying mass [89).
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explaining DM with neutrino physics. As we shall discuss later, neutrinos give
the only clear indication of beyond SM (BSM) physics due to their flavour
oscillations which ultimately stem from them having a mass. Typically, to
introduce neutrino masses to the SM one must introduce RH neutrino fields
to the SM, which are strongly motivated by grandunified theories (GUTS),
such as extensions based on SO(10)[90]. These extensions involving the
addition of RH neutrinos are attractive as they are quite minimal and can
not only account for the neutrino masses but also in some scenarios these
sterile neutrinos can account for DMH, and the baryon asymmetry of the
universe. One popular extension which gained much traction in the 2000s
is the neutrino minimal SM (vMSM) [78, |91} 92, 93] which introduces RH
neutrino fields (also called sterile neutrino as they are essentially sterile to
SM interactions) to the SM along with around 18 new parameters (seesaw
parameters) [92]. These new parameters are typically three Majorana masses,
three diagonal Yukawa couplings for neutrinos, six mixing angles (left and
right), and six CP violating phases. The vMSM extends the SM Lagrangian

by

- -~ 1
— VYJrM = LohayNgsj® + §NI%JDM]JNRJ + h.c., (24)

where we have added a Yukawa term for neutrinos and a Majorana mass
term for the RH neutrino fields, where we have neglected the kinematic
term. Within these ¥MSM the neutrino masses are typically explained via
the type-I seesaw, dark matter is often explained through active-sterile neu-
trino mixinﬂ, whilst the matter-antimatter asymmetry is produced due to
leptogenesis from sterile-sterile neutrino mixing [19]. In much of the litera-
ture, the lightest sterile neutrino N7, which plays the role of DM, typically
has a mass of mpy ~ O(1) keV and is often classified as warm dark matter,

12 A5 originally proposed in [14].

131f the RH neutrino is a Dirac particle the second term on the RHS (the Majorana
mass term) would not be present.

14Which can be resonant [94] or non-resonant production [14], as two early examples. To
expand on this, typically the RH neutrinos have small couplings to the SM particles, yet if
they mix with the active neutrinos which are in thermal equilibrium when the universe is
over a few MeV in temperature, then the RH neutrinos can be produced through neutrino
oscillations. If the neutrino total lepton number vanishes then one has a Dodelson-Widrow
process, if the total lepton number does not vanish, then one has a Shi-Fuller process, where
the asymmetry results in a resonant enhancement.
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although this depends on its production mechanismEl Within this model
low-energy neutrino data can be satisfied |92, however, astrophysical con-
straints from X-ray observations and computational constraints from N-body
simulations require that a large lepton asymmetry is present for efficient res-
onant production [94]. Tt is possible that this large lepton asymmetry is
produced through one of the two heavier seesaw sterile neutrinos decaying
(not the DM neutrino), without the need of any additional physics, provid-
ing there is a strong degeneracy of the two heavier seesaw RH neutrinos.
Perhaps the most interesting feature is that a TkeV sterile neutrino could
be responsible for producing the 3.5keV X-ray anomaly E [96], with recent
numerical simulations showing this scenario is capable of fulfilling all require-
ments including the 3.5keV anomaly [97]. Unfortunately, a problem with this
scenario is that the high degree of fine-tuning requires the degeneracy of the
heavier RH neutrinos to be of ~ O(107'%). Finally, it is expected that the
XRISM satellite is capable of resolving the 3.5keV anomaly or alternatively
provide strong constraints on the decay of warm neutrino DM [9§], thus po-
tentially ending the hope that ¥MSM is capable alone of explaining the origin
of matter in the universe. Another interesting possibility is the scope of this
work, RHINO DM [99, 1], that we have mentioned briefly, where the vYMSM
is extended to also include Higgs portal operators along with a larger DM
RH neutrino mass than is present in typical vMSM models.

15 Although a keV mass is commonly discussed, sterile neutrinos could also exist at other
mass scales.

16This due to a suppressed secondary decay channel of the DM RH neutrino, N — v+,
which produces a photon with energy E = Mpy/2 [95].

31



3 The Standard Model and Neutrinos

“I have done a terrible thing. I have postulated a particle
that cannot be detected.” - Wolfgang Pauli

In this section, important properties of the SM are divulged with a particu-
lar emphasis on leptons, starting with the Lagrangian, before next introduc-
ing neutrinos, which is then followed by the Dirac equation. Chirality and
helicity are then introduced along with discrete symmetries and the Higgs
mechanism, before finally briefly discussing the weak interaction.

3.1 The Lagrangian

The Lagrangian is the starting point of theories in QFTs, in classical physics
the Lagrangian is given by

L=T-V, (3.1)

where 7' is the kinetic energy and V' the potential energy. Integrating
this overtime yields the action such that

S:/dtL:/dtde, (3.2)

where the Lagrangian density £ has been introduced. The Lagrangian
density is integrated over spatial dimensions to yield the Lagrangian. Nature
favours the path that minimises or maximises the action; these are stationary
points where the function is at an extrema. The stationary points of the
action functional can be found through the calculus of variations, and upon

doing so one arrives at the famous Euler-Lagrange equation, which for a
Dirac field id"]

"There are many different forms of the Euler-Lagrange equation depending on the
system and thus the Lagrangian being studied.
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where 9, is the four-derivative and 1 is the field which takes a space-time
input and outputs the relevant field value(s), fields are more fundamental
than particles, with particles representing excitations of the underlying fields.
When a Lagrangian is plugged into its correct Euler-Lagrange equation, we
obtain the equations of motion for the system. An example of a Lagrangian
is the Dirac Lagrangian which takes the form

L =¢(x)(id — m)y(x), (3-4)

which upon insertion into the Dirac Euler-Lagrange equation, eq. (3.3)),
produces the Dirac equation

(i —m)y(x) =0, (3-5)

which is the equation of motion for a Dirac field. Lagrangians are at the
heart of particle physics and the SM, additional terms in the Lagrangian can
represent different particles and their interactions, with the SM Lagrangian
containing all particles and their interactions, however, it is typically conve-
nient to only include the terms of interest, this is because the other terms
add no relevant physics when studying a specific process.

3.2 Introduction to Neutrinos

First postulated by Wolfgang Pauli in 1930 the neutrino was introduced to
ensure conservation of properties such as energy, momentum, and angular
momentum (spin) in beta decay (f-decay). The neutrino was initially named
the neutron; however, in 1932 James Chadwick discovered a much more
massive neutral particle, which today is known as the neutron. The name
neutrino was first termed by Enrico Fermi and Edoardo Amaldi, which in
[talian means ‘little neutral one’. The Fermi beta decay process [100] is

n—pt+e +7,, (3.6)
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where the heavy neutral neutron decays into a proton, an electron, and
an antineutrino (as this conserves lepton numbe@. In the SM, neutrinos are
thought to be massless and do not participate in electromagnetic interactions
or strong interactions, but they do participate in weak interactions such as
beta decay. Neutrinos are extremely elusive particles, and for a period it was
thought that they would not be detected, so as an example of how weakly
neutrinos interact with matter let us compare the cross section of two sim-
ilar processes. In the first instance, if we collide a photon with a proton,
the cross section is 0.4 py1p = 1072 cm?, while if we collide an antineutrino
with a neutron, the cross section for this process is 05, 1 n_p, +n =~ 10™*Pcm?.
Thankfully, neutrinos were directly detected in 1956 by Cowan and Reines
in an inverse -decay [101], 7. + p — n + e™. The antineutrinos detected
were emitted from uranium fission fragments undergoing 8 decay. The an-
tineutrino energy spectrum that was detected peaked at a few MeV, with the
neutrino detector located roughly 10m away from the reactor underground
to reduce the noise from other particles and their interactions. Another im-
portant moment for neutrino physics was the discovery of lepton flavour,
initially in charged leptons, which led to understanding why we do not see
i — e+ in nature. A similar result was then obtained from the neutrino
parallel; why do we not see v, +p — e* 4+ n? It turns out they’re different
flavours and as such v, # v, # v;, whereby is it thought that lepton number,
L, is mostly a conserved quantity in nature.

Neutrinos have many sources and can be classified as artificial or natu-
ral. Artificial or man-made neutrinos are made by nuclear reactors, particle
accelerators, and nuclear weapons. Reactor neutrinos are produced by fis-
sile isotopes decaying into neutron-rich daughter nuclides that then undergo
rapid beta decays resulting in neutrinos. Accelerator neutrinos are produced
in particle colliders, which typically involve colliding protons with some target
particles resulting in charged pions, which are then focused using electromag-
nets. These charged pions then decay whilst the relativistic boost provided
by the electromagnets then produce the neutrinos in a beam (not isotropi-
cally), whilst the other daughter particles can then be filtered out by some
material, which leaves only a neutrino beam. Natural neutrinos are pro-
duced through naturally occurring processes such as interactions within the

18Where lepton flavour is not always conserved, see neutrino oscillations in Section 4,
total lepton number does seem to be mostly conserved, however, processes such as the
sphaleron process does not conserve total lepton number, but does conserve B — L.
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Earth’s core, interactions from cosmic rays and the atmosphere, a byproduct
of nuclear fusion within the core of a star, or supernovae. The weakly inter-
acting nature of neutrinos allows us to investigate processes without or with
minimal noise and effects from other background processes.

3.3 The Dirac Equation

Let us start our description of neutrinos by stating that in the pure SM
neutrinos are massless, and for the time being we continue with this notion.
The Dirac equation was derived by British physicist Paul Dirac in 1928 and
in its free form describes all freely propagating spin-1/2 particles, such as
leptons and quarks. An important feature of the Dirac equation is that
it is consistent with both quantum mechanics and special relativity, unlike
Schrodinger’s equation which is not Lorentz invariant. The Dirac equation
implied a new type of matter in the form of negative energy solutions; these
negative energy solutions are today known as antimatter; this discovery was
a major break through in physics with many, including Dirac displaying
scepticism. The free form covariant Dirac equation in natural units and
making use of the Feynman slash notation is

(i) — m)u(x) = 0. (3.7)

Where v is a four-component Dirac spinor field, m is the mass, and @ =
0, with v* being the Dirac matrices also known as the gamma matrices
which form a matrix representation of the underlying Clifford algebra, which
is anti-commutative as expected for fermions. The gamma matrices can take
on different representations as long as they represent the Clifford algebra,
CL; 3(R). In matrix form, this condition is

{97} =201, (3.8)

with »* being the Minkowski metric, and I being the 4 x 4 identity ma-
trix. Some forms or representations of the Dirac matrices are more useful
than others, depending on the circumstances. Three important representa-
tions are the Dirac-Pauli representation, the chiral/Weyl representation, and
the Majorana representation@ The Dirac representation is best for dealing

19Tn the Majorana representation the gamma matrices are pure imaginary.
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with particle and antiparticle states, with the four entries in the spinor ac-
counting for spin-up and spin-down particle components, and spin-up and
spin-down antiparticle components. This basis is often used in the litera-
ture. The chiral/Weyl representation is especially useful for dealing with
massless neutrinos. The free theory expansion of the Dirac spinor field after
quantisation is given by

2

dp 1 L L

Va(Z) = / g WP+ bl vs (B)e P, (3.9)
; (271')3 2Eﬁ p p

with a3 being the annihilation operator for a particle and v, being the

corresponding spinor, whilst b;T is the creation operator for an antiparticle
with v? corresponding to its spino@. The « subscript labels the component
of the spinor and the s superscript indicates the helicity indices. To form a
probability four-current we must introduce the Dirac adjoint, which is given
by ¢ = 140, where 4 is the time-like gamma matrix.

3.4 Chirality and Helicity

A general Dirac spinor field in the Weyl/chiral representation can be de-
composed into left-handed and right-handed chiral components (denoted by
subscripts L and R, respectively) with the use of a chirality projector operator
[102], such that

Y =L +yYr = PLY + Pri), (3.10)

with the right- and left-handed chiral projection operators given by

|
P, = . 3.11
9 ) L 92 ( )
Here, the matrix 7° has been introduced and can be expressed by the

other gamma matrices as 7° = i7%y!9?y3. The fifth gamma matrix is also

the chirality operator such that

2ONote that 1 indicates the Hermitian conjugate of a matrix, which for real observables
we have AT = A.
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Y = =, andy P = +p. (3.12)

The chiral representation has advantages over the Dirac representation
discussed earlier as the top two elements in the spinor are defined as spin-up
and spin-down left-handed chiral fields, and the bottom two elements are
spin-up and spin-down right-handed chiral fields, which is unlike the Dirac
representation in which the left- and right-handed fields are in combination
within the spinors entries. This means that in the chiral basis the four-spinor
takes the form ¢ = (1, 1¥r)7, known as a bispinor which contains two (two-
component) Weyl spinors, ¢y, and . It is important to note that both
Weyl spinors transform independently under Lorentz transformations, and
as such they form an irreducible basis for the Lorentz group and thus are
fundamental building blocks to the SM. More accurately they transform as
fundamental representations of the Lorentz group SO(1,3), such that the left-
and right-handed fields transform as (1/2,0) and (0, 1/2) respectively, and
together they form the elements of a four-dimensional complex vector space
(1/2,0) ® (0, 1/2) representation of the Lorentz groupf| Chirality is a prop-
erty of the field and in the massless limit a left-handed chiral field destroys
a negative helicity particle state (left-handed) and creates a positive helicity
antiparticle state. On the other hand, a right-handed chiral field destroys a
positive helicity particle state (right-handed) and creates a negative helicity
antiparticle. The helicity of a particle is defined by [102]

S.7

=21
||

(3.13)

where S is the spin vector and p is the momentum. From the helicity
operator a positive helicity state is that in which the spin direction is the
same as the momentum, whilst a negative helicity state is one in which the
spin and momentum are in opposing directions. Let us also explicitly state
that in the massless limit both helicity and chirality coincide.

2IThe Dirac spinor is reducible, as evidenced by the 7° matrix, which distinguishes
between left-handed and right-handed components.
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3.5 Discrete Symmetries

There are three discrete symmetries [103} |104] within particle physics, these
are time reversal symmetry or T symmetry, parity symmetry or P symme-
try, and charge symmetry or C symmetry. These discrete transformations
are often representation-dependent. Discrete symmetries are noncontinuous
symmetries, an example of a noncontinuous symmetry is a square which fea-
tures symmetry only with 7/2 rotations around the centre, which is unlike
a circle as a circle has a continuous symmetry upon rotation by any angle.
P-symmetry involves flipping the spatial coordinates

W(t,Z) — Pi(t, @) = (t, —2). (3.14)

Functions that are unchanged by parity transformations are called even
functions, while those that change their sign under a parity transformation
are known as odd functions. Parity transformations swap the chirality of
fields so that left-handed fields transform into right-handed fields, and vice
versa. The parity operator also changes the sign of a particles momentum,
and thus the helicity due to the spin of the particle remaining constant. The
T symmetry involves reversing the time so that

W, ) = TY(t,7) = b(—t, ). (3.15)

Finally, charge conjugation swaps particles with their antiparticles

Dt T) v Ot ) = CP(, D) (3.16)

similarly to parity, charge conjugation flips the chirality of a field such
that (¢1)¢ = (1) g and vice versa, whilst keeping helicity constant. Another
interesting discrete transformation is a CP transformation, which leaves chi-
rality unchanged but changes particles into antiparticles whilst also swapping
helicity states.
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Figure 6: The effect of P, C, and CP transformations on an electron.

3.6 Spontaneous Symmetry Breaking and the Dirac
Mass Term

The Higgs boson is the particle excitation of the Higgs field, which is a
complex scalar field. Before electroweak spontaneous symmetry breaking
(EWSB) |105], the Higgs field is a two-component SU(2) doublet of weak
isospin with a neutral and charged component. The Higgs potential is "Mex-
ican hat-shaped” and takes the form

V(¢) = —12¢'¢ + A (¢19)?, (3.17)

with A describing the quartic self-interactions among the scalar fields.
Where, due to vacuum stability, it is assumed positive, A > 0, and p is the
mass. The Higgs doublet is given by

B — {fﬂ , (3.18)

with ¢ being the charged complex scalar component and ¢° the neutral
complex scalar component, each having two degrees of freedom (DOF). After
EWSB, one degree of freedom of ¢" is absorbed by the Z boson, which
provides its longitudinal polarisation. This leaves one physical degree of
freedom in the neutral component, which corresponds to a scalar field where
Higgs bosons are its excitations. The charged components of ¢ are absorbed
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by the W bosons, which provides their longitudinal polarisations and leaves
no physical charged scalar. For 1 > 0 the scalar Higgs field develops a non-
zero vacuum expectation value (VEV) which spontaneously breaks symmetry

resulting in@

0

1 0
(G0 = V2 L(_ 246Ge\/)} B [v/\/i(: 174GeV) |’ (3.19)

where due to conservation of electric charge only the neutral scalar field
can acquire a VEV. After EWSB, what remains is an unbroken electromag-
netism such that

Before EWSB the mass term for fermions within the SM is given by the
standard Higgs mechanism via Yukawa couplings. In the case of charged
leptons, the Lagrangian is given by

L, =TL,hl, ar® +hc., (3.21)

where LT = (vp,, ar) is the left-handed leptonic doublet, with the Greek
letters indicating the charged lepton flavours, a = e, u, 7. After EWSB the
Higgs VEV generates a Dirac mass matrix, mp = vh, this results in the
charged lepton mass Lagrangian taking the form

EZD =armpag + h.c., (3.22)

where similar to the quark sector one can choose the charged lepton
Yukawa couplings to be diagonal and thus the Dirac mass matrix is also
diagonal. It is clear from this term that both left- and right-handed chiral
fields are required for a particle to obtain a mass through Yukawa couplings.

22Both 246GeV and 174GeV are used in literature for the Higgs VEV and/or the elec-
troweak scale, however, for our work we use the latter for the Higgs VEV, (¢g) = v =
174GeV.
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3.7 The Weak Interactions

Within the SM we can divide the particles into two types fermions and
bosons, with fermions being matter particles whilst bosons are the force car-
rying particles. The fermions are divided into two different types of particles,
leptons and quarks, each with three generations or flavours. Gauge theories
are fundamental to explaining the interactions of fermions which are medi-
ated by gauge bosons. In fact, three of the four fundamental forces, these
being the electromagnetic interaction, the weak interaction, and the strong
interaction, are described by a different gauge theory. The electromagnetic
force is explained through QED and is based on a U(1) gauge symmetry.
The strong nuclear force is described by QCD and is based on a SU(3) gauge
symmetry, which corresponds to the colour charge and explains interactions
between quarks and gluons. Upon quantisation of the gauge fields we get
the gauge bosons. The weak force can be unified with the electromagnetic
interaction into the electroweak force that is on a SU(2), x U(1)y gauge
symmetry. There is also hope that the electroweak force can be unified with
the strong force at a scale of ~ 10'%GeV, known as the GUT scale. The
electromagnetic force features one massless gauge boson, the photon, and
the weak interaction features three massive gauge bosons, two of which are
charged the W* and W~ bosons, and one neutral the Z boson. However,
QCD has eight force-carrying gluons. Overall, the SM is based on a gauge
theory with a SU(3). x SU(2);, x U(1)y symmetry.

The weak interaction [106] is unique compared to the other fundamental
forces as it is chiral sensitive and only couples to left-chiral fields. Thus,

neutrinos are rather unique amongst fermions, as left-handed neutrinos are
part of a SU(2),, doublet,

Lo = {ﬂ , (3.23)

and partake in weak interactions, whilst RH neutrinos do not and thus
lack all SM quantum numbers. Therefore, should RH neutrinos exist, it is
expected that they would be SU(3), x SU(2);, x U(1)y singlet§”] This means
that all neutrinos detected experimentally are in fact LH helicity neutrino
states and that the antineutrinos are only RH helicity states. This lack of RH

23This is different to charged leptons as they couple to electromagnetic interactions.
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neutrinos also implies a very important fact about neutrinos in the standard
model - they are predicted to be massless.

From electroweak theory, we know that neutrinos couple to the Z boson
through neutral currents by

e
Ly = ZrJNC, 3.24
Z 2 cos Oy sin Oy b (3:24)

where fy is the Weinberg angle or weak mixing angle, e is the charge of
an electron, and Z* is the Z boson, and one has that the neutral current is
given by

XY =) Tmvvee, (3.25)

i'=1,...,N,

with vr; being the neutrino fields, whilst 7;; are the antineutrino fields,
while also noting that the primed Latin indices indicate that we are in a
generic basis, which does not align with the mass or flavour basis and poten-
tially arise from some BSM physics. LH neutrinos also couple to the W*/~
bosons through charged currents

I B 2
Wi V2 sin Ow

where W1 (W") is the positively (negatively) charged W boson, while

(W JEBE L Wk e, (3.26)

JEm = (=" Ty v, (3.27)

with {7, being the charged lepton field. The number of active neutrino
species, IV, can be determined from the Z boson line shape, as each neutrino
species contributes equally to the Z boson’s total decay width. The total
decay width of the Z boson is given by

Ftot = 1—‘had + Fchlep + Finva (328>
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where I'y,q is the decay width into hadrons, I'gpep is the decay width into
charged leptons (of which there are three flavours: e, p, 7), and I,y is the
invisible decay width, which is related to the number of neutrino species by

Finv - NI/ : PI/ (329)

with N, being the number of active neutrino species, and I, is the de-
cay width into a neutrino species. Experimentalists at the Large Electron-
Positron Collider (LEP) have performed highly precise measurements of I’y
I'haa, and Tepiep using processes such as et +e~ — p*+p~. The decay width
for a single neutrino species can be calculated theoretically as

_ GrM 5
C12vr
where G is Fermi’s constant, and My is the mass of the Z boson. By

combining these experimental measurements with the theoretical prediction
for I',, the number of neutrino species can be calculated as

(3.30)

_ F‘cot - Fhad - 31—‘Chlep

N,
L,

= 2.9840 =+ 0.0082. (3.31)

This result confirms the existence of three active neutrino species, con-
sistent with the SM. [107]
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4 Neutrino Oscillations

In this section, it is shown why the assumption of massless neutrinos within
the SM is incorrect, starting with the Homestake experiment and the solar
neutrino disappearance problem. The solution to this problem is then dis-
cussed in the form of neutrino mixing, where matter effects in the Sun (MSW
effect) enhance oscillations and require neutrinos to be massive. Then two
different approaches to neutrino mixing are considered, starting with the
Schrodinger-like formalism. Finally, the density matrix formulation and its
vectorial parameterisation are discussed.

4.1 Neutrino Mixing

In the 1960s the Homestake experiment [108] made the first attempt to de-
tect fluxes of electron neutrinos produced from proton-proton nuclear fusion
reactions in the Sun; these neutrinos are known as solar neutrinos. This
experiment did not yield the expected results, the detected flux being lower
than expected by around 30%-50%. This problem was unsolved for around
40 years and became known as the solar neutrino problem. The solution to
the solar neutrino problem resulted in the Nobel prize for R. Davis for devel-
oping the Homestake experiment, and A.B. McDonald who led the Sudbury
Neutrino Observatory (SNO) experiment [109] which played a major role in
detecting the missing neutrinos, thus resolving the problem. The solution to
this problem is a phenomenon known as neutrino mixing which then results
in neutrino oscillations.

To better understand this problem, let us assume that neutrinos are in
fact massive, and similarly to how we treat down-type quarks, this would
imply that the neutrino states that partake in weak interactions, the weak
eigenstates, do not align with the mass eigenstates. To further clarify this,
in the case of quarks if we assume that the weak charged currents are diag-
onal, then we can diagonalise the up-type quarks and then absorb this by
redefining the down-type weak interaction quarks, however, in doing so we
cannot redefine the down-type mass term; thus, it will not be diagonal. In
the quark sector, a mixing matrix exists that performs this transformation
from weak eigenfields to mass eigenfields; this matrix is known as the quark
mizing matriz (Cabibbo-Kobayashi-Maskawa matrix or CKM matrix) [110]
such that
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Figure 7: A visualisation of the neutrino mixing angles assuming no CP
violation. The mixing angles between 1; and v;, the mass eigenstates are
denoted 6;;. The weak interaction states produced from this mixing are
denoted by v, v, and v,. This image is extracted from Ref. [12].

d/ Vud Vus Vub d
s =V Ves Vi s . (4.1)
v Via Vie Va b

This CKM matrix which parameterises the mixing of the down-type quark
mass eigenstates into the weak eigenstates has been experimentally verified,
with values [111]

Vad| |Vus|  [Via] 0.97370 0.2245 0.00382
Vernt| = [ [Vl [Ves| [Vl | = | 0221 0.987 0.0410 |, (4.2)
Vial  [Viel Vo] 0.0080 0.0388 1.013

which is almost the identity matrix, and thus displays extremely small
mixings. Parallel to the quarks lets introduce the lepton mizing matriz
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(Pontecorvo-Maki-Nakagawa-Sakata or PMNS matrix) which relates the flavour
or weak interactions eigenfields to the mass eigenfields by [112],

N
Vo = Z Uaiyia (43)
i=1

where the mass eigenfields are indicated by the Latin index and the flavour
eigenfields are indicated with Greek letters (a = e, u, 7), if we expand this in
the case of three mass eigenfields, we get

Ve Uel UeQ Ue3 %1
vy = Uﬂl ng ng 1%) . (44)
Vr UTl UTZ UT3 V3

with current ranges [113]

0.801 —0.845 0.513 —0.579 0.413 —0.155
|Upmns| >~ | 0.234 — 0.500 0.471 — 0.689 0.637 — 0.776 | , (4.5)
0.271 —0.525 0477 —0.694 0.613 — 0.756

where upon comparison to the CKM matrix we see that the mixings of
the neutrinos are much larger than that of the quark@. The number of mass
eigenfields can also be higher than 3, as there are potentially sterile neutrinos
that do not couple to the weak interaction [114]. A standard parameterisation
for the lepton mixing matrix i

Upnns =V - P, (4.6)
with
,'5
C12€13 S12C13 s1ze”"
_ 0 0
V = | —S12C23 — C12523513€ C12C23 — 512523513€ $23C13 ) (4-7)
1) )
512823 — C12C23513€" —C12823 — S12C23513€" C23C13

24There is no reason not to expect mixings when compared to the quark sector, however,
it is a mystery as to why the mixings are so large when compared to the quark sector.
Many ideas have been proposed to try and explain these large mixings; see Ref. [12].

251f the discussion is about quarks, one does not include the Majorana phases and thus
no P matrix is present.
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and

P = diag(e, 2 1), (4.8)

where s;; = sinf;;, and ¢;; = cosf,;. Neutrino mixing, and thus the
PMNS matrix, requires the introduction of new parameters to the SM. The
new parameters within the leptonic mixing matrix are the three mixing angles
012, 613, 023, and the three phases 9, aq, as, where one of these phases is the
Dirac phase o, whilst the other two of these phases are the hypothetical
Majorana phases aq, and aw. It is also possible that there exists some other
basis arising from BSM physics seeking to explain fermionic masses, and as
such it can be convenient to introduce a transformation from the mass basis
to this new generic basis denoted by the primed indices [115]

N
Vg = Z UZ@"'L‘VZ" (49)
i=1

Due to this, the leptonic mixing matrix can then be regarded as a combi-
nation of two transformations, with the first transformation taking the state
from the mass basis to the primed basis and the second transformation taking
us from the primed state to the flavour basis

U=ULUY. (4.10)

4.2 Neutrino Oscillations

In 1957 Bruno Pontecorvo [116] predicted neutrino oscillations [114} [112]
117]. Neutrino oscillations are quantum mechanical phenomena. When neu-
trinos leave a source as a specific flavour, for example, as an electron neu-
trino, their state can later be measured as a different flavour. The prob-
ability of detecting a particular neutrino flavour oscillates as the neutrino
propagates through space. The case of missing solar neutrinos is a more
complex situation than neutrino oscillations in a vacuum. Electron neu-
trinos are produced in the Sun’s core, and initially, the flavour eigenstates
are almost identical to their matter eigenstates. However, this alignment
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changes as they travel outward through the Sun’s plasma, where the den-
sity gradually decreases with distance from the core. Therefore, one must
account for these changes through matter effects, specifically the Mikheyev—
Smirnov-Wolfenstein (MSW) effect. As the Sun’s density decreases, the com-
position of the matter eigenstates evolves so that it no longer coincides with
the flavour eigenstate. This change in the matter eigenstate occurs slowly
enough for the adiabatic condition to be satisfied, allowing the neutrinos to
track this matter eigenstate without oscillating. After leaving the Sun, elec-
tron neutrinos depart from their matter eigenstates and are no longer purely
electron neutrinos, resulting in a mixture of neutrino flavours [118].

It is also important to reiterate that neutrino oscillations can occur only
if neutrinos are massive, as we shall see. It is important to note that we only
know an approximate upper bound on the sum of the neutrino masses with a
current bound of approximately > m, < 0.14eV with a 95% confidence level
[119]. Let us now proceed with a neutrino oscillation calculation by starting
with an ultra-relativistic neutrino state produced at ¢ = 0 in flavour «; at a
later time, t, the ultra-relativistic neutrino flavour state ket can be related
to the mass state ket by

|V (1) Z (D)) (4.11)

In charged current interactions the probability that this state a is de-
tected in some state 8 is given by P,s = [(vs|va)|>. If the start and end
flavours are the same, one has P,,, this is called the survival probability, if
the start and end flavours are not the same, Ps.,, then this is the appear-
ance probability. If we sum all the different possible appearance probabilities
and subtract these from unity we get the disappearance probability of the
neutrino state o, Y | Pszq = 1 — P,,. The oscillation probability can also be
expressed in term of mass eigenstates as

Pop(t) = [ (valva(®)) [* = !Z ~iUsi(vslvi (D), (4.12)

which can then be computed using the standard plane wave approxima-
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tion@, the ultra-relativistic approximationm and the orthonormality condi-
tion? to obtain a general transition probability in a vacuum

1,3
’ l
Pog(t) = 6ap — 4 Re[UniUp,Us;Upjlsin® (Wﬁ)
i<j J
i l (4.14)
+2 Z Im[Un U3, U Ugjlsin (27Tﬁ>'
i<j K
with
4 E E(GeV)
0 N 2 _ 9 2

where l?j is the oscillation length, whilst Am?j is the mass squared differ-
ence of the mass eigenstates. From this several important conclusions can be
determined about neutrino oscillations. Firstly, neutrino oscillations require
neutrinos to have mass with the different neutrino generations having differ-
ent masses, as the oscillation length is inversely proportional to the masses
I§; o< 1/AmZ;. Secondly, if I < If;, then the oscillations do not have enough
time to develop, on the other hand if [ > l?j, only the averaged oscillation
probability can be measured, whilst maximum sensitivity is when [ ~ lgj.
The second term in Eq. eq. is CP conserving, whilst the third term
is CP violatinﬂ. Finally, with three neutrino masses there are only two
independent differences in squared masses, Am?j, which are typically chosen

to be Am?, and Am3,, with Am3, = Am?2, + Am3,. Neutrino oscillation

26The standard plane wave approximation is given by |v;(t)) = e'Fit |v;(0)).
2TUsing Taylor expansion, the ultra relativistic approximation is given by

R+~ 5+ (4.13)
Ei = Ip2 +m2 ~ |5 + 25 413
2|p]

%8The orthonormality conditions is defined as (v;|v;) = &;;.
29More specifically the CP violating parameter is known as the Jarlskog invariant and
is defined as

Jep = Im[Ua U U3 Usj) (4.16)

J— max

= Jcp sin 5CP = COS 912 sin 012 COS 023 sin 923 COS2 913 sin 913 sin 5CP7 (417)
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experiments can give us detailed information on the difference between the
masses; however, they cannot determine the absolute mass of the states. The
hierarchy of the states’ masses can be inferred by studying the sign of Am2,,
particularly in experiments involving matter effects. This is due to matter
effects breaking the symmetry in the oscillation probability.

Another method for calculating neutrino oscillations is the Hamiltonian
formulation, which we will not strictly compute; however, we will mention an
important point about how a portion of the Hamiltonian does not contribute
to the mixing. Starting in the mass eigenstate basis the Hamiltonian is given
by

(B, 0
= (0. (4.19)

which can then be decomposed into two terms

E,+FE
H;; = %@j + AH;, (4.20)
with AH;; defined ag™|
AL — Am%2 1 0 Amf2 499
=Ty p \0 —1) " "4 7® (422)

This decomposition allows one to separate the Hamiltonian into a part
that contributes to the mixing and the part proportional to the identify
which only contributes an overall phase factor that is cancelled when calcu-
lating the probability of a transition from one flavour to another. Matter

where for NO (I0) at 1o (30) we currently have [113]

JEX = 0.0332 & 0.0008(£0.0019). (4.18)

30Where in the ultra relativistic approximation one has that F; ~ E, ~ p ~ E, and
therefore

2 2 2 2 2 2 2
EQ_E1_m2_m1Nm2_m1 Ami,

E,+E, Es+E,  2E 2F

Ey—E, = (4.21)
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effects have not been considered, yet they can and do affect the mixing sub-
stantially; an example of this is the Mikheyev—Smirnov—Wolfenstein (MSW)
effect [120] which played a substantial role in the solar neutrino problem. If
matter effects are considered, these matter effects can contribute an effective
potential, which is found on the diagonal elements of the flavour basis of the
Hamiltonian and arises from charged current interactions. The neutral cur-
rent interactions occur for all flavours and are proportional to the identity
part of the Hamiltonian; thus, they have no influence on the mixing.

4.3 The Density Matrix

There are multiple ways of describing neutrino oscillations, another impor-
tant method being the density matrix formulation [121, |122], which could
be viewed as advantageous as it allows the evolution of mixed states and to
deal with decoherence; however, we will assume a pure state [¢(t)), with the
density matrix given by

p(t) = [¥ () (L), (4.23)

which is idempotent, hermitian, and possesses a unitary trace, with all
entries in the density matrix required to be 0 < p;; < lﬂ The time evolution
of the density matrix is given by the von Neumann equation

900 ifp(t), am (), (4.24)

where H(t) is the time-dependent Hamiltonian. The expectation of an
observable, A, can also be calculated from the density matrix such that

(A) = Tr[pA]. (4.25)

In the case of two-neutrino mixing in the flavour basis, the probability
that a state starting in some state « is later detected in some state [ is given

by

31To be idempotent requires that p = p?, whilst a unitary trace (or of purity one)
requires that Tr(p?) = 1, and to be Hermitian requires that p = pf.
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Pap = (BlY) (¥]r) . (4.26)

Using the von Neumann equation one can track the evolution of the
density matrix, which is simpler to solve in the mass eigenstate basis. The
mass eigenstate basis can be related to the flavour basis by

pij = (i) (¥|7) (4.27)
= (i[B) (Bl¥) (Yl {alj) (4.28)
= (U")ig pga Uay. (4.29)

If we assume that all neutrinos are produced in a single flavor eigenstate,
then initially one has

Pij = (UT)iﬂ Pﬁa(o) Uaj (4_3())
cos?0;;  sinb;;cosb;;
N (sin@ijcoseij sin®0;; J (4.31)

where the two-neutrino mixing matrix is given by the two-dimensional
rotation matrix

_ (cosb;; —sinb;;

Uaj - (sin@zj COS@Z']' ’ (432)

where 0;; is the mixing angle between state ¢ and state j. The von Neu-
mann equation in the mass basis is then given by

Ipi;(t)
ot
From the von Neumann equation in the mass eigenstates basis it is then
possible to evolve the density matrix to some time ¢ and in doing so one
arrives at the following

= —i[p(t), AH(1));. (4.33)

cos?0;; sinf; ;cosh; ;! Ei—Eit
P = ( J i L (434)

sind;jcosf;e " Ei—E)t sin?6;;
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From this expression, it is possible to find an expression for the proba-
bility of, say, the survival chance of a neutrino species by Po(t) = paa =
Uni pij (U T) ja- In doing this calculation, one should find agreement with the
Schrodinger like method and the Hamiltonian method.

4.4 Vectorial Parameterisation

There exists an alternative and convenient way to express the von Neumann
equation through the utilisation of the Pauli matrices, known as wvectorial
parameterisation [123]. Starting with the von Neumann equation in the
flavour basis and noting that the term in the Hamiltonian proportional to
the identity cancels out in the commutator and the dynamics of the density
matrix including the quantum state one has

apaﬁ(t)
ot

= ilp(t), AH(t)]ag- (4.35)

The proportion of the Hamiltonian which contributes to the dynamics
can be recast as

1 —
AHys =3V 4. (4.36)

where ¢ is the Pauli matrix vector defined as ¢ = (o0,,0,,0,), while the
effective potential vector V is defined as

—

V= (E2 - E1)<Sin20ij, O, —COSQQZ‘J’). (437)

It is also possible to express the density matrix through the Pauli matrices
with the use of a polarisation vector P, which results in

1
p=5(1+P-q), (4.38)

with components
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1

Paa = 5(1 + PZ>, (439)
1

pes = 5(1 = P2), (4.40)

pas = Py —iP,, (4.41)

ppo = Py +iP,. (4.42)

The components of the polarisation vector are given by

P, = Relpag, (4.43)
P, = ~Tmpas), (4.44)
P, = poa — ppp- (4'45>

This parameterisation is useful as the polarisation vector describes the
evolution of the density matrix by recasting the von Neumann equation in
a form which describes the precession of the polarisation vector around the
potential vector, given by

|Qu
el

—VxP 4.46

which can be solved and upon doing so, one finds agreement with the
methods discussed previously.
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5 Neutrino Masses

Neutrinos having mass is the major takeaway from neutrino oscillations. In
this section, we explore neutrino masses, starting with the neutrino mass
hierarchy, followed by a Dirac mass term for neutrinos. Majorana particles
are then introduced along with a Majorana mass term for neutrinos. Finally,
the seesaw model of neutrino masses is discussed, with a particular emphasis
on the type-1 seesaw model.

5.1 Neutrino Mass Hierarchy

There are two possible neutrino mass hierarchies, these are known as normal
ordering (NO) and inverted ordering (IO) [113], these two hierarchies are
shown diagrammatically in Fig. [8| In the case of NO, the solar mass, mg,
is related to the difference between ms and m;. From neutrino oscillation
experiments the squared difference is given by m2, = (7.497019) x 107%eV?,
where m?2, = m3 —m3. Also for NO, the atmospheric mass difference, M,
is related to the difference between mj and my, where one has that m2, =
(2.477H0015) x 10~%eV?, where m?2, = m2 —m2. In the case of 10 one has
m2,, = m3 —m3, with m2 taking the same value as in the NO case; however,
Matm is different and given by m2, = (2.46510573) x 1073eV? and related to
the mass eigenstates by m2,, = m3 —m?. The mixing matrix U given in Eq.

[4.6] is for NO such that one has

0

C12C13 S12C13 S13€
NO) __ i5 i5 . ip io
UNO) = [ —s1pco3 — 125935136 Clacos — S12893513¢™  spzciz | - diag(e®, €', 1).
i6 is
5128523 — C12€23513€ —C12523 — 512€23513€ C23C13

(5.1)

The mixing matrix can be obtained in the IO scheme by cyclically per-
muting the NO mixing matrix by

{7(10) _ [7(NO) (5.2)

_ o O
o O =
O = O

In this work we assume NO and therefore one has that m; < mqy < ms.
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Figure 8: A visualisation of “how much” (the probability) a particular neu-
trino flavour (interaction) eigenstate contributes towards each mass eigen-
state. The left corresponds to NO, whilst the right corresponds to 10, the
question mark indicates the unknown magnitude of the smallest neutrino
mass eigenstate m;. This image is extracted from Ref. .

5.2 Dirac Mass for Neutrinos

Clearly from our description of neutrino oscillations, neutrinos are massive.
As stated in Section 3, this is not predicted in the pure SM and as such
provides definitive evidence that the standard model has problems. The
other fermions; charged leptons and quarks, gain mass from a Dirac mass
term, which after symmetry breaking is given by

_'CDirac mass m@d’ = m(@L@Z)R + @R@Z}L): (53)
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which is invariant under the transformation, ¢» — €' and 1) — e,
thus ensuring that the particles and the antiparticles have the same mass,
my, = my. For charged particles which carry U (1) quantum numbers, this
is the only possible mass term as it preserves the U(1) quantum numbers
through particle-antiparticle interactions. It would be minimal and not be
too outlandish if one were to simply add a Dirac mass term for neutrinos
to the SM Lagrangian by introducing RH neutrinos, which are, of course,
sterile in SM interactions. The Lagrangian for this simple extension of the
SM would yield £ = LM + LY. 1, With

v

— vV
— A Dirac mass — VL' pjj/VRj + h-C-, (54)

where, as before, the primed basis is some basis that potentially arises
from some new BSM physics, and, as previously, we can change between bases
with unitary operators. The neutrino Dirac mass matrix can be diagonalised
by a bi-unitary transformation such that

My jr = (VLVTDmD UII:B) (5.5)

i’

where D,,, = diag(mi, ma, m3) (assuming that there is no Majorana
term). The basis where the mass matrix is diagonal is the mass or Yukawa
basis. The introduction of this term to the SM Lagrangian also means that
lepton flavours are no longer conserved; however, the total lepton number
is still conserved. Unfortunately, the neutrino Yukawa couplings are much
smaller than the Yukawa couplings for other SM fermions h¥ ~ 1072 <«
pother fermions a1 q would require an explanation via some form of fine-tuning.

5.3 Majorana Neutrinos

In 1937 Italian theoretical physicist Ettore Majorana theorised the Majorana
particle [125]. A Majorana particle is its own particle and is different in
nature from our typical Dirac type fermions; because Majorana particles
being their own antiparticle they must be electromagnetically neutral, and
therefore the only fermionic particle in the SM capable of being a Majorana
particle is the neutrino. Majorana showed that it was possible to explain
mass generation with bispinors constructed from a Weyl spinor in the chiral
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representation. To do this, we must decompose a Majorana field into left-
and right-chiral components where g = (¢1,)¢ = (¢°)g, which is known as
the Majorana relation and states that the RH field is nothing more than
the charge conjugated component of the LH field. The chiral decomposition
therefore results in

Y=Y +r =1L+ (Y1) =YL + (¥°)r, (5.6)

where an arbitrary phase factor 77 = €*® has been neglected. Evidently, a
Majorana field is constructed from one Weyl field and, as such, only features
two degrees of freedom, which can be viewed as a LH neutrino and a RH
neutrino. Majorana fields are intrinsically neutral as upon charge conjuga-
tion you arrive back at the same field up to a phase factoxff]. There is much
debate over whether neutrinos are Dirac particles, Majorana particles, or per-
haps something more complicated. Further to this, distinguishing whether
they are Dirac or Majorana in nature is rather difficult as they are indistin-
guishable kinematically, thus leaving no evidence within neutrino oscillation
experiments; however, it is expected that they could be distinguished in in-
teractions where a LH neutrino is flipped into a RH neutrino, which would
only be possible if neutrinos are Majorana particles, since for Dirac neutri-
nos the RH component, vg, is completely sterile. Perhaps our best chance of
seeing such a process would arise in neutrinoless double beta decay, which is
discussed in more detail in Section 9.

5.4 Majorana Mass for Neutrinos

It is possible and attractive on first inspection to produce a neutrino mass
term without the need to introduce RH neutrinos, which is achieved by
slightly modifying the Dirac neutrino mass Lagrangian through the Majo-
rana relation [127]

v 1 — v c
ThLet T 5 [ZLom vy +hel, (5.7)

32Majorana fields are perhaps best understood in the Majorana basis of the gamma
matrices where the Dirac equation is real. In the Majorana basis all the gamma matrices
are imaginary. In this basis the Majorana fields correspond to real solutions of the Dirac
equation, thus one can impose the reality condition ¢ = ¢* [126].
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where the factor 1/2 ensures that the free Majorana field obeys the Dirac
equation as the hermitian conjugate is identical, while m7,, is the left-left
Majorana mass matrix which is symmetric. The left-left Majorana mass term
is a Lorentz scalar which violates lepton number by two, and similar to the
Dirac mass matrix, fine-tuning is required to reproduce the extremely light
neutrino masses. The rather naive assumption that this extension is more
economical when compared to adding a Dirac mass term is also incorrect,
and must be regarded as an effective theory which implies there is some
UV-complete extension, which is further discussed in Section 7.

VL (ve)® | (vo)e |72
Y +1 -1 +1 -1
L 412 12 | +1/2 -1/
L 1 -1 1 -1

Table 1: Table of the hypercharge, Y, third component of isospin, I3, and
lepton number, L, for different LH neutrino fields.

5.5 Type-I seesaw Model

(0°)

|
|
|
|
|
fr < l
Y

Figure 9: The left diagram corresponds to a Dirac mass term generated by
the typical SM Higgs doublet. The right diagram corresponds to a Majorana
mass generation from a higher dimensional operator such as the Weinberg
operator of Eq. [7.35] In these diagrams the arrows indicate not charge but
chirality [128].

Let us now present the type-1 seesaw mechanism of neutrino masses first
proposed by Tsutomu Yanagida in [129] at the Tokyo conference in 1981.
This mechanism is capable of explaining why neutrino masses are so small
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compared to other SM fermions even when the neutrino Yukawa couplings
are comparable to other SM fermions. If one again adds singlet RH neutrino
fields, vg, to the SM along with a right-right Majorana mass term and a
Dirac mass term for neutrinos, then after EWSB one has [130]

v _ v —_— v (&
—LDirac + Right = VL Mpirjr VR + §VRI’MRI'J/VRJ' +h.c, (5.8)

where the small Latin indices range from 1 to 3 and indicate the LH neu-
trino fields, and the capital Latin indices range from 1 to N and indicate the
RH neutrino fields. The right Majorana mass term violates lepton number
by two due to the Yukawa interaction defining the RH neutrino fields to have
lepton number L = +1, with this knowledge see Tab. |1, where of course RH
or sterile neutrinos carry no isospin or hypercharge quantum numbers. In
fact, the RH neutrinos are totally sterile to SM interactions and as such do
not feature any SM quantum numbers bar a global charge. As mentioned,
the number of RH fields is not required to be three and could be any amount
N, however, there must be at least N = 2 as there are two independent
mass splittings, also if the lightest neutrino mass, m; > 0, then one has that
N > 3. Suppressing indices the total neutrino mass term can be expressed
as [115]

. If,_— [0 m vy
~ ~Dirac + Right — 5 |:(]/La VR) (m% ]\4?) (V]i):| + h.C., (59>

where the relation 7pmprr = v&5mb ¢ has been used, it is also possible to
define n} = (v§,vg)’, which allows the neutrino mass term to be expressed
in a more condensed form

1—
- Birac + Right — 5”;%-/\/11/”/]{ + h.C., (510)

which resembles the form of a Majorana mass term. The mass matrix is
symmetric and therefore can be diagonalisedﬂ, resulting in Majorana mass

33 As Majorana mass matrices are symmetric they can be Takagi diagonalised [131] by
A =VDVT, where D is a real nonnegative diagonal matrix, while V' is a unitary matrix
that can be complex.
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eigenstates. In instances where mp = 0 one recovers the Majorana mass
instance, if M = 0 one recovers the Dirac mass instance. To reach the
seesaw limit, one takes M > mp. Neglecting active-sterile neutrino mixing,
diagonalisation of the mass matrix M, requires finding a unitary matrix
Ui that block diagonalises the matrix up to mixing terms of the order & =
mpM~' such that

M, ~ULDY, Us, (5.11)

where DY = diag(m,, M) is a block diagonal matrix, with m, being the
(3, 3) light neutrino mass matrix, while M is the (N, N) heavy neutrino mass
matrix. The block diagonalising matrix up to O() is defined by

Up ~ (;T _f*) ; (5.12)

which results in the light neutrino masses m, given by the seesaw formula

1
m, = —mp—mbh = —EMET, (5.13)
M
After all this the neutrino mass Lagrangian features a light-mass term
and a heavy-mass term

14 1 —_— c _C
~ ~Dirac + Right — 5 [VLmVUL + NRMNR] ) (514)

where the light neutrino mass matrix m, is a (3,3) matrix that is a
complex and symmetric matrix and therefore can be further diagonalised by
Takagi diagonalisation such that

1
Diag(my, ma, m3) = VL”mDMmgVL”T. (5.15)

If the mixing matrix that brings the charged leptons from the generic
prime basis to the flavour basis where the charged lepton mass matrix is
diagonal is reintroduced, U%, then the leptonic mixing matrix is U = ULV} f
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Instead, one could start in the flavour basis and one could identify that
UL = I, which results in the leptonic mixing matrix given by U = VL”T,
which would result in the light neutrino masses given by [9)

1
D,,, = Diag(my, mg, m3) = UTmDMmgU*. (5.16)
A useful parameterisation is the orthogonal seesaw matrix which can be

obtained by manipulating the light neutrino masses as [132]

1 1 1 1 1 1
D,, = Ump————mEU* . 5.17
N S s SeIvs vV, vk e m
which results in
T
1 L i ! L i ! QOr (5.18)
= m mp—— = . .
Do UM\ | /Do VM

This orthogonal seesaw matrix {2 encompasses the properties of both the
RH neutrinos, light neutrino masses, along with the CP asymmetries which
are contained within the leptonic mixing matrix U. The type I seesaw model
discussed here is a fundamental aspect of the RHINO model and allows us
to address neutrino masses.
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6 Thermal Physics and the Early Universe

In this section we start by discussing the early universe followed by the effec-
tive degrees of freedom in the radiation dominated universe along with a short
insight into the equilibrium number densities for both fermions and bosons,
at both relativistic and nonrelativistic velocities. After which normalisations
of particle abundances in the early universe are discussed, followed by the
Boltzmann equation, starting with the Liouville operator before moving on
to the collisional operator that together formulates the Boltzmann equation.
Two common thermal dark matter production methods are then discussed as
examples of using the Boltzmann equation, these DM candidates are weakly
interaction massive particles (WIMPs) and feebly interaction massive parti-
cles (FIMPs) which result in freeze-out and freeze-in scenarios, respectively.
Finally, leptogenesis, a form of baryogenesis, is discussed, which seeks to
solve the matter-antimatter asymmetry.

6.1 The Early Universe

Evidence suggests that the universe has existed through three distinct eras,
these epochs in chronological order are the radiation-dominated era, the
matter-dominated era, and finally the dark-energy-dominated era in which
we inhabit. The general gist is that the scale factor of the universe, a(t),
has not always consistently increased proportional to tim. In fact, the
three eras of the universe are defined by how the scale factor changes with
time. The scale factor arises from the solution of the Friedmann equations
with the Friedmann—Lemaitre-Robertson—Walker (FRW) metric. The regime
which is of particular interest to us is the radiation-dominated epoch when
the kinetic contribution to the energy of particle dominates their mass, the
scale factor scales with timd™)| as a(t) o t'/2. The radiation-dominated era
begins after the reheating of the universe, which is thought to occur at the
end of the inflationary period. Reheating is thought to occur through the

34The scale factor of the universe at current time is defined as a(0) = ap = 1 and in-
creases with time. This allows one to relate the distances of a comoving universe measured
by a comoving ruler to the proper distance, which takes into account the expansion of the
universe by d, = ad.. The scale factor is also related to the red shift of an astronomical
object as a(t) = 1/(1 + z), and thus the Hubble expansion constant by H = a/a

35The matter-dominated era and the dark-energy-dominated era scale as a(t) oc t2/3
and a(t) o exp(Hopt) respectively.
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decay of the inflationary scalar field, which drives inflation, into Standard
Model particles. This process increases the temperature of the universe. The
upper limit on the reheat temperature is model-dependent; in our model,
it is given by Tgy < 10'® GeV. Various constraints arise depending on the
specific model, such as avoiding gravitino overproduction in supersymmetric
theories or considering the scale of primordial gravitational waves.

An extremely useful cosmological parameter is the density parameter €2,
which determines the overall geometry of the universe and is defined as the
ratio of the observed density of some cosmological component(s) p to the

critical density p. by

GG
0y = 23 = 7

= PX 1
Pe 3H? (6.1

In our universe, the density parameter is measured to be extremely close
to unity, indicating that we live in an essentially flat universe. This is a
remarkable observation, suggesting that the universe is finely tuned. The
question of why this is the case, and how such fine-tuning arises, is known
as the flatness problem. The contributions to the density parameter within
the favoured Acpy model are from baryonic matter (B), dark mater (DM),
and dark energy (A). Therefore, the density parameter can be expressed as
Qo = O + Qp + Qa, with values Qy = 0.73, Qp = 0.23, and Qp = 0.04.
In the radiation-dominated universe right after inflation the SM particles
were in full thermal equilibrium, both kinetic and chemical equilibrium, then
as the universe cooled and expanded, some species drop out of equilibrium,
depending on how reactive the species are, i.e, what fundamental interactions
do the particles partake in (hence neutrinos decouple early, fuelling the search
for the CvB). It is useful to relate the interaction rateﬁ I', with the Hubble
expansion rateﬂ H, whereby processes are said to be ‘on’ and in thermal
equilibrium if I'/H > 1, or ‘off’ and out of thermal equilibrium if I'/H < 1.

36With the interaction rate given by, I' = nov, where n is the number density, o is the
cross section, and v is the relative velocity.
37In the radiation dominated universe the Hubble rate is given by

L T2
H =1.66(g7)2 . 6.2
(9)F - (6.2
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6.2 Degrees of Freedom and Equilibrium Number Den-
sities

In the radiation-dominated epoch of the universe the energy density can be

expressed in terms of the effective degrees of freedom [133] 134]

2

T
p= %gf(T)T“, (6.3)

where T' is the temperature and ¢? is the effective degrees of freedom
energy

em= Y (B I Y (B e

i=bosons i=fermions

When there is no change in the number of particles, the entropy density
of the radiation dominated universe can be expressed as

o2
= (TT? 6.5
s= ¢ g:(1T)T*, (6.5)

where g7 are the effective degrees of freedom of entropy

cm= Y (Bl ¥ a(R) e

i=bosons i=fermions

If the particles are in thermal equilibrium, then ¢? = g¢f, as T, = T,
where T; is the temperature of the particle and T is the temperature of
the ambient radiation. If the particles are not in thermal equilibrium, then
(T;/T)" # (T;/T)%, thus ¢ # ¢° and the effective degrees of freedom is
then the combination of the degrees of freedom for the particles in thermal
equilibrium and the decoupled particles given by

g>(kp,s) _ g:q(pys) + gfec(/’vs), (6‘7>

The expressions for the number densities [135] can be derived by inte-
grating the Fermi-Dirac or Bose-Einstein distributions in the relativistic or
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nonrelativistic regime. Starting with relativistic bosons and fermions, the
expressions are derived using the approximation that E ~ p for relativistic
particles yields

3
Npel = %geﬂTga (68>

where g.g is the effective internal degrees of freedom, g.¢ = ¢; for bosons
and geg = % g; for fermions, T is the temperature and ( is the Riemann zeta
function. The nonrelativistic number density expression is derived using the
approximation £ ~ m, and results in

3
ml\?2 -m
Nnrel = Jeff (%) eT. (69>

6.3 Normalisation of Particle Abundances

Kinetic theory is commonly used to calculate abundances in the early uni-
verse, however, this calculation does not result in the absolute particle num-
ber at some time, and instead calculates the particle abundance in a portion
of comoving volume™|

NX = TlXCLBRg, (610)

where nx is the number density of particle X, a is the typical scale factor
of the universe, and R} is a normalisation factor. The conversion from a
proper volume to a comoving volume is Vp = a®V¢. If entropy is conserved,
then it is typical to normalise the box in such a way that S = sa®R3 = 1
which results in

_ X nx
Yx=-7= (272 /45) g3 (T)T3" (6.11)

Unfortunately, processes in the early universe that result in entropy gen-
eration can occur due to BSM physics, leaving Yx as a rather inconvenient

38The comoving number density is defined by N = a®n.
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quantity to deal with. Perhaps the most graceful normalisation is to nor-
malise the comoving box so that it contains one particle of species X in
ultra-relativistic thermal equilibrium, such that 1 = n}(T > mx)a®R3.
With this normalisation, one arrives at

Nx nx

N_ pr— p— 5
TONAT > mx) nSUT > mx)

(6.12)

which does not depend on particle X being ultrarelativistic.

6.4 The Boltzmann Equation

The Boltzmann equation [133),134] is an integro-differential equation that is
often employed to calculate macroscopic thermodynamic properties, such as
energy and number density for a system that is not in thermal equilibrium.
The number density of a particle species can be calculated from

Lifx] =) Colfx)(fx,.) (6.13)

with L[fx] being the Liouville operator and C,[fx] the collisional integral
operator(s), in which all the different collisions, elastic and inelastic, are
considered. In theory, there exists one equation for each species of particle in
which particle X will react with; however, the particles considered here are
in thermal equilibrium, which dramatically simplifies the system of equations
to only one equation for the species of interest. Both the Liouville operator
and the collisional operators depend on the phase space distribution function,
which describes the occupancy number for a given particle species and is a
function of momentum, position, and time such that fx(p,7,t). The thermal
equilibrium phase space distribution function for a particle species is given

by

1
eq _
X eﬁ(E_HX) + 17 (614)
where F is the energy, pux is the so-called pseudochemical potential that
vanishes at chemical equilibrium, and 7" is the temperature. The +1 in the
denominator corresponds to Fermi-Dirac statistics for fermionic particles,

whilst the -1 corresponds to Bose-Einstein statistics for bosonic particles.
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6.5 The Liouville Operator (LHS)

The left hand side of the Boltzmann equation is the Liouville operator which
in tensor notation is given by

L= p“% — I’gap"p(’aip#, (6.15)

where p# is the four-momentum, 0/0x* is the partial derivative with
respect to spacetime coordinates, IV are the Christoffel symbols, 0/0p* is
the partial derivative with respect to the components of the four-momentum.
The Liouville operator acts on a phase space distribution function. It is
assumed that the universe is homogeneous and isotropic at large scales, and
therefore in the FRW universe the phase space distribution function can be
simplified such that f(z#,p*) = f(t, E), where the position dependence has
been dropped. This results in the Liouville operator acting on fx taking the
form

R 0 R
Lifx] = EX% — H|p?

0fx

DB (6.16)

where FE is the energy, p is the momentum, p° = Ex, H is the Hubble
parameter, and fx (¢, F') is the distribution function only dependent on the
energy and time. It is important to note the relation a/a = H. The num-
ber density of a particle species is obtained by integrating the distribution
function over momentum space, such that

d®p
nx :gX/WfX7 (6.17)

with nx being the number density, gx the number of internal degrees of
freedom, and as previously fx is the distribution function of the particle X.
Integrating the Liouville operator gives

Fp 1. Pp Ofx #p 7P Ofx
P fif] = AP 9Ix o H PIZ 91X (61
ox / i B L] = / G o / b e 619

which results in
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/—32 —i[f |=nx+3H (6.19)
g n nx. 19
It is important to note that the second term 3Hny is the cosmological

dilution due to the expansion of the universe. At this point it is useful to
defind™] Nx (t) = nx(t)R(t)%, where R(t) = a(t) Ry, and as such

dgp 1 . 1 de(t)
gX/(QT)?’E_XL[fX] = W T (6.21)

It is important to note that this redefinition has allowed us to remove the
dilution term. Often in literature, one will see the number density normalised
by introducing s the entropy density, as in Eq. [6.11] To investigate this
normalisation let us derive the evolution of Y. We start with the definition
Y = n/s and then we differentiate it with respect to time as

dY 1ldnxy nxds
- - 27 6.22
dt s dt s2 dt ( )

If one assumes that the universe expands isoentropically such that a3s =
constant, then this implies that ds/dt = —3Hs, where H is again the Hubble
parameter. Substituting this into [6.22] we arrive at

dY  ldnx

— =-——"—+3HY. 6.23

a s ar oHh (6.23)
where this normalisation has resulted in the removal of the dilution term

(the term containing H).

39With this parameterisation the relativistic equilibrium number density Eq. is given
by

3 (
Nyl = %gQHTSRS. (6.20)
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6.6 The Integral Collisional Operator (RHS)

The integral collisional operator contains terms for both elastic and inelastic
collisions. The elastic collisions do not change the number of particles and
can therefore be neglected; the collisional operator, which only considers
number-changing processes, then takes the form

d*p C
9X/(27TI;3 [Z;X] :/dHXdHAdHB...dl'IldHQdHS_“(2ﬂ)4

X064 (px +pa+ P = P1— P2 — P3-)
<M. cxeasn PAfafo (L £)(LE F)LE fp)..

— |Mxiarn. 14243 | [x fafp (£ fL))A £ ) (1 £ f3)...|,
(6.24)

where % is the four-dimensional Dirac delta function that ensures energy-
momentum conservation, Mx . ,11o signifies the amplitude of the process
X+ A—1+2, as an example, and II; is the Lorentz-invariant phase space
for each particle and is given by

gi dSPi
dll; = (2n)? SE," (6.25)

6.7 The Freezing-Out of WIMP Dark Matter

The freeze-out production of the hypothesised WIMP particles [136] is IR-
dominated@ which is attractive to physicists, as it does not depend on the
uncertain cosmological history of the universe. WIMPs arise in many BSM
models that have tried to solve the gauge hierarchy proble and as such
can be viewed as rather natural DM candidates, that in some ways gener-
alise the idea of neutrino DM. WIMPs are expected to have been in kinetic

40The use of IR or infrared for low energy solutions and UV or ultraviolet for high energy
solutions stems from the ultraviolet catastrophe.

41The hierarchy problem relates to the issues of quantum stability of the Higgs boson
mass against radiative corrections that arise from many BSM extensions, for the Higgs
mass to be the value it is, typically requires fine-tuning unless there is a natural symmetry
breaking [137].
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equilibrium with the SM particles in the thermal bath. As mentioned previ-
ously, the elastic collisions are neglected as they do not change the number of
particles. An elastic collision is of the form X + B <+ X + B. For simplicity
in the derivation that follows, only pair productions and annihilation’s are
considered, X + X <> B + B. It is also assumed that the bath particles are
in full thermal equilibrium (kinetic and chemical equilibrium). Realistically,
the annihilation mechanism could be far more complex. Going forward, X
is the dark matter particle assumed to be in kinetic equilibrium as men-
tioned, whereas the SM particles in the thermal bath are denoted by B.
The first step in the WIMP calculation is defining the collisional operator
for pair-productions and annihilation’s of the WIMP particles. The collision
operator for the X + X <> B + B process is defined as

’p C,

XMy posxex 2 f5(1 % f) (1% f)

—Mxixopipl fxfx(1 £ f5) (1 £ f5)].
(6.26)

This expression can be simplified by making a few rational assumptions.
The first assumption is that the process is reversible |M| = |[Mx 5 p+B| =
|Mp.B_x+x|, known as the principle of detailed balance. The next assump-
tion is that we can neglect quantum mechanical effects, with these effects
represented by the (1 & f;) terms, where specifically the negative term re-
lates to Fermi-blocking factors and the positive term relates to the Boson-
enchantment factors. Disregarding these quantum effects allows us to use
Maxwell-Boltzmann statistics 1 + f; = 1. One can also assume that the
bath particles are in thermal equilibrium (kinetic and chemical equilibrium),
whilst the WIMPs are only in kinetic equilibrium, as mentioned previously.
It is also expected that for the bath particles £ > T, which allows the quan-
tum effects of the distribution functions to be disregarded, similarly for the
WIMPs, E— p > T, resulting in their distribution functions being expressed
as

fx ~ exp (_—ZEf() exp (%) , (6.27)



where at chemical equilibrium g = 0 (i.e. up = 0). Then finally assuming

energy conservation Ex + Ey = Ep + Ej results in the WIMP collisional
operator taking the form

dp C,
gX/ p3 [fX] = /dﬂdeXdHBdHB(QW)454(pX +Px — PB —pB)
(271') EX

e (57 oo (252)] .
6.28

We can now further simplify the integro-differential equation by utilising
the definition of the number density defined in Eq. [6.17, in the following

manner

exp (%X) - % (6.29)
X

which results in the collisional operator now being expressed as

d’p C,

_Ev — E< )
><|/\/l|2exp (—X X) [1 — _nxnx} ,

T nyng
(6.30)
with the thermally averaged cross section defined a@
1
(ov) = o eq /dHXdHXdHBdHB(QW)454(pX +Ppx —PB — DB)
S (6.32)

_FEv — F-
x| M |*exp (%) :

42Where one has that v is the relative velocity also known as the Mgller velocity

V (pi - pj)? — (mym;)?

(vMo1)ij = EE : (6.31)

72



This results in the collisional operator for the WIMPs becoming

X/ ’p Crlfx]

2r)? Ex —(ov) [nxngx —n¥ng], (6.33)

X

and finally we arrive at the rate equation

dNX . <O”U>
dt —  R(t)?

[V% = (V5] (6.34)

where we have assumed no asymmetry between X and X. If this rate
equation is normalised as in Eq. such that Nx = Nx /N (where N
is given by Eq. and assuming that X is fermionic), along with using the
approximation that (ov) = 0y, and introducing the dimensionless quantity
z = my /T, which allows the comoving number density to depend on z which
is ultimately temperature dependence s o 7% and a oc T~ such that

d 4 d, . diay
—(a%s) =0 = —-(aT) =0+ — (;) —0, (6.35)

from this one can then find dz/dt using the product and the chain rule

a a dz
2 6.36
z 22 dt ’ ( )
thus
dz dNx dNxdz dNx
E—Hz—> e T i Hz. (6.37)

Finally, we arrive at Lee- Weinberg equation

dN_X AO -—2 ATeq)\ 2
=D W - (6.38)

where Ay contains the Hubble constantf™|
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Figure 10: Evolution of the WIMP abundance for different values of ther-
mally averaged cross section as indicated. Clearly one can see the freeze-out

mechanism. The dotted grey line indicates the observed DM abundance for
a mass of 100GeV. The abundances are normalised according to Eq. [6.12

f10 = EE(:(B) 90 9x ogmxmpe;. (6.41))

4 72 \ 873 \/g

43The Hubble constant as a function of z is given by

8m3m2% 1

This expression for H(z) is derived from the Friedmann equation during the radiation-
dominated era of the universe. Where, as previously, we have made the substitution
T=mx/z.
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An approximate solution to the Lee-Weinberg equation can be found
analytically, and the freezing temperature can also be obtained. The freezing-
out of the WIMPs is plotted in Fig. [10] In our work on RHINO DM,
pair production of one of the three RH neutrino states, termed the source
RH neutrinos, is modelled by an equation very similar to the Lee-Weinberg
equation.

6.8 The Freezing-In of FIMP Dark Matter
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Figure 11: Evolution of the FIMP abundance for different values of the decay
rate as indicated. Clearly one can see the freeze-in mechanism. The dotted
grey line indicates the observed DM abundance for a mass of 100GeV. The
abundances are normalised according to Eq. [6.12}

Unlike WIMPs, the initial abundance of feebly-interacting massive par-
ticles (FIMP) particles [138, 139, 140] in the early universe is thought to be
negligible, and this could partially be due to their extremely weak interac-
tions with the SM particles in the thermal bath. The exact mechanism of
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why the proposed FIMPs start with such a low abundance is unknown and
would likely depend on some exotic physics in the early universe. FIMP DM
is thought of as the opposite of WIMP DM, the FIMPs abundance starts at
a negligible quantity, production then starts, but the particles never get a
chance to thermalise and as such are froze-in. Within FIMP DM the cou-
plings of the dark sector to the SM are extremely small, and production can
occur through decays of SM particles and /or scatterings. Let us briefly derive
perhaps the simplest case involving decays of a massive bath particle, By,
into a lighter bath particle, By,and a DM particle, X, such that B; — By+ X.
The Boltzmann equation for such a process is given by

nx + 3Hnx Z/dHXdHBldHBz(QW)454<pX + D8, —PBy)

X [‘M|2Bl~>BQ+XfBl<]‘ + fBz)(l + fX)
_’M|]292+XaBlfB2fX<1 =+ fBl)} )

where dI1; is the phase space element defined in Eq. [6.25] It is assumed
that the initial abundance of X is negligible, such that fx = 0. This sim-
plifies the equation as the second term on the RHS of Eq. can be
neglected. As with the WIMP case, this can be further simplified by neglect-
ing the Pauli-blocking/simulated emission effects. This enables the FIMP
Boltzmann equation to be expressed as

(6.41)

dngl FBl
WfBl’y—Bl, (642)

where v, = Ep,/mp, and the partial decay width is given by

7"ZX + 3HnX ~ 2gB1 /dHBerlmBlfBl = 931 /

1
2Ep,

I'ppyrx = /dHB2 dllx (27)*6*(ps, — P, — px)IM|%. (6.43)

This equation can then be further simplified by assuming that the bath
particles are in thermal equilibrium and thus using the approximation that
exp(Ep, /T) £ 1) ~ exp(Ep,/T). This can then be integrated by converting
the integral from an integral over momentum space to an integral over energy,
which yields
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: * mp,I' _
nx +3nxH ngl/ %(Eél _m231)1/26 EBl/TdEB1

"o (6.44)

2
9B, Mp, FBI
- 972 TKl(mBl/T>7

where K is the first modified Bessel function of the second kind. We can
make use of Nx(t) = nx(t)R(t), 23, = mp, /T, and the normalisation given
by Eq. to arrive at

dNx  gp,mp Tp R?
dt — 2rHzp NP

where, as in the WIMP scenario, N is given by Eq and H is given

by . It is also possible to use zxy = mx /T, which can be achieved in

the above equation by substituting zp, = mp, zx/myx. The evolution of the

FIMP number density (solved computationally) is displayed in Fig. . This

freeze-in solution is very important to the RHINO model we propose, as the
dark neutrino that plays the role of the DM effectively freezes-in.

Ki(28,), (6.45)

6.9 Leptogenesis

Currently we cannot explain the matter-antimatter asymmetry of the uni-
verse, which is observed in the form of a baryon asymmetry. It appears
as though the universe and specifically the SM, contain all the ingredients
required to produce the asymmetry; baryon number violations, C and CP
violation, and departure from thermal equilibrium, with the asymmetry po-
tentially occurring during the electroweak phase transition. The favoured
explanation involves the production of the asymmetry after the inflationary
stage. The current baryon abundance measured by the Planck satellite is
Qpoh?* = 0.022 [4]. The baryon-to-photon ratio is defined as

B0 = 2B — (6.12 £ 0.04) x 107, (6.46)

Ny
which is a convenient way to express the baryon asymmetry of the uni-
verse and is related to Qp by npo &~ 280Qp0h? x 107, Before introduc-

ing leptogenesiﬂ let us start by briefly discussing the sphaleron process

44Which was first proposed by Fukugita and Yanagida in 1986 [141].
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[142] followed by baryogenesis. Derived from the electroweak field equations,
sphalerons are a static solution, which is non-perturbative and represents a
saddle point in the electroweak potential. This process is hypothetical and
is theorised to violate baryon and lepton numbers, while leaving B — L con-
served, where the process freezes out at ~ 132 GeV [18]. The sphaleron
process is capable of converting fermion types in groups of three such that
the process can convert three antileptons into quarks, or three leptons into
antiquarks and vice versa. Baryogenesis is a hypothetical process thought
to take place in the early universe, which produces a baryonic asymmetry
and thus the matter-antimatter asymmetry. Baryogenesis can be incorpo-
rated into the SM, however, it is thought that within the SM one cannot
produce enough of an asymmetry to account for what we see in the universe.
Baryogenesis within the SM requires that EWSB is a first-order cosmological
phase transition, wherein if the process is not first-order sphaleron transitions
would destroy any baryon asymmetry produced. SM baryogenesis is now gen-
erally unfavourable [143]. A theory of baryogenesis capable of explaining the
matter-antimatter asymmetry must obey the following conditions, known as
the Sakharov conditions |144]:

o Baryon number B violation - this is vital to produce an excess of
baryons over antibaryons.

o C-symmetry violation - this is required so that interactions that pro-
duce more baryons over antibaryons are not balanced out by interac-
tions that do the opposite.

o CP-symmetry violation - this is required so that interactions produce
more left-handed baryons over right-handed antibaryons.

e Out of thermal equilibrium interactions - this is required as otherwise
CPT symmetry would remove a net baryon number.

Unfortunately, as mentioned one struggles to produce a successful model
of baryogenesis within the SM, and therefore the asymmetry of the universe
acts as a strong hint towards BSM physics. Leptogenesis [19, [145] is a baryo-
genesis scenario that offers a simple and elegant solution to the observed
baryon asymmetry and arises from neutrino physics, with the minimal sce-
nario of thermal leptogenesis relying on the incorporation of the type I see-
saw along with the thermal production of heavy RH neutrinos. Within this
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model lepton number violating processes occur in the early universe which
produce a lepton asymmetry, this lepton asymmetry is then transferred to the
baryons via the sphaleron process. The lepton asymmetry is often achieved
through the incorporation of the RH neutrinos to the SM, which as we know
is attractive as this also allows the seesaw model of neutrino masses to be in-
corporated. Allowing one to simultaneously explain neutrino masses together
with the asymmetry of the universe. Typically, within thermal leptogenesis,
decays of the lightest heavy neutrino, denoted by Nj, are ultimately respon-
sible for the asymmetry. The heavy neutrino can decay into a Higgs-lepton
pair with the rate at tree-level given by [146]

_ 1
I'p, +Tp, = (N, = H+ 1) +T(N, — H +11) = 8—ﬁ(hh*)11M1. (6.47)

The CP asymmetry occurs because of interference between the tree-level
amplitude and the one-loop diagrams stemming from the one-loop vertex
along with the self-energy corrections. This results in the CP violating pa-
rameter which is defined as

I'p, — Ip,
g = -Ri Di 6.48
S (6.43)
where explicitly the CP asymmetry from N; is defined as [147]
3 M 1
~———————Im(hth—h"R* 6.49
€1 ]_67T(hTh)11 m( M )117 ( )

where corrections of O(M;/Ms3) have been neglected. From this one can
then obtain an upper bound on the CP asymmetry [23]

(6.50)

These heavy neutrinos feature no SM quantum numbers and are thus SM
gauge singlets; this is ideal and allows them to leave equilibrium with the
typical SM particles. This is interesting as the Lagrangian used to describe
these neutrinos, Eq. [2.4] satisfies all the Sacharov conditions; it has lepton
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number violation in the Majorana mass term, C and CP violation within
the mass matrices, and finally due to the heavy neutrinos singlet nature, it
also has the potential for out of equilibrium decays. Thermal leptogenesis
is a favoured form of leptogenesis as at high temperatures T' > M, because
it allows any lepton asymmetry that has already accumulated to be erased.
As the universe cools below the mass of M, these neutrinos drop out of
equilibrium, and thus CP violating decays create a B — L asymmetry, which
is stored in the lepton sector. The sphaleron process then converts a fraction
of this asymmetry to the baryon sector. The final baryon asymmetry is the
result of the interplay between the production of the asymmetry and the
washout processes that reduce the asymmetry. There are potentially three
out of equilibrium processes that can contribute towards the asymmetry,
these are [14§]

e N decays (D) and inverse-decays (/D) into Higgs bosons and leptons,
Ni < ¢l along with the opposite N; <> ¢l

« AL = 2 scatterings which are mediated by the exchange of all the
heavy Majorana neutrinos (¢ <> (¢, Il <> ¢¢, and Ul <> ¢¢.

« AL =1 scatterings mediated by Higgs particles Nyl(I) <+ £(t)q(g) and
Mit(D) « 1(1)q(a).

The decays, inverse decays and the AL = 1 scatterings all contribute in
driving the N; number density towards its equilibrium number density, N]evci.
The decays alone contribute towards the B — L generation, whilst the other
processes seek to washout the B — L number. The leptogenesis process is
described by Boltzmann equations, where if one neglects Yukawa couplings
and the sum of the three lepton flavours, one has [149]

dNy;,
dz

for the Ny, abundance, and then

= —(D+ 8)(Ny, — N3, (6.51)

dNp_p,
dz

for the rate of B — L. Within these equations, one has that D =T'p/Hz
for the decay and inverse decay rates, whilst S = I's/Hz for the scattering

= —€1D(NN1 - NX%) - WNB,L, (652)
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rates for the AL = 1 processes, and finally W = T'y,/Hz for the washout
rates.
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7 The Higgs Portal and Effective Theories

In this section, operators in QFT are discussed starting with requirements
of operators in QFT, before explaining what an effective field theory (EFT)
is. Next, the Higgs portal operator is introduced with emphasis on its ability
to connect the hypothetical dark sector to the SM sector. After this, the
WIMPzilla cross section for fermions is outlined, which features Higgs-Higgs
annihilations into dark sector particles. Finally, the Anisimov operator is
introduced, which is a special type of Higgs portal operator involving RH
neutrinos.

7.1 Operators in Quantum Field Theory

In quantum field theories, it is typical to work with all fundamental constants
equal to unity such that A = ¢ = 1, and thus all quantities are then measured
in energy with the unit of electron volts (V). As we have discussed previously
in quantum field theories, we typically start with the action, which features
a 4-dimensional integral over spacetime of the Lagrangian density such that

S = /d4x£, (7.1)

with the action being a dimensionless quantity. In a 4-dimensional field
theory we require that the Lagrangian density is of energy dimension [£] =
E*, this is because the four dimensions we integrate over have energy di-
mensions [d'z] = E~1. If we expand operators with perturbation theory, the
energy dimensions of the couplings are such that the Lagrangian density has
an energy dimension equal to the spacetime dimensions. If we look at the
Yukawa couplings of fermions to scalars

we can see that this Lagrangian density has dimension, [£] = E* as
the spinors have dimensions, [¢] = E3/2. the scalar field has dimensions,

[¢] = E', while the Yukawa couplings, y, are dimensionless.
An effective theory [150, [151] is the low-energy limit of a theory, an
example of this is the Fermi theory of weak interactions and most likely the
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SM itself. Effective theories typically involve couplings of negative energy
dimensions, [g] = E", with n < 0, in Fermis theory, the Fermi constant
is such that [Gr] = E~2, and holds for instances where the energies are
E < My =~ 80GeV, above which the complete SU(2) x U(1) electroweak
theory is required as the theory diverges. It is therefore worth looking for
potential operators with negative energy dimensions of couplings, n < 0,
which could give rise to new and interesting physics with new particles and
interactions for interactions below some energy threshold F < A, with A
being the energy in which the effective theory breaks down, at which point
we would require the complete theory. It is a requirement that a UV-complete
theory cannot have negative energy dimensional couplings, and therefore we
must have that n > 0. In typical QFTs of dimensions 3 4 1, this restricts the
types of interactions that are possible as only a handful of couplings have
n > 0. The dimensionality of the couplings is given by

n=4-—n,— gnf—n(;, (7.3)

where n, is the number of field types x in the Lagrangian density or

operator, with b being bosons, f fermions and § being derivatives, whilst 4

accounts for our typical 4D field theories. Within the SM all couplings are

dimensionless except for the Higgs mass term, £Higesmass — 244 which

features a coupling term of energy dimension two, and as such has been called
super-renormalisable.

7.2 The Higgs Portal Operator

Let us now introduce a potential extension to the SM, which features Higgs-
Higgs interactions with the so called ‘dark sector’. The dark sector con-
tains particles and interactions that do not feature within the typical SM
SU(3) x SU(2) x U(1), i.e. particles which are singlets under the SM gauge
group, and as such they do not have SM quantum numbers. However, these
dark particles are probably coupled to new interactions beyond the SM. There
is no reason to think this could not be the case as already within the SM
different fermionic fields already couple to different interactions in the SM,
for example, the LH quark fields couple to the strong, weak, and the electro-
magnetic interaction, whilst the RH charged lepton fields only couple to one
interaction- the electromagnetic force. One possible candidate that requires
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a rather minimal extension is the RH neutrino as we have discussed, which
should it exist would be a SU(3) x SU(2) x U(1) singlet. Should this hidden
sector exist, one could ask the question of why is this sector dark? There
are two possibilities as such [152], the first is that the hidden sector is hid-
ing behind a large mass scale, however, this creates a new kind of hierarchy
problem; why do these interactions not arise at a comparable mass scale of
the visible sector. The other possibility is that the scale of the hidden sector
is similar to that of the visible sector with coupling between the dark and
visible sector through weakly coupled fields with masses which are naturally
close to the visible scale, which would explain why the sector is invisible or
dark.

The Higgs Portal operator is an hypothesised operator which allows in-
teractions between the SM Higgs doublets with the hidden sector, and in a
generic form is [153]

—L = gxx®'®, (7.4)

and features the Higgs squared operator, ®'®, which is the only two-
dimensional SM operator that is both Lorentz and gauge invariant where & is
the typical Higgs doublet, and y is some dark sector particle, which could be
scalar, fermionic (with an adjoint ¥ present in the case of a Dirac fermion),
or vector particle (where indices would present for a vector particle, x,),
and the parameter g contains the coupling constant and other parameters
to ensure the Lagrangian is of dimension-4. This operator featuring Higgs-
Higgs is an extremely interesting operator and if we assume some fermionic
dark particles this operator becomes

A et
L = Zpyoio, (7.5)

with 1 being a fermionic field where A is the dimensionless coupling
constant between the dark sector and the Higgs sector, A is the scale of
new physics above which the theory breaks down and as such it can be
viewed as an effective theory. Without the scale of new physics this opera-
tor for fermionic dark particles results in a dimension-5 operator, thus the
scale of new physics ensures that the Lagrangian density is of dimension-
4. As we mentioned in the previous section an effective theory has a cou-
pling constant of negative energy dimension, which we can see by letting
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g = AN = [E°]/[E'] = [E~!]. The Higgs portal operator can influence a
whole range of physics such as; the EW scale [154], inflationary physics [155]
and dark matter interactions with the SM [156, |157, |1].

Field Higgs RH Neutrino

Symbol d N
Mass [GeV] 125 Model Dependent

Electric Charge |e] 0 0
Colour Charge 0 0
Spin 0 %
Weak Isospin ot =1 ¢"=—3 0
Weak Hypercharge % 0

Table 2: Quantum numbers of the fields involved in the 5-dimensional oper-
ator, assuming the fermion is a RH singlet neutrino.

7.3 The WIMPzilla Cross Section

One feature of the Higgs portal operator is that Higgs-Higgs annihilations
could hypothetically pair produce dark fermions, or more specifically in our
case right-handed neutrinos; it is also possible that these dark fermions could
themselves play the role of dark matter. A recent paper by Kolb et al.
extended the WIMPzilla model by introducing thermal production rather
than the gravitational production originally proposed [15§]. In this more
recent paper, the thermally averaged cross section for such a particle was
calculated [159], where the leading order interactions occur through a Higgs
portal with the SM Higgs doublet square operator. The Lagrangian for this
model is of the form{®]

Al
== )

with A being the scale of new physics and A is the coupling between the
Majorana fermionic fields and the Higgs fields. The thermally averaged cross

45We only summarise the key points of the derivation here, for an in-depth derivation
please see the original paper Ref. [159].
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section for a fermionic WIMPzilla particle was calculated by Kolb et al. [159]
and is given by

1 / Ppe  d’py  dpy dpy
neined | (2m)32Eq¢ (27)32E% (2m)32F; (27)32F,

_ (B 4B
x (2m)'6 (pe + ps — p1 — p2) Z Myxoosle™ ™,

51,52

(o) xx 08 =

(7.7)

where E = \/p* + M2, M is the mass of the DM candidate, and n® is
given by Eq. or Eq. depending on whether the particle is relativistic
or not. To solve this integral, it is useful to make use of

1 / d*pg d’ps
g = —=
XX=® T AP (py,pe) | (27)32Es (27)32E5
X (277)454(29@ +ps —P1 — p2)!MXX_>¢<§]2, (78)

where F(p1,p2) = (1/2)y/s/(s —4M?) is the Lorentz scalar function,
and s = (p; + p2)? is the Mandelstam variable. After averaging over the

possible spin projections of the WIMPzilla particles in the initial state, where
g = (25 + 1), the spin-averaged cross section is given by

TXX03 = 5 Z Z OXX—®d- (7.9)

S1  S2

This results in the thermally averaged cross section given by

2 3 3
9 d’pr d’pay _ _(B14By)
<0—’U>XX—>¢&> = nedned / (27T)3 (271_)30-XX—>‘I>§> UMQﬂ(pl?pQ)e T J (710)
with the Mgller velocity defined as
F(p1,p2)
val(pr, p2) = —m = /[T1 — a2 — |01 X Taf? (7.11)

o
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where ¥ = p/E. Providing 7xx_,43 is only dependent on s, the momen-
tum integrals over p; and ps can be evaluated, which yields

2 oo
g T _
(ov)xx 00 = neaned 30,4 A , ds (s = 4m*)\/s Ki(V/s/T) G xx a(s)
(7.12)

where K, (x) is the modified Bessel function of the second kind, with
n defining its order. To proceed, one must select the relevant |Mxy .esl,
which in the case of a fermionic WIMPzilla is given by

2\

Z‘M‘PT‘PHXXP = F(S—ZLMZ). (713)

51,52

If we now substitute this into our expression for o xx_.44, We get

d3 d3 _
(s — 4M?) (27r)4/ D2 2 P2 54 (po + pas — p1 — o),

. 112X

o 5 = —
XX AR ( 9Es 2F3
(7.14)

pr,p2) A2

where for a Majorana fermion we have g = 2. This can be evaluated,
which yields

_ 11—
OXX 3P — ?)2—71_@; s —4M?\/s — 4771% (715)

This results in the thermally averaged cross section given by
1 1\ o 2\3/2
(oV) xx 00 = WWPT g2 ds (s —4M*)°° K, (y/s/T),  (7.16)

where the mass of the Higgs boson has been neglected. Next, if one
performs a change of variables, where y/s/T = y one arrives at

1 LA o[l [~ 2 2 /213/2
(0V) xx 08 = nQQnGQ@FT {E /QM/TZ/dZ/ (y" —4AM*/T7)""Ki(y) | -
(7.17)
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This expression can be integrated with the help of the Meijer G-function
[160], with the part in the square brackets yielding

7TM2 _
-] 3\/EG3,0(M2 5/2) T (L4 45) e for T < M
el = —G5 | ~
8 72 10,2,3 1_%4_... for M < T.
(7.18)

In this result, the double exponential suppression arises from the fact that
only ® particles with high energy (particles that reside in the high-energy tail
of the Boltzmann phase-space distribution function) can produce y particles
with energy E = 2M. Finally, substituting the expression for n® results in

05423)} (7.19)

where a factor two has been included in the above result as there are two
potential annihilation channels. In the asymptotic limit for large and small
WIMPzilla masses, this results in

(0) 1 A2 T* VT s (M
ov F = — 5 ol =
XED® T g A2 MAKZ(M/T) | 8 20\ 17

1 )2 % for T << M

(ov) (7.20)

N ——— X .
2
16 A1 for M< T
where the case M < T is of importance for source-source interactions for

our RHINO model detailed in Section 11.

7.4 Anisimov Operator

Another interesting Higgs portal-like operator is the Anisimov operator |15],
which is not strictly a Higgs portal operator but has similarities, in the sense
that it features the Higgs-Higgs dim-2 operator coupled to RH neutrinos.
This operator takes the form [§],

Y —
Li=) %@@N;NJ, (7.21)
I1,J
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Let us briefly pause to compare the above Anisimov operator with the
WIMPrzilla operator of Eq. [7.6] Starting with the similarities, both oper-
ators are dimension-5 operators, both include the Higgs squared operator
®T®, both couple a fermion bilinear to a scalar bilinear (forming a Lorentz-
invariant and gauge-invariant interaction), both operators can contribute to
the masses of the fermions involved in the interaction after EWSB, and both
are invariant under SM gauge transformations. Now, for the key difference:
unlike the WIMPzilla operator, which contains only one flavour, the Anisi-
mov operator features flavour indices that allow for flavour mixing. The
WIMPrzilla operator serves as a Higgs portal for the production of potential
Majorana fermions, whereas the Anisimov operator not only facilitates this
production but also incorporates the possibility of flavour mixing, which is
vital to the RHINO model, as we shall see.

In previous work [99} 15] the main contributions come from the instance
I # J and the mixing it induces. However, as we have discussed the Anisimov
operator is capable of more than just mixing as it can also pair produce RH
neutrinos through Higgs-Higgs annihilations, with the thermally averaged
cross section given by Eq. [7.20] In the instance where I # J, one gets a
mixed production of RH neutrino mass eigenstates, and when I = J, one gets
a pure production of one RH mass eigenstate. Also when I # .J, this rather
remarkable operator has two unique qualities, the first is the ability to induce
oscillations of a source RH neutrino, Ng which is coupled to the SM, into an
uncoupled dark RH neutrino, Np, which could potentially play the role of
DM. The reason this happens is due to the Anisimov operator producing off-
diagonal terms in the mixing Hamiltonian, which will be discussed when the
model is discussed in more detail in Section 10 onwards. Another consequence
of the Anisimov operator will be discussed now and involves its ability to
induce decoupled dark neutrino decays. Before EWSB the RH neutrino only
Lagrangian takes the form [99)

ALy

®'ONG, Npy+hec., (7.22)

where D),y is the diagonal RH neutrino mass matrix as we are working
in a basis where the RH neutrino mass matrix is diagonal. After EWSB a
correction to the Majorana mass term is generated by the Anisimov operator
at zero temperature, M, = 2A;;v?/A, which results in the RH neutrino
only Lagrangian becoming
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1 1 N
/:,RH only _ ENfHDMIJNRJ —+ §6M;\JNI%INRJ -+ h.C., (723)

which introduces off-diagonal terms in the total Majorana mass term
MI)‘J = Dpygg + 0My. The total Majorana mass term can then be diago-
nalised with the standard method in which one can diagonalise a symmetric
matrix via Takagi diagonalisation. If mixing is assumed between only Ng and
Np, then M, = 2Apgv?/A, and the mixing matrix can be made real and
parameterised by only one mixing angle which results in the mixing matrix
given by

1 0 0
UM@Y) = [0 cos# sind? |, (7.24)
0 —sinf} cosé}

where corrections to the RH neutrino masses are considered negligible
M7 ~ M;. This mixing has another rather interesting consequence for the
Dirac mass matrix, which is now of the form

Mpe1  Mpe2 0
mp = Mpu1r Mpu2 0 s (725)
Mmpr1 Mpr2 0

where Np is decoupled from the SM, hence the column of zeros. However,
when we diagonalise the total Majorana mass term by U5 (#9) the Dirac mass
matrix becomes

Mpe1  Mpe2 COSHOY  Mpessin 63

A Arp0y _ 0 : 00
mp = mpUg(0y) = | mpn mpuzcosy mpuesinby |, (7.26)

Mpri Mpro oSty mprosinby

which introduces small effective Yukawa couplings for Np. These small
couplings are then capable of inducing Np decays, with the decay rate given
by I'poates = (0%)*h3Mp/4w. One derives the mixing angle 6% in as is
normally done for calculating mixing angles. The total RH neutrino mass
matrix after EWSB is given by
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Mh=(0 My % |,

O%MD

My 0 0
(7.27)

where we have defined A = Apg /A. Next, focussing only on the lower
right square matrix, one can subtract a term proportional to the identity

given by (Mp + Ms)/2 X Isys, which yields

_AM ?
AMp = ( E &) , (7.28)
A 2

where AM = Mp — Ms. If one then finds the eigenvalues of this matrix,

then one should have

T2
> AM —ATsin26¢ —\* cos 269
A A

2

<

_AM 22 + 0 + qin 949
( 1 > _ </\ cos20y AT sin20} )7 (7.29)

>

where we have used the two dimensional rotation matrix@ and two trigono-
metric identitieﬂ. Then finally, the mixing angle is obtained upon compar-

ison such that

AT sin 263 % 202/ o 0
N cosal] v = = tan 20} ~ 6}, (7.31)

where the small angle approximation has been used.

46The two dimensional rotation matrix is given by

Ry — <cos€ —sm9> ' (7.30)

sinf)  cos®

4TThese identities are that cos? 6 — sin? @ = cos 26, and 2 cos @ sin 6 = sin 26.
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7.5 Majorana Mass

In Section 5 a left-left Majorana mass term was briefly discussed and it was
mentioned that a left-left Majorana mass term would arise as an EFT which
implies some UV-complete theory exists [161]. The reason for this is that the
SM Lagrangian requires not only Lorentz invariance but also SU(2), xU(1)y
invariance to ensure renormalisability. A LH neutrino chiral field vy has a
hypercharge@, Y = —1, therefore the left mass term@

1

5 [mmzi/jll/zj/ + hC] s (734)

_£Left mass —

has a net hyper charge of Y = —2, as 7(v;)¢ has Y = —2. One method

to resolve this problem is to introduce some SU(2) triplet where Y = 2,

an example of this is the introduction of an isotriplet Higgs field. Another

possible solution is to introduce the lepton number violating dim-5 Wein-

berg operator [162, [163] which is the lowest dimensional operator capable of
preserving SM quantum numbers

Aag e nt =
L= =2 (I5d )@ Ly) + hc., (7.35)

where A\,p is a symmetric dimensionless coupling matrix, P = io2d* is
the Higgs dual, and A is an energy scale at which new physics emerges. This
operator can be obtained in the type I seesaw by integrating out the heavy
RH Majorana fields [164]. It is theorised that after spontaneous symmetry
breaking that this operator generates a left neutrino Majorana mass

48Gee Tab.
49The full Lagrangian for such a term is given by

L= £kinetic - ELeft mass (732)
) Trar 1 T 7 c
=1 Z, VLi/rYMa,U‘VLi/ - 5 [VLi’mLi/j/ I/Lj/ + hC:I y (733)

where v, is the left-handed neutrino field for the flavour index ¢/, v is the charge-
conjugated left-handed neutrino field, mY, ;o 1s the symmetric Majorana mass matrix,

ULy = I/L-,'yo is the Dirac adjoint of the left-handed neutrino field, y* are the gamma
matrices, and J,, is the four-gradient operator.
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Aapv®  m?
Myas = aT x TD (7.36)
where the masses can be suppressed if A > mp, which is interesting and
has the potential to explain the smallness of the neutrino masses that we
detect. At tree-level there are three ways to generate the Weinberg opera-

tor|161]:
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Figure 12: Feynman diagrams of the three seesaw mechanisms. The left cor-
responds to the type-1 seesaw, the middle corresponds to the type-II seesaw,
whilst the right corresponds to the type-III seesaw.

1. Type I seesaw mechanism features a SU(2) singlet fermion as the
mediator, shown on the left of Fig. [12 This involves heavy RH neutrinos
Ng that couple to the LH neutrinos ¢ via the Higgs field ¢, generating small
neutrino masses through a seesaw effect when the RH neutrinos acquire large
Majorana masses.

2. Type II seesaw mechanism features a triplet scalar A as a mediator, shown
in the middle of Fig. [I2 Neutrino masses are generated through a scalar
triplet that couples with LH leptons ¢, with the neutral component of the
triplet acquiring a small vacuum expectation value. This process is similar
to typical mass generation by the Higgs in the SM.

3. Type III seesaw mechanism features a triplet fermion ¥z as a mediator,
shown on the right of Fig. [12] This mechanism introduces fermion triplets
that couple to the lepton doublets ¢ and the Higgs field ¢, producing small
neutrino masses when the triplets acquire large masses. This process is sim-
ilar to the Type-I seesaw.
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8 Dark Matter Searches

The detection of DM is a current goal of experimental and theoretical parti-
cle physics, with theorists developing models with new interactions typically
through extensions of the SM, some of which have been discussed. It is hope-
ful that proposed extensions of the SM produce signals which can be searched
for. There are currently three possible avenues for DM searches, which are
categorised as direct searches, indirect searches, and collider searches, all of
which will be outlined in this section and are mostly built around detecting
WIMP like particles.

DM SM SM SM SM DM

DM SM DM DM SM DM

Figure 13: Interaction diagrams for the three DM detection techniques. The
left diagram represents indirect detection via DM annihilations, though de-
cays are also possible. The middle diagram shows direct detection, where a
DM particle scatters off a SM particle. The right diagram is unlikely to pro-
duce a detectable signal due to the weak interactions between DM and SM
particles, assuming such interactions exist. This process could also involve a
mediator.

8.1 Collider Searches for Dark Matter

It is expected that particle colliders themselves will not be able to identify
DM; however, it is extremely hopeful that particle accelerators will at some
point identify some missing energy predicted by some novel theory, such as
an effective field theory, some simplified model, or some complete model that
could lead to us segregating and identifying DM. DM searches in colliders
rely on the production of DM particles or novel mediators [165, [166]. Un-
fortunately, this has some rather difficult problems to overcome. Firstly,
many DM models do not produce detectable results, and secondly, if there
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are possible signatures, they are typically hidden behind some inaccessible
mass scale or are so weakly interacting that the chances of production are
minimal. Naturally, as our technology improves, our ability to probe these
extensions at colliders becomes more realistic. However, many extensions are
still far beyond what is feasibly testable in laboratories in the near future. It
is no mystery that particle colliders have been one of the most useful tools
for probing the SM and thus have led to the discovery of many fundamental
components of our known universe, with the Large Hadron Collider (LHC)
being the most powerful particle accelerator amongst the current generation
of particle accelerators. As we have previously discussed, it is widely accepted
among physicists that DM is a new form of matter, composed of particles not
present within the SM. This is unsurprising, given that all known phenomena
in the universe can be attributed to interactions between particles through
the exchange of mediator particles, with the current exception of gravity.
The Higgs portal discussed in Section 7 or some other unspecified EFT
could be the link between the dark realm and the visible realm, which poten-
tially could result in signatures at colliders. It is expected that if DM particles
were to be produced in colliders, it would result in missing energy similarly
to how neutrinos behave by essentially interacting with almost nothing upon
production. The fact that DM is still present implies that it must be ex-
tremely stable, which can be imposed by a Z symmetrﬂ as an example, in
which the SM content could be even and the DM particle(s) could be odd.
Simple extensions of the SM which could be investigated at colliders capa-
ble of accounting for DM are Higgs portal as discussed, or Z boson portal
models |167]. As we have seen, Higgs portal models in their simplest form
can be constructed by adding only novel DM particles to the SM, where re-
cent generations of colliders have now made it possible to probe these realms
albeit without any success. With Z-portal models the situation is similar,
but unlike Higgs portals, they are strongly constrained by LEP and direct
detection experiments [168]. If DM interactions are mediated by SM bosons,
searches for invisible particle production are the key to finding DM. Similarly
to what occurs in the production of neutrinos mediated by the W boson in
charged current interactions or the Z boson in neutral current interactions,
there is a particular emphasis on looking for effects of invisible particles being
produced from the decay of Z bosons. Here, the invisible decay width is of

50This is similar to what one has with supersymmetery, where some species are even
and some are odd. The Z, is the cyclic group that has two elements 1 and -1.
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importance and has been measured to be 499.1 4+ 1.5MeV and has been used
to constrain many Z-portal models [168]. A similar situation arises from the
invisible Higgs boson decays, which account for around 0. 1% of the total
decay width of the Higgs boson[169]. Hopefully, the Higgs-to-invisible rate
could become observable and these interactions could be viewed by directly
observing the recoil of these decays against other visible particles.

Naturally, EFT interactions are not required to be as simple as the Higgs
or Z boson portals and could involve numerous generations of dark particles
and the interactions with the SM could also be mediated by a new more
massive particle or particles. If this is the case, then there are thought to be
two possibilities, whereby one hopes that such a model could provide some
insight with which we could build upon. In the case where the mediator is
more massive than the collision energy, the DM-SM interaction would ap-
pear to be a contact interaction, with the complex high energy interactions
integrated out. The other possibility is that the mediator is not massive
compared to the kinetics of the collision, in which case one would hope that
the full theory could be found. One might also look at supersymmetric mod-
els|84, B3], or some other complete theory which features long-lived particles
present that could play the role of DM [7]. Supersymmetry has received a
fair amount of collider examination, especially from ATLAS and CMS, with
many searches for its particles, such as squarks and gluinos. Unfortunately,
no conclusive supersymmetric signal has been detected thus far, and rarer
processes are now being examined after failure with the most prominent chan-
nels|170]. Methods employed to find DM at colliders include searches with
jets, searches utilising photons and vector bosons, searches utilising the Higgs
boson and related physics, searches with heavy third-generation quarks, Dijet
searches, supersymmetric searches, Higgs to invisible decays, and low-energy
beam dump experiments [171} 7).

8.2 Direct Detection of Dark Matter

Direct detection of DM involves signatures in laboratories from DM and SM
scatterings. These searches depend on DM particles from the Milky Way’s
DM halo scattering in a detector on Earth (composed of SM particles) and
are typically located deep underground. The direct detection rate is likely
to depend on the local density of DM and its local velocity distribution,
with estimates for the density of DM currently at approximately p ~ 0.39 +
0.03GeVem ™2, which has a systematic uncertainty of up to 40% when factors
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such as DM clumps, streams, or effects of the galactic disk are taken into
account |172, [173]. When a DM particle scatters off nuclei in a detector, a
recoil energy is induced, which can generate a detectable signal in the form of
phonons or photons as examples. WIMP or WIMP-like particles are expected
to feature potentially large de Brogile wavelengths, and as such the particles
are expected to interact coherently with all nucleons within the target mass
of the detector. The expected rate of WIMP scattering off a target nucleus of
mass my is integrated from the minimal WIMP velocity to induce a nuclear
recoil of energy E,,., up to the escape velocity at which the WIMPs are no
longer bound to the potential well of the Milky Way [174]

dR pM Vese do
= vf(v) E

dE,,  mym,y

dv, (8.1)

where m,, is the WIMP mass, o is the scattering cross section, M is the
detector target mass, f(v) is the normalised WIMP velocity distribution of
the Milky Way, and p is the local DM density. The differential cross section
is dependent on both spin-independent interactions (SI) and spin-dependent
interactions (SD) [173] and is given by

do  my
dE,,  2v2u?

(051F&(Eur) + opsFis(Far)), (8.2)

with p being the reduced WIMP-nucleus mass given by u = (mym,)/(my+
m,), while Fy is the form factors which encode the dependence on momentum
transfer and nuclear structure, which avoids explicit details of the dependen-
cies, with an example being the Helm Form Factor which applies to spin
independent interactions|175].

Inorganic crystal detectors are used in searches for WIMP DM and in-
clude high purity Germanium crystals, with high purity Germanium being
an ideal detector as only a small amount of energy is required to create an
electron-positron pair, which allows good resolution due to many signal car-
riers, although this material at large masses can at times be too sensitive
to background noise. Other examples of Inorganic crystal detectors involve
the use of Si-crystals, Nal(T1), and also CsI(T1). Examples of crystal scintil-
lator experiments are DAMA/LIBRA [176], ANAIS [177], KIMS [178], and
DM-Ice at IceCube [179]. Another type of DM direct detectors are cryogenic
detectors, and these depend on detecting a heat signal in the form of phonons
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by measuring a temperature increase after a collision of a DM particle with
the detector; example materials used are dielectric crystals such as germa-
nium and silicon in experiments such as Soudan Mine [180], CRESST [181]
and CoGeNT [182]. Liquid noble gases are also deployed as DM detectors,
known as noble liquid detectors, with the noble gases argon and xenon often
employed because they are also excellent scintillators, as they too can be eas-
ily ionised. Examples of noble gas scintillators are DEAP [183] and DarkSide
[184] which use argon for sensitive WIMP searches; other examples include
Zeplin [185], and XENONIT [186] which used xenon, with larger multi-ton
detectors proposed for future searches. Other types of DM detector include,
but are not limited to, bubble chambers such as the PICO experiment [187],
and novel techniques involving quantum dots [188] have also been proposed
and are believed to be capable of improving current DM constraints by orders
of magnitude, while also employing directional detectors.

8.3 Indirect Detection of Dark Matter

Indirect detection of DM does not involve detection of the DM particles
themselves but rather the detection of the products of DM interactions. This
typically involves looking for astrophysical and cosmological effects of DM
annihilations or decays into SM particles. The idea revolves around scan-
ning the sky seeking an excess or unexplained SM particles that cannot be
attributed to known astrophysical processes. Neutral particles are an ideal
choice; this is because the signal is not as likely to be influenced by other
astrophysical processes resulting in a clearer picture of the process in which
they are created. The flux of such neutral daughter particles is given by [189]

I dN

O(E, ¢) — il
(E,¢) 4ml dE

plr, (¢, ¢)]d, (8.3)

where a = 2 for annihilation’s, whilst a = 1 for decays. Other parameters
in the equation are the mass of the DM particles my, while dN/dFE is the
energy spectrum of the parent particles, while p is the density parameter of
the DM. The expression is integrated over line of sight d¢ and in the case
of annihilating DM this yields the J-factor [190]. The final parameter is the
rate I and takes two forms; in the case of annihilations, it is proportional to
the thermally averaged cross section I' = (ov), and when decays are involved
[' = 1/7, where 7 is the lifetime.
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Neutrinos possess unique abilities to probe DM due to their neutral nature
and could arise from DM annihilations and decays. One relatively recent and
exciting prospect in the search for DM stems from the 3.5keV line which could
be a signal from keV-sized sterile neutrinos decaying through the process
X — v + 7, however, when using blank sky searches, no 3.5keV line is found
[191] which is not expected if this signal is produced by DM decays as the
signal should also be detectable everywhere in the halo, thus the signal is
disputed [192]. Another possible method is utilising gamma rays [193] [194],
where it is believed that any DM model which features hadronic final states
should in theory produce strong gamma ray signals, with ongoing searches
investigating gamma rays from the Sun, the centre of the Milky Way, in other
galaxies, or other extragalacitc gamma ray sources.

Signals from X-rays are investigated with indirect detection experiments
at places such as XRISM [98], as X-rays, being neutral particles, can mostly
ignore potentially tempestuous astrophysical magnetic fields. It is thought
that electrically charged products can be produced from DM annihilating,
which can in turn lead to X-ray signatures by inverse Compton scattering
with astrophysical magnetic fields. Other forms of electromagnetic radiation
are also investigated for DM signals; for example, charged products of DM
annihilations can produce synchrotron emission as they pass through astro-
physical magnetic fields. An exciting X-ray prospect is, of course, the 3.5keV
signal previously discussed. Cosmic rays also have potential in DM searches
in the instances that the final states from DM annihilations or decays result
in charged leptons, with excitement arising from the high energies available
to investigate novel physics that is not possible in lab based colliders. Parti-
cles such as positrons and antiprotons are investigated for fluxes of excessive
energies. Other possible indirect contributions from DM include effects on
the CMBE| through photon emission and electromagnetic cascades, the pro-
duction of antimatter via DM interactions, the capture of WIMPs leading to
neutrino emission, and various astrophysical and cosmological signatures.

When searching the sky for an indirect DM signal, one typically has
to account for known astrophysical processes; these known processes create
components that act as noise, which require removing or accounting for, after
which an excess or unexpected signal is likely interesting and accounts for

51Processes involving DM, such as annihilations and decays, can release energy dur-
ing recombination. This can, in turn, delay the process of recombination and alter the
CMB by damping small-scale anisotropies, shifting acoustic peak positions, and affecting
polarisation. Current CMB data places constraints on these interactions [195].
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unexplained physics that the model or fit has not accounted for. An example
of such a parameter is the spectral index from observational astronomy, often
indicated with -, which characterises the dependence of the flux density on
the frequency such that the radioactive flux density for some frequency is
proportional to the spectral index, i.e. ®, o v7. Specific examples of indi-
rect experiments include ~-ray observatories such as the Fermi Gamma-ray
Space Telescope [196] and the Large High Altitude Air Shower Observatory
(LHAASO) [197] which is also capable of detecting cosmic rays. Neutrino
telescopes such as IceCube [198] are also involved in indirect searches for DM
signals, with their most recent bounds included in our results; see Figs. -
221
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9 Neutrino Experiments

In this section, the current goals of neutrino experiments are discussed. First,
the results and methods of neutrino oscillation experiments are divulged,
and secondly, [-decay experiments are outlined along with their potential
for identifying the nature and mass of neutrinos. Finally, neutrino telescopes
are discussed with a particular emphasis on IceCube.

9.1 Neutrino Oscillation Experiments

Neutrino mixing, and thus masses, provided the first definitive evidence that
the SM is not a complete description of particles and their interactions (ex-
cluding gravitational interactions). Due to this, neutrino oscillation experi-
ments are currently of great interest, with accurate determination of neutrino
mixing angles a subject of ongoing research and exploration [113]. The im-
portance of these oscillation experiments lies in their potential to provide
crucial insight into the properties and nature of neutrinos. Multiple neutrino
oscillation experiments have been created, and they typically involve the
production of a beam of neutrinos in some flavour which is then detected at
some distance. A comparison of the flavour composition between the created
and detected beam is then performed, allowing properties such as neutrino
mass differences and mixing angles to be extracted; however, this is diffi-
cult due to the multi-variable nature of the equations that govern neutrino
oscillations. These experiments can either be appearance or disappearance
experiments. As discussed in Section 4 there are three mixing angles, these
are 012,013, and, o3, which are known as the solar mixing angle, the reac-
tor mixing angle, and the atmospheric mixing angle, respectively. If one
only includes the dominant oscillations for a given instance, then a simple
two-neutrino oscillation description will suffice, where the probability that a
neutrino created in flavour « is detected as flavour g is given by

(9.1)

B g s 1.27Am?j€
P(v, — vg) = P,g = sin®(26;;)sin” | ———— |,

E,
in units GeV for energy and km for distance.
The solar mixing angle determines the mixing angle between the first and

second neutrino mass eigenstates, with the SNO [199] and Borexino [200]
experiments providing precise values for 65, at approximately 33.8°. Matter
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effects play an important role and induce conversions of electron neutrinos
to muon neutrinos. If matter effects are not included, the parameters ¢ =
10%km and electron neutrinos with energies O(10MeV) imply that Am?sol =
1071%V?] in contrast to Am2, = 107°eV?, which is obtained when matter
effects are accounted for. Reactor neutrinos have helped verify the initial
solar results with experiments featuring baselines of approximately 100km for
the O(MeV) electron neutrinos produced in experiments such as KamLAND
[201] in Japan. The results from KamLand have confirmed the conversion
of electron neutrinos to muon neutrinos due to the MSW effect and thus
reinforced the Am?; obtained from the solar experiments.

The atmospheric mixing angle determines the mixing between the second
and third neutrino mass eigenstates, with measurements of the mixing angle
currently at 48.6°, which indicates an almost maximal mixing, with contribu-
tions to measuring the mixing angle coming from Super-Kamiokande [202]
and IceCube [203]. Atmospheric neutrinos are produced when cosmic ray
particles collide with particles in the Earth’s atmosphere. This creates a cas-
cade of short-lived mesons, typically pions that then decay into muons and
muon antineutrinos, or vice versa. These muons also then typically decay
into an electron, anti-electron, and a muon neutrino; thus the flavour com-
position of the incident neutrinos is normally around 2/3 muon neutrinos
and 1/3 electron neutrinos. Less muon neutrinos were detected compared
to what was predicted; this observed discrepancy is due to muon neutrinos
oscillating into tau neutrinos, with a maximal disappearance coming from
atmospheric neutrinos arriving when the baseline is roughly the Earth’s di-
ameter relative to the incident neutrino energies. These results were also
verified by a disappearance experiment, utilising accelerator muon neutrinos
with energies O(GeV) thanks to the T2K experiment [204]. Unlike solar neu-
trinos, matter effects are not important, and thus the oscillations essentially
occur in a vacuum.

Finally, the reactor mixing angle determines the mixing for the first and
third neutrino mass eigenstates and has been measured at around 8.6° by
experiments such as the Daya Bay [205], Double Chooz [206], RENO [207],
and Tokai-2-Kamioka (T2K) experiments [204]. Due to the small value of
013, it was initially assumed to be zero. The smallness of ;3 also presented
additional difficulties in measuring it compared to 615 and 6s3. This is be-
cause its small magnitude makes it sensitive to interference from the other
oscillation channels. The other two angles, 615 and 6,3, have relatively large
experimental uncertainties, which further complicated the isolation of 6;3.
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Experiments involving the disappearance of 7, are generally employed when
measuring #,3, with the detector placed roughly 1km allowing one to segre-
gate the reactor oscillation term relative to the neutrino energies. These three
mixing angles together with the complex CP violating Dirac phase form the
PMNS matrix as also discussed in Section 4. Next generation experiments,
such as the Deep Underground Neutrino Experiment (DUNE) in the United
States and the Hyper-Kamiokande experiment in Japan, aim to produce even
more precise measurements of neutrino mixing angles, especially #,3 and the
CP violating phase, which has to some extent been examined by T2K [208].

9.2 Neutrino Properties from Decay Experiments

Isotope  G% (107 "y~ 1) Qs (KeV)

BCa 6.35 4273.7
6Ge 0.623 2039.1
82Se 2.70 2995.5
%7y 5.63 3347.7
100Mo 4.36 3035.0
10pq 1.4 2004.0
16Cq 4.62 2809.1
1248n 2.55 2287.7
130T 4.09 2530.3
136X e 4.31 2461.9
150Nd 19.2 3367.3

Table 3: Nuclei which are theorised to undergo Ovj33-decay, where G% are
the phase space factors, and )gg are the Q-values which indicate the expected
energy peak fo the emitted electrons, adapted from [209).

Results from neutrino oscillation experiments have provided evidence that
neutrinos are massive, with a current goal in neutrino physics being measur-
ing the electron neutrino mass. Measurement attempts are typically made by
studying B—decay[ﬂ with the energy distribution of emitted electrons roughly

52Tritium is a very popular isotope for multiple reasons. It has a relatively short half-life
~ 12.4yrs, it emits electrons with a low energy of only ~ 18.6keV, and a molecular structure
simple enough to confidently calculate the energy spectrum of the electrons emitted [210].
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given by [211]

dN
dE.

= Ap(E +m.)(Ey — E)\/(Eo — E.)? — m2F(E.)0(Ey — E. —m,),
(9.2)

where A is a normalisation constant, m,. is the mass of the electron,
Ey is the maximum allowed electron energy from decay kinematics which is
known as the end point, while F' is the Fermi function, and 6 is the Heaviside
function which imposes energy conservation. It is clear from Eq. that
the maximum allowed electron energy is determined by the neutrino mass
since the electron neutrino contains the missing energy from the decay. It
is hopeful that electrons in the end points of the distribution are found;
however, electrons in the end points are rare occurrences. To help improve
the chances of finding these electrons, some techniques can be employed
such as using isotopes with a small end point as this increases the number
of electrons found towards the end point thus reducing the statistical error.
Using a detector with as good as possible energy resolution is also an obvious
advantage, along with using a thin [S-source to stop the material altering
the kinematics of the emitted electron. Attempts are also being made at
measuring the mass of the two other neutrino flavours also through decays
of particles, with an example being the measurement of the muon neutrino.
These muon neutrinos are produced through a process in which a pion decays
into a muon and a muon neutrino, 7t — p* + v, [212]. In doing these types
of experiments it has been possible to place upper limits on the masses of all
neutrino flavours.

If neutrinos are massive and Majorana in nature, the three CP violating
phases remain [213] and as such this opens up a theoretical avenue of exper-
imentation which investigates neutrinoless double beta decay (0vf5p3) [214,
215, |216], which is a modification of the SM double beta decay (55-decay).
BB-decay occurs in rare isotopes where the daughter isotope has a higher
binding energy than the parent isotope, BE(P) < BE(D). Not only does
[B-decay occur in rare isotopes, but the process itself, if it exists, is also ex-
tremely rare. A Feynman diagram for Ov3-decay is shown in Fig. [14] and
as we have mentioned it is a potential method for testing the nature of neu-
trinos, since this process can only occur if neutrinos are Majorana particles.
The form of this process is defined as [214]
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n p

Figure 14: The typical Feynman diagram for neutrinoless double beta decay
in which two neutrons decay into two protons and two electrons, with no
neutrinos in the final state. The idea is that an antineutrino is emitted from
one of the nuclei which is then absorbed by the other.
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(A, Z) = (A, Z +2) + 2¢, (9.3)

which clearly violates lepton number by two. If this process were found
to exist, it would indicate that lepton number is not a symmetry of nature
and would further fuel the speculation that leptons play a major role in the
matter-antimatter asymmetry of the universe. Unfortunately, this process is
also hypothesised to be extremely rare, as is displayed in Tab. |3 and implies
that the chance of detecting such a process is exceptionally slim. The decay
rate for OvBf is given by [215]

1
Ov Ov Ov |2 2
BB
where T4 is the lifetime, G% is the phase space factor, M is the ma-
trix element which is obtained from the relevant Feynman diagram for the
process, and |mgg| is the effective Majorana neutrino mass given by [214]

(mgg) = : (9.5)

3
Z UZm;
i=1
where m; are the light neutrino mass eigenstates arising from the type I
seesaw, and U,; is the typical leptonic mixing matrix. There are currently
many experiments seeking to investigate, or rather detect Ov3/ such as the
Germanium Detector Array experiment (GERDA) [217], the Enriched Xenon
Observatory experiment (EXO) [218], Kamioka Liquid Scintillator Antineu-
trino Detector-Zen experiment (KamLAND-Zen) [219], and the Cryogenic
Underground Observatory for Rare Events (CUORE) [220].

9.3 Neutrino Telescopes

Neutrino astronomy is a growing field that uses neutrino telescopes to ob-
serve high-energy neutrinos produced from astrophysical sources. Classical
telescopes are electromagnetic (EM) telescopes that detect photons in the
visible part of the EM spectrum. EM telescopes not only detect photons in
the visible part of the EM spectrum but can also be designed to detect pho-
tons of other energies; hence, we have the fields of X-ray astronomy and radio
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wave astronomy. Typically, a neutrino telescope comprises a large volume of
transparent medium that interacts with incident neutrinos, and this interac-
tion then produces detectable particles such as charged leptons or photons.
Then, by backtracking these secondary particles, one can infer information
about the original incident neutrino and thus the astrophysical processes
that produced them. Let us briefly discuss the major advantage of neutrino
telescopes when compared to optical telescopes. One large advantage is that
neutrinos are not significantly affected by physical phenomena during their
propagation; this allows neutrinos to enhance our knowledge of extremely
dense regions of space that would be inaccessible to EM telescopes. An ex-
citing research avenue is using neutrino telescopes in combination with other
detectors, such as gamma-ray detectors and gravitational wave observatories,
known as multimessenger astronomy. This allows a more comprehensive and
multidimensional understanding of the universe and its processes.

Currently, the most capable neutrino telescope is the IceCube neutrino
observatory, which is located at the South Pole [198]. IceCube is comprised
of an array of over 5,000 optical sensors; these sensors are embedded within
a cubic kilometre of ice situated approximately 2.5km below the surface. As
we have discussed, IceCube relies on high-energy neutrinos interacting with
the ice and then producing charged leptons, which are detected directly or
through the Cherenkov radiation they emit. IceCube is the most sensitive to
muons and neutrinos with energies in excess of 100GeV [221]. High-energy
neutrinos enhance the possibility of detection of the muons created, as the
muons produced have sufficient energy to travel to the detectors located
within the ice. As with other neutrino telescopes, the main objective of Ice-
Cube is to improve our understanding of astrophysical processes, particularly
processes involving cosmic rays that produce neutrinos during their interac-
tion with the Earth’s atmosphere. Although IceCube is primarily a neutrino
telescope, it also serves as an excellent cosmic-ray detector. The results of
IceCube have produced remarkable insights into high-energy astrophysical
processes, including the identification of high-energy neutrino sources, such
as blazars and gamma-ray bursts [222].

As we have discussed in previous parts of this thesis, neutrinos could
play a large role in DM, with the search for DM signals also of interest at
IceCube and other neutrino telescopes. An example of such signals could be
the production of neutrinos from decaying DM particles. These DM decays
could potentially lead to high-energy neutrino fluxes, and if this is the case,
one could potentially expect a signal at IceCube. [223] 224} [225]. IceCube
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has been operating for over a decade and has detected multiple very high-
energy neutrinos with origins outside of our Solar System. The energies of
these neutrinos ranged from 10GeV to several PeV [226] 227, 228]. A re-
cent study by the IceCube collaboration analysed 7.5years of High-Energy
Starting Events (HESE) data [223] and delivered the most constrained DM
lifetime to date. The analysis found that that 7 > 10%” — 10%s for the energy
range of 60TeV to 10PeV. This result is of significance to the RHINO model
discussed within this thesis, as the DM particles are expected to decay into
SM particles, which could in theory be detected at neutrino telescopes. A
proportion of the high-energy neutrinos detected at IceCube could require
new physics to fully explain, with one optimistic possibility being a contribu-
tion from dark matter. In theory, the mystery of these high-energy neutrinos
could be resolved with a clearer understanding of the astrophysical mecha-
nisms that produce them and their cumulative contributions. Interestingly,
the observed neutrino flux is isotropic, which suggests a large number of unre-
solved sources or phenomena, potentially stemming from either astrophysical
origins or new physics.

IceCube is not the only neutrino telescope, with the ANTARES [229, 230,
231] detector being another neutrino telescope located off the coast of France
about 2.5km deep on the seabed. KM3NeT [232, |233] is a next generation
neutrino telescope that is currently under construction (although it is still
currently taking data) in the deep waters of the Mediterranean Sea. KM3NeT
aims to become the largest neutrino telescope to date, with two sites; one
being the Astroparticle Research with Cosmics in the Abyss (ARCA) site
which focuses on the detection of high-energy astrophysical neutrinos, and
the other is the Oscillation Research with Cosmics in the Abyss (ORCA)
which is optimised for studying neutrino oscillations and determining the
neutrino mass hierarchy. To summarise, if neutrinos and dark matter are
linked, neutrino telescopes would undoubtedly become vital tools in the quest
for evidence.
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10 RHINO Dark Matter

The RHINO DM model will now be introduced, before introducing two meth-
ods of DM production which have previously been explored; this first pro-
duction method utilises the LZ approximation where source RH neutrinos
are resonantly converted to a dark neutrino which can play the role of DM.
The second method uses the density matrix, which has a long history in cal-
culations with respect to neutrino oscillations. Finally, leptogenesis within
the model is discussed.

10.1 The RHINO Lagrangian

Let us now introduce the RHINO DM model proposed by Di Bari et al. [99]
starting with the effective Lagrangian for the model, which features the tradi-
tional type-1 seesaw Lagrangian [234] with three generations of RH neutrino
plus the Anisimov operator, which currently features only a Higgs-inducing
neutrino mixing term. The Lagrangian for RHINO DM before spontaneous

EWSB is given by (« = e, pu, 7 and I,J =1,2,3)

. o1 A S
LY vion = LahasNrs® + 5 Nar DNy + %@@N@,Nm +he..
(10.1)

Where LT = (vp4,ar) are the leptonic doublets, ® is the Higgs doublet
(® = io,®* is its dual), the hq’s are the neutrino Yukawa couplings in the
flavour basis where both charged lepton and Majorana mass matrices are
diagonal, with Dy, = diag(M;, My, M3), noting that M; < My < Mj are
the three heavy neutrino masses, with a dark decoupled neutrino identified
as the largest neutrino such that N3 = Np. This Lagrangian currently does
not feature Higgs portal interactions when I = J. The Higgs VEV generates
the neutrino Dirac mass matrix mp = vh after EWSB. In this model one of
the three RH neutrinos, N3 in this instance, is assumed to have vanishing
Yukawa couplings and is therefore decoupled from the seesaw mode, such
that the Yukawa couplings for neutrinos are given by

53Perhaps one should at this point refer to Np as a heavy neutral lepton, until the small
Yukawa couplings are induced by the Anisimov operator.
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hel he2 0
h=|lu he Of, (10.2)
th hTQ 0

which, as one can see, results in one of the columns in A and therefore
one of the columns of mp to be vanishing and, as such, is decoupled from
the seesaw formula, which, for example, can be justified by imposing a 2,
symmetry. In this model, the light neutrino masses are given the seesaw
formula discussed in Section 5 and are defined by

D,, = diag(my = 0, mg, m3) = UTmDngU*, (10.3)
Dy

with U being the leptonic mixing matrix, which reduces to the two RH

neutrino case, if one has as we do, that the lightest neutrino mass is vanishing,

my; = 0. This ensures that the model predicts hierarchical light neutrino

masses. Naturally, in the Yukawa basis, the Yukawa matrix is diagonal, such

that Dy, = diag(ha, hp, he), with hy = 0 < hp < he. The transformation

between the mass basis and the Yukawa basis is given by the bi-unitary
transformation

mp =V, Dy Ur, (10.4)

in which Ug (V) is the RH (LH) neutrino mixing matrix that acts only
on the RH (LH) neutrino fields. Without the Higgs-induced interactions that
are produced by the Anisimov operator (when A\;; = 0) Uy given by

cose sine 0
Ur(e) = | —sine cose 0| . (10.5)
0 0 1

where ¢ is a complex angle and if one takes € ~ 0 this results in Ug ~ I,
which maximises the lifetime of the dark neutrino. This mixing matrix is ca-
pable of generating a mixing between the seesaw neutrinos (the two neutrinos
that are not Np), which is necessary if one wishes to have non-vanishing C'P
asymmetries in these two neutrinos, thus allowing one to generate the baryon
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asymmetry via leptogenesis, which is even possible with infinitesimal devia-
tions from Ugr = I [148]. The mixing matrix Ug(e) results in the dark RH
neutrino Majorana mass eigenstate, Np, coinciding with the Yukawa eigen-
state, N3, which is completely decoupled and extremely stable, resulting in
no possible production mechanism. The lifetime of dark neutrinos can be
further maximised by assuming that the dark neutrino mixes only with the
seesaw neutrino with the larger Yukawa couplings hp, which plays the role
of a source RH neutrino Ng [99]. This neutrino can be either of the seesaw
neutrinos; however, we assume that Ng = Ny and, therefore, Mg = M,.
We also assumed NO for the light neutrino masses in order to minimise the
source neutrino Yukawa coupling and to maximise the lifetime of the DM.
The neutrino Yukawa couplings are given b hs = hg = vVmsoMs /v, which
means one also has h¢ = /Maym My /v, where either I = 1, if Ng = Ny, or
I =2, if Ny = N;. However, and this is key, to have successful leptogenesis
much below 10°GeV, one necessarily has M; ~ M,, thus it does not make a
difference in our discussion which seesaw RH neutrino is the source neutrino.

This means the RHINO Lagrangian Eq. simplifies to

_ I 1
=LY vrin = LahasNrs® + §N§IDM1JNRJ + [\—@T@NBNS +h.c.,
DS
(10.6)

where we have ]\DS = A/Aps. As we have seen in Section 3 after EWSB,
the Higgs acquires a VEV, v, which generates a neutrino Dirac mass matrix
given by

Mpe1  Mpe2 0
mp = vh = Mpu1 MpDu2 0] . (107)
mpr1 Mpra 0
Additionally, small off-diagonal corrections from the Anisimov operator

to the Majorana mass term are generated, 6 Mg = UQ/]\D& this results in
the Lagrangian now given by

~ 1 _ 1—
_EVD+M+5MSS = mmDaJNRJ@ + éNj%IDM[JNRJ + §NIC)5M]§SNS + h.c..

(10.8)

54This ensures that the light neutrino masses are given by m, = (0, Msol, Matm )-
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Due to this the mass eigenstates of the RH neutrinos involved in the
Anisimov operator are modified ag’”]

Ns — Ng \ = Npsin 0} + Ng cos 0} (10.9)
Np — N » = Np cos 6y — Ngsin 63, (10.10)

where one also has thatP9

00 _ 2’02/]\1)3
AT Mp (1 — Mg/Mp)’

(10.11)

which is the effective mixing angle at zero temperature. Due to this, the
RH neutrino mixing matrix, which takes us from the new mass eigenstate
basis to the flavour basis, is given by

1 0 0
Un@) =10 cos6} sind} |. (10.12)
0 —sinf} cosé}

The Dirac mass matrix in the new basis is therefore given by

Mpel  Mpe2 COSOY  Mpes sin 68

A _ Arp0y _ 0 .00
mp = mpUg(0y) = | mpun mpuzcosfy mpuosinby |, (10.13)

Mpr1 Mpra oSO  Mmprosin

which shows that the mass eigenstates created by the field Nj} are what
one should identify with the DM. These states are also not 100% stable and
can decay with a lifetime [21]

™ >~ (Tpoates + Toosates) - (10.14)

®>Where the DS subscript has been neglected, such that 65 = .

56Where our results are not affected by this approximation as this expression holds for
0% < 1, which is always the case except in the instance of extreme degeneracy, where the
mixing angle becomes maximal.

112



The total two body decay width when Ng > Miiges ~ 125GeV is given
by I's = hgMg/4m [235], therefore, the decay width of the process I'n_, a4
is given by [9]

h2 R [ 0?2 \? M,
r — (0028 My = 5 [ = b 10.15
D—>A+£S ( A) 47T D T ADS (MD _ MS)Q’ ( )

whilst the four-body decay rate I'n_ 344, is calculated with the narrow
width approximation and is given by

(10.16)

I's Mp (MD)2
I'bogates = ,

15211 14 Mg \ Apg

where we have I's = hZ Mg /4. Currently, the 7.5-yr IceCube HESE data
features the most stringent lower bound on the DM lifetime, where one has
™ 2 10*" — 10%s in the 60TeV-10PeV energy range [223], which extends
previous result{”| [236].

Let us briefly summarise the RHINO model so far, once the Higgs-induced
interactions are switched on, A\;; # 0, a mixing occurs between Np and the
other two RH neutrinos that feature couplings. As we shall see when temper-
atures are finite, the Yukawa and Higgs-induced interactions contribute to
the RH neutrino self-energies that produce effective potentials that in general
are not diagonal in the same basis, which affects the RH neutrinos propa-
gation and mixing properties as displayed in panel (a) and (b) of Fig. [15]
This misalignment between the two bases is responsible for the RH neutrino
mixing. Also, as mentioned, it is convenient to assume that the RH neutrino
mixing is dominantly between the dark RH neutrino and one of the other two
RH neutrinos, the source RH neutrino, as this simplifies the situation and
also minimises the constraints from decays [9]. In this scenario, we can con-
sider a simple two-mixing formalism with the coupling between the dark RH
neutrino and the source RH neutrino with coupling A\pg. In this two-neutrino
mixing model when, for example, if Apg = 0, one has U4(6%) = I and thus
there would be no mixing resulting in Np being completely decoupled.

57We later use these results as approximate and indicative lower bounds. This is ex-
panded later in the work, where we discuss how the lower bounds depend on the decay
channel along with the DM mass.
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Figure 15: Self-energy diagrams with Yukawa interactions in panel (a), and
Anisimov interactions in panel (b) and (c).

Let us now investigate the mixing itself. It is clear that the Yukawa
interactions produce a diagonal contribution to the RH neutrino Hamiltonian
in the Yukawa basis, such that [237]

2
VY = T—hiau (I,J =DM, S), (10.17)
8E;

with E; being the energy of the Majorana mass eigenstate N;, whilst
hy = \/(hth) s is the Yukawa coupling of N; to the SM particles. The poten-
tials V}; are from coherent forward scatterings, with the main contribution
stemming from 1-loop self-energy diagrams featuring ordinary lepton and
Higgs doublets in the intermediate states. The Higgs-induced interactions
which are described by the Anisimov operator, are generally not diagonal in

the Yukawa basis and produce an effective potential approximated as [15]

T2
VA ~ = (I,J =DM, S), (10.18)
1J

with again A = A/, or explicitly Aps = A/Aps. In the Majorana mass
eigenstate basis, the usual diagonal kinetic contribution must also be consid-
ered, which results in the Hamiltonian being expressed as

E i
5 A
Hy = ( 2 12Aﬁh2> 7 (10.19)

remembering that Np has no Yukawa interactions, as hp = hy = 0. One
also assumes that the diagonal terms of the Higgs-induced interactions can
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be neglected because of their smallness compared to the standard Yukawa
interactions. As usual, in this circumstance, it is typical to subtract a contri-
bution proportional to the identity from H which does not affect the mixing;
this results in the effective mixing Hamiltonian becoming

_AM? 17 B2 T2
~ 4 16p'°S 12A
AHpy =~ P P AM2 +D§’~2 p2 | (10.20)
12Apg 4p 16p S

Where@ AM = MZ — M3. TIf a monochromatic approximation is incorpo-
rated, such that the momentum is replaced by its average value p = 37", then
this results in the effective mixing Hamiltonian in the flavour basis becoming

AM? [(—1 — o) s
AH,, ~ ( 1 —vg sm29A)

127 \ sin20y, 1+o) (10.21)

Here, a dimensionless effective potential has also been introduced, v =
T?h2/(4 AM?), with an effective mixing angle sin 20, (T) = T°/(Apg AM?),
which is produced by the misalignment between Yukawa and Higgs-induced
interactions.

10.2 Resonant Production

The resonant production of the dark neutrino arises as follows [99]. If Mp >
Mg, and thus AM? < 0, a resonance occurs for vy = —1, which corresponds
to a specific temperature, the resonance temperature, which can be expressed
as

20/ |AM2]  2/M2 — M?2
Thos = |h | _ 2 S (10.22)
S S

Such a production process is highly non-adiabatic, therefore, just a tiny
fraction of the Ng’s produced by the Yukawa interactions are converted at
the resonance. Fortunately, large dark RH neutrinos can be considered, and
therefore only a tiny amount can suffice to reproduce the DM abundance.

8In the ultra-relativistic regime one can write for Np that Ep ~ p + M3/2p, and
similarly for the Ny that that Eg ~ p + M3 /2p.
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The abundance of DM can be expressed in terms of the conversion fraction
of DM (Ny,, /Nng) at the resonance as [99]

N N M
Qph? ~ 1.45 x 106 [ =25 Np D 10.23
P . ( N’Y res NNS res Gev ’ ( )

with (Nnp,/Nn,) being the source RH neutrino-to-photon ratio at the
resonance and naturally is determined by the initial conditions, whilst the
DM abundance at present day is given by Eq. [I.I] Here, one can see that
the measured DM requires a value such that

(NND/NNs)rES ~ 10710<Tev/MD)/(NNs/N’Y)T687 (1024>

it is also worth noting the minute amount required when Mp > 1TeV,
which is an imperative feature of this production mechanism. The LZ formula
is a simple method to calculate (Nny,/Nng)res, such that [8, 9]

Nny,
Ny

~ e (10.25)

res

with v,..s being the adiabaticity parameter at the resonance, which is given
by

|Ep — E|
res — < — 5 1026
[T .
in this instance the adiabaticity parameter equates to
AM? Mpi+/|AM?
Vres = Sin2 2QA(T’res)g ~ 0 4M, (1027)

12Treeres - /~\2 /giesh%

with g = g™ 4 ¢gNs = 106.75+ gNs ~ 106.75 being the ultra-relativistic

*

degrees of freedom at the resonance, which is essentially the same as the
SM contribution, and H,., = 1.66,/¢™T2,/Mp, being the expansion rate

res
at resonance. Constraints on neutrino masses from the seesaw model and
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mixing experiments must also be considered; therefore, it is useful to define
the effective neutrino mass associated with the source RH neutrino, mg =
v?h%/Ms. This formalism provides an easy way to normalise the Yukawa
couplings, which automatically takes into account the information from the
mixing experiments and the seesaw model. Now, if we define o = mg/mg,
with mgo being the solar neutrino mass scale, with the seesaw model imposing
that ag > 1, it is worth noting that hg can be expressed in terms ag as

msolM S
) .

hZ = ag (10.28)

v

As usual when dealing with thermal production in the early universe, the
variable z = Mp /T is introduced, with its value at the resonance being equal
t0 2res = Mp/Tres, Which makes it possible to express AM? in terms of 2y
resulting in the following

VIAM?| = hisMp (10.29)

2Zres

This expression can then be inserted into Eq. [10.27] along with the defi-
nition of ag, which allows the adiabaticity parameter at the resonance to be
expressed as

8 [ Mp)\ [106CeV®
res ~ = , 10.30
7 Q'S Zres ( MS ) ( A ) ( )

which allows us to calculate the resonant conversion using the LZ formula
Eq. [10.25] This then in turn allows us to calculate the Np abundance using

Eq. [10.23| resulting in

0.1822 (N M, Mp\ [10%CeV”
Qb2 ~ < NS) ( D) ( D) ( ¢ > . (10.31)
QS Zreg ny res GeV MS ADS
Imposing that the above expression reproduces the measured value of Eq.
, one obtains the value A that reproduces the observed DM abundance

~ 1.53 [ Ny Mp Mp
A ~ GeV S 10.32
M © \/as Zres ( N, )res Mg GeV’ ( )
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with five parameters: zyes, s, (Nng/Ny)res, Mp, and Mp /Mg (or Mg). It
is also possible by using Eq. (10.29)) to express z.. in terms of ag, Mp, and
Mp /Mg such that

= —8MD g5 1078 asMs(MD) My /Ms
RV T Wy \Gov) A g 1

(10.33)

which shows that there are, in fact, only four parameters. This formu-
lation of z.s also displays that 2z, < 1 ( or Ty > Mp), which implies
that the reheat temperature cannot be too low, Try > Ties. There is an
upper bound such that Ty < 10'°GeV, which results in further constraints
on the allowed parameter space. The dependence on the initial conditions
is encoded within the value of (Nng/N,)rwes. If one assumes that some ex-
ternal mechanism thermalises the source RH neutrinos prior to the resonant
conversion, then (Nyg/Nn, )res = 3/4 and in this instance one arrives at

1.15 Mp Mp
g Zres Mg GeV

Apy ~ 1020Gev\/ (10.34)

Perhaps the more interesting case which does not rely on any external
mechanism is to assume a vanishing initial source RH neutrino abundance,
which is then produced by decays from particles in thermal bath through
Yukawa interactions. If this is the case, then the production is described by
a simple rate equation

dN g

dZS

where zg = Mg/T = 2z Ms/Mp, as z = Mp/T, while Dg = '3 /(H zg),
with T'g being the total decay rate, and Sg = I'§ /(H zg) with ['§ being the
scattering rate. The abundances are normalised in such a way that in the

ultra-relativistic equilibrium we have that Nyl(zs > 1) = 1, which results
in the thermal equilibrium Ng-abundance being given by [238]

1 oo
Ny = 5/ dexyfa? —z2e™™. (10.36)
2g
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The initial vanishing abundance results in the inverse decays being neg-
ligible and allows us to simplify the rate equation into

dNy,
dZS

— (Ds + Ss)NZL., (10.37)

The decay parameters are defined as (D + 5)(zs < 1) =~ Kg/b = 1/2g%,
with zg? &~ 0.5a5" [9, 239] being the value of 25 at the time when the Ng
abundance thermalises. This results in the following solution

e V4
Nyg(z < 259 ~ Z—Sq (10.38)
S

and therefore at the resonance one has [9]

NNS 3Zres MS
=-———. 10.39
(N’Y )res 4Z§q MD ( )

With this result the scale of new physics reproducing the observed DM
can be calculated as

- 1.15 Mp
Apym ~ 10%° — - 10.4
DM 0='GeV ozszgq GeV ( 0 O)

10.3 Density Matrix Formalism

The conversion of source RH neutrinos to dark RH neutrinos has been further
investigated by solving the relevant density matrix equations [21]. The den-
sity matrix is a generalisation of typical state vectors or wave functions that
can represent mixed states instead of just pure states, as discussed previously.
Due to the experimental evidence suggesting that neutrino mass eigenstates
do not correspond with the flavour eigenstates in which we detect, and from
this mixing arise neutrino oscillations, which can be accurately explained
by utilising the density matrix equations one would expect to be able to
investigate the dark neutrino production in a similar manner as the dark
neutrino production occurs from oscillations in the early universe. The den-
sity matrix formalism also allows us to consistently describe the decoherence
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of the states along with the evolution of the mixed states that occur from
neutrino oscillations and collisions. When dealing with a mixture of both
pure and mixed states, the Boltzmann equations are not sufficient alone. In
fact, previously first-order (or refractive) neutrino matter effects were typi-
cally treated on the amplitude level in the form of a Schrodinger equation,
whilst the second-order effects were treated with a kinetic equation involving
a Boltzmann collision integral, but neither could quantitatively account for
a situation where both neutrino oscillations and collisions were important.
As mentioned, the use of the density matrix within neutrino physics is no
secret and is often employed in the study of active-sterile neutrino mixing
in the early universe [240]. Previous studies have found that both the LZ
approximation and the density matrix formalism are in quite good agreement
[241]. Other uses of the density matrix formalism in neutrino physics are the
study of RH neutrino mixing in leptogenesis from neutrino oscillations [19,
20|, along with the description of flavour effects in leptogenesis [242].
Without the presence of the Higgs portal interactions, the source RH
neutrinos could only have been produced by Yukawa interactions, while the
Np’s would of been completely decoupled (ignoring a possible third RH neu-
trino species). It is possible to describe this production of Ng using a density
matrix normalised in terms of the source RH neutrino abundance that in the
Yukawa basis would be diagonal and simply given by (I, J = DM, S5)

Nis(2) = Nag(2) (8 (1)) . (10.41)

As with the LZ approximation, a monochromatic approximation is used
in which the momentum dependence is integrated away and the abundance of
the source RH neutrinos is described by a simple rate equation, which is Eq.
When the Higgs-induced interactions are turned on, they develop off-
diagonal terms that have to be accounted for, along with decoherence effects
which must also be investigated. The evolution of this system is described
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by the density matrix equation of the formlﬂ
dN;; , 0 1(I'p + I's) Nps
= - HJ N - 2 e )
di ’l[ ]IJ <%(FD +FS)NDS (FD +FS)(NNS — N]\/%)
(10.43)

where the first term is the Liouville-von Neumann term. The second
term is the combination of off-diagonal terms, which features decoherence
and damping, along with the repopulation terms on the diagonal. These
repopulation terms describe the production of source RH neutrinos. It is
worth noting that without the off-diagonal terms in the Hamiltonian, the
density matrix equation would simply reduce to Eq. As previously, a
diagonal term in H cancels out in the oscillations, and thus we can replace
H — AH, with AH given by Eq. [10.20] It is possible to express the matrices
in the Pauli matrix basis using vectorial notation. Vectorial parameterisation
as discussed previously involves using the Pauli matrix expansion of two by
two matrices. This allows us in the pure instance to recast the von Neumann
equation (a quantum version of the Liouville equation) and explicitly we can
see that the term in the Hamiltonian proportional to the identity cancels
out in the commuter and thus ultimately cancels out from the dynamics,
and thus the quantum state itself. Vectorial parameterisation results in the

effective Hamiltonian in Eq. [10.20| being recast as

AH=-V.3& (10.44)

1
2

where the effective potential vector V for this system is defined as

AM?
61

The abundance density matrix is analogously recast, introducing the
quantity Py, and the polarisation vector P, as [243]

‘7

(sin 20,,0, -1 — ). (10.45)

59This is equivalent to the popular form of the density matrix, which is expressed through
anti-commutators, seen in much of the literature, see Appendix B of Ref |16]. The typical

form is
Nry

_ 1 1
W:*ﬂH,N}[J*i{F,N}]J+§{F,Nq}[J. (1042)
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1 =
N = §P0(1 + P-5), (10.46)
such that
1
1
Ny, = §P0(1 - P,), (10.48)
Ny, + Ny = F. (10.49)

If we then insert Eq. [10.44]and Eq. [10.46]into the density matrix equation
(Eq. 1 10.43)), we then arrive at a set of equations for Py and P

dinP, dinP, .

— — 1 =g
— =V xP—|=ITp+T P 1+ P)——7Z, 10.50
o=V x P+ ra+ B B p) Tl o5
dPO e
—— = —(Ip +Ts)(Nny — Ni), (10.51)

where Pp = P,7 + P,y. If the first equation is unpacked in terms of its
components we end up with a set of four coupled differential equations

dP, P, dP,

1
= —V,P,— ~(I'p +Ts)P, — —=—2 10.52
dt v 2( p+T's) P, dt ( )
dP, 1 14 P, dP,
“Y_v.p,—V,P,~(Tp +g)P, — ——20 10.
pr Vv V. 2( p +I's)P, P dl (10.53)
= -V,P,— —(Tp + )P, — —=—2. 10.54
dt vt Il = 5 (10-54)
dP,
dt“ = —(I'p + Is)(Nng — N3b), (10.55)

then, as usual, if we change the independent variable from ¢ to z, we
arrive at
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dcf —_V.P, - %(D +8)P, — %%, (10.56)
LT -VoPses)p - 0 o)
ddlzz __V.p,— % % 7 (10.58)
% — (D + 8)(Nys — N, (10.59)

where D and S have previously been defined, while V = V/(Hz). It is
also worth noting that Eq. is essentially a Boltzmann equation as it is
responsible for the production of the source RH neutrinos. The other three
equations are then responsible for the oscillations, and thus the production
of the dark RH neutrinos.

10.4 Leptogenesis and RHINO

Here we do not present anything new and seek to reiterate what was said in
the previous RHINO model [99], with respect to the incorporation of lepto-
genesis, as it is essential for the potential success of the RHINO model. The
idea is that for successful leptogenesis, the source RH neutrino should inter-
fere with the third interfering seesaw RH neutrino denoted by Ny, which is
neither the dark nor the source RH neutrino. Leptogenesis also requires that
the two neutrinos, Ng and N, be quasi-degenerate as this allows resonant
enhancement of the CP asymmetry, thus resulting in successful leptogenesis
much below the lower bound of ~ 10°GeV present in the hierarchical case.
Using the same normalisations as used throughout this work, one can repro-
duce the observed value of np o, with the baryon-to-photon ratio predicted by
leptogenesis by 17 ~ 0.0LN§_;, with N5} ~ 6.12 x 10, The evolution
of the B — L asymmetry can be calculated as the sum of the six contributions
arising from the two heavy quasi-degenerate RH neutrinos, Ng and Ny, along
with the three charged lepton flavours, while the asymmetry is generated in
the three flavour regime. The takeaway from some rather long calculations
and expressions is that the asymmetry Np_;(z) depends on the low-energy
neutrino parameters, which include the low energy phases, the degeneracy
d = |My — Ms|/M;, and a complex angle in the orthogonal matrix (defined
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in Eq. that parameterises the Dirac neutrino mass matrix. Thus, one
can choose parameters that result in successful leptogenesis in which the
production of the asymmetry is dominated by the decay of the source RH
neutrinos.

Unfortunately, in order to successfully incorporate leptogenesis and DM
production, one must assume that the source RH neutrinos are initially ther-
malised, which requires some other external physics to thermalise Ng. So-
lutions to this version of RHINO were found where one could start with an
initial vanishing abundance of Ng, however, efficient production of Np re-
quires one to have Try > 10° GeV, and with this requirement one finds that
Np can only satisfy 7p ~ 10%s for Mp ~ 10°GeV with Mg ~ 1GeV when
Tru ~ 10GeV. This has some problems, as strong leptogenesis requires that
the baryon asymmetry be created by resonant decays of the seesaw neutri-
nos with roughly twice that of the sphaleron freeze-out temperature. One
could still have leptogenesis with O ~ 1 GeV seesaw neutrinos; however, it
would be a low-scale leptogenesis in which seesaw neutrinos are relativistic
due to the model requiring Try > 10°GeV. Low-scale leptogenesis, unlike
the favourable strong leptogenesis, depends on accurate descriptions of the
many processes of the early universe along with the initial conditions. It is
also worth mentioning that due to Np production requiring Try > 10° GeV
a large pre-existing asymmetry is a natural outcome in many different mech-
anisms. We therefore propose a solution to these problems in which one can
incorporate strong leptogenesis, thus circumnavigating many of these issues.
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11 Source-Source Higgs Portal Interactions

Let us now extend the RHINO Lagrangian as by introducing Higgs portal
interactions for the source neutrinos so that the Lagrangian in Eq. is
now given by [1]

_ S R 1 —
~Lara = LahasNey® + SNg DarsNey + A—CI)TCI)NBNS (11.1)
DS

1 —
+=—®TONENg + hec., (11.2)
SS

where the effective scale for the Higgs portal interactions, /~\SS = A/ s,
has been introduced. This new term also yields a contribution to Mg at zero
temperature after EWSB with M4 = v?/ Ags, which can be neglected as one
obtains Ags > 108 GeV. The new Higgs portal interactions also give rise to
a contribution to the neutrino self-energy, as shown in panel (c) of Fig. ,
and thus to the effective potential at finite temperatures, which is given by

A T

VA - 11.3
SS 12ASS ( )

With this new contribution to the effective potential, one must modify
Eq. [10.20] and thus the effective Hamiltonian becomes

_AM? T2 17 T
~ 4p 16p'“S 24\ 12A
12A 4p 16p'“S 24Agg

The influence of the new term in the effective Hamiltonian on the mixing
depends on whether T/JNXSS ~ h% or T/ Agg > h%. However, because dark
neutrino production occurs at temperatures less than the resonant temper-
atures, the effect of this new term should be limited when Agg > 10°GeV.
The LZ approximation relies upon neutrino oscillations already occurring
at the resonance temperature, Ties = 24/|AM?2|/hs, however, when solving
the density matrix equations one sees that this is not the case, with the
neutrino oscillations occurring at temperatures below the resonance temper-
ature, Tose K Tres [99]. Therefore, these new terms, similar to the Yukawa
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effective potentials, can be neglected as they have no major influence on the
final abundance, and as such, this produces a subdominant effect compared
to the scatterings that allow Ng production. These scatterings from the
source-source Higgs portal are the main focus of this work.

The interaction diagrams for the Higgs portal interactions are shown in
Fig. with the production of Ng from Higgs annihilations, ¢p¢! — NgNg,
shown in panel (a).

ND §b NS

0 Ng ¢
\\ . \\ . \\ .
A< A< .
¢t a) Ns o b)  Np o (c) Np

Figure 16: Interaction diagrams for the Higgs portal interactions with source
RH neutrino production (a), dark RH neutrino production (b), and mixed
production (c).

This novel avenue of source-source production is the most important con-
sequence of this new source-source term in the Lagrangian. This results in a
modification of the Boltzmann equation that describes the number density

of Ng, Eq. [10.35] such that

ANy,
dZS

= —(Ds + Ss)(Nng — Nyb) — AN}, — N3y, (11.5)

where factor A is given by

(0 gt —>NSN7§Urel>

A H(2)zR3(z)

(11.6)

where (0,1 —>NSN7§UT61> is the thermally averaged cross section, R(z)? is

the portion of the comoving volume that the abundances inhabit, and H(z)
is the Hubble constant, all of which were introduced in Section 6, in this case
one has
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4 2 23
For the regime in which we are interested, the thermally averaged cross

section for such a process was calculated in Ref. [159], as was divulged in
Section 7. The cross section is given by

R*(2) (11.7)

1
<0-¢¢THNSWUY€1> =3 (11.8)
s Ms<T Ay Agq

This results in A being expressed explicitly as

A, B 3 ((3) 90  MpMp
Az) = = where A1 = A(z=1) = EFQNS m f\:is , (11.9)

where in numerical form, one arrives at A; given by

M, 1016GeV ) 2
A =1.0x 101 = _ . 11.1
1= 1010 (100Te\/) ( Rss ) (11.10)

Whereas previously we have used the SM value for the ultrarelativistic
degrees of freedom such that gr = 106.75, whilst gy, = 2 is the degrees of
freedom for the source RH neutrino. If we expect the new scattering term
to be dominant in producing Ng, then the Boltzmann equation takes a form
similar to that of the Lee-Weinberg equation.

dNny
dz

which can be trivially solved in the regime Ny, < Nf\% when z < 1,
where due to our normalisation we have Nf\g ~ 1, and the initial abundance
Ng is negligible, such that Nyg(zi,) = 0. With these conditions, one can
easily arrive at

= —A(N}, — (va‘;)z), (11.11)

Nyg(z) = A <— - —) , (11.12)



then using Eq. [11.10] in the asymptotic limit and still with 2 < 1 one
obtains the solution that

A, T, 106GeV\ ?
Ny(n <2< ) = — =~ ( ) ( = ) , (11.13)
S Zin 1016G€V ASS

where we do not have a dependence on Mp. We again stress that this
result only applies in the case that Ny, (2, < 2z < 1). From this solution,
one can impose a condition on T}, and Agg with respect to the thermalisation
of the source RH neutrinos prior to the occurrence of source-dark neutrino
oscillations. The condition is such that A;S /Tin = 10'GeV assuming ther-
malisation of Ng, where with our normalisation one has that Ny, = 1. An-
other important point regarding the validity of the additional Higgs portal
operator is of course, as discussed previously, an effective theory, and as such
we require T}, < Ags.

The new source-source Higgs portal operator also results in a modification
of the density matrix, and thus the set of coupled equations one arrives at
after vectorial parameterisation is now

P, 1 P, dP,
dP, - — 1 1+ P.dP,
~Y_V.,pP,—V,P. — > S\P. — —_, 11.15
a QDS === (1L.15)
dP, P, dP,

= :_Vﬂ”Py—Fod_zD’ (11.16)
dP e A €

—— = —(D+ ) (Nx, = N3 = 5 (VR = (N3L)?). (11.17)
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12 Results and Discussion

Before discussing the results, let us reiterate that we are neglecting possible
pure or mixed production of the dark RH neutrinos, Np, directly from dark
Higgs portal interactions which arise from the diagrams shown in panel (b)
and (c) of Fig. [l6| The way to understand this is by assuming the effective
scale Abp and Aps, are large enough that the production is negligible
when compared to the contribution from the neutrino mixing induce by Aps.
In fact, a lower bound on ADD and ]\DS can be trivially reached imposing
that the DM RH neutrino abundance produced from these interactions is
negligible compared to the observed abundance. The DM energy density
parameter at present is given by Eq. [I.I| with the abundance for a generic
mass or in this instance a dark neutrino, Mp, given by

GeV
NEOPS £ 1.1 %x 1077 12.1
Np MD ( )
To calculate the abundance arising from these interactions one must fol-
low the same method as that which calculates the abundance from the source-
source interactions Ags, which is given by|11.13} obviously replacing Ass with
Aps or App and then manipulating the expression yields

Tra Mp

App. A 1022 2
pp, Aps > 107GV [ o5 Py

(12.2)
Models that can naturally fulfil these two requirements will be discussed
in Section 13. We assume that production of the source RH neutrinos starts
right after inflation and reheating, thus occurring in the radiation-dominated
eral?ﬂ Our initial temperature is therefore the reheat temperature that
has been discussed previously, Ti, = Tgrug. Our results indicate that for
Ass < 10%GeV it is always possible to thermalise the source RH neutrino by
increasing Try. The maximum value possible of the reheat temperature from
cosmological observations is Try < 101°GeV. Tt is still possible to thermalise
the source RH neutrino even in the upper limiting case for the interaction

60Where App = A/App and Aps = A/Aps as defined previously.
61Production between Thmax > Tru and Try is not considered since this would only
contribute towards minimally relaxing the final constraints [159].
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Figure 17: Evolution of the source RH neutrino abundance, Ng, and the dark
RH neutrino abundance, Np, for differing values of the initial temperature
for the benchmark values of Mp = 220TeV, Mg = 300GeV, and m = 3.46 X
10%®s as indicated. The top panel corresponds to an initial thermal Ny,-
abundance, whilst the bottom panel corresponds to an initial vanishing Ny,-
abundance. 130



strength, Ags = 106 GeV, provided that one assumes maximum reheat
temperature, Tryy = 10'°GeV, as shown in Fig. [18]

The first of our results, Fig. , displays the evolution of Ny, and Ny
as in Ref. [99], for the benchmark values Mg = 300GeV, Mp = 220TeV, and
o = 3.48x10%8s. In the top panel, one assumes an initial thermal abundance,
whilst in the bottom panel we assume an initial vanishing abundance where
the source RH neutrinos are created through Yukawa interactions. The cho-
sen values of Mp and 1 are such that they correspond to the best-fit values
obtained from a likelihood statistical analysis of 6 year High Energy Starting
Events (HESE) at IceCube. In this analysis neutrinophilic DM decays con-
tribute towards a neutrino flux in addition to an astrophysical component
with a fixed spectra index v = 2.2, which is favoured at more than ~ 3¢
when compared to the null hypothesis of no decaying DM@ [194]. We choose
the value Mg = 300 GeV, as this corresponds to the minimum mass that still
allows for successful leptogenesis arising from decays independently of the
initial conditions. Unfortunately, from the lower panel of Fig. one must
conclude it is not possible to have both strong leptogenesis and the dark neu-
trino playing the role of DM in a unified picture, however, the source-source
Higgs portal interactions are capable of remedying this as we shall see in our
next results.

The second set of results shown in Fig. [18[shows the evolution of Ny, and
Ny for the same toy instance as in Fig. , with values of Mg = 300GeV,
Mp = 220TeV, and v = 3.46 x 10%s. The difference between Fig.
and Fig. is that Fig. features the new extended model featuring
the new source-source interactions. The upper panel of Fig. features a
fixed Ags = 10'8GeV, whilst varying the initial reheat temperature, we have
T, = Tru. In this case, it is clear that the source RH neutrino thermalises
for the maximum Tgry value, and is linearly suppressed as Try decreases.
An important feature of these results is that for Thy = Ags = 106GeV, the
maximum Try value, it is possible to reproduce an excess of the DM

62In a different analysis of the 6 year HESE data, where in this instance the astrophysical
spectra is varied whilst only one DM decay channel is fixed, it was found that an additional
component arising from DM decays in fact improves the fit. In this study the best fit is
obtained when the DM particles decay into W bosons, with a DM mass of Mpy; = 400TeV,
and a spectral index v = 2.3, however, these results have a lower statistical significance of
~ 20 [244]. An additional more recent analysis of the 7.5 year HESE data analysis which
obtains a maximum statistical significance of ~ 2¢ is found when multiple decay channels
are included. [193]
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Figure 18: Evolution of the source RH neutrino abundance, Ng, and the dark
RH neutrino abundance, Np, for differing values of the initial temperature
when the source-source Higgs interactions are introduced for the benchmark
values of Mp = 220TeV, Mg = 300GeV, and 7 = 3.46 x 10%%s as indicated.
The top panel corresponds to Agg = 10'8GeV, whilst the bottom panel cor-
responds to /NXSS = TrH. 132



abundance, which indicates that one can always reproduce the DM abun-
dance by carefully selecting the parameters. In the lower panel of Fig. 18 we
are more conservative by choosing to impose Thy = Agg and again displaying
the evolution of Ny, and Ny, for the same toy instance as before, for indi-
cated values of Ags < 106GeV. It is evident from the lower panel that the
thermalisation condition is always respected and as such one obtains results
that are extremely similar to those displayed in the upper panel of Fig. [I7]
This means that one does not simply have to assume thermalisation of the
source RH neutrinos, as the source RH neutrinos now thermalise due to the
additional source-source Higgs portal interactions. Notice how with these
new results we can now unify both strong leptogenesis and a dark neutrino
playing the role of DM into a single picture.

Our next results are displayed in Figs. and show the allowed regions
in the dark matter RH neutrino lifetime-mass plane, with the grey shaded re-
gion indicating the lower bound of the region that is currently under scrutiny
by neutrino telescopes such as IceCube and gamma ray telescopes such as the
Fermi Gamma-Ray telescope, with a value of p < 10%%s. In these results, we
display some lower bounds on the DM lifetime recently obtained by the Ice-
Cube collaboration at 90% C.L. (~ 1.650) [223]. The thin solid line indicates
the lower bound on the DM mass in the range 160TeV-20PeV obtained from
the 7.5yr HESE data discussed previously in the energy range 60TeV-10PeV
for decays in the DM — Higgs + v channel. Our results also show the same
lower bound for the decay channel DM — b+ b with a thick solid line. We
also indicate a lower bound for lower masses with a dashed line obtained from
2yr cascade events for the decay channel DM — ppi. Even lower masses are
shown with a dotted line, with this bound coming from the Fermi gamma-ray
telescope for the decay channel DM — vw [223]. Additionally, recent lower
bounds for different decay channels are also shown, which are still obtained
from gamma ray telescopes and observations. The thick dotted line is the
lower bound for the decay channel DM — v7 achieved by combining data
from ultra-high energy gamma ray measurements [193|. Finally, the thin dot-
ted line corresponds to the lower bound established by analysing data from
the Large High Altitude Air Shower Observatory (LHAASO) [197]. Natu-
rally, many of these decay channels are not directly related to RHINO DM,
as the dark RH neutrino can decay both into a Higgs boson and a gauge bo-
son along with a neutrino or charged leptons. This means that all the lower
bounds are more suggestive than concrete lower bounds, with a dedicated
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Figure 20: The allowed regions in the lifetime versus mass plane for a constant
source-source interaction strength, Agg = 10°GeV, for values of Try and
Mg = 10TeV in the upper panel, and Mg = 100TeV in the lower panel.
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analysis required. Also of interest is the apparent confirmation of IceCube
collaborations of an excess at O(100TeV) energies compared to the expected
astrophysical background, with potential DM decays improving the data fit
with a statistical significance of 2.50, with the best fit itself deriving from
the decay channel DM — b+ b, with a DM mass Mpy = 289TeV, and a
lifetime 7oy = 2.8 x 10%7s. This best fit is indicated by a star, and again
this should not be taken as gospel, but rather as informative. It would be
interesting to see how a dedicated analysis within the RHINO model could
address the excess and thus the statistical significance of the solution.

In the first two figures of these four figures, Figs. [19 and 20 we display
results for the case where Agg is fixed similarly to the results displayed in
the upper panel of Fig. |18, where again we have that Ags = 10'6GeV,
whilst varying the reheat temperature with Ty < Ags = 10'°GeV, which
is indicated in the plots. The upper panel of Fig. displays the results
for Mg = 300GeV, whilst the lower panel displays the results for Mg =
1TeV, whereas Fig. displays the results for Mg = 10TeV and Mg =
100TeV, in the upper and lower panel respectively. The allowed regions are
obtained by requiring that Ny, > Ng’i}fs, where on a regions border we
reproduce the correct DM abundance, Ny, = NL%*°, while points inside
the region correspond to an overabundance of Ny which can be lowered by
simply increasing the source RH neutrino mass and/or lowering the reheat
temperature.

The last two of these four figures, Figs. and 22| show the allowed
regions for the instances when Try = Ass, for the same source RH neutrino
masses as Figs. and 20 with the upper panel of Fig. displaying
the results for Mg = 300GeV, whilst the lower panel displays the results
for Mg = 1TeV, whereas Fig. displays the results for Mg = 10TeV and
Mg = 100TeV. It is clear from these results that when Ags = Try > 10°GéV,
the allowed regions only slightly decrease when Agg is reduced; however, when
/~\ss = Try < 10'°GeV the reduction becomes more significant, while when
Ass = Tru < 108GeV there is essentially no allowed region, indicating that
Tru 2 103GeV can essentially be considered as a conservative lower bound
for Tru, where the dark neutrinos, Npy, can account for the dark matter.
This result coincides with what we have seen in Fig. where we discussed
the dark RH neutrino abundance, and is ultimately a consequence of the
onset of the neutrino oscillations and thus the dark neutrino production,
which occurs at a temperature of approximately T ~ 10°GeV. Typically in
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our examples where the reheat temperature is much higher than this, the
final dark neutrino abundance is not strongly suppressed as it would be if
T < 10°GeV. Another interesting point is that such a lower bound on the
reheat temperature is compatible with the well-known upper bound Ty <
101°GeV, from the gravitino problem that arises from gravity-mediated su-
persymmetric models [245]. The same lower bound also holds for the effective
source-source scale Agg > 108GeV, with this lower bound confirming the deci-
sion to neglect the Majorana mass term arising from the source-source Higgs
portal term in Eq. , as one has that |5MSA| < UQ//N\SS < 0.1MeV. Finally,
one notices that for the value that maximises the DM neutrino abundance,
Ass = Tra = 10'GeV, one can only produce the DM abundance when
Mg < 100TeV, which can be regarded as an upper bound of the model on
the seesaw scale[*]

12.1 RHINO From UV-Complete Theories

Let us now discuss how the effective Higgs portal operators discussed within
the RHINO model can arise from UV-complete theories, which has also pre-
viously been outlined in Ref. [§]. In the first example, the mediator of the
Anisimov operator, Eq. [I.4] is a heavy scalar H with a vanishing VEV,
whilst in the second case the mediator is a heavy fermion F PEI

12.2 Heavy Scalar H as the Mediator

Let us now extend the SM by introducing a heavy real scalar field H, which
has a vanishing VEV. This novel field is coupled to the RH neutrinos with
Yukawa couplings A\;; along with couplings to the SM Higgs field by trilinear

couplings (]

1 1 —
L= 50,HOH — SMEH? =3~ Ay HNN, — pHo'o. (12.3)

1,J

63In this work we assume Mp > Mg, and further work needs to be partaken to un-
derstand whether there can also be solutions in the potentially interesting case when
Mg > Mp.

64There is no reason why there cannot be more than one heavy fermion, with the
generalisation to multiple generations being straightforward.

65This extension of the SM has also been discussed in Ref. [9} [159]
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Figure 23: Feynman diagrams which feature a heavy scalar H as the me-
diator, with I, J = D,S. Upon integrating out H, these correspond to the
Feynman diagram shown in panel (b) of Fig. , and the interaction diagrams

in Fig. [16]

At scales much below My one can integrate out H, which results in an
effective Lagrangian as

A
Z HALI <1>T<1>NCNJ

(12.4)

1 AIJAKL ~— -
Lo =5 Y SEEE(NENG) (N Np) +

/‘_
M? M?
I,JK,L H H

N | —

From this effective Lagrangian one can clearly identify the Higgs portal
operators, or the Anisimov operator, as displayed in Eq. providing one
identifies the interaction cut-off as A = M%/u, and then for the effect scale
one has that A = A /Ars. A Feynman diagram for the self-energy correction
is shown in panel (b) of Fig. whilst the scattering diagram is shown
in panel (a) of Fig. [16] These effective diagrams arise from the Feynman
diagrams displayed in Fig. [23] panel (a) and panel (b) respectively. This
model has a rather appeahng feature due to its ability to obtain a trans-
Planckianf value for the Anisimov effective scale, Apg ~ 102GeV, even
with A = O(1) obtained by choosing y < Mgur, which can be achieved by
My ~ Mgyr ~ 101%GeV and i ~ 10°GeV as an example. Unfortunately,
in this instance one cannot simultaneously produce the source-source Higgs

66For more on the Trans-planckian problems see ref. [246].
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portal effective scale Ass = 10'°GeV. Therefore, it is more reasonable to
assume A ~ 10'°GeV, which is achieved by u = My ~ Mgyt ~ 10%GeV,
Ass ~ 1GeV, Apg ~ 1077GeV, and App < 107 7GeV which allows App to
satisfy the condition of the equation. [12.2]

12.3 Heavy Fermion F' as the Mediator

(b Cb NI
PEa TS ur
Ys 1 N YD
" U " )
F ,,A’/ZJJ
(a) ¢ (b) Ny

Figure 24: Feynman diagrams which feature a heavy fermion F' as the me-
diator, with I, J = D,S. Upon integrating out H, these correspond to the
Feynman diagram shown in panel (b) of Fig. [15] and the interaction diagrams

in Fig. [16]

There is in fact a much simpler model, where the effective scales feel a little
more natural, whilst still allowing one to address DM along with strong
leptogenesis and experimental constraints obtained from neutrino telescopes.
This time we will instead extend the seesaw Lagrangian by introducing a
novel heavy fermion doublet F', which features typical Yukawa couplings y;
to the RH neutrinos, such that

Ly =F(iy™0, —mp)F = > yi(FoN; + Ni¢'F). (12.5)
I

Where again at scales much below Mg one can integrate out F', resulting
in an effective Lagrangian

Lo — %N,N,W, (12.6)
1, F
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If in this model one now takes Mp = Mgyr, ys ~ 1, and yp ~ 1077,
then one clearly produces the values of Agg ~ 10GeV, Aps ~ 102, and
App ~ 10%°. As we have previously seen and discussed, these values are
capable of thermalising the source RH neutrinos through source-source Higgs
portal interactions before the onset of the oscillations. These values are also
capable of producing the observed DM abundance from Higgs-induced RH
neutrino mixing, also while suppressing a contribution to the DM neutrino
abundance from dark-dark Higgs portal interactions. Compared to the last
model, these choices appear less arbitrary, as the three couplings present,
A1y, are nothing more than the product of two Yukawa couplings, where
the third coupling is obtained naturally by the choices of the two Yukawa
couplings, thus correctly satisfying Eq. It is also interesting that the
small DM Yukawa couplings, yp ~ 1077, could be thought of as a small
symmetry-breaking parameter that connects the visible and dark sectors, if
one imposes a Z, symmetry under which all particles are even except the
DM neutrino, which is odd.
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13 Conclusion

In this work we have completed RHINO DM, by introducing source-source
Higgs portal interactions which allow thermalisation of the source RH neu-
trino, and in doing so we have allowed the RHINO DM model to express
its full potential. The RHINO model is capable of producing DM with a
mass in the range 1TeV-1PeV that is testable as the DM is expected to de-
cay and these signals can be expected at neutrino telescopes. The model is
also compatible with strong thermal leptogenesis and as such it can explain
the matter-antimatter asymmetry of the universe, whilst the seesaw model
is also incorporated and fundamental to the model, and as such the RHINO
model can be regarded as quite minimal. The matter-antimatter asymmetry
is also independent of the initial conditions due to the leptogenesis scale po-
tentially being higher than the sphaleron freeze-out temperature. The dark
RH neutrino abundance is also independent of any other external contribu-
tion that could potentially produce the source RH neutrino, as the source RH
neutrino is thermalised regardless from the source-source Higgs portal inter-
actions. This does not disregard an additional component which contributes
towards the direct production of the dark RH neutrino, however, if this does
occur it must be regarded as sub-dominant or negligible when compared to
the Higgs induced neutrino mixing. If another production mechanism does
occur then this is likely to be credited to gravitational production, and this
is only likely to contribute significantly if the particles are even heavier, as
we see in the case of WIMPzillas [158, [159]. One should therefore not re-
gard WIMPzillas and RHINO DM to be competing theories but rather are
two solutions that favour different mass ranges. Another attractive feature
of RHINO DM derived from cosmological considerations is that the natural
fundamental scale of the model that is responsible for the production and
the decays of the DM, is that of the GUT scale.

We have also discussed and shown how the Higgs portal operators can
arise from UV-complete models, with a particular emphasis on the model
where a heavy fermion F' has been introduced. This model is favourable, as
this UV-complete model can simultaneously yield the correct effective scale
for the three Higgs portal interactions when the fundamental scale is close
to the scale of a GUT. The results from the RHINO model also display a
potential to nicely address the hints from the 7.5-yr HESE IceCube data,
which is an excess at approximately 100TeV in the high-energy neutrino
flux, when the astrophysical component which features a spectral index of
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v ~ 2.2 is taken into account. This is exciting, and if this excess is due
to decay DM, then eventually this excess should present anisotropies which
align with the DM distribution, as this signal should be proportional to the
DM density. Should all this be true, then we propose that RHINO DM
could be a favoured solution to this excess due to the predictability this
model produces unlike many other models [8], where the same physics is
responsible for both the production and the decays of the DM. It has also
been suggested, with additional experiments, that there could be reliance on
the flavour composition of the primary neutrinos [9]. Finally, it would also
be an interesting thought for what the next generation of 100TeV colliders
could bring to the forefront regarding possible links with flavour anomalies
[247].

Going forward, it would be interesting to investigate the effects of the di-
agonal source-source term in the effective mixing Hamiltonian. As discussed,
these terms are thought to have no major influence on the final abundance;
however, it would be interesting to see the effects of this term. It would also
be interesting to see the effects of the dark RH neutrino production, either
from pure or mixed production, as shown in Fig. (b) and (c), respec-
tively. Perhaps, if the new source-source terms in the Hamiltonian reduce
the Np abundance, this could be remedied by one/or both of these inter-
actions. Another compelling avenue is the thought of having hierarchical
neutrinos and/or a situation where the dark neutrino could be lighter than
the seesaw neutrinos. Finally, it would be interesting to see how the infer-
ring neutrino, Vi, could potentially influence the picture. The difficulty of
including both Np direct production and the influence of Ny is that it could
spoil the stability that Np requires to play the role of DM.
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