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Entities must not be multiplied beyond necessity.
-William of Ockham
[Occam’s razor]

If three things are not enough to verify an affirmative proposition about things,
a fourth must be added and so on.

-Walter Chatton

[Chatton’s Anti-razor]

Everything should be made as simple as possible,
but not simpler.
-Albert Einstein
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RESUMEN

El Modelo Estandar de la fisica de particulas (SM), a pesar de ser una teoria notable-
mente exitosa, deja muchas preguntas sin respuesta. Entre estas cuestiones abiertas se
destacan el origen de las masas de los neutrinos, la explicacién de la asimetria bariénica
observada en el universo y la naturaleza de la materia oscura. A lo largo de los afios,
se han propuesto varias extensiones minimas del SM, aunque hasta la fecha no se ha
obtenido ninguna pista concreta sobre esta “nueva fisica”.

Esta tesis explora la fenomenologia de extensiones no minimas del SM que abordan
las tres cuestiones mencionadas, centrandose en un sector oscuro rico y en mecanis-
mos novedosos de generaciéon de masas de neutrinos. Ademads, se investigan marcos
unificados que pueden proporcionar un origen comun para los neutrinos, la asimetria
bariénica y la materia oscura. La tesis se presenta como un compendio de articulos
publicados, y esta estructurada en tres partes. En la parte introductoria, se revisan
los marcos y mecanismos mas comtinmente empleados mas alld del Modelo Estandar
(BSM), y por tanto sirve como material de contexto para los trabajos de investigacion
presentados en la segunda parte, que contiene los articulos publicados. La tercera parte
consiste en un breve resumen de los objetivos, la metodologia y los resultados de la tesis
en espafiol.

En la Parte I: Introduccién, se revisan brevemente el contenido, la estructura y el de-
sarrollo histérico del modelo estdndar, asi como sus problemas abiertos en el Capi-
tulo 1. Se discute el marco de teoria de campos efectiva y su complementariedad con
la construccién de modelos. Se destaca un apartado interesante titulado “Una receta
para construir modelos”, donde se exponen los pasos clave para desarrollar un modelo
de nueva fisica. Los tres capitulos siguientes estan dedicados, respectivamente, a las

masas de los neutrinos, la asimetria bariénica del universo y la materia oscura.

En el Capitulo 2, se revisan las oscilaciones de neutrinos y las mediciones del sector de
neutrinos, resaltando las preguntas abiertas en el campo de la fisica de neutrinos. A
continuacién, se analiza el operador de Weinberg y los mecanismos seesaw estdndar
para la generacion de masas de neutrinos. También se discuten variantes a baja escala
del mecanismo seesaw tipo I y modelos radiativos de masas de neutrinos.

En el Capitulo 3, se presentan las observaciones y evidencias de la asimetria materia-

antimateria. Se argumenta por qué dicha asimetria debe generarse dindmicamente.
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Se revisan algunos mecanismos dindmicos de generacién de asimetria, centrandose
especialmente en la leptogénesis térmica, que estd vinculada al mecanismo seesaw para
masas de neutrinos. Se analiza en detalle el caso de leptogénesis con neutrinos pesados
mano derecha —leptogénesis vainilla, se deriva la asimetria CP y su cota superior,
las ecuaciones de Boltzmann relevantes y el factor de conversiéon de los procesos de

esfalerones. También se revisan escenarios mas alld de la leptogénesis vainilla.

Las observaciones y evidencias de la materia oscura se presentan en el Capitulo 4. Se
discuten las propiedades generales que deberia tener una particula candidata a materia
oscura. Luego se presenta el mecanismo de congelacion térmica, el caso de las particu-
las masivas débilmente interactivas (WIMPs) y sus biisquedas experimentales. Dado
el resultado nulo de las busquedas de WIMPs, se exploran escenarios més allé, que in-
cluyen el mecanismo de congelacion por interaccién débil (freeze-in) y las particulas
masivas débilmente interactivas (FIMPs), el marco de sectores oscuros multicompo-
nente y la materia oscura asimétrica. Finalmente, se revisa una amplia gama de can-

didatos a materia oscura en la secciéon denominada “zoolégico de DM”.

La Parte II consiste en copias de articulos de investigacién publicados en revistas con
revision por pares. Al presentar un tema en la Parte I, se menciona cémo esta rela-
cionado con los trabajos de investigacion realizados durante el doctorado. Por tanto,
estos trabajos estdn debidamente citados en el contenido de la tesis. Las investigaciones
se pueden clasificar en tres categorias: Sector de Neutrinos, Sector Oscuro y Marcos
Unificados.

Enlo que respecta al sector de neutrinos, uno de los enfoques principales son los mode-
los seesaw extendidos. En particular, extensiones del seesaw tipo I con un sector oscuro
ampliado permiten explicar las masas de los neutrinos mediante el mecanismo seesaw,
la asimetria bariénica mediante leptogénesis térmica, mientras que el candidato a ma-
teria oscura reside en el sector oscuro conectado. También se discuten nuevos modelos
seesaw que surgen en presencia de mdltiples escalares y fermiones adicionales. Se
investigan ademds modelos de materia oscura asimétrica y multicomponente, donde
las asimetrias juegan un papel crucial en determinar la abundancia relicta, asi como la
naturaleza asintética del candidato a materia oscura. Se analiza el papel de un sector
oscuro rico y débilmente acoplado en la cosmologia de neutrinos.

Un resumen y discusién de estos trabajos de investigacion, junto con las conclusiones,
se presentan en el Capitulo 5. Finalmente, se incluyen tres apéndices con las deriva-
ciones detalladas de la lagrangiana efectiva del seesaw, los diagramas de lazos en lep-

togénesis y el formalismo de las ecuaciones de Boltzmann.
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RESUM

El Model Estandard de la fisica de particules (SM), tot i ser una teoria extraordinari-
ament exitosa, deixa moltes preguntes sense resposta. Entre estes qiiestions obertes
destaquen l'origen de les masses dels neutrins, I’explicaci6 de ’asimetria barionica ob-
servada a l'univers ila naturalesa de la materia fosca. Alllarg dels anys, s’han proposat
diverses extensions minimes del SM, pero fins ara no s’ha obtingut cap indici clar d’esta

“nova fisica”.

Aquesta tesi explora la fenomenologia d’extensions no minimes del SM que aborden les
tres qliestions esmentades, centrant-se en un sector foscricien mecanismes innovadors
de generaci6é de massa de neutrins. A més, s’investiguen marcs unificats que poden
proporcionar un origen comu per als neutrins, I’asimetria barionica i la materia fosca.
La tesi es presenta com un compendi d’articles publicats i esta estructurada en tres
parts. En la part introductoria, es revisen els marcs i mecanismes més utilitzats més
enlla del Model Estandard (BSM), i per tant serveix com a material de context per als
treballs d’investigacié presentats en la segona part, que conté els articles publicats. La
tercera part consisteix en un breu resum dels objectius, la metodologia i els resultats
de la tesi en castella.

A la Part I: Introducci6, es revisa breument el contingut, 1’estructura i el desenvolu-
pament historic del model estandard, aixi com els seus problemes oberts al Capitol 1.
Es discuteix el marc de teoria de camps efectiva i la seua complementarietat amb la
construccié de models. Cal destacar un apartat interessant titulat “Una recepta per a
construir models”, on s’exposen els passos clau per a desenvolupar un model de nova
fisica. Els tres capitols segiients es dediquen, respectivament, a les masses dels neu-

trins, ’asimetria barionica de I'univers i la materia fosca.

Al Capitol 2, es revisen les oscil-lacions de neutrins i les mesures del sector de neutrins,
destacant les preguntes obertes dins del camp de la fisica de neutrins. A continuacio,
s’analitza l'operador de Weinberg i els mecanismes seesaw estandard per a la generacié
de masses de neutrins. També es discuteixen variants a baixa escala del mecanisme
seesaw de tipus I i models radiatius de massa de neutrins.

Al Capitol 3, es presenten les observacions i evidéncies del’asimetria matéria-antimateria.
Es defensa per qué aquesta asimetria hauria de generar-se dinamicament. Es revisen

alguns mecanismes dinamics de generacié d’asimetria, centrant-se especialment en



la leptogenesi termica, que esta vinculada al mecanisme seesaw per a la massa dels
neutrins. S’analitza en detall el cas de leptogenesi amb neutrins destres pesats —
leptogenesi vainilla, es deriva 1’asimetria CP i el seu limit superior, les equacions de
Boltzmann rellevants i el factor de conversié dels processos de esfalerons. També es
revisen escenaris més enlla de la leptogénesi vainilla.

Les observacions i evidéncies de la matéria fosca es presenten al Capitol 4. Es dis-
cuteixen les propietats generals que hauria de tindre una particula candidata a materia
fosca. A continuacié es presenta el mecanisme de congelacié térmica, el cas de les
particules massives feblement interactuants (WIMPs) i les seues recerques experimen-
tals. Davant dels resultats nuls d’aquestes recerques, s’exploren escenaris alternatius,
com ara el mecanisme de congelacié per interaccié feble (freeze-in) i les particules
massives feblement interactuants (FIMPs), el marc de sectors foscos multicomponents
i la mateéria fosca asimétrica. Finalment, es revisa una amplia gamma de candidats a
materia fosca en la secci6é coneguda com a “zoo de DM”.

La Part II conté copies dels articles d’investigaci6 publicats en revistes amb revisié per
parells. Quan s’introdueix un tema a la Part I, s'indica com esta relacionat o ha motivat
els treballs d’investigaci6 realitzats durant el doctorat. Per tant, aquests treballs estan
degudament citats al contingut de la tesi. Les investigacions es poden classificar en
tres categories: Sector de Neutrins, Sector Fosc i Marcs Unificats.

Pel que fa al sector dels neutrins, un dels punts centrals sén els models seesaw este-
sos. En particular, les extensions del seesaw tipus I amb un sector fosc ampliat per-
meten explicar les masses dels neutrins mitjancant el mecanisme seesaw, 1’asimetria
barionica mitjancant leptogenesi termica, mentre que el candidat a mateéria fosca es
troba al sector fosc connectat. També es discuteixen nous models seesaw que apareixen
en presencia de multiples multiplets escalares i fermiénics. Es continuen investigant
models de materia fosca asimetrica i multicomponent, on les asimetries tenen un paper
clau a I'hora de determinar I’abundancia relictica, aixi com la naturalesa asimptotica
del candidat a mateéria fosca. També s’analitza el paper d'un sector fosc ric i feblement

connectat en la cosmologia dels neutrins.

Un resum i discussié d’aquests treballs, junt amb les conclusions, es presenta al Capi-
tol 5. Finalment, s’inclouen tres apendixs amb les derivacions detallades de la la-
grangiana efectiva del seesaw, els diagrames de llag en leptogenesi i el formalisme de
les equacions de Boltzmann.
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PREFACE

The Standard Model of particle physics (SM), despite being a remarkably successful
theory, leaves many questions unanswered. Notably among these open questions are
the origin of neutrino masses, explanation for the observed baryon asymmetry of the
universe and the nature of dark matter. Over the years in the past, several minimal
extensions of the SM have been proposed, though we have not had any hint of this
‘new physics’.

This thesis explores the phenomenology of non-minimal extensions of the SM that
address the three issues mentioned above by focusing on rich dark sector and novel
mechanisms of neutrino mass generation. Additionally, it explores unified frameworks
that can provide a common origin for neutrinos, baryon asymmetry and dark matter.
It is presented as a compendium of published articles, and is structured in three parts. In
the introductory part, we review the commonly employed beyond the standard model
(BSM) frameworks, and mechanisms. Hence, it serves the background material for
the research works presented in the second part containing the published articles. The
third part is a brief summary of the objectives, methodology, and results of the thesis
in Spanish.

In Part I: Introduction, we first briefly review the contents, structure and historical
development of the standard model, as well as its open problems in Chapter 1. We
discuss the effective field theory framework and how it is complementary to model
building. An interesting highlight is ’A recipe for model building’ that outlines the key
steps of cooking a new physics model. The next three chapters are all dedicated to the
neutrino masses, baryon asymmetry of the universe and dark matter, respectively.

In Chapter 2, we review neutrino oscillations and measurements from the neutrino sec-
tor, and highlight the open questions in the field of neutrino physics. We then discuss
the Weinberg operator and the standard seesaw mechanisms for neutrino mass gener-
ation. Low-scale variants of the type-I seesaw mechanism and radiative neutrino mass
models are also discussed.

In Chapter 3, we first present the observation and evidences for the matter-antimatter
asymmetry. We then argue why such an asymmetry should be dynamically generated.
Some dynamical mechanisms for generating such an asymmetry are reviewed, focus-

ing particularly on thermal leptogenesis which is linked to the seesaw mechanism for
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neutrino masses. We discuss in detail the case of leptogenesis with heavy right-handed
neutrinos—Vanilla leptogenesis, derive the CP asymmetry and the upper bound on it,
the relevant Boltzmann equations, and the sphaleron conversion factor. We further

review the scenarios beyond vanilla leptogenesis.

The observations and evidences for dark matter are presented in Chapter 4. We dis-
cuss the generic features that a particle dark matter candidate should possess. We then
discuss the thermal freeze-out mechanism, the case of Weakly Interacting Massive Par-
ticles (WIMPs) and their experimental searches. Given the null results from WIMP
searches, we discuss the scenarios beyond WIMPs, these include the thermal freeze-in
mechanism and Feebly Interacting Massive Particles (FIMPs), the framework of multi-
component dark sectors and asymmetric dark matter. We finally review a wide range
of dark matter candidates in the 'DM Zoo’ section.

PartII consists of copies of research articles published in peer-reviewed journals. When
a topic is introduced in Part I, we mention how it is linked or motivated the research
works carried out during the course of PhD. Hence, these research works have been
thoroughly cited in the thesis contents. The research works can be categorised into
three categories: Neutrino Sector, Dark Sector and Unified frameworks.

Concerning the neutrino sector, a key focus is on extended seesaw models. In particu-
lar, extensions of type-I seesaw with an extended dark sector can account for neutrino
masses via seesaw mechanism, baryon asymmetry is explained via thermal leptoge-
nesis, while the dark matter candidate resides in the connected dark sector. We also
discuss new seesaw models arising in the presence of additional scalar and fermion
multiplets. We further investigate asymmetric and multi-component dark matter mod-
els, where asymmetries play a crucial role in shaping the relic abundance, as well as in
determining the asymptotic nature of the dark matter candidate. The role of a feebly-
connected rich dark sector in determining neutrino cosmology is examined.

A summary and discussion of these research works along with concluding remarks is
presented in Chapter 5. Finally, we provide three appendices with detailed derivations
of the seesaw effective Lagrangian, loop diagrams in leptogenesis, and the formalism

of Boltzmann equations.
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Part I: Introduction






THE STANDARD MODEL AND BEYOND

In the minuscule fraction of time that modern humans have existed compared to the
age of the universe, we have made remarkable progress in understanding the funda-
mental nature of the world around us, from the tiniest building blocks to the largest
cosmic structures, spanning scales beyond imagination. Starting from ancient philo-
sophical ideas, such as the Indian philosopher Kanada’s concept of four indestructible
Paramanu and Democritus’s 5th century BCE idea of uncuttable and infinite Atomos,we
have transitioned to a rigorous scientific framework. This framework is embodied in
the Standard Model (SM) of Particle Physics, which describes all known elementary
particles and fundamental forces except gravity. With the discovery of the Higgs bo-
son in 2012, the SM now stands tall with 17 fundamental particles. Its predictions have
been verified through numerous experiments, making it one of the most successful and
comprehensive theories in physics.

Much like Mendeleev’s 19th-century periodic table organized chemical elements based
onshared properties and predicted undiscovered elements, particle physicists through-
out the 20th century have classified elementary particles into families, and predicted
new particles later confirmed experimentally. Today, physicists continue to predict
new particles that will form an expanded Standard Model, aiming to resolve phenom-
ena the current SM cannot explain. The "Extension” in the thesis title precisely refers
to this approach of going beyond our current formulation to incorporate new particles
and theories, without causing any harm to the model that we already have, as it has
been experimentally tested to a great precision.

In this chapter, we briefly review the contents, structure and historical development of
the SM, as well the issues that plague it and therefore necessitate the existence of new
physics Beyond the Standard Model (BSM).
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Figure 1.1: The Standard Model of Particle Physics: the fermions are shown in green (leptons) and red
(quarks), the gauge bosons in blue and the Higgs boson in purple. Image courtesy: Symmetry magazine.
Illustration by Sandbox Studios, Chicago.

1.1 A brief overview

If you are reading a thesis on 'Non-Minimal Extensions’, you are probably aware of
what the Standard Model of particle physics is. However, for completeness and to
grasp how far we have come, it is worth mentioning the key highlights and histori-
cal developments. In order to understand these concepts in great detail, the reader is
advised to refer to these books [10,11].

Based on the theoretical framework of Quantum Field Theory (QFT) with the gauge
group of SU(3)c x SU(2), xU(1)y, the Standard Model of particle physics consists of 17
fundamental particles. These include 12 spin-1/2 fermions, 4 different kinds of vector
spin-1 bosons and 1 scalar spin-0 boson known as the Higgs boson (see Fig. 1.1) plus
the corresponding antiparticles. These describe the matter content of our universe
as well as three out of four fundamental forces: the strong force associated with the
gauge symmetry SU(3)c, and the weak and the electromagnetic force described by
SU(2), x U(1)y. In the following subsections, these are described in detail.

1.1.1 Particle content and gauge structure

Simply looking at Fig. 1.1, one may think that for a theory describing fundamental
forces and elementary particles, it looks quite complex. Though if you tell this to parti-
cle physicists in the mid 20th century who were discovering new particles more often
(look for “Particle zoo”), the SM is indeed a neat classification. In order to understand
it, we have to look at the players of the game: the ‘particles” and the rules of the game:
the “gauge structure’.

The matter content of the Universe consists of fermions that follow Fermi-Dirac statis-
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tics. In the SM, the fermions are divided into two categories: quarks and leptons, which
are further classified in three generations (or families), i.e., they share the same prop-
erties but vary in mass and flavour. The matter that we see around us is made up of

fermions belonging to the first generation (lightest) only.

Leptons: The leptons take part in all interactions except the strong interactions. The
charged leptons (carrying an electric charge of —1e) are: electron, muon and tau, each
grouped into one generation with their corresponding neutral leptons: electron neu-
trino, muon neutrino and tau neutrino. The heavier charged leptons decay rapidly
into electrons and neutrinos. The electron, the first discovered lepton by J.J. Thompson
in 1897, was incorporated into Niels Bohr’s atomic theory (1910s). He proposed that
these charged particles orbit around the nucleus, which was later found out to be made
up of protons and neutrons.

Quarks: It was later discovered that hadrons such as protons and neutrons are not
elementary but rather composite particles made up of quarks, thanks to the deep in-
elastic scattering (DIS) experiment at SLAC in 1968. However, the quark model had
already been independently proposed by Murray Gell-Mann (see the ‘Eightfold way’
inspired from the Eightfold path in Buddhism [12]) and George Zweig in the early
1960s while studying the properties of hadrons. The quarks are the only elementary
particles in SM that take part in all the four fundamental interactions. Further, they
are also distinguished because of their six different flavours: up and down quarks (1st
generation), charm and strange quarks (2nd generation), and top and bottom quarks
(3rd generation). The most well-known baryons: protons and neutrons that are made
of up and down quarks only.

Gauge bosons: Let us now have a look at the gauge structure of the SM: SU(3)c X
SU(2)L x U(1)y. The SM is a gauge theory built on certain symmetry principles, or
in other words, the physics remains invariant under these local transformations on

the fields, known as gauge transformations!

. However, in order to keep the theory
invariant under these transformations, one is forced to introduce the gauge fields which
act as mediators of fundamental forces. As stated above, the SM describes three out of
four fundamental forces/interactions, these are the strong force, the weak force and the
electromagnetic force. Each of these interactions can be thought of as being mediated
or facilitated by the exchange of their associated gauge bosons: gluons, W*, Z bosons

and photons.

The electromagnetic force and QED: Chronologically, the electromagnetic interac-
tions were the first discovered of the three (gravitational force was discovered much
earlier). The description was based on a simple U(1) gauge theory known as Quantum
Electrodynamics (QED). Its development starting in the 1920s, with the formulation of
quantum theory by Dirac and later refinement by Feynman, Schwinger and Tomonaga

I The current usage of the term ‘gauge invariance’ is attributed to Weyl in 1929, see Ref. [13] for historical
roots of gauge principles.
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(for which they won the Nobel Prize in 1965) [14-16]. QED interactions are medi-
ated by the massless photon A# (an outcome of gauge invariance), with the associated
charge being the electric charge.

The strong force and QCD: These are the strongest of all four interactions, they involve
quarks and are mediated by massless gluons. Just like quarks, ‘Gluon” was also coined
by Gell-Mann for acting like an adhesive to bind quarks in 1962. In 1979, they were
finally detected. Unlike other SM particles, quarks do not exist freely and combine to
form composite particles such as baryons (gq74) and mesons (44), collectively known
as hadrons. This implied the existence of a new quantum number, called the ‘colour’
charge, where each quark species comes in three different colours. Since we do not
observe free quarks, it is postulated that all the hadrons are colourless, i.e., colour sin-
glet combinations. This phenomenon is known as colour confinement, and it prohibits
the observability of free quarks carrying colour. The theory of strong interactions is
thus governed by Quantum Chromodynamics (QCD), and is based on the non-Abelian
gauge group SU(3)c. It determines the interactions between the 6 flavoured quarks and
the 8 gluons Gf;, (a=1,2,...,8), corresponding to the generators of the group.

QCD was built on the template of QED and the Yang-Mills theory [17], where the
colour charge of the former is analogous to the electric charge of the latter 2. However,
due to the non-Abelian structure, we also obtain the interactions among the gluons
themselves belonging to the adjoint representation of the colour group.

The weak force and unification: Now we come to the weak force (responsible for ra-
dioactive decay) mediated by the massive mediators: the charged W* bosons and the
neutral Z boson, and therefore is a short range interaction. These gauge bosons were
among the last to be discovered (CERN, 1983). Unlike the two cases above, the weak
force was quite puzzling not just because of massive mediators, but especially due to
the discovery of parity violation in the Wu experiment (1956). This discovery con-
tirmed that the SM differentiates between the left and the right-handed fields, making
it a chiral gauge theory. It was found that the left-handed fields Q, L corresponding
to quarks and leptons should transform as doublets (the simplest group allowing for
doublets is SU(2)). Meanwhile, the right-handed fields: ug,dr and eg, correspond-
ing to up-type, down-type quarks and charged leptons, respectively, should transform
as singlets, leading to SU(2).. You will notice that there is no term corresponding to
right-handed neutrinos, which can be taken as a hint of new physics (more on this
later!).

Moreover, given that SU(2) group has three generators, and we have three associ-
ated gauge bosons (the non-Abelian structure will lead to self-interactions among the

bosons in this case as well), such a choice was well motivated. However, it was not

2 Since we observed hadrons and not free quarks, historically the baryons were assigned integer electric
charges. Upon discovering their constituents, the quarks were thus assigned fractional electrical charges
(the only ones to carry such charges in SM).
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enough to explain the observed weak phenomenon, where you have a neutral boson
(Z) along with charged bosons (W*) and my # mz. It was found that the weak in-
teractions can be described by the using the product group SU(2); X U(1)y with their
generators corresponding to weak isospin (Ti, T>, T3) and weak hypercharge Y and the
associated gauge fields Wl.” with 7 = 1,2, 3 and B¥, respectively. This structure yields
four bosons: W*, Z, y and unifies the weak interactions with the electromagnetic ones
to yield the Electroweak (EW) Theory [18-20] for which Salam, Glashow and Wein-
berg won the Nobel Prize in 1979.

The Higgs boson: Finally, we come to the last piece of the SM particle content which
was discovered in 2012, the Higgs boson, the only scalar boson in the theory. The Higgs
boson is responsible for giving masses to other SM particles due to their interactions
with the Higgs field. This is known as the Higgs mechanism and it deals with the
spontaneous breaking of electroweak symmetry (see below). The long awaited dis-
covery of the Higgs boson, proposed in the works of Higgs, Brout, Englert, Guralnik,
Hagen and Kibble [21-25] by the ATLAS and CMS experiments at CERN [26,27] was
a major milestone in the field of particle physics.

1.1.2 The SM Lagrangian

The gauge sector contains the associated gauge fields of SU(2); x U(1)y that are WZ.”
with i = 1,2,3 and B¥, and the gluons Gﬁ,l, (a =1,2,...,8) of SU(3)c as mentioned
above. The corresponding Lagrangian is

1 1. . 1
_Lkin,gauge = ZwaGZN + Zwﬁvwiyv + ZB‘uVByV ’ (11>

where the field strength tensors are given by

Wi, = 9, Wi - 2, W, + geFW] W,

Byv = ayBV - aVBy ’
G, = 9uGl — 9,Gl + g f"°GLGS, (1.2)

where 7,j,k = 1,2,3and a,b,c = 1,2,...,8; gs and g are the couplings associated
with the SU(3)c and SU(2)., respectively. €’¥ and f?¢ are respectively the struc-
ture constants of SU(3)c and SU(2).. They satisfy the commutation relations [0}, 0;] =
2ie'* gy, [Ag, Ap] = if*°A., where o(A) are the Pauli (Gell-Mann) matrices correspond-
ing to the generators of SU(2)r (SU(3)c) .

Coming to the Lagrangian associated with the fermions, we have
Lkin,fermions = Z iw‘)/‘uDy#}a s (13)
o

where ¢ = Q,ug,dgr,L, er denotes the fermion fields and y# are the Dirac matrices,
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Table 1.1: The fermionic and bosonic content of the SM and their charge assignments under the gauge
group SU(3)c x SU(2)r x U(1)y.

Fields SU@)c suE)r Uy
u c t
Q=] Q=" Q=" 3 2 1/6
Quarks d 5L b
UR CR tr 3 1 2/3
dR SR bR 3 1 —1/3
L= () =) n=(n 1 2 ~1/2
Leptons  \|ep > >
€R UR TR 1 1 -1
G* 8 1 0
Bosons W 1 3 0
B 1 1 0
H 1 2 1/2
with the covariant derivative
Dy =y —ige Gt —ioTiWi —io’YB 14
H= H_ngj ‘u_lg§ y_lg M ()

Here, g’ is the coupling associated with U(1)y. Note how the covariant derivative term
takes into account the interaction of matter (fermions) with the gauge bosons. Further,
only those fermions that are charged under a gauge group take part in the interactions
associated with that particular group. The charge assignments of the particles under
the gauge groups are given in Table 1.1.

Importantly enough, you can spot that the mass terms are missing! (Also, you can ask
where exactly is the Higgs?) Strange at first, it is not surprising as the gauge symmetry
forbids writing such a mass term for the gauge bosons. This worked for photons and
gluons, but not for massive W, Z that were predicted from the Fermi theory for beta
decay. Moreover, given the different transformation for left and right-handed fermions,
we do not have fermion mass terms as well which have the form mw(tpzw R+ 1”{1,01).
This shortcoming can be tackled only if this gauge symmetry is somehow broken. This
is exactly where the Higgs field will come into play.

The Higgs mechanism

In order to accommodate the fermion and gauge boson masses, one must introduce the
concept of Spontaneous Symmetry Breaking (SSB). It is associated with a symmetric
Lagrangian with a non-symmetric vacuum. The idea is analogous to the alignment of
spins of the ground state of a ferromagnet in some arbitrary direction, even though
the entire system is rotationally invariant. Therefore, in a system with degenerate min-
ima, the symmetry is said to have been spontaneously broken if one of the minima is
arbitrarily chosen.

In the SM, the electroweak symmetry is spontaneously broken (EW SSB) via the Higgs
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Figure 1.2: The Higgs mechanism: the Mexican hat shaped SM Higgs potential with infinitely many
degenerate minima. The Higgs field is initially in a symmetric state (at point A) though this is not the
true vacuum. It arbitrarily rolls down to the true vacuum (H) = v /2 choosing one of the infinite
degenerate minima (at point B).

mechanism: where the Higgs field takes a non-zero Vacuum Expectation Value (VEV),
breaking the electroweak symmetry to that of remnant QED

SU@) x U(L)y —= U(D)gep - (1.5)

Let us see how it works (Kibble talks about the history of electroweak symmetry break-
ing in Ref. [28]). We need to introduce a complex SU(2) scalar doublet H = (H*, H?)"
governed by the Lagrangian

Liiggs = (D,H)'D*H + y>H'H - A(H'H)?, (1.6)

where D, concerns only the electroweak part of eq. (1.4). Here u* > 0 will lead to a
non-zero VEV when you try to minimize the scalar potential®

a‘gg{) :0:><H>:1/[u2/2AEv/\/§, (1.7)

where v ~ 246 GeV is the measured SM Higgs VEV extracted from Gf, the Fermi con-
stant [29], breaking the symmetry of the potential, see Fig. 1.2. Now, for a perturba-
tive approach, one can expand the scalar field about this particular vacuum: (H) =
(0,v/V2)T. Since we introduced a complex scalar field (corresponding to four real
scalar fields, say 01,2,3 and &), the fluctuations can be parameterized as [25]

= T exp [i%@i(x)/v] ((1)) , (1.8)

where the o; are once again the Pauli matrices (i = 1,2, 3), and the exponential term
in eq. (1.8) takes into account the SU(2) transformations. Three out of the four scalar
fields (60;) correspond to the three massless would-be Goldstone bosons which are
eaten by the three gauge bosons (W*, Z) to become their longitudinal degree of free-
dom. We are thus left with /,* the physical Higgs boson with its mass given by m; =

3 Note that |H| = 0 does not correspond to the true minimum.
% One can choose 0;(x) = 0, so that only the physical & field remains, this is known as the unitary gauge.
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2Av? (you can obtain this by plugging the above equation in the scalar potential). The
discovered Higgs boson’s mass was found to be 125 GeV [26,27]. Note that the Higgs
boson needs to be electrically neutral, because U(1)qep remains an exact symmetry of
the vacuum.

Gauge boson masses: Focusing on the first term of the scalar Lagrangian in eq. (1.6)
and the electroweak part of the covariant derivate in eq. (1.4), we get (in the unitary

gauge)
, X 2
(DyH)'DH =|(~ig W, - ig VB, ) H]

2
WS +¢'By  g(W,; —iWy) 0
SWy +iW7) —gWi+¢'Byf\v+h

1

. (1.9)

Let us define W* = (W' ¥ W?)//2 and look at terms only proportional to v (the terms
with h will give us interactions of the gauge bosons with the Higgs boson)

2 _gg,) (Wm[) . (1.10)

2,2 g
gg &7\ B

g°o

_ 1
(D,H)'D'H — ngw# + gUQ(Wi’,BH) (

The first term above can be clearly identified as the mass of the charged W+ boson:
mw =guv/2. (1.11)

The second term on the other hand corresponds to the mixing between Wﬁ’ and B,
fields. In order to obtain the gauge boson masses, we need to diagonalize the mixing
matrix. The diagonalization of a mass matrix is among the key tools in particle physics
models, something that we will use a lot more in the upcoming chapters. Coming back
to the matrix, one can see that one of the eigenvalues is zero, which corresponds to the
massless photon, while the other one is non-zero and gives us the Z-boson mass

1
ma=0, my= §v,lg2 +g7. (1.12)

By defining ¢’/g = tan Oy with Ow being the weak mixing angle, we can write the
mass eigenstates in terms of the diagonalizing matrix as

cosOw  sinOw | [ By (1.13)
—sin By cos Ow Wﬁ’ ’ '

Ay
Zy

corresponding the photon and Z boson fields. Comparing the masses of W* and
Z bosons, we have my /mz = cos Oy. Hence, in an elegant way, we have obtained
the massive gauge bosons, as well as a massless one corresponding to the unbroken
U(1)qep subgroup. Furthermore, if you now express the covariant derivative (see
eq. (1.4)) in terms of the mass eigenstates, you can derive the relation between the
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electric charge (QED) and the weak charges as Q = T3 + Y. It also leads to the relation
e = gsin Ow.

Fermion masses: The same scalar field that we introduced above for inducing the
gauge boson masses also has the correct quantum numbers (see Table 1.1) to couple
to the left-handed fermion doublets and the right-handed singlets (so that they form
a singlet). This leads us to the Yukawa Lagrangian

Lyiawa =~V ToHeg - V¥ Q Aug - Y Q, Hdg + H.e., (1.14)

where a, § denote the flavour indices and H = iocoH*. Note that due to the hypercharge
assignments, there is no term that couples lepton to quarks with the Higgs. We only
have the Higgs coupling to just the leptons or the quarks. Among them, it is possible
to couple to different generations; hence we use the flavour indices. This implies that
Y% are 3 x 3 matrices, which are not diagonal (we will discuss the flavour structure
and mixing in the next section).

After EWSSB as discussed above, we can substitute H = (0, (v + h)/V2)T, which will
result in the following

v+h

-EYukawa = — (Yg ELER + Yu ELMR + Yd ELdR + H.C.) , (1.15)

where we have suppressed the flavour indices, rather one can read them as:
e=(,u1), u=(wu,ds), d=(d,s,b).

The terms proportional to v can be identified as the mass terms associated with the
fermions: My = Yy v/ V2

_Lmass,fermions =erMeer + urMyug + ELMddR +H.c.. (116)

We see that all the fermion masses are proportional to same Higgs VEV, therefore the
hierarchy in the masses of different fermion generations that we see is a consequence
of the hierarchical Yukawa couplings, see Fig. 1.3. Once again, notice the absence of
any mass term for the neutrinos, as there are no right-handed neutrino counterparts
like the quarks and charged leptons.

Flavour structure

In the previous section, we saw how masses emerge due to the Higgs mechanism. How-
ever, we still have not determined the fermion mass eigenstates that would lead us to
the observed fermion masses. Once again, we need to diagonalize the associated mass
matrix, i.e., My = Yyv/ V2, due to the non-diagonal Yukawa couplings. In order to di-
agonalize the fermion mass matrix, we need to first rotate the involved fields (which
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Figure 1.3: Fermion mass spectrum in the SM. The top quark with my ~ 172 GeV is the heaviest particle
in the SM.

are currently in the gauge basis). We can perform the following rotation on the fields
seen in eq. (1.15)

u; = Uy, d; - Ordr, e — Erer,

ul’{ — WRMR ’ d;{ — Z)RdR ’ 61; — 8R€R , (1.17)

where U, D, E are unitary matrices and will diagonalize the mass matrices. After
applying the transformations in eq. (1.15) (focusing only one the terms o v which give

us the masses), we get
— — —/
_Lmass,fermions = e/LMee;{ + u/LMuM;{ + dLMdd;{ +H.c., (118)

where My are the mass diagonal matrices givenby My = F"MyFr with ¥ = (U, D, &),
ie., M, = diag(m,, m., m;) and so on. Though the theory was written in the gauge ba-
sis, it is this mass basis that is of physical consequence and used for calculations.

The next question that arises is about the consequences of these transformations. For
this, we need to go back to the kinetic terms associated with the fermions in eq. (1.3)
which give us the interactions of fermions with the electroweak bosons post SSB

Lec = %w;(nLy#dL +7yfer) + Hee.,

f

— - T 1
Lnc =eQrAufy f +eZufy* > 5

mQ(l-)/g;)—than@W f, (1.19)

where f are the fermion fields. The first equation corresponds to the charged currents
as they involve the W bosons whereas the second one corresponds to the neutral cur-

rents involving Z, A.
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Once, we rotate to the mass eigenstates using eq. (1.17), in the quark sector, the Lcc
takes the form

LI = ?w;um Vogud, + H.c. (1.20)

where Vexn = ﬂgZ)L is a complex unitary matrix called the Cabibbo-Kobayashi-
Mashikawa (CKM) matrix or the quark mixing matrix [30,31]

Vud Vus Vub
Vekm = Vs Vs Ve |- (121)
Vie Vis Vi

This implies that the charged current interactions can change quark flavour at the tree
level, with the strength of the flavour changing interactions determined by the elements
of the CKM matrix above. The CKM being a 3 X 3 unitary matrix has 3 angles and 6
phases, five out of these can be removed by field redefinitions. Hence, at the end for
three generations, we only have 3 angles (012, 013, 023) and one phase 03 (see the
standard parameterization of CKM matrix [29]). The latter is the only complex phase
in the SM and a source of CP violation. Historically, Cabibbo’s mixing matrix involved
only 2 generations (1963). It was due to the observation of this CP violation in the Kaon
systems that the existence of third generation quarks was predicted, and the matrix was
extended by Kobayashi and Mashikawa (1973) before the discovery of bottom and top
quarks.

Further, you can see that in the case of neutral currents, there is no flavour changing at
the tree level. This is because the corresponding product of unitary rotation matrices
is diagonal in gauge/flavour basis. Second, in the absence of neutrino masses, there is
no such leptonic flavour mixing matrix because one can choose a transformation where
the mass and gauge eigenstates can coincide (for example, by redefining the neutrino
flavours). Hence, we do not have Lepton Flavour Violation (LFV) in the SM. Of course,
as we will see later, in the presence of neutrino masses, we will obtain the lepton mixing
matrix, called Pontecorvo-Maki-Nagakawa-Sakata (PMNS) matrix [32,33].

Putting it all together

Now, we have all the ingredients for the game, the rules and players; after putting it all
together, the final SM renormalizable Lagrangian is given by

LSM = Lkin,gauge + £kin,fermions + £Higgs + LYukawa (122)

which are defined in eqgs. (1.1), (1.3), (1.6) and (1.14). After electroweak symmetry
breaking, we obtain the gauge boson and fermion masses, as well as their interactions
with each other and the Higgs. The parameters that it contains are the 6 quark masses,
3 charged lepton masses (the fermion Yukawas can be determined from there), 4 CKM
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parameters, 3 gauge couplings, the Higgs boson mass and VEV, and a strong CP vio-
lating phase (see below) for a total of 19 parameters. Additionally, the standard model
also has accidental symmetries (as in the sense that they were not imposed by hand
but emerge from the SM gauge structure and particle content) such as baryon and lep-
ton number (LN) conservation. Furthermore, there is also a residual SU(2) symmetry
in the Higgs potential after SSB called the custodial symmetry. The custodial symme-
try is exact in the absence of Yukawas and hypercharges, which leads to the following
relation at the tree level [34,35]:

2

w
— =1. 1.23
M% cos? Ow ( )

m
p:

The current global fits of Electroweak Precision Observables (EWPO) set p = 1.00031 +
0.00019 [29]. We observe p ~ 1 as a consequence of the accidental custodial symmetry.”
Therefore, the p parameter measures the deviations from this symmetry and provides
constraints on new physics models. Note that these accidental symmetries may not be
respected at higher scales.

Despite being complex, the standard model successfully explains a wide range of ob-
served phenomena and accommodates well our present understanding of the strong
and electroweak interactions. Yet, there remain challenges that it does not accommo-
date as well as unexplained patterns (if one seeks a deep understanding) as we discuss

in the next section.

1.2 What does the SM fail to explain?

The SM has explained, up to a great accuracy, most of the observed low-energy elec-
troweak phenomenon (~ O(100 GeV)). These include the astonishing agreement be-
tween the predicted and experimentally measured value of the anomalous magnetic
moment of the electron, the prediction and subsequent discoveries of Z, W bosons,
third generation quarks (in particular the top mass), along with that of the Higgs
bosons. These are some great accomplishments in the field of physics.

Along with ACDM, the standard model of cosmology which is based on the cosmo-
logical principle and the General Theory of Relativity (GTR), explains large scale cos-
mological and astrophysical observations. We have gathered a great amount of infor-

mation about our universe over the years. Still, there are a lot of unsolved mysteries.®

The fields of particle physics and cosmology are rather interdisciplinary, and a funda-
mental theory should be able to describe all scales small and large (i.e., towards a ‘A
Theory of Everything’). Therefore, we seek explanations for both the observed cosmo-
logical phenomenon from a particle viewpoint by looking at some issues within the

5 The custodial symmetry is not preserved when radiative corrections are included, i.e., p # 1.
6 The ACDM model has its own set of challenges which are not included in this section, for a recent review
see Ref. [36]. Some of these will be discussed in subsequent chapters.
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SM. In other words, we would like to unify the two standard models. Let us have a
look at some of the problems that the SM fails to explain:

1. Neutrino masses: We saw that the neutrinos in the SM are massless, and they do
not have any right-handed counterparts like the other fermions. After the obser-
vation of neutrino flavour oscillations that show that different flavours mix in the
leptonic sector, (initially proposed by Pontecorvo in 1957 [37]), we now know
that neutrinos have a very tiny mass (sub-eV scale), about 6 orders of magnitude
below the electron mass. This is one of the most clear evidences of new physics,
as there is no explanation within the SM for neutrino masses.

2. Matter-antimatter asymmetry: Everything that we see around is made up of
matter, whereas antimatter exists in trace amounts. This unbalance termed as
the ‘Baryon asymmetry of the universe’ is the reason of our existence. Such an
asymmetry needs to be dynamically generated after the Big Bang, though, we do
not know the mechanism behind it. In principle, the SM has all the ingredients to
dynamically generate an asymmetry. However, these are not enough to explain
the observed asymmetry, and we need to again extend the SM.

3. Dark matter: We know thatin ACDM, the energy budget of the universe contains
roughly 25% non-luminous and non-baryonic matter (5 times more than the vis-
ible matter that makes up everything that we see), aptly termed as Dark Matter
(DM). Accommodating a DM candidate clearly requires extending the SM con-
tent. Despite significant evidence for dark matter, we have not been able to detect
it yet and establish either its mass or nature.

4. Dark energy: The 70% of the energy budget of the universe is made up of dark
energy due to which the universe undergoes an accelerated expansion, another
unexplained phenomenon in the SM. As this acceleration is driven by a compo-
nent with negative pressure, one of the simplest explanations is to assume a con-
stant energy density characterized by the cosmological constant A (introduced by
Einstein in 1917). Explaining the small value of A within a quantum field theory
framework leads to a much larger value (120 orders of magnitude of difference!).
There are other explanations such as dynamic dark energy [38,39]. Recent data
release from the DESI collaboration [40] hints at dynamical dark energy, with
many interesting implications [41,42].

5. Gravity: Let us not miss the elephant in the room: the SM offers no explanation
for the fundamental force of gravity, and is incompatible with GTR. Unifying
gravity with other interactions in the SM leads to non-renormalizable infinities.
Coming up with a quantum theory of gravity (for example string theory or loop
quantum gravity) is one of the most important theoretical challenges that physi-
cists are working on. Similar to other gauge bosons, spin-2 mediators of gravity
called gravitons have been proposed, which cannot be currently accounted for in
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the SM gauge structure.

This thesis focuses on the first three items of the list above, namely neutrino masses,
baryon asymmetry of the universe and dark matter. These are discussed in more detail
in Chapters 2, 3 and 4, respectively. The problems mentioned above are not exhaus-
tive, there are other issues with the SM as well. The ones mentioned above highlight
certain shortcomings, particularly when it comes to what we have already observed.
Moreover, on theoretical grounds, i.e., when trying to seek a deeper understanding of
what we know, we have:

1. Flavour puzzle: We do not know the reason behind the flavour structure of quarks
and leptons in the SM: why do we have three generations, why do we have the
hierarchy in their masses and the mixing pattern. In fact, all fermion masses go
as free parameters in the SM, and we believe there is an underlying structure yet
to be unveiled to reduce the number of these free parameters and offer a rationale
behind the observed distinct values. Note that the constraints on new physics are
quite stringent, coming from the flavour sector.

2. Strong CP problem: In the QCD Lagrangian involving gluons and quarks, we can
write the following CP violating term (consistent with all the SM gauge groups):

Lo>-—= "G GY. (1.24)

The O parameter above is constrained by the neutron electric dipole moment to
be tiny:
6 = Oqcp + arg[det(M)] < 10717, (1.25)

where M is the quark mass matrix. Such a small value, in a way, represents a
fine-tuning problem as there is no symmetry in the SM that would lead to this pa-
rameter being extremely tiny (usually O(1) parameters are natural in the t'Hooft
sense [43]). Thus, even though there is no reason for the CP symmetry to be
necessarily conserved in the strong interactions, the strong sector seems to con-
serve it, and we do not observe such violation in experiments. This is known
as the 'Strong-CP problem’. One of the most popular solutions is to impose an
additional U(1) symmetry called the Peccei-Quinn symmetry which is spon-
taneously broken, leading to a light pseudoscalar called the axion and setting
Oqcp — 0 [44-47]. Axions are very popular DM candidates these days (more
on this later).

3. Hierarchy problem: We see from all the discussion above that new physics is
required, however, this new physics scale (Axp) is unknown. The Higgs mass
in the SM is quite sensitive to high scales (there is no symmetry protecting its
mass) and can receive large quadratic corrections depending on Anp. Therefore,
the observed mass of 125 GeV can again be seen as unnatural or fine-tuned in
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Figure 1.4: Running of the gauge couplings (a~1) in the SM with the energy scale u. It can be seen

that orange and green curves coincide at | ~ 1016 GeV: however, the three of them never exactly coincide
together.
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presence of this new physics, as it would require the bare mass term to be adjusted
in such a way that one can get rid of these large quadratic corrections. This is
called the hierarchy problem, based purely on theoretical grounds that depend
on the Anp.”

4. Gauge coupling unification: As mentioned above, we have three different gauge
couplings corresponding to SU(3)c X SU(2);, X U(1)y. These couplings also vary
with energy due to renormalization, also known as running with energy. It is
believed that the SM gauge group should unify together to one single gauge
symmetry characterized by one coupling constant, leading to the structure of a
more fundamental theory termed as Grand Unified Theory (GUT). In the SM, the
gauge couplings should unify at very high energy scales corresponding to 1016

GeV, however, they do not. We show the running of the three gauge couplings,

a; = g?/4n, in the SM in Fig. 1.4.

5. Charge quantization: Remember that quarks carry fractional electric charges, in
particular, in units of 1/3 (see Table 1.1). We do not have any explanation for
this assignment, or why fermion charges should come in discrete units of the
electron’s charge. This quantization maybe considered ad-hoc, though, it can
also be linked to high-scale theory from which it can arise naturally.

It should be reiterated that the list above is not exhaustive. For example, there are
problems such as the existence of Landau poles in QFT, which is linked with quantum
triviality (see Refs. [48,49]). These arise completely from a theory building perspec-
tive.

7 Note that we do have the Planck energy scale at 10'? GeV set by gravity, which in principle makes this
problem worse.
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1.3 Physics beyond the SM

So far, we have reviewed the Standard Model, acknowledged its successes, and rec-
ognized its shortcomings. We have conclusive evidence that it remains incomplete
and requires extensions to address the questions it cannot currently answer. Such ex-
tensions are referred to as Beyond the Standard Model (BSM) theories, which aim to
resolve one or more of the SM’s unresolved issues. The term New Physics (NP) is also
used interchangeably with BSM; however, BSM refers more specifically to theoretical
frameworks, while NP serves as a broader umbrella term for any deviations from our
current understanding of nature.

In general, such extensions involve enlarging the SM particle or symmetry content to
involve new interactions, new couplings, and new quantum numbers to make a BSM
model. However, this must not harm the SM we know and have tested already. With
this idea of keeping the main predictions of SM almost intact, one has some creative
liberty to implement new ideas and frameworks with the approach of looking outward.
The final goal is not only to create models that can resolve the challenges but also the
ones that can be tested with our current experimental capabilities, or rather probed in
the future. Hence, the synergy between the theorists and experimentalists is vital for
this quest for new physics. Identifying the correct extension(s) that bring us closer to
a more complete understanding of nature remains a challenging task, though the finite
set of experimental results serves as a guiding beacon for model builders.

Given the electroweak scale, it was expected that some new physics could lie at the
TeV scale—a range currently accessible at the LHC, operating at approximately 13 TeV.
Supersymmetry models (see Ref. [50] for a review) were predicted to produce a wide
range of signatures within the reach of LHC. However, no such evidence has been
found over the years, constraining parts of its viable parameter space. On the other
hand, if the scale of new physics is much higher than the TeV scale, then it would remain
beyond the reach of collider based experiments (it would also aggravate the hierarchy
problem). In this case, one needs to look for indirect hints and turn to the cosmic
laboratory, i.e., search for the implications of BSM dynamics in the early universe.

Since the SM describes phenomena at distance scales larger than O(TeV™!), it is re-
garded as an Effective Field Theory (EFT). In this context, the SM is understood as
a low-energy manifestation of a more fundamental theory, involving particles whose
characteristic mass scales Anp are much higher than those of SM. Let us review this
concept below.

1.3.1 Effective Field Theories

One of the remarkable features of nature is the separation of energy scales, which al-
lows us to treat physical processes occurring at different scales independently. This
separation is the reason nuclear physics and particle physics exist as distinct disci-
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plines. Nuclear physicists can carry out calculations and make predictions without
needing to account for the substructure of elementary particles. In the context of QFTs,
EFTs provide a framework to describe low-energy phenomena (or physics at any given
scale) without requiring detailed knowledge of the full high-energy theory.

At low energies, the effects of heavier particles or unknown new physics can be de-
scribed by higher dimensional (non-renormalizable) operators. These operators are
suppressed by the scale of new physics (Anp) or the cut-off scale of the theory. In
other words, this implies that we have decoupled from the high energy scale, and the
heavy particle will have negligible effects on the low energy observables. Hence, the
SMitself can be viewed as an EFT valid at the electroweak scale, with its predictions and
calculations in agreement with the experimental results. The SM effective Lagrangian
can be written as

L=Lov+ AC—;’H)O":5 + /\CTﬁOdzﬁ + 6770‘127 +..., (1.26)
NP NP

where the c; are dimensionless coefficients. It can be seen that the higher the dimension
of the operator, the more suppressed it is. The scale Anp corresponds to the mass scale
of the heavy fields that are said to be integrated out (calculation of path integral only
over the heavy fields). Therefore, we only have the light fields remaining in the effective
Lagrangian. For example, consider a theory consisting of two real scalars ¢(x) and @(x)
with masses m, and Mg respectively, with my < Mg. The Lagrangian can be written
as

quuMJ, (I)] = Lfree[q/)] + Lfree [(D] + -Eint[q/)r CD] (1-27)

where Ly includes the kinetic and mass terms for the respective fields and Lin¢ de-
scribes the interaction between the two fields. The effective Lagrangian can be defined
by integrating out the heavy scalar field ® as [51]:

ei5e = exp [i / dix Leﬁ(x)] = / D®D®' exp [z’ / d*x Lean[p(x), D(x)]
—exo | [ atxLualoo), o0 =01 + 019t (1.28)

where the second term corresponds to the operator obtained after integrating out the
heavy field ®. Hence, it can be seen that the effective Lagrangian at low energies does
not consist of the heavy fields. Once the integration has been carried out, and we have
the complete description of the full theory and the EFT, we can determine the involved
coefficients by matching both the high-scale and low-scale theories so that we recover
the low energy predictions/observables.

The EFT framework has become an extremely powerful tool for BSM, and is comple-
mentary to top-down approaches, see Refs. [52-54] for a review. One can say that



18 1. The Standard Model and Beyond

simplified models are the ones that lie in between EFTs (systematic, general) and well-
grounded theories describing the full UV-complete model (predictive, complex).

As we will see in the next chapter, the EFT framework will come in handy when dis-
cussing the neutrino mass generation mechanism. In particular, we will discuss the
unique dimension-5 operator made up of the SM Higgs and lepton doublets, called
the Weinberg operator [55]. This operator violates lepton number by two units (which
being an accidental symmetry of the SM need not be respected by higher dimensional
operators).

1.3.2 A recipe for model building

Having set the background, it is now time that we discuss the approach and path that
BSM model builders take when extending the SM. Let us see how to cook a BSM model:

1. [Food item] Select a problem to work on: We have seen several shortcomings of
the SM. The first step is to target one or more of these issues—whether they stem
from unexplained phenomena or theoretical inconsistencies. You may choose to
address multiple problems within a single model. This is analogous to deciding
what dish you want to cook and eat.

2. [Cuisine] Choose your approach: This serves as your guiding principle for build-
ing the model, much like choosing a cuisine— Indian, Italian, Spanish, etc. The
most common approach is based on symmetry arguments, as the SM itself is
built upon symmetry principles. Enlarging the symmetry group can lead to uni-
fication schemes or entire classes of models, especially within supersymmetric
frameworks. Alternatively, you can adopt a bottom-up perspective using the EFT
framework. Other guiding ideas include minimality and naturalness, depending
on your taste. This thesis focuses on the non-minimal approach.

3. [Ingredients] Add new particles; extend the symmetries: Next step is to extend
the particle content and symmetry group of the SM. You can add new fermions
or scalars, the symmetries can either continuous (local or global) or discrete. The
gauge bosons will be determined whether the symmetry is gauged or not.

4. [Cooking I] Construct the Lagrangian: Once you have made the additions, one
needs to write all renormalizable terms allowed by the symmetries (both old and
new). If you use the EFT approach, you will have to write the higher dimensional
operators as well. Next, you have to choose if you want the symmetry to be spon-
taneously broken (i.e., new gauge bosons, the new scalar field takes a VEV) or be
intact depending on the problem you are trying to solve.

5. [Tasting and adjusting] Consistency check: With a model in hand, it’s essential
to check for theoretical consistency. This includes constraints from perturbativity,
unitarity, anomaly cancellation, vacuum stability, and sensitivity to fine-tuning
(if naturalness is a guiding principle). If problems arise, you may need to adjust
your ingredients—perhaps add more "salt’—to fix the issues.
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6. [Cooking II] Phenomenology: At this stage, your model is only half-cooked.
Now you must explore its phenomenological implications. This involves study-
ing new interactions (scatterings, decays, etc.), calculating the mass spectrum
and performing any necessary diagonalization, and computing contributions from
loop diagrames.

7. [Serving]| Predictions: The final step is serving your model, you need to first
constrain it with experimental constraints (current and future sensitivities), for
example: electroweak precision tests, bounds from astrophysics and cosmology,
to map the allowed parameter space. You should make predictions about the
unique signatures of your model that can be tested either with our current set-up

or in the future.

This general flow is commonly followed in constructing BSM models and has also been
employed in developing the models presented in Part II of this thesis. Next, we will
dig deeper into the issues of neutrino masses, baryon asymmetry and dark matter in

the following chapters.






NEUTRINO MASSES

The elusive and mysterious nature of neutrinos has garnered the interest of physicists
ever since their existence was conjectured by Pauli in 1930. Neutrino interactions are
so feeble that they rarely interact with the surrounding matter, despite being present
in great abundance in the universe. They take part in charged current interactions,
where their flavour is determined from the easier-to-detect charged lepton’s flavour.
It took 26 years after being postulated for neutrinos to be discovered in the Cowan
and Reines experiment (1956) [56]. They observed electron antineutrinos (v,) from a
nuclear reactor by utilizing the inverse beta decay process (v, +p — n+e™); they aptly
called this 'Project Poltergeist”.

As we saw in the last chapter, neutrinos are the only fermions that are considered to
be massless in the SM. This is due to the absence of their right-handed counterparts,
consequently prohibiting the Dirac mass. However, we now have evidence for tiny
neutrino masses from several ongoing experiments on solar, atmospheric and reactor
neutrinos that have confirmed the phenomenon of neutrino oscillations, indicating a
mixing between flavour and mass eigenstates [57-60]. These measurements hint that
neutrino masses are 6 orders of magnitude smaller than the electron mass, making
the observation of neutrino masses not only a direct indication of BSM physics but
also leading us to the question: Why are neutrino masses so tiny? In this chapter, we
will briefly review neutrino oscillations and the parameters involved in them, open
questions in neutrino physics and neutrino mass models.

2.1 Oscillations and measurements

In the quark sector, the flavour and mass eigenstates do not coincide as both up and
down quarks are massive. If neutrinos were to carry a tiny mass, the same mismatch
between the mass and flavour eigenstates would allow them to change their flavour
while propagating. This is termed as 'neutrino oscillations’. It was first predicted by

21
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Pontecorvo [37], who thought of neutrino-antineutrino oscillations analogous to the
ones in neutral Kaons. Later, it was expanded by Maki, Nagakawa and Sakata [33] to

include the muon neutrinos (discovered in 1962), and describe flavour oscillations.

In 1968, Bahcall and Davis’s Homestake experiment designed to count neutrinos from
the fusion in the sun only observed one third of the prediction; this was termed as
the "solar neutrino problem’. Further, in the GUTs that we discussed in the last chap-
ter, it was predicted that the protons could decay into antineutrinos and meson. An
experiment called Kamioka Neutron Decay Experiment (Kamiokande) was designed
to look for these decays. The experiment did not find any signal of the proton decay,
however, it observed fewer v, than expected. In 1996, the experiment was upgraded to
Super-K, and gave us the first evidence for atmospheric neutrino oscillations a couple
of years later. In 2001, the Sudbury Neutrino Observatory (SNO) in Canada published
their results for solar neutrino oscillations, solving the problem. Finally, KamLAND
reported the evidence of antineutrino disappearance from reactor neutrinos, confirm-
ing neutrino oscillations from various sources [61]. Takaaki Kajita and Art McDonald
from Super-K and SNO were finally awarded the Nobel Prize in 2015 for the discovery
of neutrino oscillations. These evidences confirmed that neutrinos are indeed massive.

Hence, we also have a unitary mixing matrix in the lepton sector (analogous to the
CKM matrix), called the PMNS matrix

uel ue? ue3
uPMNS: Upl uy2 uyS . (21)
u’(l UTZ u73

The flavour and mass eigenstates related by v, = U, vi, with @ = {e,u, 7} and i =
{1,2,3}. Of course, if neutrinos were massless, this matrix would be diagonal as we
discussed before.! Just like the CKM, we can characterize this matrix by 3 mixing
angles and one CP-violating Dirac phase 6 for three generations. Additionally, as
neutrinos are neutral elementary particles, they can very well be their own antipar-
ticles, i.e., they could be Majorana fermions (discussed below). Therefore, in addi-
tion to the four parameters above, we also need two additional physical Majorana
phases (a1,2) for Majorana neutrinos. Hence, the full transformation matrix is given
by Uppmns = R x diag(e?®1/2, ¢1%2/2, 1), where

—i0

C12€13 512€13 513€
_ 5 i5
R = [ —s12c23 — c12523513€" C12C23 — S12523513€" 523C13 | » (2-2)
i5 )
512523 — C12C23513€'°  —C12523 — S12€23513€'°  €23C13

with Cij = COs Qi]‘, Sij = sin Qi]‘.

1 Additionally, the presence of mixing in the leptonic sector also implies charged lepton flavour violation
(LFV), for example, processes such as [, — 157/ with a, f = e, u, 7, which are absent in the SM. These
processes that thus would appear in several BSM models are severely constrained, with the strongest
bounds typically coming from Br(u — ey) < 4.2 x 10713 (90% CL) [62].
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Figure 2.1: Two possible choices for neutrino mass ordering /hierarchy. The different colours correspond
to the three lepton flavours, with their respective lengths proportional to the mixing parameters. Image
courtesy: JUNO Collaboration.

Let us now discuss the oscillation probabilties. Considering first just the two-flavoured
scenario as in the MNS paper [33], the flavour eigenstates can be written in terms of

two mass eigenstates and one mixing angle 0

Vg =v1c0o860 +v98in0,

vg =vycosO —vysin. (2.3)

The probability (in vacuum) that a neutrino in a particular flavour state remains in the
same flavour state after travelling a distance L (in km) is given by

(2.4)

2
P(ve = vy) = 1 = sin® 20 sin® (uﬁ—mL) ,

where E (taken in GeV) is the neutrino beam energy, and Am3, = m2 — m} (in units

of eV?). If neutrinos are produced in a flavour eigenstate a at the source, and one
detects fewer v, at the detector, the deficit is determined by the probability above.
Such experiments/events are termed as ‘disappearance’.

Alternatively, if a beam of v, is produced but one detects v4 instead in an experiment,
these are called as "appearance’ events. The probability that flavour state changes can
be simply found by P(v, — vg) =1 = P(vqy — va).

We can now extend this to the three flavoured case in the SM by using the PMNS matrix
as
Am2L
_ * * 0\ 22 1
P(Va d Vﬁ) = 6aﬁ -4 E Re(ualua]LIﬁluﬁ]) sin (T)

i>j

) Am?jL
+2 ) Im(U, UnjUgiU) sin® | —z— | - (2.5)

i>j

These equations show that measurements from neutrino oscillation experiments are
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Figure 2.2: Latest results of the global fit of three-flavour oscillations from the NuFIT collaboration [66].
The lower (upper) section includes (doest not include) the tabulated x? atmoshperic data from the Super-
K and IceCube collaborations [67,68].

sensitive to the mixing angles and the mass-squared differences. However, they do
not provide any information about the absolute neutrino mass scale. So far, all three
mixing angles have been measured: the solar mixing angle 012, the atmospheric mix-
ing angle 023, and the smallest—and most recently measured—angle, 013, determined

from reactor neutrino experiments [63-65].

We also know two mass splittings: the positive solar mass-squared difference, Am?2, =

= Am2_ ~

Amfol ~ 0(107°) eV?, and the atmospheric mass-squared difference, Amgl Sim

0(107%) eV?, whose sign remains unknown. This ambiguity leaves us with two possible

neutrino mass orderings (see Fig. 2.1):

e Normal Ordering (NO): m; < my < m3
e Inverted Ordering (10): m3 < my < ma

These are also known as hierarchies. Note that Amgl = Am3, for NO and Amgl = Am3,
for I0. Depending on the mass ordering, the global fits for the different neutrino param-
eters differ; in Fig. 2.2, we show the latest results from the NuFIT collaboration. [66].
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2.1.1 Laboratory versus Cosmology

Even though these experiments and measurements have established the existence of
tiny neutrino masses, they only confirm that at least two neutrinos are massive. We
still have no information about the mass of the lightest neutrino, which is key to de-
termining the absolute neutrino mass scale. However, by assuming mjightest — 0, we

can place lower bounds on the sum of neutrino masses using results from oscillation

experiments:
Z?’: mo + \/Amg1 +md + \/Am§1 +m3 > 0.058 eV (NO) 26)
m; = .
p mo + \/lAm§2| +m3 + \/lAm§2| — Am3, +m3 >0.098 eV  (IO).

There are experiments designed to search for the absolute neutrino mass scale or the
effective electron neutrino mass. One such experiment is KATRIN, which seeks to mea-
sure the mass of the electron neutrino through precise observations of the endpoint
spectrum in tritium beta decay. The latest experimental result gives us the following
upper bound [69]:

3 1/2
mg = Z U] m?) < 0.45¢eV (90% CL). (2.7)
i=1

KATRIN is designed to achieve a final sensitivity goal of 0.2 eV. Project 8, another ex-
periment designed to measure the absolute mass scale (under development) aims to
lower this limit to 0.04 eV [70]. Moreover, if neutrinos are Majorana particles as men-
tioned above, there could be a process called Neutrinoless Double Beta Decay (0vff)
(0vBB): (A, Z) — (A,Z +2) + 2¢” as an interesting experimental consequence. The
amplitude of this process is sensitive to the effective Majorana mass,

3

2 .
2, ucims
i=1

which also involves the Majorana phases. Such a process has not yet been observed,

m‘[;ﬁ = ’ (28)

meaning we still lack experimental confirmation of the Majorana nature of neutrinos,
i.e., that neutrinos are their own antiparticles. Several ongoing and upcoming ex-
periments are actively searching for this signature, including KamLAND-ZEN [71],
CUORE [72], LEGEND [73], NEXT [74], and the planned nEXO experiment [75]. Cur-
rently, the most stringent limits on the effective Majorana mass come from KamLAND-
ZEN [71]:

mgp < 0.028 — 0.122 &V (90% CL), (2.9)

where the uncertainty majorly stems from the calculation of nuclear matrix elements.

The experiments mentioned above fall under the category of laboratory experiments.
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Figure 2.3: Comparison of the bounds on the sum of neutrino masses depending on the lightest neutrino
mass from laboratory (using NuFIT data without including SK data [66]) and cosmology. The dashed
lines correspond to the sensitivities of the future experiments CMB-S4 and Euclid [79].

However, massive neutrinos also leave an imprint on cosmological observables, for
instance, by contributing to the total energy density of the universe and influencing
the formation and distribution of large-scale structures (see Ref. [76] for a review).
As a result, we also obtain constraints on the sum of neutrino masses from cosmolog-
ical observations, which are significantly more stringent than those from laboratory
experiments. These bounds, however, depend on the underlying cosmological model
(typically ACDM) and the datasets used. For example, we have the following upper
bounds on the sum of neutrino masses from cosmology:

5 0.12 eV (95%CL)  Planck CMB+BAO [77]
> m; < (2.10)
=1

0.064 eV(95%CL) DESI2025 + CMB [78].

These upper bounds are largely in tension with the bounds from the neutrino oscilla-
tion data shown above in eq. (2.6). If one takes the latest DESI bound at face value, we
see that IO is already excluded at 20 level, and the constraint is approaching the limit
for NO. Furthermore, the bounds in eq. (2.6) are derived under the assumption that
the lightest neutrino mass is negligible. If the lightest neutrino has a non-zero mass,
the tension becomes even more pronounced. Future experiments such as Euclid and
CMB-54 are expected to tighten the cosmological bound further, potentially down to
~0.02eV [79,80]. The constraints are compared in Fig. 2.3. Consequently, existing cos-
mological bounds would make any compelling measurements of finite neutrino masses
from our current laboratory experiments impossible. This discord is what we term as
"Laboratory vs. Cosmology’.

However, these cosmological bounds are not directly sensitive to neutrino masses them-
selves, but rather to their contribution to the total energy density. As a result, they can
be relaxed in non-standard cosmological scenarios, collectively referred to as large neu-
trino mass cosmologies. In Ref. [1], we present a model for relaxing the cosmological
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neutrino mass bound. In this model, we utilized the seesaw mechanism (discussed be-
low) and the presence of an extended dark sector, which we will discuss in Chapter 4.

2.1.2 What is still not known?

Despite the tremendous success of neutrino oscillation experiments in the past few
decades, the discussion above has already highlighted a few gaps in our understanding
of the neutrino sector:

1. Mass ordering: Unlike the charged lepton mass spectrum, we do not know the
neutrino mass spectrum. Precise measurement of the sign of Amgl would help
us determine the mass ordering. This is one of the main goals of the JUNO ex-
periment in China (expected to start taking data in 2025) [81,82]. Experiments
under construction such as DUNE [83,84] and Hyper-Kamiokande [85] also aim
to resolve the mass ordering issue.

2. Absolute mass scale: We are probing the absolute neutrino mass scale in experi-
ments such as KATRIN as well as from 0vf experiments. Experiments currently
running and in the future, for example, Project 8 and PTOLEMY [86] have pro-
jected sensitivities < O(0.1 eV).

3. Nature of neutrinos: Whether neutrinos are Dirac or Majorana particles contin-
ues to be a pressing issue. We hope to obtain a positive signal from the 0vSp
experiments mentioned above. The implications of whether neutrinos are Dirac
or Majorana will be discussed in detail in the next section.

4. CPviolation: Our current knowledge of CP violation in the leptonic sector is still
incomplete. The measurement of CP violating phase 6cp has large uncertainties
(see Fig. 2.2) which do not conclusively rule out the CP conservation in the lep-
tonic sector. Experiments such as T2K [87] and NOvA [88] are currently taking
data to determine strong constraints on dcp.

5. Sterile neutrinos: Apart from the SM neutrinos that we call active, BSM models
also predict the existence of sterile neutrinos. These sterile neutrinos do not take
part in the weak interactions like the active ones but can mix with them and con-
tribute to oscillations. Currently, we do not know whether sterile neutrinos exist
or what their mass scale might be. Their masses could range widely from the eV
scale up to the GUT scale, depending on the theoretical motivation. The minimal
model containing a single eV-scale sterile neutrino is disfavored by cosmology
and MicroBooNE results [89], but searches for heavier sterile neutrinos are on-
going. These belong to the category known as Heavy Neutral Leptons (HNLs).

2.2 Dirac or Majorana?

All SM fermions, except neutrinos, carry an electric charge. This charge allows us to
distinguish particles from their antiparticles, which carry equal but opposite charges.
Moreover, these charged fermions are Dirac fermions, characterized by a Dirac mass
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term mpy ¥ that connects left- and right-handed fields and conserves lepton number.
In total, a Dirac fermion has four degrees of freedom: two for particle and antiparticle,
and two for their helicities.

Neutrinos differ in two important ways: they are electrically neutral, and right-handed
neutrinos are absent in the SM. Hence, it is possible that they are Majorana fermions
and are their own antiparticles satisfying the Majorana condition: ¢ = ¢¢ = C@T,
where C is the charge conjugation operator [90]. Unlike Dirac fermions, Majorana
fermions only have two degrees of freedom. The corresponding Majorana mass term
milp_l?lpi with (i = L, R) also connects a left-handed field to its CP conjugated counter-
part (right-handed), but now violates lepton number by two units. This fundamen-
tal ambiguity raises the crucial question: Are neutrinos Dirac or Majorana particles?
The answer has profound implications for the mechanism behind their tiny masses, the
symmetry structure of the SM, and the origin of the baryon asymmetry in the universe.

To examine the neutrino mass terms, let us first add right-handed sterile neutrinos vg
to the SM and write all the possible combinations:

—Lmv = mDVRvL + %va_va + %ngVR +H.c.. (2.11)
Here, the first term corresponds to the Dirac mass term whereas the other two represent
Majorana mass terms. Note that we do have the m; term even in the absence of vg;
however, such a term is not gauge invariant and requires non-renormalizable operators
(in particular, the Weinberg operator). Therefore, adding the right-handed field is
necessary only to generate the Dirac mass term.

If neutrinos are purely Dirac particles, the Majorana mass term mg must be forbid-
den by imposing an U(1) lepton number symmetry. However, this means that lepton
number becomes an imposed symmetry rather than an accidental one—a choice that
is less appealing on theoretrical grounds. Another challenge with Dirac neutrinos is
explaining their tiny sub-eV masses. In the Standard Model, Dirac fermions acquire
mass through the Higgs mechanism; neutrinos would do the same after EWSSB. Given
the EW breaking scale of O(100 GeV), generating sub-eV neutrino masses requires ex-
tremely small Yukawa couplings, Y, ~ O(10712?), which are about six orders of magni-
tude smaller than the electron’s Yukawa coupling. Such fine-tuning is generally viewed

as unattractive and suggests the existence of a deeper underlying mechanism.?

Now consider the Majorana case, where the Dirac mass term is forbidden. Majorana
mass terms violate lepton number, but this is not problematic within an EFT frame-
work, where accidental symmetries do not need to be strictly respected. Moreover,
the right-handed neutrinos vy are sterile—they do not participate in weak interactions
or the Higgs mechanism—and can thus have a wide range of masses. Interestingly, a

2 One way to motivate Dirac neutrino masses and have suppressed Yukawas is to introduce extra dimen-
sions, see Refs. [91,92].
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Figure 2.4: Majorana mass generation from the Weinberg operator after spontaneous symmetry break-
ing. Here, k5 is the effective coupling and o, p denote flavour indices.

very large mass of the right-handed neutrino can lead to very small active neutrinos
via the so called seesaw mechanism that we review below. As has been already been
pointed out above, the cleanest signature of Majorana neutrinos is Ovff, arising from
the Majorana mass induced v — v mixing.

For these reasons, the Majorana scenario is often considered more elegant. Of course,
one can argue about the notion of beauty and aesthetics as guiding principles in particle
physics which have served us well in reaching our current formulation of the theory.
Going forward, we will focus on Majorana neutrinos and see how the Majorana mass
terms can be generated.

2.3 The Weinberg operator and the Seesaw mechanism

Let us recall the EFT approach discussed in Sec. 1.3.1 involving higher dimensional
operators (d > 5). The Weinberg operator is the unique dimension-5 operator (d = 5)
which can generate tiny masses for neutrinos after electroweak symmetry breaking.
The operator is compatible with the SM gauge group and can be written as: L5 ~
k5L L HH, where L and H are the SM lepton and Higgs doublets with hypercharge
-1/2 and 1/2 respectively. The coefficient k5 ~ c5/Anp is the effective coupling sup-
pressed by the high scale Anp > vy, where (H) = vy = 246 GeV is the SM Higgs VEV,
and c; is a dimensionless coefficient. The operator in its full form is given by [55]

1 _ . -
iy ikgﬁ(LaH)(HJr Ip)+Hec., (2.12)

where we include the flavour indices in the dimensionful coefficient k5. After EWSSB,
the Higgs acquires a VEV and generates a Majorana mass term for neutrinos

1 s v
LD §mfﬁvva +He = mf =cF (2.13)

Assuming c5 ~ 1 and plugging in vy = 246 GeV, in order to get m, ~ 0(0.01 eV), we
get Anp ~ O(10% GeV), close to the GUT scale (a surprising coincidence!). The L and
H fields in the Weinberg operator due to their SU(2) properties can be contracted in
three different ways to form a gauge singlet (2® 2 = 3 ® 1). However, only one of
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these contractions is truly independent, as the others are related to it through Fierz

transformations.
e ~ ~ 1 > -5 - T - -
(LoH)(H'Lg) = é(LaaLﬁ)(HJ‘aH) = —(L,6H)(H'GLy), (2.14)

where 6 = (01, 02, 03). These correspond to the UV completions of the operator known
as tree level seesaws: Type I - fermion singlets [93-96], Type II - scalar triplets [97-100])
and Type III - fermion triplets [101], respectively. These tree-level seesaw mechanisms
thus offer a glimpse into high-scale physics through the observation of tiny neutrino
masses. However, the scale suggested by the order-of-magnitude estimate above is far
beyond the reach of current and foreseeable collider experiments, making direct probes
extremely challenging. Nonetheless, additional suppression from the dimensionless
coefficient c5 can lower Anp, providing motivation for low-scale seesaw models. We
discuss these models in detail below.

While the Weinberg operator is unique in the SM, the situation changes in the presence
of new scalar fields in BSM frameworks. In principle, one can construct new "Weinberg-
like” dimension-5 operators involving these additional scalars and the SM lepton dou-
blets. Since these are dimension-5 operators, one can construct them with up to one or
two new scalar multiplets, for example: LLH®;, LL®;®; withi, j = 1,2. Once these new
scalars take a VEV, we will obtain light neutrino masses proportional to the new VEV.
The VEVs of such new scalars are constrained to be < O(1 GeV) from electroweak pre-
cision measurements. Such small VEVs can be induced by the SM Higgs VEV, which
effectively results in d > 5 operators for neutrino masses, thereby allowing for a fur-
ther reduction of the associated new physics scale [102,103]. This was the motivation
behind the work carried out in Ref. [6] by the author, where we extensively discussed
the new operators and their phenomenology.

2.4 The standard seesaw models

In the section above, we discussed how the different contractions of the fields involved
in the Weinberg operator lead to three distinct UV completions at tree level-the stan-
dard seesaws: type I/II/IIl. Here, we provide a brief review of the most commonly
employed tree-level seesaw models. The seesaw models beyond these usual seesaws
obtained from UV completions of the new-Weinberg like operators were studied in
Ref. [7].

24.1 Typel

In Type-Iseesaw (SSI), the SM is extended by n heavy Right-Handed Neutrinos (RHNSs)
which are fermion singlets.® The gauge-invariant Lagrangian for the type-I seesaw can

3 Usually n = 3 to generate three active neutrino masses, however, the minimal models contain n = 2
as we have currently measured only two mass splittings and the lightest neutrinos can be taken to be
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Figure 2.5: Schematic representation of the type-I see saw mechanism to generate tiny Majorana mass
my, = 02 Y, MY for the SM neutrinos.

be written as £ = Lsv + Ly, where
_ 1— —
1WR=NRMNK-GA§MNNR+nLHNR+Hc), (2.15)

where Y, is a 3 X n Yukawa matrix and My is a complex symmetric n X n matrix. We
can choose a basis where My is real and diagonal without loss of generality, hence,
we will work using that. A detailed derivation to obtain the effective Lagrangian after
integrating out the heavy Ny fields is provided in Appendix A. After the EWSSB, we
can write the neutrino mass Lagrangian as (also see Fig. 2.5)

— 1—
—Limass = VLmpNR + §N1§MNNR +H.c.. (2.16)

Here, we define mp = Y, vy/ V2. Making use of vpmpNRr = N_ﬁmgvz, the above equa-

tion can be rewritten as

N —

_Lmass =

_ —\ [0 m ¢ —
(VL NIC{) (mT MZ) ( L) +H.c. = s xgMyxr + Hee (2.17)
D

where yr = (VE, NRr)T. For n right-handed neutrinos along with the three active ones,
the mass matrix can be diagonalized by a (3 + n) X (3 4+ n) unitary matrix Ug MUy =
Mfiag, where M, 4138 = Diag[my, ma, m3, M1, My, ..., M, ] with mass eigenvalues m; (i =
1,2,3)and M; (j = 1,2,...,n). The diagonalizing matrix Uy is given by [104]

u, VvV
S Un

(1-1mU, m (M) UR

Ug=WT = ,
-My'miU, (1-37)UR

(2.18)

where U, V,S and Uy are 3 X 3, 3 X n, n X 3 and n X n matrices, respectively, which
need not be unitary. Uy is nothing but the neutrino mixing matrix that we discussed
before, which has now acquired a non unitarity correction, 1 — /2. For My > mp,
the mass matrix can be first diagonalized by the matrix W, taking the (3 + n) X (3 + n)

massless. From a theoretical perspective, the n = 3 is more appealing because of anomaly cancellations
in a gauged U(1)p_1 model.
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Figure 2.6: Feynman diagram for the type-1I see saw mechanism to generate tiny Majorana mass m, =
2Yava for the SM neutrinos.

neutrino mass matrix to the block diagonal form

0 My 0
G B R (2.19)
mp My 0 Mheavy
with
_ 1 amp (M M)~ m, mp, (MG’
W = M—l T 1 1M -1, T, * M—l* (220)
—Mymp — 5(MN) " mpmp, (M)

In the second step, T = Diag[U,, Ur] further diagonalizes Mjght and Mhpeavy corre-
sponding to the light and heavy neutrino sector, respectively. Comparing eq. (2.18)
and eq. (2.20), values of the parameters characterizing non-unitarity,  and n’ can be
inferred. Hence, from eq. (2.19) and eq. (2.20), we get the well-known seesaw expres-

sions*

Miight = m, = —mDMg,lm,g p Mheavy = MN . (2.21)

The Type-I seesaw is by far the most popular model for generating neutrino masses—
and for good reasons. It involves the addition of right-handed singlet fermions, which
is a natural extension of the Standard Model, as all charged fermions already have their
right-handed singlet counterparts. Furthermore, these singlets can be easily embedded
into broader high-scale frameworks such as left-right symmetric models [100,106] or
GUTs (for example, SO(10)) [107].

24.2 Typell

When the L and H fields in the Weinberg operator are contracted in a way that their
product transforms as an SU(2) scalar triplet, the corresponding UV complete model
is known as Type-II seesaw (SSII). In this model, a scalar triplet A with Y = 1 is added

4 Note that the Yukawa couplings Y, that determine np, need to be parameterized in order to fit the data
from neutrino oscillations; there are several options for this parameterization, the most common being
the Casas-Ibarra parameterization [105], which we use in the next chapter.
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to the SM, where

! (A+/ V2ooAT , (2.22)

A=—0iA; =
\/il 1 AO —A+/\/§

with A*™ = (A; — iAQ)/\/i, AT = Agand A = (A + iAQ)/\/i. The gauge-invariant
Lagrangian for the type-II seesaw relevant for neutrino masses is given by

La=-YAL AL + uA'ATH — M2 Tr[AAT] + Hee., (2.23)

where Y, is a flavour symmetric matrix and yu is a dimensionful parameter. Note that
lepton number is violated by two units due to the simultaneous presence of both the
Yukawa as well as the u term. After EWSSB, the neutral component of the scalar triplet
also acquires a VEV (which can be incuded from the SM Higgs VEV, see the discussion
on induced VEVS in Ref. [6])

2

A% =vp = u—t 2.24
We can then generate the neutrino masses from the Yukawa term as
02
m, = 2YA’()A = YAIUM_HZ . (2.25)

A

The corresponding Feynman diagram is shown in Fig. 2.6. As A is a SU(2) triplet, its
VEV is constrained to be less than O(1 GeV) from the p parameter. Due to this, the scale
of M may be smaller than the type-I case where m,, o 012_1. Furthermore, the scale can
be suppressed by the LN-violating p parameter, whose small values are technically
natural in the sense of 't Hooft [43], as setting u — 0 enchances the symmetry of
the model. For example, taking Yo ~ 1, u ~ O(keV), we can get m, ~ 0.01 €V for
Ma ~ O(100 TeV).

2.4.3 Typelll

This scenario corresponds to the UV completion of the Weinberg operator when L and
H are contracted to form an SU(2) fermion triplet. In Type-III seesaw (SSIII), we extend
the SM by adding n right-handed fermion triplets Lz with Y = 0, analogous to SSI. As
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they are triplets, they can be written as

1 0/vV2 Ik

IR =505 = R/_\f R (2.26)
2 Z‘R _Z‘R/\/§

where Iy = (Zg,1 FiZr,2)/ V2. The Lagrangian governing neutrino masses is given by

— - 1 —
Ly =2 Yy TH'L - 5Tr[ERM:If] + Hee., (2.27)

where Yy is a complex 3 X n matrix, and M, is a n X n matrix, which can be taken as
diagonal and real. After EWSSB, we can write the neutrino mass Lagrangian as

1 = 0 mp vi
_Lmass - 5 (VL Z% ) (mg MZ) (Z?{ ’ (228)

where mp = Ysoy/ V2. For My, > mp, the mass matrix can be diagonalized to get the
light neutrino masses

my, = —mpMg'm}, (2.29)

just like SSI. The associated Feynman diagram is shown in Fig. 2.7. The key difference,
however, lies in the presence of charged components in the fermion triplet, which can
mix with the charged leptons and give rise to interesting signatures, such as lepton
flavour violation. Furthermore, the direct production of these triplets at colliders im-
plies My > O(100 GeV) [108,109].

For a detailed discussion on novel seesaw models involving multiple SU(2) fermionic
multiplets, see the author’s work in Ref. [7].

2.5 Low-scale models

As BSM models are scrutinised by their predictability and testability, it is crucial to de-
velop scenarios that yield testable predictions. While the standard seesaws discussed
above offer elegant explanations for the sub-eV scale of neutrino masses, they are dif-
ficult to probe at current collider experiments that probe TeV-scale physics. More-
over, the high scale associated with seesaw models may introduce a hierarchy prob-
lem [110,111], as we discussed in Section 1.2.

Although nature is under no obligation to reveal new physics at the TeV scale, it re-
mains a compelling target. Building low-scale models with Axp ~ O(TeV) is there-
fore a worthwhile effort: either we discover new phenomena or we place meaning-
ful constraints on the model’s parameter space. In this section, we focus on TeV-scale
extensions of the type-I seesaw and on radiative models, where neutrino masses are
generated at the loop level.
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2.5.1 Inverse and linear seesaw

These models are TeV-scale extensions of SSI (can be extended for SSIII), where in
addition to the n right-handed neutrinos Ny carrying LN +1, m singlet fermions S
with LN -1 are added. The key idea is to decouple the scale of LN breaking from the
mass scale of the heavy neutrinos. The most general Lagrangian relevant for generating

neutrino masses in this framework can be written as
_ . _ . _ 1— 11—
—L, =Yy LHNgr +Ys LHS + N; MRS + QNIQMNNR + §SCHS +H.c., (2.30)

where Ys, Yy are the 3 X m and 3 X n Yukawa matrices, u is the m X m Majorana mass
matrix and My is a Dirac mass matrix. Here, we will fix My = 0.° After EWSSB, this

becomes
_ _ —_— 1—
—Limass = VimpNR + vpmsS + Ng MRS + §SCyS +H.c., (2.31)

where mp = Yyvy/ V2 as in SSI, mg = Ysvy/ V2. Hence, we write the full mass matrix
in the (vi, Ng, S) basis as

0 mp mg V¢

1 _ L
—£=§(VL N¢ sc) ml 0 Mg||Ng|+Hec, (2.32)
mg ML S

The above mass matrix must be diagonalized to obtain the mass eigenstates. However,
its structure allows for two special cases that simplify the diagonalization process.

Inverse seesaw: Consider the case where mgs = 0 in eq. (2.32), so we have

0 mp 0

M, =|ml 0 M|, (2.33)
0 My p

which can be block-diagonalized by a (3 + n + m) X (3 + n + m) unitary matrix to give
the effective light neutrino mass matrix

my = mp(Mz)™" u (Mg)™'m] . (2.34)

Now, note that the Majorana mass term for S, 1, violates lepton number, hence, it is nat-
ural to take it to be quite small (a non-zero u can be generated via radiative corrections).
Therefore, the light neutrinos are not only doubly-suppressed by mp /Mg (mp < Mg)
but also by the small u parameter. In the limit of conserved lepton number: y — 0 =
m, — 0. This is called the Inverse Seesaw (ISS) mechanism [112,113]. Note that the

5 My being a Majorana mass term is forbidden by the U(1); symmetry. However, it can still take a small
non-zero value like i term. We take the former to be 0 because its contribution to the active neutrino
masses will be sub-dominant compared to the latter.
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minimal model to generate two light neutrino masses requires m = n = 2. Taking O(1)
Yukawas and u ~ 0.1 keV, one can get m, ~ 0.01 eV for Mg ~ O(TeV), which can be
tested at the colliders, and other signals can come from sizeable mp /Mg mixing.6

Linear seesaw: Now consider the case y = 0 and mgs # 0 in eq. (2.32), leading to the
following neutral fermion mixing matrix

0 mp mg
mlg 0 Mgr]. (2.35)

mg MIE 0

In the limit Mg > mp > mg, the above matrix can be diagonalized to give
my, = mp(msMg")" + (msMg")ym}, (2.36)

2 in SSI.

Therefore, this model is called Linear Seesaw (LSS) [115,116]. In this case, the minimal
model requires m = n = 1. The light neutrino mass scale can be obtained for a TeV-

where the neutrino masses are now linearly proportional to mp instead of ~ m

scale My for suppressed values of the LN-violating parameter ms. A similar mass ma-
trix occurs in our seesaw models [7], which are characterized by two distinct Yukawa
couplings 1 2 corresponding to the scalar multiplets @; 5. In the limit of hierarchical
Yukawas, say 1 > y2, we can have TeV scale seesaw as well as a rich phenomenology
from @;.

2.5.2 Radiative models

All the models discussed above generate neutrino masses at tree level. However, it
is also possible to generate tiny Majorana masses entirely (or dominantly) at the loop
level in a class of models known as radiative models. These models are appealing
because the loop suppression factors, along with mass ratios of particles running in
the loop, naturally explain the sub-eV neutrino masses. At the same time, they pre-
dict new particles that may be accessible at current or near-future experiments. These
models often allow for sizeable interactions, leading to a richer phenomenology. Some
well-known radiative neutrino mass models are the Zee-Babu model [117-119] and the
scotogenic model [120,121]. In this section, we focus on the scotogenic model, which
not only explains neutrino masses but also provides a viable dark matter candidate,
thereby linking two key BSM phenomena. For a detailed review of radiative neutrino
mass models, see Ref. [122].

6 A variant of the inverse seesaw termed ‘Double seesaw’ has the same mass matrix strcuture but with
y > mp, Mg and mp < MI% /u; however, this does not lead to a low-scale scenario [113,114].
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Figure 2.8: Neutrino mass generation in the scotogenic model at one loop, where n° corresponds to ng 1.

The Scotogenic model

Named after the Greek word for darkness, scotos, the Scotogenic Model (ScM) offers an
explanation for small neutrino masses through their interactions with dark matter. The
SM is extended by three (or two in the minimal case) right-handed fermion singlets
N; along with an inert scalar doublet 1 = (n*,n°)T. All these new fields are odd under
a discrete Zy symmetry, while the SM fields are even. The Z; discrete symmetry is
commonly used in dark matter model building, since it ensures that the lightest Z,-
odd particle is stable and a viable dark candidate. The Yukawa Lagrangian for the

model is given by
— 1—
—Lsem = Yal’LaﬁNi + §NicMiNi +H.c., (2.37)
and the scalar potential is given by

V1, H) =mdHYH + mint + S (HYHY? + S n)? + As(HUH) ')
+ A(H (0t H) + [%/\5(H+ m2 + H.c.] , (2.38)

where Y, is a 3x 3 matrix, My is the heavy Majorana mass matrix, and all the couplings
in the scalar potential can be chosen to be real. Note that because of the Z;-odd charge,
the lepton doublets couple to N only when 1) is present (instead of H in SSI). For m? <
0 and m2 > 0, we will have (H) = vy/¥2 and (n°) = 0. This implies that the EW
symmetry is spontaneously broken but the Z; symmetry remains intact, leading to
m, = 0 at tree-level. However, the A5 term in the scalar potential can induce small
Majorana masses for neutrinos at the loop level, via the diagram shown in Fig 2.8. The
mass spectrum of the scalars after EW SSB in the model is given by

2
v
2 _ 2 2 _ 2 H
m;, = Aoy, My —m2+A37

7

02 02
mZ, =m3+ (A + Ay + Ag,)?H , my, = m3 + (As + Ay — /\5)7H, (2.39)

where h is the SM Higgs boson. Note the mass splitting between the two n components,

2

Mpe —m?H oc A50%,. Thelight neutrino mass matrix gets contributions from this exchange
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Figure 2.9: Neutrino mass generation in the generalized scotogenic model at one loop.

of nr and 1y, so we have

2 2 2 2
M; mUR mUR mm mTU
Mg = > Yai¥pims [ i ( Lo |2 (240)
Zi: 32 | my, — M; M: my, — M; M:
We can make use of m;, —mj = A50> < mg = m3 + (A3 + A4)v7;/2 to write

Ag, 012_1
3272

(Mv)aﬁ =

1- QMZ 21n(—02)]. (2.41)
mg — M; M;

Here, we see that the neutrino masses can be suppressed if A5 < 1. This is once again

YaiYpi———
- mg — M;

natural, because the model contains a global U(1);, symmetry, which is enhanced by
setting A5 — 0. Assuming hierarchies in the mass scales M;, m, the above expression
can be further simplified. For instance, a TeV-scale M; can produce m, ~0.01 eV for
A5Y2 ~ O(107%). Depending on the masses of ) and N;, the lightest of them can be a DM
candidate (taking A4 + A5 > 0, see eq. (2.39)). Given their fermionic and scalar nature,
the dark matter phenomenology differs depending on the candidate. For instance,
in the case of fermionic dark matter, there are constraints from LFV observables. In
contrast, for scalar DM, we have constraints on A5 from the DM relic abundance and
direct detection experiments, which we discuss in Chapter 4.

Generalized scotogenic model

An interesting variant of the scotogenic model introduces Dirac mediators along with
new scalar doublets. All these new fields are charged under a new global U(1) sym-
metry. This is called the Generalised Scotogenic Model (GScM), see Refs. [123-126].

Let us consider a model based on a global U(1)py symmetry, where one Dirac fermion
¢ and two scalar doublets ®, &’ (with hypercharges 1/2 and —1/2, respectively) are
added to the SM. All the new fields are charged +1 under an unbroken U(1)py sym-
metry, so (®) = (®’) = 0. The Lagrangian is given by [125]

Lasew = ipdp — mypyp - (yg@cin* Lo+ (&) 9® L, + H.c.) , (2.42)

where the Yukawa couplings y’s are three-component vectors. The scalar potential is
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a bit more complex than the ScM due to the presence of two new scalars

Ve = —mEH H + Ag(H H)? + m20T® + Agp(O'D)? + m2, 0D + Agy (O D')?
+ Ano(H H)(@'®) + Apa (HTH) (@' D') + Age (OTD)(0)
+ Ao, 2(H'®)DTH) + Apar 2(H'® )N PTH) + Agar, 2(DT D) (O D)
+ oo [(HT®')H'®) + He| . (2.43)

After EWSSB, neutrino masses are generated at the one-loop level by the diagram
shown in Fig. 2.9. The scalar fields mix among themselves, leading to the physical
states: SM Higgs boson £, two neutral scalars 7%, " and two charged scalars %, 7’
Their masses given by

1 1
My = /m(% + §AH®UI2{ , mso ~ m§+ + §AH®12Z’12—I ’ (244)

and m,+ o can be obtained by replacing the terms with their primed counterparts.

The mixing angle 6 is given by tan 20 = 2c/(a’ — a) where

1 1
cC = —5/\H<Dc1>fvi ’ a = m(% + ivi (/\Hq) + /\H(I),Q) , (2‘45)

and a’ is obtained by substituting the masses and coupling with their primed counter-
parts. The light neutrino mass matrix can thus be written as

sin 297111/,

327-(2 (y%yg’ + y%’yé)L(mnol mr]’or mlp) . (246)

(Mv)aﬁ =

While this model can also feature either fermion or scalar dark matter (scalar DM is
generally disfavored compared to fermion DM), it exhibits phenomenologically dis-
tinct signatures from the scotogenic model due to the presence of two different Yukawa
couplings. For instance, the Yukawa combinations that contribute to the light neutrino
mass differ from those involved in charged lepton flavour violation processes. More-
over, in the minimal version of the model, only one new fermion is required to generate
masses for two light neutrinos.

We make use of the ISS, ScM and GScM models in our work in Ref. [7] to build low-

scale variants of the novel seesaw models.

2.5.3 Collider searches

Here, we briefly discuss the implications of these low-scale seesaw models at colliders
as they serve as a big motivation behind them, see Ref. [127] for a review. Let us start
with the right-handed Majorana neutrinos N =,/ which can be produced at the colliders

7 Right handed neutrinos are a part of a broader search program corresponding to heavy neutral leptons
(HNLs), which may or may not be linked to neutrino mass generation, see Ref. [128] for a recent status
report.
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and give signals like [129-132]

pp = W** = I*N; — I*1%jj,
pp —> WHW** — [*]%j],
pp — W**y* — I*Njjj (2.47)

where j corresponds to jets, and there is no missing transverse energy. These LN-
violating violating processes are smoking gun signals of Majorana neutrinos (in a way
analogous to 0vBB). Such processes allow us to constrain the |Viy|? — My parameter
space (I = e, u, ), where the former characterizes the mixing. On the other hand, for
Dirac-type heavy neutrinos (AL = 0), we have: pp —» W** — [*N; — [*[*]* + E1 [133,
134], the so-called golden trilepton channel with the missing transverse energy, Er.
This channel is relevant also in inverse seesaw models with pseudo-Dirac neutrinos.

Next, we discuss the SU(2);, triplet scalars and fermions of SSII and SSIII, respectively.
Being triplets, they can be directly produced at the LHC via their gauge interactions,
unlike the singlet fermions. For Type-II seesaw, these processes are [133,135]

pp = Z' [yt — ATAT, ATEATT,
pp N Wx—i N iiA¢, Aiiw¢ ,
pp — WHIW™ATA®. (2.48)

There is a unique signature associated with SSII, where the doubly-charged scalar A**
can decay to a pair of same-sign dileptons or gauge bosons: A** — [*]*, W*W*. The
branching ratios to the leptonic channel or the bosonic channel depend on the VEV
va and the neutrino mass matrix flavour structure. For vy < O(100 keV), the decays
to dileptons dominate, which is a clean signature (free from the SM background) of
LNV. Such signals can also be exploited in the case of new scalar multiplets, allowing
us to place bounds on them from LHC searches, as we show in Ref. [6]. Currently, the
lower limit on doubly charged scalars is 1080 GeV [136].

Finally, for the case of fermion triplets in SSIII, we have [133,137]

pp = Z*|y" — LFLF,

Pp N Z* - Zil?/ Aiiw? ,

pp — W0, 1#x0. (2.49)
Note that the neutral component Y9 is similar to N, and has similar decay modes

Y0 — [*W7F, Zv (vy), Hv (vy). The current lower bounds on My are 790 GeV [108]
and 880 GeV [109] from ATLAS and CMS, respectively.



THE BARYON ASYMMETRY OF
THE UNIVERSE

Almost everything we see and interact with is made of matter, while antimatter re-
mains elusive and is more commonly associated with science fiction—famously fea-
tured in Dan Brown’s Angels and Demons, where canisters of antimatter are stolen
from CERN to create a fictional antimatter bomb. When such a canister is opened, it
would annihilate upon contact with matter, releasing an immense amount of energy.
In reality, we know antimatter is extremely rare because we do not observe matter-

antimatter annihilations at any significant scale in our daily lives.

That said, small amounts of antimatter constantly reach Earth as cosmic rays or are
produced in the decays of energetic particles originating from outer space. Interest-
ingly, bananas emit trace amounts of antimatter due to the presence of the isotope
potassium-40. Noticeable quantities are also produced in medical imaging procedures
and in particle accelerator experiments.

This naturally leads to the question: what if antimatter were not so rare and existed in
equal amounts to matter? The short answer is that life as we know it would not exist.
Our very existence depends on the excess of matter over antimatter. Yet, the origin of
this excess remains an open question in particle physics. Understanding the observed
matter-antimatter asymmetry—or more precisely, the Baryon Asymmetry of the Uni-
verse (BAU), as introduced in Chapter 1—requires a viable theoretical explanation.

We will see that the SM has all the ingredients to dynamically generate an asymmetry,
but not in enough amounts to match the observations. In this chapter, we review the
observational evidences that have established a baryon asymmetric universe, and then
explore mechanisms that could generate it dynamically. A key focus will be on thermal
leptogenesis, which links the BAU to the neutrino sector.

41



42 3. The Baryon Asymmetry of the Universe

3.1 Observations and evidences

We believe that shortly after the Big Bang, the universe contained equal amounts of
baryons and antibaryons—i.e., it began in a symmetric state. If the universe continued
to be in a symmetric state, the matter-antimatter annihilations would render it empty:.
One can argue, what if itis symmetric, and there are regions in the visible universe com-
posed entirely of antimatter, just like our observable region is made entirely of matter.
We know that this is not the case because we would have detected intense gamma-ray
emissions from the boundaries where matter and antimatter meet and annihilate.

Alternatively, one might argue that the universe started in an asymmetric state. How-
ever, this scenario would require a highly fine-tuned initial condition to match current
observations. Moreover, any such primordial asymmetry would likely have been di-
luted by cosmic inflation, further weakening this argument.

These considerations strongly support the idea that the observed baryon asymmetry
was dynamically generated from an initially symmetric universe. Mechanisms that
can produce such an asymmetry fall under the umbrella of baryogenesis. The baryon
asymmetry is quantitatively expressed as [29]:

ng — 1’l§

= (6.04+0.12) x 1071° (3.1)
0

T]E

ny
ng — 1’l§

Yap = = (8.58 £0.17) x 1071, (3.2)

0

Here, the first definition is in terms of the baryon-to-photon ratio and the second one
is in terms of yield, Y = n/s (number density upon entropy) to include the effect
of expansion of the universe, with AB = B — B. The number densities of baryons,
antibaryons and photons are denoted by ng, nz and n,, respectively. The subscript 0
denotes the present time. It is easy to see that the two definitions are related as

n

Yap = 1. (33)

Now, we discuss the astrophysical and cosmological evidences against the presence of

a large amount of antimatter in the universe, and how 7 is evaluated.

3.1.1 Antimatter searches

There are two ways to search for antimatter: direct and indirect detection. Direct detec-
tion involves searching for antimatter or antinuclei in the cosmic rays, it has been found
that the upper limit on the flux of antiprotons to protons is @ /&P < 2x107* [138]. The
smallness of this ratio is attributed to the antiprotons being only the byproducts of the
reaction initiated by primary cosmic ray proton collisions, suchas p +p — p +3p. Sim-

ilarly, there are upper bounds on anti-Helium to Helium flux, e’ JpHe" < 0(1070)
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[139].! Both these limits indicate that antimatter is rare. On the other hand, the same
conclusion can be drawn from indirect search experiments, which aim to detect the
products of matter-antimatter annihilations. The observed spectrum of cosmic diffuse
y-rays imposes an upper limit on such annihilations and tells us that the size of the
matter domain is equal to the scale of our visible universe [141].

3.1.2 Big Bang Nucleosynthesis

In the early universe, when the universe was still very hot and dense, i.e., at temper-
atures around T ~ 0.1 — 1 MeV (just within a few seconds after the Big Bang), nu-
clear reactions were fast enough for protons and neutrons to fuse into light nuclei such
as deuterium (D) and helium-4 (He'). This is known as Big Bang Nucleosynthesis
(BBN), see Refs. [142,143] for a review.

At T > 1 MeV, the neutron-proton conversions (n + v, — p + e¢~) mediated by the
weak interactions were in equilibrium (I' > H, where I' is the interaction rate and H is
the Hubble expansion of the universe). These conversions freeze-out when I' < H at
T ~ 0.8 MeV, and the neutrinos also decouple from the thermal plasma slightly before
T ~ 2 MeV.

After freeze-out, most free neutrons quickly bound into He* nuclei via intermediate for-
mation of deuterium. The synthesis of He* is governed by two key processes: D(p, y)He?
and He3(D, p)He?, both of these depend on the baryon to photon ratio 1. Specifically,
the number densities of the incoming species scale as 1 and 12, respectively.

Therefore, BBN allows us to calculate the primordial abundance of light elements such
as D, He?, He* and Li” from a given value of 77, and vice versa: measuring the abun-
dances precisely allows us to constrain 1.2 A large value of 7 would suggest a smaller
freeze out abundance of D and He®. Further, such larger values of 1 would imply that
the relative photon number is smaller, leading to an earlier production of He* and sub-
sequently higher abundance. The dependence of the light element abundances on 1
are shown in Fig. 3.1. Several observations lead to the following range of  (95% CL),
consistent with primordial abundances [143]:

58x1071% <n<6.5%x1071%  0.021 < Qph? <0.024. (3.4)

Alternatively, since Qph? = 3.66 % 10717, and Planck has measured it to be 0.0024(2)
[77], one can determine 1 and subsequently predict the light element abundances, as

1 Recent results from AMS-02 have observed some anti-Helium 4 events, though the detection is yet to be
confirmed. If confirmed, this would be an exciting signal present in several BSM models, specially DM
annihilations, see Ref. [140].

2 Note that the dependence of Li” is complicated, as the two key production processes have opposite
dependencies on 1. Moreover, BBN predicts a Li” abundance that is about three times larger than what
is observed in old, meta-poor stars. This is known as the 'Lithium problem/discrepancy’, see Ref. [144].
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Figure 3.1: The predicted abundances of He*, D, He® and Li" from BBN. Yellow boxes indicate the
observed values. The narrow vertical band shows the baryon density inferred from the CMB. Taken
from [29]. Right: Sensitivity of the CMB acoustic spectrum to the physical baryon density Quh?,
varied around a fiducial model with Qyh? = 0.02. The horizontal axis | corresponds to the multipole
moment. Taken from [145].

described above.

3.1.3 Cosmic Microwave Background Radiation

About 300,000 years after the Big Bang, when the temperature had dropped to around
0(0.1 eV), electrons and protons combined to form neutral hydrogen—a period known
as recombination. The Cosmic Microwave Background (CMB) formed shortly after re-
combination, as the thermal bath of the universe became transparent to the relic pho-
tons, which have been propagating freely ever since. The value of the baryon asymme-
try can be inferred from the anisotropies in the CMB, which encode information about

primordial density fluctuations.

The primordial density fluctuations lead to the formation of gravitational potential
wells, with the baryon falling into it getting compressed and heated. This hot baryon
fluid expanded in all directions, radiating photons until it eventually cooled down.? As
the radiation pressure decreased, gravitational forces regained dominance, initiating
another phase of compression. This cyclical interplay between gravity and radiation
pressure led to Baryon Acoustic Oscillations (BAO) in the baryon—-photon fluid. These
oscillations became imprinted in the CMB as a pattern of acoustic peaks and troughs—
the defining features of the temperature anisotropy spectrum.

Measurements of these anisotropies, particularly by WMAP, provide an estimate of the

3 Prior to recombination, the thermal plasma is approximated as a photon-baryon fluid and its dynamics
is governed by fluid mechanics and plasma physics.
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cosmic baryon-to-photon number density ratio as [77]:
5.92x 10710 < <6.16x1071%,  0.02214 < Qph? < 0.02252 (3.5)

The sensitivity of the acoustic spectrum to the physical baryon density Qgh? is shown
in Fig. 3.1. Notice the remarkable coincidence between the values of 1 in egs. (3.4)
and (3.5), from two different periods of the early universe at t > 1 sand t ~ 3.8 x 10°,
respectively. This highlights the success of Big Bang cosmology.

3.2 Baryogenesis

Having established the evidences for a baryon asymmetry of O(1071?), as well as for its
dynamical origin, we will briefly review some well-known baryogenesis mechanism,
see Refs. [146,147] for reviews on the topic. However, before that, let us discuss the
famous Sakharov conditions for the dynamical generation of such an asymmetry.

3.2.1 Sakharov’s conditions

In 1967, Andrei Sakharov wrote his seminal article on the baryon asymmetry of the
universe and proposed three necessary conditions for Baryogenesis [148]. No text on
baryogenesis is complete without mentioning these three conditions:

1. Baryon number violation: In order to evolve from a symmetric state (AB = 0) to
an antisymmetric state (AB # 0), the first and foremost condition is presence of
interactions which do not conserve baryon number.

2. Cand CP violation: If C (charge conjugation) and CP (charge conjugation times
parity) are not violated in addition to baryon number, no net asymmetry can
be generated. This is because, in the absence of such violations, baryons and
antibaryons would be produced at the same rate, unless a preference exists for
specific final states, such as decays favouring baryons over antibaryons.

3. Departure from thermal equilibrium: In thermal equilibrium, asymmetries in
non-conserved quantum numbers cannot be generated due to the principle of de-
tailed balance. The chemical potential (1) of particles with such non-conserved
quantum numbers is 0. Moreover, CPT invariance ensures that particles and an-
tiparticles have equal masses, leading to equal phase space densities for baryons
and antibaryons. As a result, forward and backward reactions occur at the same
rate, preventing any net asymmetry. A process is said to depart from equilibrium
when its interaction rate falls below the Hubble expansion rate of the universe.

Interestingly, all the above-mentioned conditions are present in the SM, yet it still fails
to account for the observed baryon asymmetry. First, in the SM, both baryon number
B and lepton number L are conserved at the classical level, although they are acciden-
tal symmetries—unlike electric charge conservation (U(1)gep). However, at the non-
perturbative level, there exist interactions (sphalerons) that, after accounting for the



46 3. The Baryon Asymmetry of the Universe

axial anomaly, violate B + L while preserving B—L [149]. These baryon number violat-
ing processes are present in the SM and are sufficiently fast in the early universe—we

will review them in detail later.

Second, we know that the weak interactions violate both C and CP due to the presence
of a complex phase in the CKM matrix. However, this CP violation is found to be of
the order of 1072Y, which is 10 orders of magnitude too small to explain the observed
baryon asymmetry [150,151].

Finally, while a departure from thermal equilibrium could occur during the electroweak
phase transition, this transition in the SM is a smooth crossover. Successful baryogen-
esis requires a strong first-order phase transition, which in the SM would necessitate a
lighter Higgs boson, now ruled out experimentally [152].

3.2.2 Candidates

As we see that the SM alone cannot incorporate the three Sakharov’s conditions: we
require new physics beyond the SM to incorporate them all. Below, we discuss some
famous extensions and modifications to the SM:

Electroweak baryogenesis: An appealing scenario that remains closely tied to the SM
is electroweak baryogenesis (EW baryogenesis) [152-154], where the asymmetry is
generated during the Electroweak Phase Transition (EWPT). However, for the EWPT
to be strongly first-order (FOPT), any viable model of EW baryogenesis must involve
modifications to the SM scalar potential that alter the nature of the transition. Ad-
ditionally, such models require new sources of CP violation, since the one present
in the SM is far too small. These requirements can be satisfied, for example, in Two
Higgs Doublet Model (2HDM) or in the Minimal Supersymmetric Standard Model
(MSSM) [155-157].

GUT baryogenesis: We saw that GUTs are motivated by the unification of the strong
and electroweak forces. In these theories (for instance, SU(5) or SO(10)), quarks and
leptons are embedded in the same multiplet, and a new gauge boson X mediates in-
teractions between them simultaneously [107]. If the decays of X violate CP and occur
out of equilibrium, they can generate a net baryon asymmetry [158]. Furthermore, the
non-observation of proton decay places a lower bound on the mass of the decaying bo-
son. However, the simplest GUT models conserve B — L, and the rapid B + L violating
sphaleron processes in the early universe would wash out any preexisting asymmetry
unless B — L is also broken [159].

Affleck-Dine mechanism: In supersymmetric models, a non-zero baryon asymmetry
can be generated through the coherent oscillations of a scalar field, denoted ¢, which
carries a baryon or lepton number—this is known as the Affleck-Dine mechanism [160].
Initially, when H > My, the scalar field is frozen at a large value ¢ = ¢o > 0, and
no baryon asymmetry is present. As the universe expands and H < My, the field
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Table 3.1: Various baryogenesis mechanisms and how they meet the Sakharov conditions.

Model B violation CP violation Out of equilibrium
EW baryogenesis EW sphalerons Bubble wall dynamics FOPT
GUT baryogenesis Heavy gauge boson X Complex couplings X decays
Affleck-Dine Scalar ¢ Scalar potential ¢ oscillations
. Majorana neutrinos Nj, '
Leptogenesis EW sphalerons Complex Yukawas N; decays

begins to oscillate, generating a non-zero baryon number. These scalar fields are the
supersymmetric partners of quarks and leptons, with baryon number and CP violation
arising from small parameters in the scalar potential. Eventually, the scalar field decays
into SM particles, thereby transferring its baryon or lepton number to the SM thermal
bath. Being a high-scale mechanism, it is free from electroweak constraints.

Leptogenesis: As the name suggests, this mechanism involves generating an initial
lepton asymmetry which is then processed into a baryon one via the same sphalerons
that have been mentioned above. First proposed by M. Fukugita and T. Yanagida in
1986 [161], leptogenesis models have become one of the most popular models for the
BAU due to their strong connection with neutrino physics, particularly in seesaw mech-
anisms. We will discuss these connections in detail below; for a comprehensive review,
see Ref. [162].

3.3 Leptogenesis

Let us focus on the type-I seesaw of Sec. 2.4.1, with the Lagrangian
— 1— —
Ly, = N;idN; - (§N1?MINZ- + Yai LaFIN; + H.c.) . (3.6)

Looking at the Lagrangian above, we can see how the Sakharov conditions can be met:

1. Baryon number violation: Since the singlet neutrinos (RHNSs) satisfy the Majo-
rana condition N; = N;, their mere presence will lead to L-violation due to the
mass and Yukawa terms present in the Lagrangian. The electroweak sphalerons
relate this LNV with BNV.

2. CP Violation: The new Yukawa couplings (y) in the neutrino sector can generally
be complex, providing a source of CP violation.

3. Departure from thermal equilibrium: Since the interactions of N with the SM
leptons occur only through the Yukawa term, and given that the heavy neutrinos
have a large mass scale to generate sub-eV neutrino masses, these RHNs can decay
out of equilibrium. This happens when their decay rate I'(N — [H) becomes

smaller than the Hubble expansion.

Therefore, we see that the neutrino mass generation mechanism has the right ingredi-

ents for generating an asymmetry in lepton number.
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Leptogenesis is governed by the values of the Yukawa couplings, which determine the
rates of N; decays and inverse decays. In the early universe, at temperatures T > M;,
a thermal population of N; can be produced through inverse decays such as LH — N;
and LH — N;. These interactions can be sufficiently rapid to maintain N; in thermal
equilibrium. However, at later times, when T < M;, these processes fall out of equilib-
rium. The RHNs then decay completely, and their number density becomes Boltzmann
suppressed.

A CP asymmetry, ¢ oc (N — LH) — (N — LH), arises in the decays due to the com-
plex Yukawa couplings, leading to a net lepton asymmetry. For a hierarchical heavy
neutrino spectrum (M; < My < M3), only the asymmetry generated from the light-
est neutrino, say Ny, is significant. This is because the asymmetries generated in the
decays of Np and N3 at T > M, can be washed out by N; mediated interactions, such
as LH < Nj < LH. This scenario is known as thermal leptogenesis. Once the lepton
asymmetry is generated, it is partially converted into a baryon asymmetry via elec-
troweak sphaleron processes. The baryon asymmetry can then be expressed as

Yap = Csph YaL = Cspn €0 Y;?(T > M), (3.7)

where Cgph is the sphaleron conversion factor, Y;fll = n®/s = 135((3)/(4n*g.) is the
equilibrium N yield (n is the number density defined later in eq. (3.46)) with g., the
total number of degrees of freedom of the thermal plasma. 6 < 1 is the efficiency pa-
rameter which characterizes the washout of the generated lepton asymmetry (6 = 1
corresponds to maximal efficiency). The value of 6 is determined from solving the
Boltzmann equations for the involved number densities. In the sections below, we will
discuss in detail the different parameters entering the relation above: the CP asymme-
try € in Sec. 3.3.1, the efficiency factor 6 in Sec. 3.3.2, and Cgpp, in Sec. 3.3.3.

For thermal leptogenesis to work, the temperature of the thermal bath must be higher
than the mass of the lightest RHN for their thermal production, thus requiring the
reheating temperature T, > M;. Given that the seesaw mechanism typically sets
M; 2 O(10° GeV) (as we discuss later), this implies a very high reheating tempera-
ture. Such high temperatures pose challenges in supersymmetric theories due to the
overproduction of gravitinos, the supersymmetric partners of gravitons [ 163,164 ]. This
issue can be resolved if the RHNSs are produced non-thermally. For example, the RHNs
are produced in the decays of a heavy scalar field (which could be the inflaton), and
then they decay promptly [165-167]. This mechanism is known as non-thermal lep-
togenesis.

While the discussion above focused on type-I seesaw leptogenesis, leptogenesis can
also occur in other seesaw frameworks. Although the core principles remain the same,
qualitative differences arise depending on the model. For instance, the triplet scalars
and fermions present in type-II and type-III seesaw models possess gauge interactions
absent in type-I [168]. Below, we review the common features shared by all leptogen-
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esis scenarios, using type-I seesaw as a representative example.

3.3.1 CP asymmetry

In the type-I seesaw framework, the lepton asymmetry arises from the CP-violating,
out-of-equilibrium decays of heavy Majorana neutrinos N;. This CP asymmetry is de-
fined as

[(N; — Lo + H) —T(N; — Ly + H)
—T(N; > Ly + H) +T(N; > Ly + H)

& =

(3.8)

where a is the lepton flavor index, i = 1,2,3, and summation over SU(2); indices
is implicit. This expression shows that to generate a net CP asymmetry, the heavy
neutrino must have a decay preference for leptons over antileptons (or vice versa).

However, CPT invariance forbids any asymmetry at tree level since the decay rates for
N — LH and N — LH are identical at that order. Consequently, one must consider
one-loop corrections, as depicted in Fig. 3.2. The CP asymmetry arises from the inter-
ference between the tree-level and one-loop amplitudes, which can be made explicit by
expressing the decay rate as

I['(N; = L,H) = / ‘Mfree + Mlooprme M Megee + .|, (3.9)

loop

where the integral is taken over the phase space. Expressing the amplitudes in terms of
the Yukawa couplings, y, and the kinematic factors, I, which include the phase space
of the final states as well as the internal loop momentum due to the exchange of N;
(and Lg) in the decay of N; (see Fig. 3.2), we obtain

I'(N; = L,H) = |yui|2 liree + y;iyajyﬁjy;;illoop + yaiy;jy;gjyﬁilfoop + O(y6)
r(Ni - Eaﬁ) = |yai|2 Itree + yaiy;jygjyﬁilloop + y;l‘yajyﬁjy;gilfoop + O(yG) . (310)

For lioop = 0, we get (N — LH) = (N — LH), and thus ¢ = 0. Substituting the
expression above in eq. (3.8), we get

1 1
& = Y - Y)(Lioop — I} = —2i Im(Y) 2i Im(I
i rtotal( )( loop 100p) Tiotal ( ) ( loop)
4
= —=— Im(Y) Im(Tioop) (3.11)
total

where Y = y;iyajyﬁjy;i and Tyota1 = T(N; = Lo + H) +T(N; = Lo + H) = 2 |ym|2 Liree-

A few comments are in order. We immediately see that the decay amplitudes require at
least two different weak phases and two different strong phases. The weak phases arise
from the complex Yukawa couplings, necessitating at least two generations of N. The
strong phases originate from the loop factors; specifically, if the intermediate particles
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Figure 3.2: Tree level and one loop diagrams for the decay N; — Lo H in type-I leptogenesis. The CP
asymmetry is calculated from the interference of the tree level diagram (left) with the vertex correction
(center) and the self-energy diagrams (right).

in the loop can go on-shell, the Feynman amplitude acquires an imaginary part due
to unitarity and the optical theorem. This latter condition is easily satisfied since the
decaying heavy neutrino is much heavier than the SM lepton and Higgs doublets. As
evident from eq. (3.11), we require only the imaginary part of the interference of the

loop and tree diagrams.*

Hence, we have seen that the CP asymmetry in the heavy RHN decays is obtained from
the imaginary part of the interference between the tree and one-loop amplitudes. An
explicit derivation of the contribution from the vertex and the self-energy corrections
to the CP asymmetry ¢; has been provided in Appendix B. Here, we write the final

result

1 e Imlyye il | (M) (M)

8—2 O [f(ﬁ A vHIE (3:12)
where

fo) = VE [ - e ()]0 fi = (3.13)

are the loop factor associated with the vertex correction and the self-energy diagrams,
respectively.” We can obtain the CP asymmetry in the flavour-blind scenario ( summed
over flavour a) as

Im[(y*y)?] M? M?
o el bl e

i#]

Further, in the case of a hierarchical spectrum where only the lightest RHN N; decays
are considered, the loop factors can be simplified as

M? M2\ sy
j il .. 3M 2 2
fv (—%) +fS (W) = _QM] fOI' M] > Ml ’ (315)

4 A simple way to compute this imaginary part is to use Cutkosky’s cutting rules [169], which helps in
isolating and computing the imaginary part of an amplitude.

5 Note that for M]- =~ M;, the denominator of fg — 0, or in other words, the contribution of the self-energy
diagram will be maximal. This feature is utilized with a careful treatment in resonant leptogenesis
scenarios [170-172].
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and the total CP asymmetry generated in N; decays becomes

‘ 3 Im[(}fy)i’] M,
% T Ton ]_;3 vy (E) (3.16)

This is the simplest approximation for the CP asymmetry, applicable to so-called vanilla
leptogenesis, which assumes a hierarchical spectrum for M;, a flavour-blind approach,
and thermal production of the heavy RHNSs.

Upper bound on CP asymmetry

In the previous chapter, we mentioned how the Yukawas of the seesaw model can be
related to the neutrino oscillation data using the Casas-Ibarra (CI) parametrization
[105]. Using the latter, it is possible to derive an upper bound on the CP asymmetry
produced in N; decays. Consider the light neutrino masses in SSI

m, = yMy'y'v?/2, (3.17)

where My is the RHN mass matrix and v = 246 GeV is the Higgs VEV. Let us choose
a diagonal basis for the RHNSs, so we have My = diag(M;, M2, M3) = Dy. On the
other hand, we can go to the mass basis of light neutrinos using the PMNS matrix of
eq. (2.1): Ulm,u = diag(my, ma, m3) = Dy, to write

v’ T 1T w2 T o-1/2n-1/2 T
D, = ?U yDyy U= ?U yD,,""D,, "y u. (3.18)
Multiplying the above equation by D,;l/ ? from both the left and right sides, we get:
1= LDy u D_I/Z)T (iD‘”?yT uD;"?| =’ (3.19)
V3 M m V2 M m ’
-1/2 T

where Q = (D,,""y" U D, ) /V2isa complex orthogonal matrix. Now, we can write
the coupling matrix y in terms of () as:

\/5 x1~y1/2 2
y=—Uu D,/*Q™D)”. (3.20)

This is known as the Cl-parametrization for the Yukawa couplings, using which we
can write eq. (3.16) as

2 2
3 a2 Im [0}
&1 = —ﬁ? D) . (321)
2im |l
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Using the orthogonality condition of the () matrix i.e., };; Qf]. =1, we get

3 M 3 Mi(Am2 )12
lgllsl(}_nv_;(m3_ml):|€1|$16n v;tm , (3.22)

where in the last step we assume normal ordering. We can use this to translate it into
a lower bound for M; using eq. (3.7)

-1

3 (AmZ)?
M 2 Ya, (csph ﬂ%a VAL I (3.23)

Next, let us plug in some values to get an order of magnitude estimate for the RHN
mass. Taking m3 = Amztm =0.05eV,v = 246 GeV and 8 = 1, we obtain M; > 10? GeV.
This is the famous David-Ibarra (DI) bound on the lightest RHN mass [173].

Hence, we have derived a lower bound on the mass of the lightest RHN required for
successful vanilla leptogenesis and neutrino masses. Note that this scale is once again
very high and challenging to test experimentally. This motivates the development of
low-scale seesaw models, some of which were discussed in the previous chapter; a
subset of them can also accommodate low-scale leptogenesis scenarios. However, it
is important to emphasize that the above lower bound on M; applies only to strongly
hierarchical heavy neutrino spectra; in the case of quasi-degenerate spectrum of RHNSs,
the bound can be lowered to the TeV scale.

Moreover, the assumption of maximal efficiency does not hold across all leptogenesis
scenarios, particularly when SU(2);, multiplets with gauge interactions are involved.
Such gauge interactions tend to suppress the population of these states at early times
and thus the efficiency of leptogenesis, leading to bounds like Myiplets 2 0(10' GeV)
[168]. In Ref. [3], we studied type-III leptogenesis with an additional Higgs dou-
blet that acquires a small VEV, which enhances the efficiency and lowers the scale to
0(10° GeV).

3.3.2 Boltzmann equations

Since the lepton asymmetry depends on the number densities of leptons, antileptons,
and heavy Majorana neutrinos, it is essential to carefully track their abundances and
evolution by solving the relevant Boltzmann Equations (BEs). The detailed formalism
of BEs is presented in Appendix C. Here, we write the generic form of the BE for a
particle 2 and mass m, involved in the interaction 2 + B <> C, assuming Maxwell-
Boltzmann distributions for all species involved:

dy, 1 Y, Y,
T;:EZ —=7(C—>a+B) - —.—Ly@@+B—C)|, (3.24)
B,C YC Yﬂ YB
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Table 3.2: Different processes contributing to the evolution of the number density of N1 and lepton
asymmetry AL.

Class Process Modifies Yy Modifies Y; Washout
Decay N —LH,N —»LH Yes Yes No
Inverse Decay ILH —>N,LH—> N Yes Yes Yes
AL =1 Scattering NL < Qu,NQ < Lu,Nu < LQ Yes Yes Yes
AL = 2 Scattering LH < LH,LL < HH No Yes Yes

where x = m, /T is a parameter that tracks the temperature evolution of the universe,
Y = n/s is the yield, s is the entropy density, and H is the Hubble parameter in the
radiation-dominated era, and y is the thermally averaged reaction rate density. All the
definitions can be found in Appendix C.

In the case of N — LH decays, we have®

— K
yp =y(N — LH) + y(N — LH) = nfjﬁrp, (3.25)

Ka(z)
where K; and Ky are the modified Bessel functions of the first and second kind, re-
spectively. The ratio K; /K3 can be interpreted as a time dilation factor. The total decay

width I'p is given by

(y*y)u

Tt =Tp=T(N > L+H)+I(N > L+H)= -

M; . (3.26)

Now, let us see the processes that one needs to consider for the BEs. Primarily, we
have the decays and the inverse decays which source the asymmetry and contribute to
washout, respectively. Additionally, we also need to take into account the scattering
processes, which are categorized as AL = 1 scatterings mediated via Higgs exchange
(vH,s and yH,), and AL = 2 scatterings mediated via N; exchange (yn, and yN,t).7
Note that all the processes except AL = 2 scatterings modify N; abundance. We sum-
marize these processes in Table 3.2 and show the scatterings are in Fig. 3.3.

Decays and inverse decays

First, we focus on the simple case of decays and inverse decays, which occur at order
O(y?). These processes are usually dominant compared to scatterings, which are either
phase-space suppressed or scale as O(y?).

Due to the CP asymmetry generated in the decays (see eq. (3.8)), the reaction rates for
the inverse decays differ from those of the decays. As CPT invariance states that any
physical process is indistinguishable from its time-reversed CP conjugate process, we

6 Here, we drop the generation subscript on N, so N = Nj is implied.
7 We also have AL = 1 scatterings involving gauge bosons such as NL — H + Vy and NH — LV, with

Vi = Wfl, By, with reaction rates given by yy s and yy ;. These processes are usually sub-dominant
compared to the ones mentioned in Table 3.2.
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Figure 3.3: The Feynman diagrams for AL = 1 and AL = 2 scattering processes shown in the first and
second row, respectively, where u denotes up-type quarks. Only the processes involving top quarks are
dominant due to their large Yukawa coupling.

can write
V(N — LH) = y(TH — N) = %(1 + e,
J(N — LH) = y(LH — N) = %(1 —yp. (327)

For ¢ — 0, we see that all the four rates above become equal. Using eq. (3.24), we can

write the BE for N abundance as

% R __
N Y—Ie\f](y(N—>LH)+y(N—>LH))
N
R TR TR A Ny SN (3.28)
Yy Y:qu Y Yquy ’ '

where z = M;/T. We can simplify the above equation for T > M; > my y by using
Yy =~ Y;q (X = L,E,H), and the rates in eq. (3.27). We further use (Y7 + YE)/YEq ~
2. Hence, the equation that tracks the abundance of N, as well as its departure from

thermal equilibrium becomes

dyy 1 Y
4z sHZ'P Y:[q : (3.29)

Next, we can write the BEs for the lepton and antilepton yields Y, 7, considering only

the decays and inverse decays

dy;, B 1 [ YN Y: Yy
- 1 |y Yy ]
L N L "H
= _quy(N —IH)- = —Y:qu(LH —N)| . (3.30)
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Subtracting the latter from the former, gives us the BE for AL

Ak - - - 3.31
dz sHz YD (& Y:]q QYLeq ( )

Notice the erroneous "+’ sign in the round brackets multiplied by ¢ which sources the
asymmetry. It suggests that a net lepton asymmetry can be generated even in ther-
mal equilibrium, a clear violation of Sakharov’s third condition (which means we have
done something wrong!). Here lies a subtlety: we saw that the CP asymmetry is pro-
portional to y*, therefore we must include the AL = 2 scatterings mediated by N in the
s-channel yy s, that are also O(y4). However, their on-shell contribution has already
been taken into account by successive inverse decay and decays, therefore, we only
need the off-shell contribution. We can estimate the on-shell contribution as

yon—shell(LH BN m) = ]/(LH — N)Br(N — m) , (3.32)

where we can use Br(N — LH) = (1 — ¢)/2. These need to be subtracted from the
s-channel N exchange (yn;) to get the off-shell contribution [174]:

Ry

(1 45) .

(1+¢)?
4

y'(LH — m) =YNs —

y’(m — LH) = yN,s — VD . (3.33)

Including these off-shell contributions and ignoring O(&?) terms, we can arrive at the
correct BE for lepton asymmetry

dYar _ 1 ol I YA |, YA (3.34)
dz sHz P y}f}q leeq s YLeq ' '

While the BEs derived above suffice for our purposes, one can similarly include the
contributions from AL = 1 scatterings to arrive at the complete set of BEs for thermal
leptogenesis with hierarchical RHNs

davw 1 [w
7y = iHa Yol L (yp+VHs +47H1),
dYar 1 Yn Yar Yar ., Yn
= — -1|- — 2y +2 + —). 3.35
dz sHz VD | € Y;\e]q 2Yleq qu ( Y VH,t T VH,s Y;q) ( )

The expressions for the respective scattering rates can be found in Ref. [174]. If you
want to include gauge-boson-mediated scatterings, you can make the following sub-



56 3. The Baryon Asymmetry of the Universe

stitutions

YH,s — Vs, = VH,s + YV,s,

YHt VS EVHL T Vvt (3.36)

Washouts and efficiency

We can solve the coupled Boltzmann equations of egs. (3.29) and (3.34) numerically
in the case of vanilla leptogenesis to determine the efficiency. Alternatively, we can dig
into the out-of-equilibrium dynamics to get some analytical estimates. Let us define
the decay parameter as

1qtotal — m
H(z=1) m*’

K= (3.37)

where 171 and m” are the effective and equilibrium neutrino mass parameters, respec-
tively, defined as [175]:

SRUQFD _ (v y)110? . _ 8nv?

m = , m =
2M? 2M, 2M?

H(z=1) ~1.08x 107%eV, (3.38)

where I'p is defined in eq. (3.26). Depending on the value of K, we have two regimes:

1. Weak washout regime (i1 < m.):
N decays out of equilibrium and the AL = 1, 2 washout processes are inefficient.
The dominant contribution to the lepton asymmetry comes only from decays and
inverse decays, which are efficientat T ~ M;. While a large lepton asymmetry can
be generated in this regime, it is sensitive to the initial conditions, i.e., whether N’s
have thermal or vanishing initial abundance. The efficiency factor is estimated to
be

1 for YN(T > Ml) =~ Y;]q(T > Ml)

(3.39)
m?/m*?  for Yn(T > M;) =0

2. Strong washout regime (777 > m.): The final lepton asymmetry is independent
of the initial conditions and the total lepton asymmetry production is highly sup-
pressed at T ~ M;. Any asymmetry produced earlier is washed out completely
and one gets Y7, = 0, since no asymmetry can be generated in equilibrium. A net
asymmetry survives once the inverse decay processes go out of equilibrium. In
this case, the efficiency factor is estimated as 6 =~ m* /1. The numerical solutions
of eq. (3.28) and eq. (3.34) for a choice of benchmark values are shown in Fig. 3.4.
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Figure 3.4: The numerical solutions of the BEs for the evolution of N abundance (blue) and lepton
asymmetry (red) in the strong washout regime. The dashed black curve represents the N equilibrium
yield. We fix My = 102 GeV, |y| = 0.1 and ¢ = 107°.

3.3.3 Sphaleron processes

We now turn our attention to the processes responsible for converting the lepton asym-
metry into a baryon asymmetry, which also play a crucial role in electroweak baryo-
genesis scenarios. In the renormalizable SM Lagrangian, baryon number B and lepton
number L (for each flavour) are conserved. However, non-perturbative gauge field
configurations known as sphalerons induce violations of B and L. Although these ef-
fects are typically negligible at low energies, they become significant at the very high
temperatures of the early universe (T > Tgwpr), leading to rapid violation of B + L.
Here, we discuss the anomalous B + L violation that is crucial during the leptogenesis
epoch and derive the sphaleron conversion that processes a net lepton asymmetry into

a baryon asymmetry.

Anomalous B+L violation

The global U(1)p and U(1); symmetries of SM lead to the conservation of baryon and
lepton number, respectively. We have

B= / BxJB(x), L= / d3xJi(x), (3.40)
where the associated currents are given by
]ﬁ = Z(@L,i)/yQL,z‘ + UR,iYuUR,i + ER,z‘Vyf]R,i) ,
i

Ji = D (Livali + r ivuer,i)- (3.41)

Here, Q1, L are the left-handed quark and lepton doublets, ug,dr, er are the right-
handed up-type, down-type and charged lepton singlets, and summation over color
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Sphalerons

0
Ncs

Figure 3.5: The vacuum energy as a function of Chern-Simons number Ncs, which are positive and
negative integers. The blue and the orange curves denote the sphaleron and instanton configurations that
change Ncs.

indices is implied.

Now, we know from the famous Noether’s theorem [176], that the classical currents
associated with these symmetries are conserved, i.e., ‘911]5 = 8y]ﬁ = 0. However, the
chiral nature of the electroweak theory leads to the Adler-Jackiw-Bell triangle anomaly
[177,178] and the divergences associated with these currents do not vanish. This makes
B and L anomalous at the quantum level. Upon analysing the anomaly equations for
the left-handed and right-handed chiral components of the vector currents (for the SM
gauge group), we get

utB utl Nf 21A71 TATE 2 puv
M =0k = = (—g Wi, Wi, + ¢B B ) , (3.42)
where the gauge fields and couplings have the same definiton as in Chapter 1. N¢
denotes the number of flavors. We note two things from the equation above: /(] 5 —
J ﬁ) =0, so B — L is exactly conserved and B + L is violated

ON . _
AB+L) = / d*x (I8 + Jh) = / d4x32nf2 (—gzwﬁszgw +g’2BWB’“’)

=2NfANcs . (3.43)

where ANcs = +1,+2, ... is the Chern-Simons number and is related to the topology
of the involved gauge fields [179]. The non-zero value of A(B + L) is a consequence
of the non-Abelian structure of the gauge theory, whose vacuum structure consists of
infinitely many degenerate distinct ground states separated by a potential barrier Egpp,,
as shown in Fig. 3.5. The number Ncs classifies the transitions among these ground
states corresponding to the jumps between different topological sectors of the gauge
theory [149, 180, 181]. Therefore, a transition between the two different vacua will
change Ncs, which in turn changes B and L. The sphalerons mediate these transi-
tions over the potential barrier [182]. We also show another non-perturbative solution
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called instantons which determine the probability of tunneling between the neighbour-
ing vacua in Fig. 3.5.

From eq. (3.43), we see that for 3 SM flavours, A(B + L) = +6 for ANcs = =1 or AB =
AL = £3ANcs. Hence, the transition from one vacuum to another changes AB, AL in
multiples of 3. The configurations give rise to a 12-fermion interaction involving all
three families, such as

U+d+T—d+25+2b+t+Ve + vy + V. (3.44)

The associated instanton action is large and the transition rate
[T=0 o pSinstanton — p=47t/aw — 0(10—165) , (3.45)

with aw = ¢g?/4m, is highly suppressed at zero temperatures. Therefore, the mediated
B + L violation is negligible [183].

However, for finite temperatures, it has been shown in Refs. [152,184] that the transi-
tions between vacua can be made by thermal fluctuations over the barrier instead of
tunnelling, i.e., via sphalerons. When the temperature is larger than the height of the
barrier, the Boltzmann suppression vanishes and the B + L violating interactions can

occur at a significant rate and are in thermal equilibrium.

The rate of the sphaleron transitions at a finite temperature is determined by the height
of the potential barrier Egpn, which is proportional to the Higgs VEV at that finite
temperature T. For T < Tgw = 100 GeV, this rate is Boltzmann suppressed, I' ~
exp(—Espn/T) [184], and these transitions are suppressed. On the other hand, for tem-
peratures T > Try, the transition rate goes as O(a}, T*) [185]. Therefore, for tempera-
tures higher than Tgw, these baryon number violating sphaleron processes are unsup-
pressed and very potent. By comparing these rates with the Hubble expansion rate,
we find that the sphalerons are in thermal equilibrium for 100 GeV < T < 10'2 GeV. In
this window, they can reprocess the asymmetries between baryons and leptons.

Let us recall Sakharov’s third condition: no asymmetry can be generated in thermal
equilibrium. Although sphalerons violate B + L, they will erase any net asymmetry in
equilibrium at temperatures T > Tgw, unless there is a non-zero B — L asymmetry from
another source. This is because sphalerons preserve B — L and therefore cannot erase
it. Once sphaleron processes freeze out, they partially convert this B — L asymmetry
into a baryon asymmetry. We derive this conversion factor below.

Conversion factor

Consider the formula for the number density of a particle

_ d3p _ d3p 1
n=g / anp/ B0 =8 / @n opl(E /T 21 (3.46)
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where the +(—) corresponds to fermions (bosons), g are the internal degrees of free-
dom, and u is the chemical potential. In the very early universe, we have p, /T < 1
and m, /T < 1 for a particle species x. For the corresponding antiparticle X, the sign of
u is flipped. Using eq. (3.46), we can determine the asymmetry in the particle number
densities, An, = n, — ny as

%ngS (ux/T)  for fermions,

An, = 5 ,
58xT° (2ux/T) forbosons.

(3.47)

Starting with Ny generations of fermions and Ny Higgs doublets, we have the left-
handed quark doublets Q;, right-handed up-type (down-type) u; (d;) quarks, left-
handed lepton doublet L; and right-handed charged leptons e; for i = 1,2,..., Ny,
and the Higgs doublets H; with j = 1,2,..., Ny. At high temperatures, all these par-
ticles interact via their gauge and Yukawa couplings. Additionally, we have the non-
perturbative sphaleron processes that we discussed above. In the EW unbroken phase
at sufficiently high temperatures, all the gauge interactions are in thermal equilibrium.
We can take the chemical potential for all the gauge bosons to be 0, while, the com-
ponents within the doublet have equal chemical potential. Further, we can relate the
chemical potentials to each other from processes that are fast enough to be in equilib-
rium. See the relations below

1. Asaconsequence of the effective 12 fermion interaction induced by the sphalerons,
we have

D (Bug, + ) = 0. (3.48)
i
2. Using the hypercharge conservation of plasma at all temperature, we get
2N
Z(tuQi + 2y — Pd; — ML~ e + N_fVH) =0, (349)
i

where we have assumed all Higgs doublets to have the same chemical potential,
ie, UH; = [H. Note the factor of 2 in front of Ny because of its bosonic nature.

3. The Yukawa interactions between the left-handed and right-handed fermions
give the following relations

HQi i = pu; =0, o = pH = a; =0, piy = HH = fhe; =0 (3.50)

Finally, using eq. (3.47), we can write the baryon and lepton number densities in terms
of the chemical potentials as

Nf Nf
1 1
ng = 6T2 Z Z(QHQI + ty; + ['ldi) ’ np = 6T2 Z(QILLLI + ‘Ue,') ’ (351)

c
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where ¢ denotes colour. We further assume that the chemical potentials are flavour
independent: g, = pq, Hu; = thu, pha; = P, p1; = th and fe; = Le.

We can now solve the linear equations above and express the chemical potential in
terms of, say (i, to obtain [186]
1 28Nf+4]\fH 1 214Nf+91\[H

ng = ny, =—-=

=6 aN;a Ny He 61 oN v 3Ny e (3:52)

We can now finally relate B and B — L as

8N + 4Ny

"B = 99N + 13Ny

(np —np) = Cspn(ng —np). (3.53)
In the SM, we have Ny = 3 and Ny = 1, so the conversion factor Cgpp comes out to be
28/79 (if you relate B to L instead, you get Cspn, = 28/51). Hence, we have obtained
all the ingredients for baryogenesis via leptogenesis. Substituting the value of Cgpp, in
eq. (3.7), we get

_ ~11 € 0
Yap = 8.58 X 10 (6‘2 . 10_6) (10_2) . (3.54)

3.3.4 Beyond Vanilla leptogenesis

Since its proposal by Fukugita and Yanagida [161], the vanilla leptogenesis scenario—
with its hierarchical spectrum of RHNs and flavour-blind approach—has helped us
understand the qualitative features of thermal leptogenesis and has been widely used
in model building. For example, we apply this mechanism to generate asymmetries in
both the visible and dark sectors in Ref. [2], and we can similarly incorporate it in the
model of Ref. [1] as both these models are based on the extension of type-I seesaw. It
is also worth mentioning the Davidson-Ibarra bound, which requires successful lepto-
genesis to have M; > 10° GeV [173].

Over the past two-three decades, several modifications to the standard scenario have
been developed. These include, but are not limited to: adding quantum effects, thermal
corrections, and spectator processes [174,187,188]; leptogenesis in type-II/IIl seesaw
models [168,189-191]; flavour effects [ 192-196]; N2 dominated leptogenesis [197-199];
resonant leptogenesis [170,172]; leptogenesis via oscillations [200-202]; leptogenesis

in the scotogenic model [203-206], and so on.®

In many of these scenarios, it is possible to lower the leptogenesis scale to O(GeV), al-
lowing for testable predictions. Below, we briefly discuss flavour effects in leptogenesis
and the case of Dirac leptogenesis.

8 In Ref. [202], it was shown that resonant leptogenesis and leptogenesis via oscillations may be actually
united, corresponding to the freeze-out and freeze-in of the heavy neutrinos, respectively.
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Flavour effects

In the discussion above, we did not consider the distinct Yukawa interactions of the
charged leptons, which enable us to distinguish between flavours. By summing over all
flavours, we arrive at a single equation for the lepton asymmetry in the one-flavour, or
flavour-blind, approach. This approximation is justified for M; > 10'2 GeV. However,
below T ~ 1012 GeV, the charged lepton Yukawa interactions become rapid enough to
be in thermal equilibrium, breaking the coherence of the lepton doublets produced in
N decays. This requires treating each lepton flavour asymmetry separately, such that
AL =3} AL, witha =e,pu, .

In the temperature range 10° GeV < T < 10'? GeV, the 7-Yukawa interactions are in
equilibrium and we need to treat them separately. However, the ¢, u flavours are in-
distinguishable in this regime, so we are in the two-flavoured regime corresponding
to the T component and the non-t component. Both the CP asymmetry as well as the
BEs with washouts are decomposed in two parts. In Ref. [3], we present a simplified
analysis for flavour effects in this regime for triplet fermions.

Below T =~ 10? GeV, the u-Yukawa interactions also equilibrate, making all three flavours
distinguishable. Here, the washout rates differ for each flavour due to their distinct
interactions with the thermal bath. Consequently, flavour effects become crucial for
low-scale leptogenesis scenarios and must be properly accounted for, as they can sig-
nificantly modify the final lepton asymmetry compared to the standard flavour-blind
treatment. A rigorous treatment requires the use of the density matrix formalism in-

stead of the classical Boltzmann equations [196,207,208].

Dirac leptogenesis

An interesting variation of the standard leptogenesis scenario is Dirac leptogenesis
[209], where neutrinos acquire purely Dirac masses, and thus total lepton number is
conserved, unlike the Majorana case. In these scenarios, RHNs vz are added to the
SM. Due to the presence of CP-violating phases, decays of a heavy particle can gen-
erate equal and opposite lepton asymmetries in the left- and right-handed neutrino
sectors. However, because neutrino masses are extremely small, the interactions in-
volving v are typically too weak to equilibrate before electroweak sphalerons freeze
out.

Since the SU(2);. sphalerons only couple to left-handed fields, they process the lepton
asymmetry stored in the left-handed sector into a baryon asymmetry, even when the
total initial (B — L) is zero. This mechanism depends on the interplay between the
slow left-right equilibration and sphaleron dynamics. Dirac leptogenesis is particularly
appealing in models with left-right symmetry: (SU(2)r x SU(2)1), and is realised in
various BSM extensions; see Refs. [210-213] for detailed discussions.



DARK MATTER

In the previous chapters, we discussed the matter we can see and interact with—so-
called visible matter. The term is somewhat oxymoronic, since these particles are far
too small to be seen directly. By visible matter, we mean the matter that interacts with
light or the electromagnetic force. Several astrophysical and cosmological observations
point to the existence of a new type of matter that cannot be seen (non-luminous),
termed Dark Matter (DM).

The term was first coined by the Swiss astrophysicist Fritz Zwicky in 1933. While ob-
serving the Coma Cluster and applying the virial theorem, he deduced that some un-
seen matter must be responsible for the rapid motions of galaxies within the cluster. He
called this new form of non-interacting matter Dunkle Materie (dark matter). Initially,
this proposal was met with scepticism and largely dismissed. It was only in the 1960s
and 70s, with improved calculations and instrumentation—thanks in large part to the
efforts of Vera Rubin and Kent Ford—that dark matter gained widespread acceptance.
Today, we know that dark matter accounts for roughly 26% of the total energy budget
of the universe, about five times more than visible matter.

Since all evidence for dark matter arises from its gravitational effects, alternative ex-
planations such as Modified Newtonian Dynamics (MOND) and other modifications
to gravity have been proposed. However, there are compelling reasons to believe in
the particle nature of dark matter instead, which we elaborate on in the next section.
Regarding its particle nature, dark matter should be non-baryonic and cold—hence the
‘CDM'’ in the standard ACDM cosmological model. Note that for cosmologists, the SM
matter content falls under the category of baryonic matter, not just baryons. We will
use 'visible matter” and ‘baryonic matter” interchangeably when referring to SM par-
ticles. The SM, as we know it, does not contain any particle that can serve as a viable
dark matter candidate. This will become clear once we discuss the necessary proper-
ties of a viable dark matter candidate in the next section. Therefore, the origin and
nature of dark matter not only point to physics beyond the SM but also hold the key to
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Figure 4.1: Observed rotation curve of the galaxy NGC 6503 (solid red curve) as a function of distance
from the galactic core [214]. The contribution from the DM halo, disk, and gas are represented by orange,
green, and blue curves, respectively.

understanding what the vast majority of our universe is made of.

In this chapter, we first review the evidence and properties of particle dark matter. We
then discuss common production mechanisms and candidate particles, followed by

their experimental and observational probes.

4.1 Observations and evidences

Let us briefly review the evidences that we gathered for the existence of DM across

several scales.

Galaxy rotation curves

Going back to high-school physics and recalling Gauss’s law, we know that the rota-
tional velocity of objects gravitationally bound to a galaxy is given by v = \/GM(r)/r,
where M(r) is the mass enclosed in the system and r is the distance from the galactic
centre. For a spiral galaxy, we can approximate the visible matter as being spherically
distributed in the galactic bulge. Therefore, in the outer regions of the galaxy, we ex-
pect the rotational speed to decrease because there is little visible matter.

However, the pioneering work of Rubin, Ford, and Freeman showed that the rota-
tion curves fall off very slowly and instead remain approximately flat [215-218] (see
Fig. 4.1). This observed flatness cannot be explained by modifying the weights or spa-
tial distribution of the known galactic components [219,220]. Instead, it points to the
presence of an additional, non-luminous matter component with a mass distribution
scaling as M(r) « r. In Fig. 4.1, the contribution from the DM halo is shown in orange.
The observed flat curve is well reproduced by summing the contributions from the DM
halo and the baryonic disk.!

1 The discrepancy in observed rotation curves can also be addressed using MOND [221,222], an alter-
native to the particle DM hypothesis. However, MOND fails to explain other key observations, such as
those from Bullet Cluster and the CMB.
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Figure 4.2: Left: Image of the Bullet Cluster, formed by the collision of two large galaxy clusters. The
matter distribution inferred from gravitational lensing is shown in blue, while the pink region corre-
sponds to the X-ray emission from the hot gas, which constitutes the luminous matter. Right: Dark
matter filaments linking the galaxy cluster Abel 222 and Abel 223.

Galaxy clusters

Masses of astrophysical objects are usually estimated through the effects of gravita-
tional lensing.? Lensing observations across numerous astrophysical systems have
consistently confirmed the dominant presence of dark matter in galaxies and galaxy
clusters [223-226]. The collision and subsequent merging of two galaxy clusters—as
observed in the Bullet Cluster (1E 0657-56), gives the most compelling evidence for
the existence of dark DM through gravitational lensing. Weak lensing data reveal a
separation between the total gravitational mass and the luminous matter, as shown on
the left side of Fig. 4.2. This displacement between the lensing-derived mass distribu-
tion and the X-ray luminous gas is naturally explained by the presence of collisionless
DM, which does not interact electromagnetically and passes through the collision un-
affected. In contrast, MOND cannot account for the gravitational effects observed in

regions devoid of visible matter.

Structure formation and CMB

Weak lensing data show that luminous matter has a filamentary structure on extremely
large scales, typically ~ O(100 Mpc). Simulations with cold DM reproduce this ob-
served pattern of filaments with remarkable accuracy. They also support the existence
of DM filaments: large-scale, invisible, web-like structures, that connect galaxy clus-
ters and superclusters, forming what is known as the cosmic web. These DM filaments
were first detected linking the galaxy clusters Abell 222 and Abell 223, as shown on the
right side of Fig. 4.2 [227].

Moreover, DM is essential in the evolution and growth of cosmic structures. In the early
universe, density fluctuations in matter led to the clumping of DM before baryonic mat-
ter, due to its higher abundance and lack of interactions with radiation. These clumps

2 According to general relativity, massive bodies such as galaxy clusters warp spacetime, bending and
distorting the light from more distant background objects. As a result, these massive structures act as
gravitational lenses.
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formed gravitational potential wells, into which baryonic matter later fell. Therefore,
DM leaves observable imprints on the CMB, much like baryonic matter (as discussed
in the previous chapter). Cosmological measurements from probes such as WMAP
and Planck have determined the DM relic density to be [77]

Qpaph? = 0.1200 + 0.0012, (4.1)

which is approximately five times the abundance of baryonic matter (see eq. (3.5)).
This O(1) ratio between visible and DM densities is known as the cosmic coincidence.
Explaining this coincidence is a major question in particle cosmology.

4.2 Properties of a DM particle

Having established the evidence for a large DM abundance in our universe, we now
turn to its possible properties. We refer the reader to Refs. [228] for a recent com-
prehensive review on particle DM. While we know that DM interacts gravitationally,
it may also have weak or feeble interactions with the SM particles. Here, we outline
some general properties that a viable DM candidate should possess:

Neutral

Since DM does not emit or absorb light, it must be electrically neutral. However, it
is possible for DM to possess an effective fractional electric charge, or millicharge [229,
230], since current constraints are placed on the charge-to-mass ratio [231].% It is pos-
sible to hide the effects of its charge if the DM is ultra-heavy, for example, see Charged
Massive Particles (CHAMPs) [234]. Based on null results from exotic atom searches
and analyses of the CMB power spectrum, the upper bound on DM charge is given
by [235]

1/2
M ) . (4.2)

<224x 1074 =—
€ (TeV

Moreover, the DM candidate should also transform as a singlet under SU(3)c, implying
that it is colourless and does not interact via strong interactions with the SM baryons.
There are stringent constraints on the strong interactions between DM and nucleons
from the Earth’s heat flow [236].

Non-baryonic

Combined results from the CMB and BBN indicate that baryonic matter constitutes
only 5% of the universe’s total energy budget. Given the evidence for a significantly
larger DM abundance, as discussed above, it is generally concluded that DM must be

3 Millicharged DM particles can interact with electrons and protons during the recombination era, thereby
leaving imprints on the CMB [232,233].
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Figure 4.3: A comparison of small-scale structure formation with cold DM (left) and warm DM (right).
Taken from Ref. [244].

non-baryonic. In other words, DM must consist of a new type of particle not present
in the SM.

In the past, several baryonic DM candidates have been proposed. One class includes
Massive Compact Halo Objects (MACHOs), such as brown dwarfs, white dwarfs,
and cold gas clouds. However, lensing observations have placed strong constraints on
MACHOs as viable DM candidates, indicating that they can account for at most 10-
20% of the DM halo mass [237-239]. Another baryonic DM candidate that has gained
attention in recent years is the Primordial Black Hole (PBH). Although composed of
ordinary matter, PBHs are hypothesized to have formed in the early universe under
extreme conditions. However, a wide range of PBH masses have been excluded due to
observational constraints [240]. Currently, PBH masses in the range 10!” — 10?3 g can
be a viable DM candidate [241].

It should be point out that the SM neutrinos being extremely abundant, electrically
neutral, and feebly interacting were historically considered as viable DM candidates.
However, SM neutrinos are now ruled out as DM for two main reasons: i) They are
hot, i.e., relativistic during the epoch of structure formation (see the discussion below),
which is inconsistent with the observed bottom-up hierarchy of structure formation;
ii) They are too light to account for the observed DM relic abundance.

Cold (Warm)

The observed matter power spectrum implies that DM must be cold (non-relativistic)
at the time of decoupling and during the epoch of structure formation. If DM was
hot at decoupling as in the case of neutrinos, its large free-streaming length (the av-
erage distance a particle travels before becoming gravitationally bound) would wash
out small-scale structures and suppress the hierarchical growth of cosmic structures.
Hence, the current formulation accepts the CDM model, first proposed by Peebles in
1982 [242] and developed further in Ref. [243].

While hot DM is ruled out by the observed presence of small-scale structures, an in-
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termediate scenario remains viable: Warm Dark Matter (WDM) [245,246]. These are
particles that were semi-relativistic at the time of decoupling, typically with masses in
the keV range. WDM suppresses structure formation only on very small scales, while
still allowing larger structures to form, in agreement with current observations. A com-
parison of how warm and cold DM affect structure formation is shown in Fig. 4.3.

The WDM models can help address several small-scale issues within the standard
ACDM framework, such as the Missing Satellites Problem, Core-Cusp Problem and Too
Big to Fail Problem on small scales, see Refs. [247,248] for details. We refer the reader
to Ref. [249] for a review on WDM.

Collisionless

Several observations suggest that DM does not interact significantly with itself or with
baryonic matter. For instance, the Bullet Cluster—discussed earlier, provides strong
evidence of this non-interacting behaviour. Such observations are used to place an
upper bound on the DM self-interaction cross-section, typically 6/Mpm < 1 cm? g7! at
cluster scales [250].

Moreover, the structure of galaxies tells us that while baryonic matter forms a thin disk,
DM forms an extended, approximately ellipsoidal halo. This difference points towards
the non-dissipative or collisionless nature of DM. In addition, significant interactions
between DM and baryons would leave observable imprints on the CMB power spec-
trum (especially in the acoustic peaks) and would also alter the efficiency of structure
formation. However, numerical simulations based on cold, collisionless DM repro-
duce both the observed CMB anisotropies and the large-scale structure of the universe
accurately.

While cold, collisionless DM explains large-scale observations well, it faces challenges
on smaller scales, as mentioned above. These tensions can be alleviated by introduc-
ing mild DM self-interactions. Models incorporating such interactions fall under the
category of Self-Interacting Dark Matter (SIDM) [251,252]. In these models, DM par-
ticles interact via elastic scattering, with cross-sections in the range: 0.1 < ¢/Mpm <
10 cm? g1 [253]. These interactions are strong enough to address the small-scale is-
sues while remaining consistent with constraints from large-scale structure and CMB
observations. For example, SIDM models predict more spherical halos compared to
CDM.

Long-lived

Given the observed relic abundance of DM in the universe today, DM must be long-
lived on cosmological timescales, if not absolutely stable. For heavier DM candidates,
ensuring their stability is a key requirement in BSM frameworks. A common approach
is to impose discrete symmetries—such as a Z; symmetry—that render the lightest
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particle with odd parity stable by forbidding its decay. This mechanism is employed,
for example, in the scotogenic model discussed in Section 2.5.2.

Note that the observations do not strictly forbid DM from decaying. We require that
DM lifetime exceeds at least the age of the universe, approximately 13.8 billion years.4
In fact, DM decay can provide distinctive, smoking-gun signatures for new physics.
For example, if the decay products include active neutrinos, the resulting flux can be
searched for at neutrino telescopes such as IceCube or KM3NeT. Such a signal was

considered in the model proposed in Ref. [2] by the author.

4.3 Thermal Freeze-out and WIMPs

Having discussed the general properties of a viable DM candidate, the next natural
question concerns the origin and dynamics of such massive species. To address this,
let us consider a DM particle, denoted by y. We will also revisit the concepts of thermal
decoupling and out-of-equilibrium dynamics introduced in the previous chapter.

In the early universe, SM particles coexisted in an extremely hot and dense plasma, the
so-called thermal bath. At high temperatures, particle interactions occur frequently
enough to maintain thermal equilibrium, characterized by I' > H, where I’ is the in-
teraction rate and H is the Hubble expansion rate. If a massive species were to remain
in thermal equilibrium until the present day, its number density would be exponen-

tially suppressed as 1, oc e /T

, making it cosmologically irrelevant. Therefore, to
obtain a significant relic abundance as observed today, the species must depart from

equilibrium—a process known as freeze-out [257].

Freeze-out occurs when I =~ H at a temperature T, < m, (for the non-relativistic case),
called the freeze-out temperature. At this point, the interactions are no longer effi-
cient enough to maintain equilibrium. Thus, the particle y decouples from the thermal
plasma and eventually its comoving number density becomes effectively constant. This
mechanism, known as thermal freeze-out, provides a compelling explanation for the
origin of stable relic species in the early universe.

Consider the case of a stable DM, where the dominant interactions are annihilations
and the corresponding reverse (creation) processes

XX © XX, (4.3)

where X denotes any SM (or beyond) particles into which the DM can annihilate. These
interactions determine the comoving number density of DM.? The relic abundance of

41n particular, the DM lifetime should be much larger than the age of the universe if its decay products
involve SM particles, for example, 7 > 103 s for a GeV-scale DM decaying into neutrinos [254-256].
® We assume x and Y are equally abundant, with no particle-antiparticle asymmetry.
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such a species can be computed by solving the Boltzmann equation (see Appendix C)

dYX _ S 2 eq2
B =i oo (%), (44)

dx
where Yy = 1, /s is the comoving yield, x = m, /T, and Y; ' = 0.145(g./g.s)x*/ 2™ is
the equilibrium yield. The thermally averaged pair-annihilation cross-section is given
by [258]

1 [s¢]

(00)(T) = 87 mf(TKz(mX/T) am?

dso(s)(s — 4m)2()\/§K1 (?) , (4.5)

where s is the total centre of mass energy squared (not to be confused with entropy).

The distinctive features of freeze-out can be inferred from Fig. 4.4, where we numeri-
cally solve the BE above for a benchmark value. As long asI' = n {(cv) > H—where n
is the number density of incoming particles—interactions are fast enough to maintain
thermal equilibrium, and we have Yy ~ Y; 1. Creation and annihilation processes occur

at equal rates in this regime.®

When the temperature falls below the DM mass (T < m, ), the creation processes be-
come exponentially suppressed, as the X particles no longer have sufficient energy to
produce x pairs. Eventually, at a temperature Tg, (or x = xf), when I'  H, the anni-
hilation process also freezes out. Beyond this point, Y, deviates from its equilibrium
value and becomes approximately constant.

In the post-freeze-out regime (I' < H or x > xy), the interaction rate is too slow to
affect the number density significantly. This can be understood in terms of time scales:
the reaction time 7 ~ 1/I' becomes larger than the age of the universe at that time
tm ~ 1/H. Thus, T > ty implies that y and ¥ annihilate too infrequently to impact their
abundance. From this point onward, the number density continues to decrease only
due to the expansion of the universe, not due to interactions.

4.3.1 Relic abundance

The DM abundance can be simply approximated as Y, = Y;q for x < xy,and Y, =
qu(x r) for x > x¢. In the case of hot relics, where the species i is relativistic at freeze-
out, the asymptotic yield Y = Yl.eq becomes nearly independent of x. This applies to
neutrinos, whose equilibrium yield is given by

Qeff

Y, ~0.278 ,
s (Tdec)

(4.6)

where g is the total number of relativistic degrees of freedom. Neutrinos decouple
at Tgec ~ 2 MeV, for which g. = g. s = 10.75. For a 2-component, single-generation neu-

© Note that 7 oc T in the relativistic regime, and 1 o< (mT)3/2¢~"/T in the non-relativistic regime. As the
universe cools, n and hence I" decreases.
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trino, we have ge = 3/2. Plugging in these values, we can estimate the relic abundance
of hot relics

_ > miY 2 sgh? N >m;
pe 9156V’

Q,h? (4.7)
where s is the present-day entropy density and p, is the critical energy density of the
universe. As discussed earlier, hot relics like neutrinos cannot constitute the dominant
component of DM. For example, using the Planck bound }}; m; < 0.12 eV, the above
equation implies that SM neutrinos contribute only about 0.0013% to the total DM relic
abundance.

For cold relics, freeze-out occurs at x 2 3, and the computation of the asymptotic yield
typically requires numerically solving the Boltzmann equation, see eq. (4.4). However,
approximate analytical estimates can be obtained by assuming the annihilation cross-
section takes the form (ov) = gpx™", where n = 0 for s-wave annihilation and n = 1 for
p-wave processes. The resulting relic abundance is approximately given by [158]

x?*l(n +1)

Q. h? ~ 10710 (4.8)

(845/8-"%) a9

where g¢., . s are evaluated at T = m,/xs. Note the inverse dependence of the relic
abundance on the annihilation cross-section. The large the cross-section, the longer
the particle tracks its equilibrium abundance, which consequently leads to a smaller
frozen-out yield.

Finally, we comment on the relic abundance of warm relics. In general, the abundance
depends on the specific production mechanism, which need not be freeze-out. For
example, WDM particles can be produced through oscillations or decays. In such sce-
narios, the relic abundance must be computed numerically. If WDM is produced via
freeze-out, the freeze-out temperature Ty, is higher than that of cold DM. Typically,
WDM candidates in the keV mass range can account for the observed DM abundance.

4.3.2 The WIMP miracle

The most popular example of cold relics are Weakly Interacting Massive Particles (WIMPs).
As the name suggests, these are particles with weak-scale masses, O(1—-1000 GeV), that
interact with the SM particles via electroweak-strength interactions, with cross-sections
roughly of the order o ~ Ggm)zf.7 These candidates were proposed in the 1970s, follow-
ing the growing recognition of the DM problem as a serious issue in cosmology. We
refer the reader to the historical account: How DM Came to Matter [259].

Depending on their mass and interaction strength, freeze-out for WIMPs typically oc-
curs in the range xy ~ 20-25. This value can be considered a magic number for non-

7 There exists a wide variety of WIMP models. In each case, the coupling G should be replaced by the
relevant effective coupling, depending on the interaction specifics of the model.
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Figure 4.4: Freeze-out of a massive species (WIMP) with m, = 100 GeV and o ~ 2x 107 GeV 2. The
black dashed curve represents the equilibrium yield, and the vertical dashed gray line denotes xf = 20,
the point at which freeze-out occurs.

relativistic thermal relics, marking the temperature at which their abundance decou-

ples from the thermal bath.

Using x; = 20, in eq. (4.8), we find that the observed relic abundance Qh? = 0.12
can be obtained for a cross-section in the weak range: o ~ 107 GeV 2 (alternatively,
(0v) = 3x10726 cm3s™1). This is known as the "WIMP miracle’. The numerical solution
of the BE is shown in Fig. 4.4 for m, = 100 GeV and ¢ ~ 2x107° GeV 2. The asymptotic
yield Y* = Y(x > x¢) can be related to the relic density in this case as

Q= 2.755 X 108 m, Y°, (4.9)

where the factor of 2.755%108 comes from the substituting the value of s¢, p. ineq. (4.7).
Substituting the value of Y° ~ 4 x 1072 and m, = 100 GeV, we get the correct relic
abundance.

Given our understanding of the electroweak scale, this remarkable coincidence became
a major motivation for considering WIMPs as viable DM candidates and for extensive
experimental efforts to search for them (discussed below). Moreover, supersymmetric
extensions of the SM (popular in those days) naturally predict particles that behave like
WIMPs (for example, neutralino, gravitinos, right-handed sneutrino), further adding

to their appeal in the past decades.

There are also theoretical bounds on how light or heavy these cold relics can be, ap-

proximately given by
0(10 GeV) < my < O(100 TeV). (4.10)

The upper bound comes from the fact that the effective couplings cannot be arbitrar-
ily large (the unitarity limit [260]), whereas, the lower bound can be derived from
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Figure 4.5: [llustrative representation of search strategies for WIMPs. The annihilations that lead to
their freeze-out in the early universe now lead to indirect detection signals (blue arrow). The reverse
process (creation) would lead to production at colliders (pink arrow). The green arrow denotes the x—
SM scattering that leads to direct detection signals.

not overclosing the universe for a weak scale cross-section (also known as the Lee-
Weinberg limit [261]).

Before concluding our discussion on WIMPs, it is worth noting three important caveats

where the simple relic abundance estimates discussed above break down [262]:

1. Resonances: When m 4 =~ 2m,, where A is the particle mediating the annihilation,
the cross-section can be significantly enhanced near the resonance.

2. Threshold effects: At high temperatures, the initial DM pair can have enough en-
ergy to produce heavier particles, which will result in (cv), > (0v),, the current
abundance.®

3. Co-annihilation: When other particles (e.g., x2) are nearly degenerate with the
DM (m,, —my, < Ti), processes like x1x, <> XX become important and modify

the relic abundance.

4.3.3 Experimental searches

We now focus on the experimental searches and strategies to detect WIMPs. The three
main ways to look for WIMPs are: Direct Detection (DD), Indirect Detection (ID),
and collider searches. A schematic illustration of these three approaches, based on the
directionality of the annihilation processes xx < XX, is shown in Fig. 4.5. Hence, the
key assumption behind our current experimental searches for DM is that it interacts
with the SM in some way. We discuss these briefly below.

Direct detection

The direct detection experiments are based on the scattering of the WIMP with the SM
particle. As we are surrounded by the DM halo, the galactic WIMPs crossing the Earth
can scatter off the atomic nuclei and deposit a fraction of its energy. This should lead

8 An interesting case of thresholds is that of forbidden DM, where DM particles annihilate into states
heavier than themselves [263].
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Type Material Experiments
Noble Liquid Xenon XENONNT [266], LZ [267], PandaX [268]
liquid Liquid Argon DarkSide [269], DEAP-3600 [270]
Cryogenic Germanium SuperCDMS [271], EDELWEISS [272]
crystals Silicon SuperCDMS-Si [271], DAMIC [273]
Crystal Nal (Sodium Iodide) DAMA /LIBRA [274], COSINE-100 [275]
scintillators  CaWOQ, (Calcium Tungstate) CRESST [276]
Superheated
hquids Cs3Fs, CFsl PICO [277]

Table 4.1: Direct detection experiments classified on the basis of target material.

to a small but detectable recoil of the atomic nuclei of the detector material. The idea
of direct detection goes back to the 1980s, when Goodman and Witten proposed using
the neutrino detectors to detect DM candidates [264].

As these signals arise from weak interactions, and are further subject to the DM dis-
tribution in the halo and velocity, they are expected to be very small, typically the
nuclear recoil energy (Eg) is in the 0.1 — 50 keV range. Therefore, such signals must be
distinguished from those induced by cosmic rays or radioactive decay products, and
the experiment must be shielded. The DD experiments are usually placed in highly
sensitive deep underground environment and use ultrapure materials. Depending on
the detector material, the recoil energy is manifested in different ways, for example,
via heat (phonon excitations of solid materials) or light (scintillating photons, direct
ionization). The DD experiments are thus categorized on the basis of target material,
they are summarized in Table 4.1. For a review of DM DD experiments, see Ref. [265].
The detection rate for a DM y scattering off a nucleus (A, Z) is given as

AN Py / do
=€ vf(v do, 411
dENR ma my Umin f( )dENR ( )

where N is the total number of detected DM particles, m4 is the atomic mass, and
py ~ 0.4GeV/cm™ is the local DM density [278], o is the DM-nucleon scattering cross-
section, and € = tMr is the experimental exposure for observation time t and mass of
the target, Mr. The velocity distribution is assumed to be isotropic and Gaussian.

Finally, the DM-nucleus cross-section is distinguished in two types: Spin-independent
(SI) interactions that are independent of the DM spin and nucleus” angular momen-
tum, and arise from scalar and vector couplings to quarks; Spin-dependent (SD) inter-
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Figure 4.6: Current bounds on the spin independent DM-nucleon cross-sections from various DD
experiments. The gray shaded region at the bottom denotes the neutrino fog: the irreducible neutrino
background, where it becomes difficult to distinguish DM signals from that of neutrino induced scatter-
ings. Credits: Ciaran O" Hare.

actions that come from axial-vector couplings to quarks. They are given by

2 2
u Z+ fi(A-2)
o5i(E) = 0, 4 (f” ) ) F2(E),
ny fP
2 [a2S,,(E) + a,a,S,,(E) + a2S E)\’
ssp(E) = 20p ;U;(A p pp( ) pln pn( ) nn(E) , (4.12)
J+1 Hnyx ap

where ¢, is the DM-proton cross-section; f ,, ., denote the couplings to neutrons
and protons, respectively; | is the spin of the nucleus, (i, 4,, is the reduce mass of the
DM-nucleus/nucleon system, and F, S are the nuclear form factors [279,280]. The DD
experiments thus place constraints on these scattering cross-sections and the corre-
sponding DM mass. Over the years, the sensitivity of these experiments have increased
manifolds. The null results from the searches at LZ, PandaX and XENONRNRT set severe
constraints on the WIMP parameter space as shown in Fig. 4.6, ruling out the cross-
sections consistent with the WIMP miracle as well as WIMP masses larger than 10 GeV.
One can also see how close the bounds have come to the neutrino floor, the ultimate
sensitivity limit where neutrino-induced scatterings can mimic the DM signals. While
the neutrino fog is not a hard limit, the detection becomes more challenging in this
region. Current efforts are directed at understanding the Coherent Elastic Neutrino-
Nucleus Scattering (CEVNS) better [281], as well as at advanced techniques that can
help us disentangle the DM and neutrino signals.

Indirect detection

The indirect detection aims at probing the annihilation (or decay) products of DM
particles, as illustrated in Fig. 4.5. As WIMPs are supposed to interact with the SM
particles, the annihilation products that one can look for could be photons, neutrinos,
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electrons, positrons, protons, antiprotons or anti-deuterons. Since the annihilation rate
scales with the DM number density (I' o nf(), these annihilations can be significant
in regions with high DM density. Therefore, key targets to look for such signals in-
clude dwarf spheroidal galaxies, galaxy clusters, the galactic centre or in dense stars or
macroscopic bodies that can gravitationally capture the DM particles.

Concerning ID signals, there are telescopes searching for excess y-rays such as Fermi-
LAT [282-284], H.E.S.S [285,286] and CTA [287]; neutrino telescopes and detectors
such as IceCube [288], KM3NeT [289] and Super-K [67], as well as cosmic-ray detection
based experiments such as AMS-02 that look for charged particle fluxes (discussed in
the previous chapter) [138]. However, this detection task too is challenging due to the
presence of significant astrophysical background /noise (for example, from pulsars or
supernovae remnants). A smoking gun signal could be a y-ray line or a neutrino line
coming directly (undeflected) from a local source such as the galactic centre, dwarf
galaxies or the Sun.

Like the DD case, we have not yet obtained any positive result from ID probes that
can confirm a DM discovery. Note that there have been some interesting observations,
such as the surplus of y-rays coming from the Milky Way galactic centre detected by
the Fermi telescope, which have been claimed as evidence for DM [290,291]. However,
the origin of this signal is widely debated within the theory community, without any

consensus.

Collider searches

Finally, we comment on the production of DM particles from SM particles in high-
energy collisions at collider-based experiments. Given the weak interactions and life-
time of the DM candidate, they are expected to interact very weakly with the detectors
and are more likely to escape without a trace. This is characterized by missing trans-
verse energy (ET) in the final state.

As collider probes rely on detecting visible particles and their momenta, the production
of an undetected particle leads to a momentum imbalance of the visible particles. The
measurement of this recoil of visible particles against invisible ones is termed a mono-
X signature. The ATLAS and CMS experiments search for DM particles based on these
signatures, depending on the model and the mediator.

Collider probes are complementary to DD and ID experiments and are also more sen-
sitive to the light DM mass range than DD probes. However, these searches have a
limitation, as they cannot provide information about the stability of the DM particle or
whether these particles can produce the correct relic abundance. Despite this, collider
searches can provide interesting signals that can then be contrasted with DD and ID
probes to lock in on the DM candidate.
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44 Beyond WIMPs

While the freeze-out of WIMPs has long been a leading explanation for the observed
DM relic abundance, the experimental searches have yielded null results (for a review,
see Ref. [292]). This has motivated the exploration of alternatives—both beyond the
traditional WIMP paradigm and beyond the standard freeze-out mechanism. Several
such scenarios have been proposed, including those presented in the author’s works [1,
2,4], which we now review.

4.4.1 Thermal Freeze-in and FIMPs

Instead of starting with a thermal abundance like in the case of WIMPs, consider a
scenario in which the DM candidate, say 1, has a vanishing initial abundance. This can
be justified if ¢ interacts with the SM only through extremely weak—feeble interactions,
such that it never reaches thermal equilibrium with the thermal bath. Despite these

suppressed interactions, a significant abundance of ¢ can still be produced.

For example, ¢ particles can be generated via the decay of a heavier particle ¢ that
is part of the thermal bath: ¢ — 1. A small population of i builds up from these
decays until the abundance of ¢ becomes Boltzmann suppressed. (A similar argument
holds for production through scatterings.) After this point, the production effectively
ceases, and the abundance of 1 freezes in. This is known as the thermal freeze-in
mechanism, and the DM candidate ¢ is referred to as a Feebly Interacting Massive
Particle (FIMP) [293].

In contrast to freeze-out, where the final abundance is inversely proportional to the
interaction strength, in the freeze-in scenario, the relic abundance is directly propor-
tional to the (feeble) coupling. The calculation of the relic abundance is significantly
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simplified in the case of FIMPs, as processes involving them in the initial state can be
safely neglected due to their negligible initial abundance and feeble interactions.

Consider a model where the FIMP candidate x couples very weakly to a heavier scalar
¢ (with my > 2m,) through an interaction term of the form A¢xx, leading to its pro-
duction via decays.” In this scenario, the BE simplifies considerably and takes the fol-
lowing form:

dY4, 1 Y¢
T T Hx'? (@) ' (*13)

where x = mg/T, and y, o A? is the decay rate density (see eq. (3.25)) related to the
decay width I'y = gm(b.

Note that in the simpler case of ¢ being in equilibrium, Y, = Y;q. Hence, the factor in
the round brackets becomes one. The relic abundance can be analytically estimated in

this case as [293]

8¢ my T
1/2 m?P

Qus/ Qe

Qyh? ~ 10% (4.14)

AsT scales as A?, alarger relic abundance is produced from a larger coupling strength.
We show the numerical solution of the BE above in Fig. 4.7 for a benchmark value. It can
be seen that for weak-scale masses, the correct relic abundance is typically produced
for extremely small couplings, A ~ 10712

Due to the extremely feeble interactions of FIMPs, detecting them is very challeng-
ing. As a result, the freeze-in scenario remains relatively unconstrained experimen-
tally and offers considerable flexibility for DM model building. The freeze-in mech-
anism can accommodate a wide variety of DM candidates (as discussed in the 'DM
Z0o0’ section) and can also be combined with the freeze-out mechanism to yield vari-
ous possibilities—where the FIMP may or may not be the actual DM candidate. Four
such scenarios are illustrated in Fig. 4.8 [293], where LOSP stands for Lightest Observ-
able Sector Particle, i.e., a particle that is present in the thermal bath and interacts feebly
with FIMP. In Ref. [2], we utilized the freeze-in mechanism of scenario 2 to produce
a FIMP DM from the freeze-out of another particle in an extended dark sector (see
below). A review of FIMP models can be found in Ref. [294].

The example discussed earlier involving decays of weak-scale particles corresponds to
what is known as IR freeze-in. In this case, the DM relic density is independent of any
high-scale cutoff or UV completion and instead depends only on the masses and cou-
plings of the particles involved. Conversely, if the interactions responsible for freeze-in
arise from non-renormalizable operators, the dominant production occurs at very high

9 We consider a FIMP DM candidate with the same interaction in our model for the cogenesis of DM,
baryon asymmetry, and neutrino masses [9].
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Figure 4.8: Scenarios utilizing the freeze-in and freeze-out mechanism for the production of FIMP (red)
and LOSP (blue) DM, respectively. On the left side, the large (small) circle sizes represent the dominant
(sub-dominant) production mechanism. The dashed (solid) circle boundary signifies that the particle
is unstable (stable). The abundance evolution of LOSP and FIMP as a function of time is shown on the
right side. Adapted from Ref. [293].

temperatures—either near the cutoff scale A or close to the reheating temperature Tp.
In such cases, the relic abundance becomes sensitive to both A and Ty, a scenario re-
ferred to as UV freeze-in [295-297]. Our works in Refs. [2,9] utilized the IR freeze-in
mechanism.

4.4.2 Rich Dark Sectors

So far, our discussion has centred around scenarios where the total DM abundance
arises from a single DM particle or component. However, this contrasts with the vis-
ible sector, which consists of multiple stable species—such as protons, electrons, neu-
trinos, and photons—stabilized by various symmetries. Given that the observed DM
abundance is roughly five times larger than that of visible matter, it is natural to ask:
Why should the dark sector consist of only one component? This question motivates
the idea of a rich dark sector.

Rich dark sector models extend the SM by introducing a hidden sector composed of its
own particles and interactions. These may include dark fermions, dark scalars, or even
dark photons. Such sectors can give rise to a variety of phenomena, including strong
self-interactions (which can help address small-scale structure issues in ACDM), dark
phase transitions, or dark radiation, among others.!'Y Our works in Refs. [1,2,4] are all

This hidden sector could also be an exact copy of the SM sector, termed as Mirror DM. However, this
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examples of models featuring a rich dark sector.

Importantly, particles in the dark sector are not charged under the SM gauge groups.
Instead, they interact via their own dark gauge groups or symmetries, making them
secluded from the SM. However, they may still couple weakly to SM states through
portal interactions mediated by connector particles (e.g., scalar, vector, or neutrino
portals) [299]. This feeble connection provides a natural explanation for why WIMPs
or other DM candidates have thus far evaded direct detection.

Portal interactions

The visible and dark sectors can be connected via weak or feeble interaction terms
known as portals. These interactions act as bridges between the two sectors, allow-
ing us to study DM phenomenology and guide our detection strategies. Portals are
typically classified based on the type of mediator connecting the two sectors. The most
common ones are:

e Higgs portal: Dark scalars connected to the SM Higgs. For example, a dark sin-
glet real scalar ¢ can mix with the SM Higgs via a term like A |H|? ¢2 [300-302].1"
The scalar mixing can lead to the SM Higgs decay into dark sector particles,
and the interaction strength can be constrained from the Higgs invisible decay
width [305,306].

e Vector portal: Kinetic mixing between dark gauge bosons and SM gauge bosons.
Consider a dark U (1)’ gauge boson Z’, it can mix with the SM Z bosons via a term
like eFy, F" [229,307]. This mixing (controlled by the value of €) would then
lead to Z’ decays to the SM fermions.

e Neutrino portal: Sterile neutrinos (N) can serve as a link between the two sectors,
for example, either they themselves are DM [308,309] (discussed later), or they
can couple to a dark fermion i and a dark scalar ¢ via a Yukawa term yy Ny ¢
along with the usual y, NLH term. The neutrino portal to DM has been widely
studied, see Refs. [310-314].

Despite these possibilities, the continued absence of experimental evidence raises the
question: what if a rich dark sector exists but is highly or even completely decoupled
from the SM? In Ref. [315], it was shown that it is possible to have thermal DM from
highly decoupled dark sector, which evolves with its own temperature independently
of the visible sector (we use this framework in Ref. [1]). In the extreme case of a com-
pletely decoupled dark sector, DM interacts with the SM only through gravity and
lacks any portal interaction.

scenario faces tight constraints from astrophysics and cosmology, see Ref. [298] for a review.

UThe scalar singlet DM is a simple and minimal model, that gained popularity as a non-SUSY model.
However, the parameter space of the original model is now mostly ruled out from experimental searches,
recent status is presented in Ref. [303]. There are still a few workarounds to make it work [304].
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Multi-component DM

In rich dark sectors, it is possible to have multiple stable particles contributing to the to-
tal DM relic abundance. This framework is known as multi-component DM [316,317].
Such scenarios typically involve more interactions, leading to a richer phenomenol-
ogy and offer new ways to evade the constraints on WIMP models (see also Dynam-
ical DM [318]). For instance, consider a dark-sector with n WIMP components, x;
withi = 1,2,...,n. In additon to the annihilation of eq. (4.3), we could also have:
i) Conversions: xix; < )(jfj for m; > m;j. ii) Semi-annihilations: x;x; < xxX for
n > 2 [319-322]. A general BE for a DM component y; including annihilation and
conversions is given by

2
dy; s 2 j 2
B = | (0iamn (7 ) = e | - YT @1s)
j
where x = m;/T. We studied the implications of these conversion processes in our
work in Ref. [4], and found that the contribution of each stable DM component to the

total relic abundance follows a power-law dependence on its mass.

4.4.3 Asymmetric Dark Matter

Recall the O(1) relation between the observed DM and baryonic energy densities: Qpy ~
5Qp. As we saw in the previous chapter, the observed baryon abundance arises from
the BAU. On the other hand, we have just discussed that in the common case of WIMPs,
the DM abundance is set by thermal freeze-out and depends on the annihilation cross-
section. This leads to two immediate questions: Why do the two seemingly unrelated
sectors yield similar abundances? And why are the mechanisms responsible for setting
these abundances—an asymmetry in one case and freeze-out in the other—so differ-
ent?

Taking inspiration from the visible sector, one may ask: what if the DM abundance
is also set by an initial asymmetry in the dark sector? This is the central idea behind
Asymmetric Dark Matter (ADM) frameworks [323]. In such models, the relic abun-
dances are related as

Qpm 5 . IDMDM

4.16
Qp nBMyp ( )

where 7p is the initial dark sector asymmetry, ng ~ O(10719) is the baryon asymmetry,
and my ~ 1 GeV is the proton mass. In contrast to the freeze-out mechanism, the DM
relic abundance in ADM scenarios is determined by the dark sector asymmetry and the
DM mass, with no dependence on the annihilation cross-section. Assuming np = 13,
the relation becomes predictive, suggesting mpm ~ 5 GeV. This naturally explains the
observed cosmic coincidence as arising from an O(1) ratio between the DM and proton
masses—a key feature of the ADM hypothesis.
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Generation of asymmetries in visible/dark sector
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Figure 4.9: Mechanisms for generating an asymmetry in the visible and dark sectors. These have been
described in Chapter 3.

This scenario typically favours DM masses lighter than those in the standard WIMP
paradigm. While other values of 1)p could allow for heavier or lighter DM candidates, it
would not entirely be in the spirit of the ADM hypothesis. For comprehensive reviews
on ADM, see Refs. [324,325].

Generic features

To begin with, an initial asymmetry must be generated in the dark sector. As discussed
in the previous chapter, this asymmetry should be dynamically produced through a
mechanism that satisfies the Sakharov conditions. This requires the existence of a con-
served quantum number in the dark sector, denoted by D.'?

To relate the visible and dark sectors in the ADM framework, a mechanism must estab-
lish a connection between their respective asymmetries. Broadly, this connection can
arise in one of three distinct ways:

1. Transfer: The primordial asymmetry in the visible sector is communicated to
the dark sector via some higher-dimension operators (for details, see Sec. 3 of the
author’s work in Ref. [4]).

2. Cogenesis: The asymmetries in both the sectors can be generated simultaneously,
for example, via decays of a heavy particle connecting both the sectors. We use
this approach for generating an asymmetry in Ref. [2].

3. Darkogenesis: The initial asymmetry is first generated in the dark sector and
then communicated to the visible sector, for example via an FOPT in the dark
sector or dark sphalerons.

Some examples of mechanisms to realize the generation of asymmetry in the two sec-
tors are illustrated in Fig. 4.9.

Furthermore, the processes responsible for communicating the asymmetry between

12An alternative approach involves a generalized baryon number, wherein dark sector particles carry a
baryon number equal in magnitude but opposite in sign to that of SM baryons. In such scenarios, the
total baryon number of the universe is conserved.
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the two sectors must eventually decouple at some temperature. This decoupling is
essential to preserve the generated asymmetries in both sectors; otherwise, ongoing
interactions could wash them out. In addition, the dark sector must contain interac-
tions that efficiently deplete the symmetric component—just as in the visible sector,
where the symmetric component annihilates into radiation. This ensures that the relic

abundance is dominantly asymmetric.

To achieve sufficient annihilation, ADM models often introduce a light mediator or a
dark force (typically present in rich dark sectors). For instance, consider a minimal
scenario featuring a U(1)p gauge symmetry in the dark sector, containing fermions 1
and x, along with a dark gauge boson Z’. In this setup, viable annihilation channels for
the DM candidate i include: ¢ — Z’ — xx or ¢ — Z'Z’. If the Z’ is massive, it can
decay into SM fermions via kinetic mixing. If massless, it contributes to the radiation

content as dark radiation.'?

Asymmetric freeze-out

In Ref. [326], it was shown that DM can be partially asymmetric, meaning that a small
symmetric component can survive after freeze-out. This framework—referred to as
the asymmetric WIMP scenario—interpolates between the standard WIMP freeze-out
mechanism and the completely asymmetric DM case. In this intermediate regime, the
relic abundance depends exponentially on the annihilation cross-section, while retain-
ing a linear dependence on both the initial dark-sector asymmetry p and the DM mass.

Consider a dark sector characterized by an initial asymmetry 77p, and a DM candidate
Y, such that the net asymmetry is Y1P+ - sz_ = 11p. Due to this asymmetry, the two

components 1p* and ¢~ will freeze out with different abundances, satisfying YJ: >,

It is convenient to define the asymmetry ratio r = Yw‘ /Y, so that r = 0 corresponds to
the case of completely asymmetric DM and r = 1 corresponds to the standard symmet-
ric WIMP case. Therefore, we can express the yields as
- _ D
yi=12, vy =2 417
LA (4.17)
We can write the corresponding BE following eq. (4.4), but now explicitly denoting

+
Ylp as

d YJ

— = —% (o0) (Y+Y- - Y+’eqY_’eq) . (4.18)

vy Ty Ty

This can be rewritten in terms of n and r to obtain

dr _ snp

- THr (ov) [r — reqCQ(r)] , (4.19)

13This model is similar to the one explored in our work in Ref. [1], although in that case, no dark-sector
asymmetry was present.
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Figure 4.10: Asymmetric freeze-out of a massive species with m, = 10 GeV, o ~ 5 x 107 GeV~2 and
1n = np. The blue and cyan curves denote the abundance of Y and Y, respectively. The red dashed
curve denotes the freeze-out of a symmetric WIMP with the same mass and annihilation cross-section.

where {(r) =1 -7/1 -7, and r®9 = ¢72(™) with & = sinh_l(n/2Y$q). The BE above is
solved numerically (see Fig.4.10), however, a good analytical estimate is given by [326]
r(x) = r*(xs) exp[-AnpP(x, my)], (4.20)

where A = (r/45)Y2Mpymy 00, and
X
D(x, m) = / dx’x’”_zg*l/?. (4.21)
Xf

Here, we have once again used (ov) = oox™". The relicabundance is finally determined

from the asymptotic solution 7«

270
py = smynp(l + T, ). (4.22)
We recover the abundance for completely asymmetric DM by setting 7o = 0 = py =
smynp. Further, the analytical solution above can be recast in a manner to compare
with a typical WIMP cross-section (oo,wmvp ~ 0(1079) GeV_Z) as

Foo & €XP [—2 ( ll ) (1 - r“)] "<, oxp [~200/00.wimp] (4.23)
oowimp ) \1 + 7o

Therefore, in order to achieve r < 1, the exponential dependence leads to o9 > go,wivp.

We extend this approach to multi-component dark sectors, to include several stable

asymmetric WIMP candidates in Ref. [4], where in addition to the annihilations, we

also include the conversions of the heavier DM components into lighter ones.

Having discussed the asymmetric freeze-out, we asked ourselves about the possibility
of asymmetric freeze-in [327-329]. This was the main goal of our work in Ref. [2]
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where we use the cogenesis path to generate an initial asymmetry in the visible and
dark sectors (via two-sector thermal leptogenesis [330]). We then used the asymmetric
freeze-out mechanism to have an asymmetric population of a fermion ¢ in the dark
sector. The 1 further decays to the FIMP like DM y in the model. The DM x turns out
to be asymmetric if the decays of i peak once ¢* and ¢~ have frozen out with different
abundances.

Before concluding this section, we briefly comment on the phenomenology of ADM.
The DD signals in these models are expected to be similar to those of WIMPs and can
be probed by the DD experiments discussed above. However, due to the asymmet-
ric nature of the DM and the vanishing abundance of antiparticles, the ID signals are
significantly suppressed. In the case of partially asymmetric DM, however, residual
annihilations can still occur in the present epoch and may be constrained by CMB ob-
servations.

Interesting implications come from astrophysics and cosmology. The ADM particles
can accumulate in compact objects such as neutron stars and white dwarfs, potentially
reaching the critical mass for gravitational collapse. This phenomenon provides con-
straints on DM—-nucleon interactions and serves as a complementary probe to direct
detection experiments. Furthermore, the presence of dark radiation in ADM scenar-
ios can impact BBN and CMB observations, for instance by contributing to an increase
in the effective number of relativistic species, Neg. For a detailed discussion on ADM
phenomenology, see Refs. [324,325].

44.4 The Dark Matter Zoo

The absence of any compelling evidence for particle DM has led to the formulation of
a plethora of theoretical DM models and candidates over the years.'* Analogous to a
real-life zoo, these DM models (and candidates) are thus clubbed under the term of
‘DM Zoo’. The foremost classification can be done on the basis of DM mass, as shown
in Fig. 4.11. We have DM candidates ranging from 102! eV, all the way up to the Plank
scale, about 50 orders of magnitude! Below, we discuss the categories on the basis of
DM mass.

Heavy and super-heavy DM

The DM masses in the GeV-TeV range (corresponding to the standard WIMP mass
scales) are categorized as intermediate or heavy DM. Most of our current experimental
efforts are targeted at probing this range. The super-heavy range (mpwm > O(100 TeV))
corresponds to super-heavy relics and macroscopic objects such as PBHs that have
been discussed before. There are two super-heavy exotic DM candidates motivated by
early universe physics: non-thermal DM candidates—WIMPZillas [ 336 | —and Q-balls,

4There are several creative models: Cannibal DM [331], Selfish DM [332], Super-cool DM [333], Home-
opathic DM [334], Pandemic DM [335], etc.
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macroscopic scalar field configurations [337,338], both shown in Fig. 4.11. In general,
super-heavy DM candidates are produced non-thermally, for example via gravitational
production, and are mostly non-interacting or have extremely weak interactions.

Light DM and Sterile neutrinos

DM masses below the GeV scale, going down to the eV—keV scale, correspond to light
DM candidates. There are several constraints on light DM scenarios from BBN, CMB,
and structure formation (as the mass range indicates WDM candidates). These DM
candidates can be probed through electron recoils, beam dump experiments, rare me-
son decays, or more recently via table-top condensed matter—based experiments [339].

The most common candidates in this range are sterile neutrinos, which can be pro-
duced via oscillations from SM neutrinos. This is known as the Dodelson—Widrow (DW)
mechanism [308]. This mechanism involves a very simple extension of the SM by a ster-
ile neutrino v4, characterized by its mass (~ O(keV)) and mixing (6) with the active

neutrinos, so that we have
14 = cos Ovg + sin v, , (4.24)

where v denotes the new interaction eigenstate and v, represents a combination of

Ve,ut-
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Initially, the sterile neutrinos are not in equilibrium with the SM thermal bath, while the
active ones are in equilibrium and abundant. The latter propagate freely; however, they
develop a vs component due to the mixing. A small component of them thus oscillates
into sterile neutrinos and remains thereafter, thus producing their relic abundance.

The DW mechanism can be easily accommodated in the Neutrino Minimal Standard
Model (vMSM), where the SM is extended by three RHNSs as in the type-I seesaw [340,
341]. In these models, the lightest RHN is the sterile neutrino DM candidate, while the
heavier RHNs lead to two non-zero neutrino masses. Moreover, the BAU can also be
explained by leptogenesis, making it an elegant unified framework for addressing all
three issues together.15

We accommodate a sterile neutrino DM residing in a dark sector in our model in Ref. [1].
The sterile neutrino relic abundance is determined by freeze-out in the dark sector at
a temperature smaller than the visible one, and is therefore different from the mecha-
nism discussed above.

Ultralight DM and Axions

These are DM candidates with super small masses (below the eV scale). For these
mass scales, only bosonic DM candidates are allowed—ultralight fermions are mainly
excluded due to the Pauli exclusion principle [346]. Furthermore, at these masses,
the wave-like effects become important, as their corresponding deBroglie wavelength
exceeds the inter-particle separation. Hence, they are termed as wave-like DM (see
Ref. [347] for a review).

The QCD axions (mentioned in Chapter 1) are one of the most popular examples of ul-
tralight DM. Axions have extremely feeble interactions with other SM particles, making
their detection challenging, though several novel search strategies are currently being
developed. More generally, even if the QCD axion is excluded as DM, there exists a
class of models with Axion-like Particles (ALPs) that can arise in some extensions of
the SM and behave as DM; see Refs. [348,349].

15This minimal scenario is now mostly in tension (in the regions where vs makes up the total relic abun-
dance) with X-ray and Lyman-« observations [342-345].






SUMMARY AND OUTLOOK

The introductory chapters serve as the background and motivation for the works car-
ried out in this thesis. In this chapter, we summarise the motivation, objectives, and
results of the research works. The research works on dark sectors and leptogenesis
(Refs. [1-4]) by the author are presented in the following part of 'Scientific Research’.
On the other hand, the research works of Refs. [6-9] are not included in Part II, though
their central ideas and results are summarised below.

5.1 Neutrino Sector

In Chapter 2, we discussed the neutrino mass mechanisms and the standard seesaw
models. We also discussed the low-scale variants of type-I seesaw, along with a few
radiative neutrino mass models. The testability of LNV in these high-scale standard

seesaws remains an issue.

The scale can be parametrically suppressed if there are new scalars in the theory, which
in turn could lead to new Weinberg-like operators and seesaws [6,7]. Moreover, these
seesaws can also explain the baryon asymmetry via leptogenesis, as discussed in Chap-
ter 3. We discussed the vanilla leptogenesis cases as well as going beyond the canonical
approach. The work in Ref. [3] is one such approach that aims at lowering the scale of
type-III leptogenesis.

New Weinberg-like operators and seesaw models

In Refs. [6,7], we investigate new Weinberg-like operators involving one or two addi-
tional SU(2) scalar multiplets, extending up to the quintuplet representation. These
operators can generate Majorana neutrino masses post EWSSB. Tree-level UV comple-
tions of these effective operators will lead to novel seesaw models. These scenarios are
shown in Table 5.1.

As these new scalars acquire VEVs, they are expected to remain close to the electroweak

89
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Model Scalar Multiplets Mediators Wilson Coefficients
T P~ Myt
A; O =4, F =3 =M YL+ yuMyT
B, O = 45/2, Dy = 453/2 F =5, Cé?’) = yiMZy] + ya My |
B, O =35, Oy =55 F = 451/2 C(;’) = yiMZy) + Myt
B3 @ =5%,, Dy =57 F = 41;/2 C(53) = yiMZyy + My ]
B, O =5%, dy=55  F=d4,  C=yiM Iyl +yMtyl

Table 5.1: List of genuine models obtained from new Weinber-like operators with 1 new scalar multiplet
Dy (A;) and with two new scalar multiplets @19 (A;) [7]. The UV completions corresponding to
Majorana fermions or vector-like fermions are shown in the mediator column. The Wilson coefficients in
terms of the mediator mass and Yukawa couplings y1 2y with the scalars ®1 2, H are shown in the last

column. The multiplets are represented as Nﬁ’F where N denotes the SU(2) representation, S, F denote
scalar and fermion nature of the multiplet, and Y its hypercharge.

scale. Moreover, the p parameter constrains these new VEVs to be ~ O(1) GeV. We
analyse the scalar potentials for naturally induced small VEVs and discuss their impli-
cations for pseudo-Goldstone bosons.

Additionally, we establish general constraints on the new scalar multiplets from loop
corrections to EWPTs and through direct searches for doubly charged scalars at collid-
ers (discussed in Section 2.5.3), see Fig. 5.1. The production cross-sections at v/s = 13
TeV were determined using MadGraph [350].

Furthermore, we had explored the possibility of explaining the CDF measurement of
the W -boson mass [351].!

We computed the contribution to neutrino masses at both tree-level and one-loop level,
and discussed low-energy variants either based on inverse seesaws or assuming hierar-
chies among the two different Yukawas. Depending on these hierarchies, it is possible
to have a rich phenomenology from multiplets with the larger Yukawas. We also exam-
ined the generation of dimension-6 operators and explored their implications such as
non-unitarity of the leptonic mixing matrix, non-universal Z-boson interactions, and
LFV.

Additionally, in the presence of specific symmetries, we construct scotogenic or gen-
eralized scotogenic-like models that can not only produce viable DM candidates but
also generate neutrino masses. To satisfy the DM relic abundance, we provide mass
ranges for the new scalar and fermion multiplets. As these are seesaw models, we can
also incorporate leptogenesis, however, EW bayogenesis may be realized directly due
to the presence of new scalars.

1 More recent W-mass measurements are consistent with earlier results, hence, the CDF anomaly could
be erroneous. In any case, whether the anomaly disappears or exists, addressing it was not the main
goal of our work.
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Figure 5.1: Upper limits on the production cross-section of doubly-charged scalars times their branching
ratio into same-sign dileptons (left) and to a pair of W bosons (right). The region above the observed limit
is excluded. The green and yellow bands denoted the expected exclusion curves within 1 —20 [136,352].

Triplet leptogenesis at lower scales

We saw in Chapter 3 that the canonical type-I leptogenesis mechanism requires the
fermion singlet masses My > O(10°) GeV. However, for fermion triplets (type-1II see-
saw), this threshold increases to My > O(10'°) GeV [168]. The heightened require-
ment for the triplets is due to the presence of gauge interactions, which compete with
the Yukawa interactions, leading to a decrease in their population.

While several works demonstrate the plausibility of reducing the scale of type-I lep-
togenesis to O(TeV) via an extended scalar sector, for example, in two-Higgs doublet
models or scotogenic models, this possibility had remained unexplored for type-III
leptogenesis. In Ref. [3], we investigate if it would be possible to lower down the scale
of fermion triplet leptogenesis when it couples to a second Higgs doublet ®,, which
assumes a much smaller VEV compared to the SM one.

We show that it is indeed possible to bring down the scale to O(10°) GeV, when flavour
effects are included. This is attributed to the enhanced Yukawa interactions with the
second doublet. We also discuss the compatibility with naturalness and constraints
from strong washout. The results are summarized in Fig. 5.2. The region above the
dashed line corresponds to the naturalness constraint, where the correction to the @,
mass from My is larger than Arelaxed = 10 TeV. The blue shaded region is excluded from
inefficient leptogenesis, whereas the orange shaded area represents the region where
one can have potentially strong AL = 2 washout.

This study though done in the context of type-III seesaw, can be extended for exploring
leptogenesis in the new seesaw models discussed above because of common features:
i) new multiplets have gauge interactions; ii) the new VEVs are comparatively smaller
leading larger Yukawas.
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Figure 5.2: The viable parameter space for successful leptogenesis in a type-I1I seesaw model where the
triplet fermions T couple to a second Higgs doublet @y with VEV vy. See Ref. [3] for more details.

5.2 Dark Sector

In Chapter 4, we discussed that DM constitutes roughly 25% of the total energy budget
of the universe. Given this proximity of baryonic and DM densities, there’s a plausible
assumption that the dark sector could be quite rich, comprising multiple stable parti-
cles. Moreover, the DM relic abundance might be established by an initial asymmetry
akin to the baryonic one. This idea of having multi-component and asymmetric DM
served as the motivation behind the works in Refs. [2,4].

Multiple symmetric and asymmetric components

In Ref. [4], we consider an extended dark sector composed of several components, en-
compassing symmetric, partially asymmetric, and completely asymmetric DM candi-
dates. In the presence of multiple stable components, one requires a combination of
stabilising symmetries, which can guarantee at least n stable DM components. With
just one discrete symmetry Zy, multi-component DM requires N > 4. It is more con-
venient to use combinations of both discrete and continuous symmetries to realize a
multi-component framework. We show that for a product of n discrete symmetries
ZN, at least n stable DM components are allowed, but can accommodate more stable
components depending on the kinematics. We then discuss the correlation between
the asymmetries in visible and dark sectors, depending on the conserved charges in
each sector and the higher-dimensional operator that transfers the asymmetries.

Further, as discussed, this setup with more interactions than the conventional WIMP
approach, leads to interesting phenomenological signatures. We investigate the role
of conversions among particles in the dark sector, showcasing how these conversions
tend to alter the abundance of the heavier and lighter components compared to scenar-
ios with only annihilations. We also explored the role of conversions in the presence
of initial asymmetries in the dark sector for the first time. Our findings show that con-
versions tend to make heavier DM components highly asymmetric, conversely, lighter
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Symmetric Partially Symmetric

Model o Ann.  Ann. + Conv. Ann.] Ann. + Conv.
Mass-independent ~ # f(m;)  ~m® ~mt ~ nmlL0l
Heavy mediators ~ ~m?/A*  ~m™2 ~m~[32] ~ mll=2]
Light mediators ~ ~1/m?  ~m? ~ ml0.2] ~nmlt2l

Table 5.2: Scaling of the relic abundance with the DM mass for all but the lightest component in a
multi-component DM, where 1 denotes the dark sector asymmetry. The left/right exponents in the
square brackets correspond to strong /weak conversions (and annihilations) in the symmetric (partially-
asymmetric) case.

components exhibit predominantly symmetric behaviour.

We also conduct an effective parameterization considering heavy/light mediators to
determine the power-law scaling for DM yield based on its mass. This framework
should be applicable to a wide range of models, provided the masses/cross-sections
lie at the weak scale, see Table 5.2.

It can be seen that in several cases Q ~ m®. In these cases, the DM components in
presence of conversions can have similar contributions to the total relic abundance.
The effect of conversions in both symmetric and asymmetric components shows the
abundances can be reduced, and the dark sector could remain hidden from the current

experimental reach.

Cogenesis and asymmetric freeze-in

In Ref. [2] introduces a cogenesis model (see Section 4.4.3) to simultaneously generate
an asymmetry in the visible and dark sectors. This model expands upon the two-sector
thermal leptogenesis mechanism by augmenting the dark sector to encompass two dis-
tinct DM components: a scalar S and a fermion 1. In various scenarios within the
model, either one or both of the DM components exhibit an asymmetry.

The motivation was to realize a mechanism of asymmetric freeze-in. To this end, we
proposed a feebly interacting particle serving as a potential asymmetric DM candidate
produced in the decays of a TeV scale fermion x that is an asymmetric WIMP. However,
whether the decay products also exhibit an asymmetry depends on the strength of the
freeze-in coupling. This is illustrated in Fig. 5.3. If the dominant production from
decays takes place before x has frozen out (for larger values of the feeble coupling),
then the resulting DM population () is symmetric. On the other hand, if the feeble
coupling is comparatively smaller, then the dominant production takes place from late
decays, once y has asymmetrically frozen out. In the latter case, the decay products
are also asymmetric.

Hence, the late decays of the parent particle x play a pivotal role in determining the
asymptotic nature and yield of the DM component. These late decays can also signif-
icantly populate the symmetric component at later times, effectively restoring annihi-
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Figure 5.3: The parameter space to realize asymmetric freeze-in. The FIMP DM v is produced in the
decays of x via feeble Yukawa interactions yy. In the gray (dark gray) shaded region for larger values
of Yo, we find that the DM ¢ produced via freeze-in is symmetric (partially asymmetric) as denoted by
the asymmetry ratio r. In the white region for smaller values of y, the | is produced dominantly in late
decays of x and turns out to be asymmetric. The pink region represents the constraints from BBN on the

lifetime of x [2].

lations and enhancing signals in indirect detection. Notably, in this scenario, the DM
abundance is governed by the initial asymmetry, despite being asymptotically sym-
metric in nature. Hence, we have O(1 — 10) GeV DM masses, consistent with the ADM
hypothesis.

Furthermore, our model presents an intriguing phenomenological signal in the form
of a monochromatic flux of neutrinos originating from the late decays of the heavier
of the two DM components, potentially detectable at neutrino telescopes. While the
main model is based on an extension of type-I seesaw and difficult to probe, we also
provide an inverse seesaw model that can work at low scales and successfully realize

the mechanism.

Light dark sectors and Warm DM

In Chapter 2, we discussed the tension between the neutrino mass bounds from cos-
mology and oscillation experiments. Further, these cosmology bounds take at face
value would imply that it would be difficult to detect neutrino masses in terrestrial
experiments such as KATRIN.

Since cosmological mass bound are sensitive only to the energy density of neutrino
and not directly to their masses, the neutrino mass bounds can be relaxed if there is
a mechanism to suppress their number density. In Ref. [1], we present a mechanism
to relax the cosmological mass bound by introducing a light dark sector with several
massless fermions (dark radiation) and a sterile neutrino DM candidate in the O(10 —
100) keV mass range.

The dark sector comes into thermal equilibrium with the active neutrinos after neu-
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Figure 5.4: Schematic representation of the mechanism to reduce neutrino number density and relax
the neutrino mass bound in Ref. [1]. The lower gray dashed line corresponds to n, /n3M ~ 0.2.

trino decoupling and before recombination in the temperature range O(100 keV) >
T 2 O(10 eV) via a U(1) gauge interaction in the dark sector. The light dark sector
states including the DM 1), dark radiation y, and the dark gauge boson Z’ are all popu-
lated at the expanse of active neutrinos via these new gauge interactions. Note that as
the neutrinos have already decoupled, they are not produced any more from the SM
particles. Hence, the mechanism suppresses the abundance of active neutrinos and
therefore reconciles sizeable neutrino masses with cosmology.

The schematic representation of the mechanism obtained via numerically solving the
relevant BEs is shown in Fig. 5.4. After neutrinos decouple, they come into equilibrium
with the dark sector particles: Z’, DM ¢ and N, generations of massless fermions y.
The interactions vv — Z’ reduce the neutrino population, while interactions such as
Z' — xxand Z’ — 1) (depending on the hierarchy) populate the fermions in the dark
sector. The N, generations of x contribute as dark radiation and compensate for the
decrease in Neg due to reduction in neutrino number density. The DM relic abundance
is determined once the annihilations of the sterile neutrino DM 1 such as y — xx
freeze out in the dark sector (see the distinctive freeze-out curve).

We embed the mechanism of Ref. [353] ina UV complete model based on the minimally
extended type-I seesaw [354]. This model is similar to our model in Ref. [2], however,
it incudes a richer dark sector and features no dark asymmetry. We explore the phe-
nomenology of the WDM candidate in detail, including constraints from stability and
structure formation.

The cosmological neutrino mass bound can be relaxed by a factor of ~ 5 (8) for 10 (20)
generations of massless dark fermions. One of the main signatures of this model is
slightly increased Ng at CMB than at BBN, as well as suppression of matter power
spectrum at smaller scales. Furthermore, the model is compatible with successful
vanilla leptogenesis, though this was not the main goal of the work.
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5.3 Unified frameworks

We saw that the type-I seesaw can be extended to include a DM candidate. These
unified frameworks are based on the motivation of finding a common origin of the three
key BSM issues that this thesis focuses on. This common origin was the motivation
behind the works carried out in Refs. [8,9].2

A continuous symmetry argument

In Ref. [9], we propose a model featuring a heavy scalar mediator with non-zero lepton
number (L) that has lepton number conserving and lepton number violating interac-
tions to the visible and dark sectors, respectively. The scalar decays to the heavy right-
handed neutrinos (charged under U(1);,) through substantial interactions (leading to
type-I seesaw and leptogenesis) and to dark fermions (uncharged under U(1)) via
teeble interactions, thus giving rise to a FIMP-like DM. The heaviness and smallness of
the parameters characterizing the new physics are naturally ascribed to the subsequent
conservation and violation of this lepton number symmetry, respectively.

A discrete symmetry argument

In Ref. [8], we present another model based on a discrete Z, symmetry, where a heavy
scalar once again connects the neutrino sector with a feebly-interacting dark sector of
the universe. The Z, symmetry breaks down to a remnant Z,; when the scalar ac-
quires a VEV, thereby generating tiny neutrino masses and explaining the observed
baryon asymmetry through leptogenesis. This model introduces new contributions to
CP asymmetry from scatterings. The scale of Z, breaking occurs at significantly higher
energy scales, potentially leading to the formation of domain walls (DW). These de-
fects could dominate the universe’s energy density, resulting in a cosmological catas-
trophe unless they are rendered unstable. Consequently, if the discrete symmetry is
only approximate, the collision and annihilation of these DWs can generate a stochastic
gravitational wave (GW) background. Such a signal could be detected by current and
future GW detectors, offering a window to explore not only high-scale seesaw models
but also to probe the feebly interacting dark sector.

5.4 Final remarks

The origin of neutrino masses, the explanation for the observed baryon asymmetry of
the universe, and the nature of DM are among the clearest indications of BSM physics.
While minimality has long served as a guiding principle in building new models, we
have seen that many minimal and elegant solutions are either severely constrained or

extremely difficult to probe. This necessitates efforts to construct new models that

2 Note that the models in Refs. [1,2] are all also unified frameworks, though they were primarily focused
on the DM phenomenology, and therefore have been discussed above.
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can evade existing constraints and yield predictions testable via astrophysical, cosmo-
logical, or collider observables. Model-building and phenomenology have thus been
central to the research works presented in this thesis to go beyond the SM.

In the light (or perhaps darkness!) of null results from various experiments in the
search for new physics, it becomes reasonable to infer that new physics may be feebly
coupled to the SM or may reside at high energy scales. A quick glance at the titles of the
included articles immediately reveals a focus on BSM extensions that go beyond min-
imal frameworks. This approach stands in contrast to the principle of Occam’s razor
(presented at the beginning of this thesis). Nevertheless, most of the works presented
here tackle these issues within unified frameworks. Though these frameworks are not
strictly minimal, they are interesting in that they establish connections between neu-
trino physics and the dark sector, while retaining the elegance of the minimal extension
upon which they were built upon.

In models with rich dark sectors, we see how new physics scenarios can remain hid-
den or evade detection due to their feeble coupling to the SM particles. Nevertheless,
they may leave observable imprints on astrophysical and cosmological data. Turning
to the early universe as a ‘cosmic laboratory” thus becomes an important strategy for
testing their viability. In contrast, the models discussed in the neutrino sector were
motivated by their low mass scales and testable predictions, which can be probed by
current or near-future experiments. In this way, the thesis adopts two complemen-
tary approaches to BSM phenomenology: i) Construct testable models that can be
constrained or ruled out by experiments; ii) Develop models that explain why new
physics has so far remained elusive, hinting at a deeper underlying theory.

Looking back at the SM, it took about 115 years from the first discovery of the elec-
tron in 1897 to the last discovery of the Higgs boson in 2012. Over these years, our
understanding of the universe has expanded significantly, thanks to the extensive ex-
perimental efforts of the past few decades. Yet, much remains unknown. We are now
entering the precision era of neutrino physics, with numerous experiments either un-
derway or in development. In the coming decade, we hope to obtain answers to the
open questions in the neutrino sector. While these insights will also help us explore
possible connections between neutrinos and the dark sector, DM searches themselves
are becoming increasingly sensitive. With upcoming space-based missions and novel
strategies to detect light and ultralight DM, we may finally be able to shed some light
on the dark!

Despite the rough patch the field is currently facing, well-motivated, interdisciplinary
BSM frameworks will lead the way towards a new SM. While we may not know how
long it will take for this 'New SM’ to emerge, ongoing model-building efforts, con-
straints, and null results will continue to bring us closer to unravelling the secrets of

our universe.
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1 Introduction

Non-zero neutrino masses leave imprints on cosmological observables, which in turn can be
used to constrain their properties in several cosmological surveys [1]. In combination with
Planck cosmic microwave observations [2], the latest results from the DESI collaboration [3]
place a stringent bound on the sum of neutrino masses in the standard ACDM model:

3
> omy, =) m; <0.072eV (95% CL), (1.1)

i=1
which can be compared with the earlier bound from the Planck collaboration Y m, <
0.12eV (95% CL) [2]. As these bounds from cosmology are getting stronger and stronger,
they are nearing or already in tension with the laboratory constraints on the same. In
particular, neutrino oscillation data put a lower limit on the sum of neutrino masses: > m, >
0.058 (0.098) eV (95% CL) for normal (inverted) neutrino mass ordering, when the lightest
neutrino is massless (Miightest — 0) [4], implying that the DESI bound is in tension with
inverted ordering at the 20 level. Recently, it has even been argued that cosmology would



prefer a negative effective neutrino mass [5-7] (see, however, also [8-10]), suggesting that
these bounds might become even more stringent in the future, leading to significant discord
between the cosmology and neutrino oscillations [11].

At the same time, the current best model-independent limit on the neutrino mass
measurement from the KATRIN experiment gives mg < 0.45€V [12], which would correspond
to Y m, < 1.35eV. Similarly, the search for neutrinoless double beta decay (0v33) to
prove the Majorana nature of neutrinos at the KamLand-Zen experiment also gives a
constraint on the effective Majorana mass, mgg < 0.028-0.122eV (90% CL) [13], which gives
Miightest < 0.084-0.353eV at 90% CL.

Hence, if our universe is well described by the standard cosmological scenario, we
might not be able to observe finite absolute neutrino mass in the laboratory. If we are to
expect positive results from the ongoing experiments or if cosmological constraints become
significantly inconsistent with neutrino oscillations, we need a mechanism to reconcile the
bounds from cosmology and laboratory. In the literature, several non-standard scenarios to
relax the cosmological mass bound have been proposed. For example, they invoke neutrino
decays [14-20], time-varying neutrino masses [21-26], presence of dark radiation [27-30], and
neutrinos with distribution different from Fermi-Dirac distribution [31-33]. Phenomenological
implications of some of these so-called large-neutrino mass cosmologies have been discussed
in ref. [34].

Another cosmological puzzle that can be related to the neutrino sector is the problem
of dark matter (DM). Indeed, if sterile neutrinos exist in nature, they can be considered
viable dark matter candidates, see refs. [35-37] for reviews. While keV sterile neutrino DM
produced via the Dodelson-Widrow mechanism is excluded, there have been attempts in the
literature to modify the standard picture to accommodate sterile neutrino DM by introducing
active neutrino self-interactions [38-40] and sterile neutrino self-interactions [41-44], see
also [45, 46]. Moreover, in refs. [47, 48], it was shown that it is possible to have thermal
DM below the MeV scale, if the DM comes into equilibrium with the standard model (SM)
below the temperature of neutrino-photon decoupling.

In this work, we present a way to relax the cosmological neutrino mass bound with
the assistance of a dark sector comprising dark radiation and sterile neutrino dark matter
(DM) by employing self-interactions of active and sterile states. We depart from the model
from ref. [27], which is based on a Minimal Ezxtended Seesaw scenario [49] and realises a
mechanism formulated by Farzan and Hannestad [28] to allow for large neutrino masses. We
show that this model can be extended in a straight forward way to accommodate a keV scale
DM candidate, whose cosmic abundance is obtained via a freeze-out mechanism in the dark

sector, reconciling it with constraints from astrophysical and cosmological observations.

The outline of the work is as follows: in section 2, we review the mechanism to relax the
cosmological neutrino mass bound with a light dark sector. We then present the model to
realize the mechanism in section 3. The dark matter phenomenology is discussed in section 4
and the constraints on the parameter space of the model, suppression of the neutrino mass as
well as predictions for the effective relativistic degrees of freedom (i.e., the effective number
of neutrino species Neg) are provided in section 5. Finally, we conclude in section 6 and
provide some appendices with additional details.



2 Relaxing the cosmological neutrino mass bound due to a light dark
sector

We employ the mechanism to relax the cosmological bound on the neutrino mass introduced
in [28] and further elaborated in [27]. Here, we review it briefly and discuss how it is modified
in the presence of a DM candidate.

The bound on the sum of neutrino masses in eq. (1.1) is derived indirectly from the
cosmological observations, which are sensitive to the energy density in neutrinos. The CMB
and large-scale structure observations, which are insensitive to the exact distribution function
of neutrinos [32], place a bound only on the energy density of non-relativistic neutrinos [2]

2 _ Z munghz

Pcritical

Qh <1.3x1072 (95%CL) . (2.1)

As can be seen from the equation above, the cosmological observations thus place a bound
on the product of neutrino masses and their number density

0

S m, x (567;11_3) <0.126V (95%CL), (2.2)
with n0 denoting the background neutrino number density per helicity state. For illustration
purposes, here we use the bound from Planck [2]. Hence, if we introduce a mechanism that
can reduce the number density of neutrinos, larger neutrino masses can be accommodated.

At earlier times, when neutrinos are ultra-relativistic, their energy density is characterized
by the number of effective ultra-relativistic neutrino species, Neg

8 (1INY3 [ prag — p
Nyg=—=(— frac v | 2.3
=2 () ( - (23)

where py,q is the total energy density in relativistic species, and we have Neg o (p,)n,. Since
the current measurement of Neg = 2.99 £ 0.17 [2] is in good agreement with the standard
model (SM) calculation N5M = 3.044(1) [50, 51], the decrease in n,, must be compensated by
the addition of light /massless beyond standard model species, and both this reduction of
neutrino number density and addition of BSM states should happen before recombination.
Moreover, in order to not spoil the successful predictions of Big Bang Nucleosyntesis (BBN),
the mechanism should be activated once proton-neutron conversions have frozen-out around
T, ~ 0.7MeV. Therefore, the mechanism would involve BSM states that thermalize with
the neutrinos in the period between BBN and recombination, 10eV < T, < 100keV, so that
Neg remains unchanged at earlier times.

As the neutrinos decouple at T, ~ 2 MeV, they cannot be produced anymore from the
particles in the SM thermal plasma. This implies that the production of new states would
happen at their expense, thus reducing their number density and consequently relaxing the
cosmological mass bound, such that cosmology becomes sensitive to the quantity

{Z ml,} = Z my TZ%—Z;\/I , (2.4)

where nEM is the neutrino number density as predicted in the standard ACDM model. Hence,
for n, < nSM, a large value of 3 m, can be accommodated. The suppression factor depends
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Figure 1. Schematic representation of the mechanism to reduce the active neutrino number density
relative to the one in the Standard Model (shown in red) by equilibrating a dark sector consisting of
N, = 10 massless Dirac fermion species and the DM candidate 3 with mass my = 18keV due to a
mediator X with mass mx = 100keV and coupling ¢ = 2 x 10~%. The X boson is produced initially
from the inverse decays v — X and then decays dominantly to dark sector species, i.e. X — xx
and X — ¢tp. The DM relic abundance Q,h% = 0.12 + 0.0012 [52] is obtained once the interactions
P < xx freeze out.

on the massive and massless degrees of freedom in the dark sector, and we will discuss its
values in our model in section 5.2 below.

Ref. [27] realized this mechanism by considering a new boson X with mass 100eV <
myx < 1MeV, that thermalizes with neutrinos and numerous massless BSM species () via
processes such as v — X and X — xy, with the requirements (I'(v7 — X)) > H and
(X — xi + xj or v)) > H in the temperature window 10eV < 7" < 1MeV, where H
is the Hubble expansion rate. This reduces the neutrino population to produce the new
boson, which then decays dominantly into the massless states x, thereby populating the dark
radiation component at the expense of the massive SM neutrinos.

In this work, we enlarge the dark sector to also contain a light (O(keV)) fermionic DM
candidate 1 with mass m,; 2 10keV. In the case in which mx > 2my, the X boson produced
at the expense of neutrinos will not only populate the dark radiation component but also
produce the DM candidate via X — 11, which thermalizes with the massless x states and
takes part in conversion processes such as ¥ < yx, analogous to multi-component DM
frameworks [53-55]. Alternatively, in the case where mx < my, the DM can still be produced
by 2 <> 2 interactions such as ¥ <> X X in addition to ¥y <> xx, which would establish
an equilibrium in the dark sector.

At temperatures below m,, the 2 <+ 2 conversions between v, x and X will freeze-
out, resulting in a slight increase in the y population as well as determining the DM relic
abundance. A schematic illustration of this mechanism is shown in figure 1 for a chosen set
of benchmark values, that allows us to relax the bound on the sum of neutrino masses by a
factor n, / nEM ~ 0.2. In the next section, we present a UV complete model to realize this
mechanism. The parameter space of the scenario is rather constrained by various astrophysical
and cosmological bounds, which we discuss in section 5.1. In general, dark sector-neutrino
interactions such as v <+ X are potentially also subject to some constraints from the



Field Species U(1)x

Scalar (0] 1 +1
N. -1
Fermions X X
P 1 -1
N 3
N’ 1

Table 1. List of particles added to the SM. We give the number of copies for each type of particle
(“Species”) and their charge assignments.

laboratory experiments, e.g., involving decays of SM particles such as mesons (7, K*), 7
leptons and Zy, W+ gauge bosons, which we discuss at the end of section 3.

3 Model

For a minimal realization of the mechanism described above, we extend the SM by adding in
total Nheavy heavy right-handed neutrinos (denoted by N, N’), involved in the generation
of neutrino masses via the seesaw mechanism. A suitable choice for our purposes will be 3
copies of N and one copy of N, i.e., Nheavy = 4. Furthermore, we introduce a dark sector
comprising a scalar singlet ® and Nygn; = IV, + 1 generations of light vector-like fermions
(denoted by x, ). The dark sector particles 1, x and ® are charged under a U(1)x symmetry,
which can be either global or local. In ref. [27], it was shown that the gauged version is more
appealing than the global one, therefore, in the following we will consider the former case.
In table 1, we list the new particles and their charge assignments.

Further, a Zs symmetry is imposed, under which all particles except xr and g are even,
in order to avoid the vector-like mass terms and their interactions with ® and N. (The xg
and 1 fields are needed only for anomaly cancellation.) Thus, the Lagrangian consistent
with the charge assignments can be written as

~Ling = Y, NILH + Y\ Nx 10 + Yy Ny ® + Y NI H' + Y/ N'x1® + Y Ny, @

-  R—
+ §MNNC + §M’N’N’C +H.c., (3.1)

where 7, and H are the SM lepton and Higgs doublets respectively, H = ioo H*, and M, M’ are
the right-handed neutrino masses of N, N’, respectively. The scalar potential can be written as

V(H,¢) = pirH'H + A (H H)? + 13 |07 + Xy |@]" + Ay | @ HIH (32)

where we take A7y ~ 0, to avoid the mixing between the scalars. After electroweak symmetry
breaking, the SM Higgs takes a VEV which can be parameterized as (H) = 1/v/2[0, vgw]’
with vgw = 246 GeV. Further, (®) = v,/+/2 breaks the U(1)y symmetry, with vi = _Mé/)‘dn
also generating the mass for the associated gauge boson Z', myz = gvs, where g is the
U(1)x gauge coupling.



3.1 Neutral fermion mixing

The symmetry breaking induces mixing among the neutral leptons, and gives rise to the
following (3+Nlight +Nheavy) X (3+Nlight +Nheavy) mass matrix in the basis (Xia VE? wiv Nla N)

0 0 0 A A
0 0 0 mp mp
M,=10 0 0 & & |, (3.3)
NT L T M0
AT mE T 0 M

where

mp =Y, oew/V2, mp' =Y vgw/V2,
A:YXU¢/\/§, A,:Y)Q’L&z)/\/i,
K= Yyus/V2, K = Yd/)vqg/\/i. (3.4)

The rank of the matrix (3.3) is 2Npeavy, leading to (3 + Niight — NVheavy) massless and 2 Npeayvy
massive states. For our purposes, we want 4 massive states in addition to the Nyeavy heavy
right-handed neutrinos: the 3 active neutrinos plus the DM candidate. Therefore, we chose
Nheavy = 4, and Njgny = Ny + 1, leaving N, states massless. One of the “light” dark sector
fermions gets massive, which will become our DM candidate, and we single it out by denoting
it with 1 to distinguish it from its massless partners y.!

Note that only left-handed fields appear in the Yukawa Lagrangian eq. (3.1) and receive
masses according to (3.3), whereas the right-handed fields xr and 1r remain massless due
to the postulated Zo symmetry. Hence, we are left with

N =2N,+1, j=4N, +2 (3.5)

massless states and degrees of freedom in total, respectively, corresponding to xr, xr and ¥g.
Upon block diagonalisation (see appendix A for details) we get the following mass

eigenvalues

my =0,
(mpk' —mp'r)? + (mp’'A —mpA)? + (K'A — kA')?

m, =

v M'(m3, + k2 + A2) + M(mp"? + k2 + A?) ’

m + K2+ A2 mp? 4+ K2 4 A2

My, ~ + / )

M M
my: =~ M/a
my ~ M. (3.6)

Here, m, = U;"m,,U:E, where U,, is the PMNS mixing matrix in the diagonal mass basis for the

charged leptons and 1, = diag(mi, m2, m3) contains the physical neutrino mass eigenvalues,

and we use a? = aa’ in order to write the equations for My in a compact form.

'"Here we assume that all three active neutrinos are massive. If the lightest of them remains massless, we
would need only Npeavy = 3 heavy right-handed neutrinos.



The mass eigenstates are then obtained as
(%, 2,9, N, N)T = WI(x§, vf, 0. N', N)T, (3.7)

where the mixing matrix W is given by

A* A" AF
_AT 1 mD,* mD/* m’b
m% &M MY

_ 1T / .
W=| o g 1 & £ X Diag[1,U,,1,1,1]. (3.8)

A/T _mD/T 7H/T
M’ M’T M’ 1 0
L N |

M M M

In deriving the mixing matrix above, we adopt a diagonal basis for the right-handed
neutrino mass matrix, and assume the following hierarchy:

M > M >mp>r,A>mph N k. (3.9)

This corresponds to a regime where the dominant interactions of N’ are with 1) whereas
N interacts dominantly with x and v. Indeed, in the limit of m/,, A’, kK — 0, the mass matrix
becomes block-diagonal and the 1 — N’ sub-block decouples. In this limit, we recover an
additional Zs symmetry under which 1y and N’ are odd and all other fields even. Hence,
the smallness of m/,, A’, k in eq. (3.9) can be motivated by this approximate Z, symmetry.
Indeed, for the phenomenology discussed below, including DM production, we do not need
these couplings and the symmetry could even be exact, enforcing m}, = A’ = k = 0. Note
that given the assumed hierarchy, all the mixing terms are quite small, thus, contributions
from oscillations amongst the light fields can be safely neglected.

Using the hierarchy above, we can simplify the expressions in eq. (3.6) for the neutrino
and dark matter mass

m2 11/2
D
My 2 o
M'm7, + M+
2 12
m K

We see that m,, receives two seesaw contributions, from both, N and N’. In order to
have 1 as viable DM particle we need m, > m,, which can be achieved by imposing an
additional condition, namely

M'm3, < MK, (3.11)

which does not follow from the hierarchy (3.9) but is compatible with it.? Then we obtain

my = mDMflmlT) ,

my ~ KM ET (3.12)

2We can achieve eq. (3.11) by requiring M 3> M’. For instance, for large Yukawa couplings typically we
will have mp ~ 100 GeV and &’ ~ 1GeV, so we need M’/M < 1074



Hence, the seesaw mechanism factorizes, such that the three NV are responsible to generate
active neutrino masses, whereas N’ is responsible for the DM mass m,. (This motivates
our notation, to distinguish N and N'.)

Adopting the one-flavor approximation, the above mixing matrix can be expressed in
terms of the mixing angles 6 at the leading order

mp A A
0 = — 9V = —, 0 = — ~ s
NV YT g M= a7~ 0
! ! !
mp mp K
Oynr = ViR O,y = pra Onry = ik (3.13)

3.2 Parameters

Here, we discuss the parameters and interactions relevant for phenomenology. Using the seesaw
relation in eq. (3.12), we can express 0,y in terms of the neutrino mass as 0,y = \/m, /M,
and similarly Oy = /my/M’. It can also be seen that 0,n' = 6,,0ny, hence, for our
analysis, we are left with the following independent parameters

{mmmwa M,a M, 91/)(7 euwvvdan’a Nx} .

We fix m, = 0.2eV for numerical estimates and are interested in the DM mass my ~
O(10-100) keV. For instance,

/ 2
my ~ 10keV ( " ) <10G6V> : (3.14)

104 keV M’

tells us about the order of magnitude of M’ and x’ = Yjvys. Note that the value of M is
not relevant for the mechanism described above, however, it is constrained by perturbativity
requirements and further constraints arise if we also want to incorporate thermal leptogenesis
in the model [27].

For simplicity, we work in the one-flavor approximation and assume that the interactions
between active neutrinos and all N, species have the same strength parameterized by 6,,.
The mixing angle 6,,, instead, determines the interaction between neutrinos and DM which
is subject to several constraints from DM stability and X-ray observations, as we discuss
later. Hence, in order to evade these constraints, this mixing must be highly suppressed,
ie., 0,y > 0,y. In the limit of the above mentioned Zs; symmetry, we would even have
m/p, = 0 and therefore 6,, = 0. Hence, to determine the viable parameter space of the
model, the main parameters of interest are:

{my,mz, v, 00y, Ny} (3.15)

3.3 Interactions

Apart from the Yukawa interactions that can be directly read from the Lagrangian in eq. (3.1),
we will also have gauge boson-mediated interactions. The interactions of the fermions with
the U(1)x gauge boson can be written as

L= QrgZ W IV, (3.16)
!



where f = {XLvXRawlan}v
my

Vo

(3.17)

)
Il

is the U(1)x gauge coupling, Qs = —1 denotes the U(1)x charge for both the left and
right-handed fermions. Given the mixing among the active and sterile neutrinos defined
above, this interaction will give rise to the couplings A%} leading to processes Z’ <+ zx

_mz 2 2\, Mz
%17 - Vg (GVX + 91/1/}) - v euxa
v mz
AX = —0,,,
Z v X
v mz
Y =—20,,,
Vg
my
A =g =T (3.15)
@

For our purposes, these gauge interactions are dominant compared to the real and pseu-
doscalars interactions between ® and v, xy which is further suppressed by m,. Therefore, we
neglect the latter here. The couplings above will lead to various decays, inverse decays, and
2 < 2 processes, the rates of which are collected in appendix B.

We briefly comment on laboratory constraints from SM particle decays involving neutrinos,
such as Zo, W*, K* 7% which in principle are sensitive to neutrino-Z’ or neutrino-(pseudo-
)scalar interactions, as the emission of a mediator from the neutrino leg would lead to
observable modifications of the decays, implying strong bounds on the corresponding coupling,
see [56-61]. These bounds do not apply to our model, as all light mass states mix with
the active neutrinos and x’s contribute to the internal neutrino propagator. Therefore, the
emission of the Z’ is highly suppressed due to the approximate unitarity of the v — x sub-block
of the mixing matrix (which is unitary up to tiny corrections due to mixing with heavy
states, 0,n,0,n/). The same argument can be applied to interactions with the (pseudo-)
scalar bosons, which in addition are further suppressed by a factor m,/myz relative to
7' interactions. Therefore, such laboratory bounds do not lead to additional constraints
on the parameter space of our model on top of the astrophysical and cosmological limits
discussed in section 5.1 below.

4 Dark matter

The DM candidate gets its mass via the seesaw mechanism similar to the active neutrinos
(see eq. (3.12)) while the x’s remain massless. In figure 2, we show the contours of fixed DM
mass for different values of M’ and x’. We also indicate the maximum bound on x’ from
the perturbativity of the Yukawa coupling x"™** ~ 4o /v/2 by the dashed gray line.
We take vy ~ 10 GeV, after considering several constraints that are discussed in the next
section. Finally, we notice that considering m,, ~ 0(10-100) keV corresponds to the upper
bound on M’ < 10® GeV. Below, we discuss the DM production, freeze-out and constraints
from relic abundance, stability and structure formation.
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Figure 2. Contours of fixed DM mass my = {5,15,50,100} keV in the plane of N’ mass M’ and
K = Yd/ﬂ}fﬁ /v/2. The gray dashed line indicates the bound from perturbativity of the Yukawa coupling
Y, taking v ~ 10 GeV.

4.1 Production and freeze-out

At early times, DM may be produced from the decays of heavy neutrinos N, N’ via the Yukawa
interactions in eq. (3.1), while the production from v <> 1 oscillations is negligible due to
6,4 < 1. Later, once we have a significant population of Z’ bosons, 9 is produced dominantly
from Z’ decays for mz > 2my, or via processes such as Z'Z’ <> ¢ and xx <> ¢ when
mz < 2my,. In order to not spoil successful BBN, we need to make sure that these processes
do not bring ¢ or x in equilibrium with the SM plasma before neutron-proton freeze-out.

To start, let’s consider the DM production via heavy neutrino decays. Imposing the out-
of-equilibrium condition T' < H gives Y < 10~8(M/GeV)/2. Since the Yukawa interactions
of N with the SM lepton and Higgs doublet determine the v masses, they are sizeable and
expected to thermalize N with the SM plasma. In order to not bring v into equilibrium with
the SM, we require that « is sufficiently small-consistent with the hierarchy (3.9), such that
N does not play a significant role in DM production. Furthermore, in some regions of the
parameter space we have to assume a re-heating temperature Trg < My, such that N are
never produced, in order to avoid early equilibration of massless x from N decays [27].

On the other hand, with the hierarchies (3.9), (3.11), for N’ the relation Y, < 10*8(%)1/2
is fulfilled and therefore N’ does not thermalize with the SM plasma. Thus also N’ decays
do not lead to a significant production of 1), despite the sizeable coupling ' required to
generate the DM mass, see eq. (3.14) and figure 2.

At later times, the decays and scatterings involving Z’ populate both v and , establishing
an equilibrium in the dark sector, including also SM neutrinos. The equilibration happens
after neutrino decoupling from the SM, therefore leading to a suppressed neutrino number
density. Once T < my, the annihilations ¢ — xx and Yy — Z'Z" (for mz < my) will
deplete the 1 population,® eventually leading to their freeze-out and determining the DM relic
abundance. This is analogous to the WIMP freeze-out, but in the dark sector characterized
by a temperature Ty, with the DM freezing-out at a temperature of the order of a few

3Note that conversions such as ¥1) — vv or vy are also present, however, they are suppressed by the
mixing angle 6., and subdominant enough to be safely neglected in determining the DM relic abundance.
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Mz >2my,  2my >mg > my Mg < My,

. ARESTI) 2'7" i AVARERIY,
Production
XX © Y XX € Yy
. Y — xx Y — xx Y — xx
Depletion
o — Z' 7
D Y — vxx = vxx Y — vxx
ecay
v —Z'v

Table 2. Processes contributing to the production, freeze-out and decay of DM candidate v in our
model for different kinematical regimes.

keVs. This DM production mechanism is similar to the scenario discussed in refs. [47, 48],
extended by the massless fermions in our model; see also refs. [62, 63] for discussions of
DM freeze-out in a hidden sector.

In table 2, we summarize the dominant production and depletion channels (o o< g*,T" o ¢?)
for different kinematical regimes for mz and m,. We also list the possible modes of DM
decay (I' x ng) in each regime. In order to track the evolution of number densities of
different BSM species in presence of the aforementioned processes, we numerically solve a
set of coupled Boltzmann equations collected in appendix B. A representative example is
shown in figure 1 for the case mz > 2my.

4.2 Relic abundance

The observed DM relic abundance ;A% = 0.1240.0012 [52] is obtained once the interactions
between v, x and Z’ freeze-out. The dominant DM annihilation rates are given by (see
e.g., refs. [64, 65])

4 2
~N-——u—
(OWU)T!J’L/J%XX 487 (mQZ’ _ 4mi)2v ’
4 2\ 1/2 4 9
~_ 9 mgz My 9 mz
(O”U)ww_)Z/Z/N 167’rmi (1— mi) <1+m%/’l} +O<mi>> y (41)

and the thermal average can be obtained by substituting (v?) = 6/x4 with 4 = my /Taark.
Here we take into account that the dark sector temperature Ty,n will deviate from the
photon temperature 7, in our model, see discussion in section 5.2. For mz < my, quickly
the second term in the 1) — Z’'Z’ cross-section dominates over the others. It can be seen
that for m,, < myz the number of massless species N plays an important role in determining
the strength of ¥1) — xx annihilations in addition to relaxing the cosmological mass bound.*
The DM relic abundance is computed as

2 9. 12(W>Y°° 4.
Quh? & 2755 x 107 ( 715 ) V)°, (4.2)

“When not specifying chirality, we use a shorthand notation with 1 referring actually to the massive ¥r,,
whereas x collectively denotes the massless states xr, Xr, ¥r, compare eq. (3.5).

— 11 —
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Figure 3. Contours of observed DM relic abundance for g = 10~* in the mz —my, plane for different
massless degrees of freedom, obtained from the analytical approximation of eq. (4.3). The blue dots
represent the numerical solution for N = 21, matching closely with the analytical one. The dashed
black line represents the s-channel resonance condition mz = 2m,, whereas the dash-dotted line
corresponds to myz, = my, below which the t-channel annhilations ¢ — Z’Z’ dominate.

where Yo is the asymptotic DM yield defined in appendix B and obtained by solving
eq. (B.6) numerically.

Analogous to the visible sector freeze-out, we can use the analytical approximation for
the relic abundance [66]. It is convenient to express the dark sector temperature in terms
of the visible sector temperature by defining £ = Tgak /Ty, so we have

10710 GeV 2

. (4.3)

Qwh2 ~ Ty
with (0V)tot = (00)yypoyx + (OV)py—zrz:. Here, xy = my /T, ¢ denotes the freeze-out
temperature from the visible sector viewpoint, and it depends on ¢ as [62]

vy~ €10 [0.046(5 + 2) (g /0a ) 5] — %aln {6 [0.048(0 +2)(90/9:47)8€* } . (4.4)

where gy, = 2 are the internal degrees of freedom of v, gesr = g7+gdark§4 takes into account the
contribution from the total relativistic degrees of freedom in the dark sector, § is a numerical
factor chosen to match the numerical solutions (we take § ~ 0.7 for p-wave annihilations), and
B = Mpymy (ov)&t with My = 1.2 x 1019 GeV. In our scenario, the dark sector temperature
varies with the number of massless species N, as we will discuss in section 5.2, and therefore,
x s also depends on N via the temperature ratio £. Using eq. (4.4), we find that DM freeze-out
occurs at x5 ~ 3-5 for the relevant temperature window and annihilation cross-sections (in
agreement with the numerical solution of the Boltzmann equations). In figure 3, we show the
contours of observed relic abundance for a fixed value of the gauge coupling (g = 10~*) and
for varying N in the m — m,, plane using the analytical solution given above. For the case of
N = 21, we also show the numerical result by solving the Boltzmann equations by blue points,
matching closely the blue curve corresponding to the analytical approximation. For m’, > my,
where the annihilation to y dominates, the dependence on N follows explicitly from eq. (4.1).

- 12 —



In the region where annihilation to Z’ dominates, i.e., when m,; is much larger than my,
the N dependence appears due to the modification of ¢ via §. It should be noted that
near the resonance region, i.e., when myz ~ 2m,, the analytical solution and the thermally
averaged cross-sections (eq. (4.1)) are not a good approximation, and a careful treatment of
the cross-section and the freeze-out temperature is required in order to properly determine
the DM relic abundance. Therefore, for dealing with resonances, we use the complete formula
for thermal averaging (see appendix B) and compute the relic abundance numerically after
solving the Boltzmann equations. We find that in the region very close to the resonance, the
annihilation rate during freeze-out is so large that we do not obtain the correct abundance.

In figure 4, we show with solid lines of different colors contours of different DM mass which
satisfy the relic abundance, highlighting the parameter space compatible with accommodating
keV scale DM in the model as well as relaxing the cosmological neutrino mass bound. This
is the main result of our work.

Note that in the limits far away from the resonance, the annihilation cross-sections from
eq. (4.1) depend only on the combination g/my = v;l in both limits:
mi { N (m z! > m¢)

o) 3 (my < m¢)

. 4.5
8771)(‘;37(1 x ’ (4.5)

where we have used (v?) = 6/x4 Hence, in these limits, the DM relic abundance according
to eq. (4.3) fixes the dark VEV for a given DM mass:

1/2 (39 /2 J1/4 )
vy =~ 10° keV ( Ty ) 32 X 2N (mzr > my) , (4.6)
15 keV Ty 24 (mg < my)

in agreement with figure 4. For large mixing angles 6, (upper panel of figure 4), we are in
the limit mz < my, in large regions of the parameter space and therefore the DM contours
are determined by the combination 1/ Ui = ngw / m2Z,, and depend mildly on N due to z I

4.3 Stability and X-ray constraints

In our model, the interaction of 17, and SM neutrinos with the massless states xr r,"¥r
mediated by the gauge boson Z’ can lead to DM decay via three body processes. The
dominant ones are 1) — vyy.” Therefore, in order for the DM to be stable on cosmological
timescales, we need to ensure that the lifetime of ¢ relative to this channel is at least larger
than the age of the universe, ty ~ 4.35 x 10'7s. Using eq. (B.2) and trading the dependence
on g and mz by vy we get

- (sciiv)’ 5 (4.7)
(%) (5%)” ()

5The decay 1) — 3v is also allowed, but the amplitude of this process is suppressed by the 3™ power of the

Ty ~ 45Ty

mixing angle 0,, instead of the single power of 6, that suppresses v — vxx. Therefore, to account for DM
stability, we only need to consider ) — vxx. Moreover, due to the absence of Z'tx interactions, decays such
as ¥ — 3x do not occur.

,13,
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Figure 4. Parameter space of the model with the shaded areas highlighting regions of the parameter
space excluded by several cosmological constraints, for a fixed value of v — x mixing 6, = 1072 (left)
and 0, = 1073 (right), and N, = 10. Along the orange, blue, purple solid curves the observed relic
DM density is obtained for m, = 15, 50,100 keV, respectively. The gray dashed lines indicate a fixed
value of the U(1)x gauge coupling, g = mz: /vy and the dotted lines correspond to mz = 2my for a
given DM mass. The red region is excluded from the thermalization condition, as the interactions of
7' with neutrinos are not strong enough. The blue regions are excluded from BBN by requiring that
7' is not in equilibrium with v’s at T > 0.7 MeV, and the green regions show the area excluded by
v-free-streaming and CMB power spectra. The gray shaded region is excluded from production of x
via v — x oscillations before BBN.

To be safe from cosmological constraints on the DM lifetime [67, 68], we impose 7 > 207,

5
15keV 21 v 4
2 910716 2220 <~>(¢>. 4.
by <210 M) N/ \2GeV (48)

We see that the DM lifetime bound sets a strong limit on the DM-neutrino mixing. We also
observe preference for large values of v, in order to ensure the stability for O(10) keV DM.

On the other hand, if my > my/, the ¢y — Z'v decay channel opens up. Since it is
a two-body decay it is comparatively unsuppressed with respect to the three-body decay
discussed above (see eq. (B.2)) and the relative DM lifetime is given by

which gives

7 \2
T = 1 ~ 2571 5 (lngZeV)2 (4 9)
T / 6, 3’ ’
v ( oot ) ( To-T5 ) (z01)

where the approximation holds well for my, > 3mz/. Similar to the previous decay, imposing
Ty > 207y, we get

2 /10-4\2 3
2 —30 my 10 40 keV
62, <12 x 10 (10ke\/') ( - ) ( ) (4.10)

which is much stronger than the one in eq. (4.8). This implies that the regime my > my

can work only with an effectively vanishing value of mp/'.
Sterile neutrino DM that mixes with active neutrinos can decay sub-dominantly also
via radiative decay at 1-loop level as ¢ — vvy. For DM with mass m, ~ O(10) keV, this
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process leads to an observable monochromatic line in the X-ray frequency band. In the past
two decades, a number of telescopes have scrutinized the sky in search of a signature of this
kind (see e.g., section 5.4 of ref. [69]) and ruled out part of the parameter space of sterile
neutrinos, setting a constraint in the (my, 6,,) plane.® The observable measured in this case
is the flux of photons detected by the telescope pointing towards DM-dominated objects.
The flux of emitted photons is proportional to the decay width [74]

9a G2

s 2 5

Fwﬁ\uv =

Using the data put together in ref. [75], one can estimate the constraint on m, and 6, to be

(4.12)

5
02, < 7.65x 107" <M> :

M

Hence, X-ray limits can be satisfied by choosing 6, sufficiently small. Comparing with
eq. (4.8), unless vy is much larger than 2 GeV, we see that if the lifetime bound is satisfied,
the X-ray bound (4.12) is also satisfied. Similarly, if the lifetime bound of eq. (4.10) is
satisfied, the X-ray bound is always satisfied.

Notice that in our framework, the production of DM happens independently of its mixing
with active neutrinos. Therefore, 6, can always be chosen small enough to satisfy the strong
upper bounds of egs. (4.8), (4.12) without affecting the DM abundance. In other words, this
implies that we can safely neglect any contribution to the DM abundance from its production
from active neutrinos via the Dodelson-Widrow mechanism.

4.4 Bounds on DM from structure formation

In our model we find typical dark matter masses in range of 10 to 100keV, and therefore
our candidate is subject to constraints from structure formation, as any other warm DM
(WDM) candidate. Potentially large free-streaming scales prevent the formation of structure
at small scales, leading to a suppressed matter power spectrum at small scales. The impact
of WDM particles on structure formation depends essentially on two factors: the mechanism
through which they are produced that determines their momentum distribution, and their
mass. Typically, for each production mechanism, one can extract a lower bound on the mass
of the DM candidate from different large-scale structure observables.

The impact of WDM candidates on structure formation is conventionally parametrized
by considering the half-mode halo mass My, or half-mode length-scale Apy, at which the
power spectrum becomes suppressed by a factor 2 compared to the reference cold dark
matter case. They are related by

s Abm \ 2 . Anm \°
My = — 2hm ) 1.9 x 107 M, | —Chm 4.13
hm = 73 pDM( 2 ) . ® <O.1Mpc> (4.13)

where ppy is the dark matter energy density today. The limit on My, depends on the used
cosmological data and analysis assumptions. For instance, ref. [76] obtains upper bounds at

In 2014, two different groups claimed to have found a signal of this kind in different datasets [70-72].
However, to date, not only the interpretation of the claimed signal as being produced from decay of sterile
neutrino DM, but even its effective presence in the data is still a matter of debate in the community [73].
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95% CL in the range log;o(Mum/Mg) = 7.0-8.6, whereas ref. [77] finds My, < 4.3 x 10" M.
In the following we will adopt Apm < 0.1 Mpc as a rough estimate for consistency with
structure formation.

In order to estimate the suppression scale A.uiof in our model we follow closely the
discussion in [48]. Our DM candidate comes into chemical equilibrium with the thermal
bath of SM neutrinos, Z’ and massless x and therefore will acquire a thermal momentum
distribution. After the chemical decoupling, its co-moving abundance is constant, but it
remains in thermal contact with the dark radiation via elastic 1x <> ©¥x interactions. The
cutoff scale Acutoff is determined when the DM decouples also kinetically from the dark
radiation, see e.g. [78]. Let us denote the photon temperature at kinetic DM decoupling
by Tkq. Then there are two physically different effects which set Acytorf: () After kinetic
decoupling, the DM will free-stream and suppress the logarithmic growth of structure before

matter-radiation equality at co-moving scales smaller than

—-1/2
1 [tMRE 1 (473 M T
AFs A~ dt 20 n [ 2T e 3 LI P " (4.14)
2 tid a(t) 2 135 demw TO TMRE

Here MRE refers to matter-radiation equality, vy, is the DM velocity, a(t) is the cosmic scale

factor, £ is the ratio of the dark sector and photon temperatures, and Ty = 2.7 K is the photon
temperature today. The last approximation assumes that the DM particle is non-relativistic
at kinetic decoupling [48], such that vy = py/Ey ~ /3Td/my(T/Tka) for T' < Tiq. (i) As
long as the DM is kinetically coupled to the dark radiation bath, modes with wavelength
smaller than the horizon will undergo acoustic oscillations [79], preventing the formation of
structure at these scales. This effect introduces another cutoff scale set by

—1/2
A = /tkd ﬂ — L ~ 477399& / Mpl (4 15)
A0 Jo at) T aH |y 45 TaTo ‘

As a rough requirement for the consistency of our DM candidate with structure formation

we then require
Acutoff = max()\pg, )\AO) < 0.1 Mpc. (4.16)

Kinetic decoupling has been studied for a range of simplified models in ref. [78]. In order
to estimate Tikq we adopt the approximate expressions developed in the appendix of [78]. In
our model, Tiq depends on the VEV vy, the DM mass m.,, and the massless degrees of freedom
g, where the latter determines also the ratio of the dark sector-to-photon temperatures &,
see eq. (5.16) below. Requiring the correct DM freeze-out abundance fixes vy for given my
and g, see eq. (4.6). We show Tiq as a function of m, and two representative values of g
in the left panel of figure 5. For DM masses in the range 10 to 100 keV we find decoupling
temperatures 0.3keV < Tiq < 10keV, depending also on the hierarchy between mz and my.
With this result we can calculate the free-streaming and acoustic oscillation cutoff scales
from egs. (4.14) and (4.15). For the relevant parameter regions we find that Axo 2 Ars
and therefore Ayo determines the cutoff scale. From the rough criterion in eq. (4.16) we
find from the right panel of figure 5 that the lower bound on the DM mass in our model is
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Figure 5. Left: photon temperature at kinetic decoupling of DM from the dark radiation bath. Right:
cutoff scale due to acoustic oscillations App. In both panels we used the requirement of correct DM
abundance and determined v, via eq. (4.6) either for mz < my (blue) or myz > my (red). The
shaded bands indicate the range between two values of the massless degrees of freedom § = 4N, + 2,
where the dashed (solid) boundary of the bands correspond to g = 20 (200).

somewhere in the range from 10keV to 50 keV, depending on the Z’-1) mass hierarchy and the
number of massless degrees of freedom. For increasing § the lower bound decreases, as the
kinetic decoupling occurs at higher temperatures. As we will see below, g ~ 20 is in tension
with current limits on Neg and therefore we require larger values than this. For g = 200
(corresponding to N, ~ 50) we find that our model is consistent with structure formation
for DM masses m,, 2 10(40) keV for my < mz (my > mz).

5 Relaxing the neutrino mass bound and predictions for N.g

Let us now combine this DM production mechanism with the scenario of ref. [27] to relax the
neutrino mass bound from cosmology. In section 5.1 we review the relevant constraints on
the parameter space of the model, whereas in section 5.2 we discuss the thermalization of the
dark sector, the relaxation of the neutrino mass bound and our predictions for Ng.

5.1 Constraints and viable parameter space

The interactions between Z’ and SM neutrinos are essentially unchanged from those of ref. [27],
as the mixing between neutrinos and 1 is very suppressed. Therefore, the constraints on
7' — vv to determine the viable parameter space are also unchanged. In the following, for
completeness, we review the most relevant constraints for the scenario.

Thermalization. From the discussion above, neutrinos should thermalize with the Z’ boson
in the temperature interval 0.7 MeV > T, > 10eV. The thermalization constraint is applied
to the interaction Z’ — vv rather than Z’ — vy, even though the former is suppressed by
6, as initially there are no x present in the plasma. Since the thermally averaged decay
rate peaks at T' ~ my//3, we obtain a lower bound on the coupling A%/ by requiring the
interaction rate (I'(Z' — vv)) > H(T ~ my /3). Using the expression for the Hubble rate
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in the radiation dominated universe, we obtain

mZ/>1/2 . (5.1)

2\ > 3.1 x 10712 <
7~ keV
The region where neutrinos do not thermalize with Z’ in the early universe is highlighted

in light red in figure 4.

BBN constraints. In order not to spoil BBN, Z’ must not be in thermal equilibrium with
neutrinos at 7' > 0.7 MeV, otherwise it would deplete the population of neutrinos which
participate in p <+ n conversions and would also contribute to the expansion rate of the
universe along with the x particles. Therefore, we require (I'(Z’ +» vv)) < H(T = 0.7 MeV),
which leads to

keV
vy <1077 () ) 5.2
S o (5.2)

This constraint is shown as the light blue region in figure 4. Further, if a minimal abundance
of x is present in the plasma before BBN (for example, having been produced from decays of
N or N'), in order to avoid its exponential growth before BBN we need to impose

(T(vx < xx)) < H(T =0.7T MeV) , (5.3)

which gives a bound on the coupling

0 —-1/2
< -3 VX
9 <10 (103> , (5.4)

excluding the dark blue shaded region in figure 4.
CMB constraints. In order for the CMB not to be distorted by vv — Z" and Z" — xx

interactions, they must be rendered inefficient at z < 10, to be free of CMB constraints

coming from neutrino free-streaming and power spectra [80], therefore, we require’

(T(vv+ Z")) < H(T =23 eV). (5.5)
Additionally, as Z’ decays to a lot of massless states which are relativistic, we also require
(T(Z' < x+x/v)) < H{T =23 V), (5.6)

which excludes the region shaded in light green in figure 4. Finally, to ensure that CMB is not
perturbed by the lack of free-streaming of x, analogous to the free-streaming of v, we impose

(T(xx <> xx)) < H(T =23¢V), (5.7)

which gives us a constraint: vy 2 2 X 10*keV, shown by the bright green region in figure 4.

"We use the standard relation between temperature and redshift, T'(z) = To(1+z), where Ty = 2.3x 10" *eV
is today’s CMB temperature, and redshift z = 10° corresponds to T(105) = 23eV.
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Constraints on active-sterile neutrino mixing. The v — y mixing would also lead to
the production of x via oscillations in the early universe, well before the neutrinos decouple
and BBN, therefore, the x will contribute to the energy density of the universe and change
Neg. Therefore, requiring ANeg < 0.3, a bound can be placed on the mixing angle [27]

1/2 1/2
10 0.2eV
<1073 [ =— ) )
6.,] < 10 (”&) (=) (5.8)

However, recently it was shown that considering the y self-interactions [81], it is possible to
have larger mixing angles, leading to the possibility of detecting x from neutrino oscillation
experiments. Varying the parameters of interest, one expects 6,, < 107410t The
constraints from v — x after considering the x self-interactions are shown by the gray
region in the top plot of figure 4, and is applicable only for 6,, > 1073. We find that
the parameter space corresponding to the extreme limits, i.e., 0,, = 107,107 is quite
constrained and incompatible with successfully accommodating a DM candidate, hence we
choose 6, = 1073,1072 in figure 4.

5.2 Suppression of neutrino mass, Neg and dark sector temperature

Let us discuss now the equilibration of the dark sector in somewhat more detail. We assume
that the new degrees of freedom come in equilibrium instantaneously with the active neutrinos
when they have a temperature 7,9 and form a thermal system with a new temperature
Toq, with mz,my < Toq < 1MeV.? For the parameter region of interest, the following
interactions come into thermal equilibrium:

Z' ff, Z' < ff, (5.9)
727 & ff, (5.10)
ffe 1, (5.11)

with f, f/ = v, x, 1. As discussed above, the reaction Z’ <+ vv is crucial to equilibrate the dark
sector at first place, however, the less suppressed reactions with f = x, v will be much faster
once these particles are abundant. In particular, both, 1 <» 2 and 2 <+ 2 processes involving
7' will simultaneously come into equilibrium. This implies that all chemical potentials are
zero and there is no conserved particle number.”

8Note that our masses are O(10-100) keV and actually the hierarchy is mild. Nevertheless, we take ¢ and
Z' as fully relativistic at equilibration for the estimates in this section. We have checked that they are in good
agreement with the solution of the Boltzmann equations.

9This is different from the scenario considered in refs. [27, 28], where only the 1 <+ 2 prozesses from eq. (5.9)
have been taken into account, but not the 2 <> 2 prozesses from eq. (5.10). In that case, there is a conserved
particle number (fermions f are created or destroyed only in pairs, while Z’' numbers change by one unit)
and chemical potentials develop, see also the discussion in appendix B of [27]. In contrast, in our model, the
processes (5.10) proceed through ¢- and u-channel diagrams with o ~ g*/T?2, for which the interaction rates
for coupling strength of 107° < g < 1073 (cf. figure 4) are much larger than the expansion rate in the relevant
temperature range.
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Hence the system is fully characterized by its temperature 7¢q, which is obtained from
energy conservation during equilibration:

IOV(TSq) = Z pf(Teq) +pz (Teq) ) (5'12)
f=vx

with the energy density of a species i given by

2
p(0) = |3 550", (5.13)
where the factor in square-brackets holds for fermions and should be dropped for bosons.
Eq. (5.12) determines the ratio Toq/T5% in terms of the involved degrees of freedom. Then
the system evolves adiabatically to a temperature Tg, < my, mz/, when the DM ¢, and A
particles have become non-relativistic and therefore no longer contribute to dark radiation.
Here we can use conservation of co-moving entropy:

a3y seq(Teq) = agnstn (Thn) (5.14)

with the cosmic scale factor a and s = 4p/(3T') for massless particles. At the right-hand side
of eq. (5.14) we take into account that only neutrinos and the massless degrees of freedom
(XL, XR,¥R) contribute at Tg,. Combining egs. (5.12) and (5.14) leads to the ratio of the dark
sector temperature Ty,,x to the neutrino temperature in the SM (evaluated at Tgark = Thn) as

_ 1/3 1/4
Taanc _ (90 +9+ 90+ 792 y 9 (5.15)
oM 9+ g+ G+ 9+ 397

and the dark sector-to-photon temperature as

Tdark < 4 >1/3 Tdark
= —=|— . 5.16
=7 =\u) ™™ (5.16)

Here g = 4N, + 2 are the massless degrees of freedom and g, = 2,977 = 3, g, = 6.
Note that for the scalar in our model we expect masses of order of the dark VEV, with
10MeV S vy S 10GeV. Therefore, the scalar will not be present in the dark sector thermal
bath in the relevant temperature range T' < 1 MeV and does not contribute to the degrees
of freedom here. For N.g we then obtain

Neff

8 /11\*3 paar v+ G Tharkc \*
:<> Pdark _ g +9< dak> (5.17)

7\ 4 Pry 2 TSM

Using eq. (5.15), we see that this expression for Neg converges to ¢,/2 = 3 for both,
9,9y, 9z — 0 as well as for § — oo. Note that this is the value for Neg relevant for CMB
observables, whereas for BBN Ng in our scenario should be very close to the SM value. For
the suppression of the neutrino number density we obtain

~ 3/4
n (Tdark>3 _gu+itgu+ien ( 9v ) / (5.18)

M AT v+ 9 v+ 9+ 95 + 297
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# of massless dof: g =4N, + 2; solid: vanishing chem. pot., dashed: with chem. pot.
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Figure 6. Left: the ratio n, /nM, i.e., the effective suppression factor of 3" m,,, see egs. (2.4), (5.18),
middle: ANeg, right: ratios of the dark-sector temperature to the neutrino temperature in the SM
and to the photon temperature as a function of the number of x generations IV, , which is related to
the number of massless degrees of freedom in our model by g = 4N, + 2. Dashed curves correspond
to the case with particle number conservation, shown for illustration purposes. The dotted line in the
middle panel indicates the current Planck best fit point ANeg = 2.99-3.044 = —0.054 [2] with the 1o
interval £0.17 shown with light gray shading, and the dark shaded region indicates the sensitivity at
+1o of a future CMB-S4 mission [82].

The results of this calculation are shown in figure 6, where for comparison we show
with dashed curves also the case when particle numbers are conserved, as considered in
refs. [27, 28], see footnote 9. The latter are calculated following the procedure outlined
in appendix B in ref. [27]. For given N, we observe a slightly smaller suppression of the
neutrino mass bound and a larger contribution to Neg than in the case with particle number

—3/4 compared

conservation. For large g, the suppression factor in eq. (5.18) decreases like g
to the factor (1 + §/6)~! for the case with number conservation [27, 28].

Our scenario predicts a sizable deviation of Neg from the SM value at recombination. From
the middle panel of figure 6 we see that small values of IV, < 10 are already in tension with the
Planck result Neg = 2.99£0.17 [2]. For the range 10 < N, < 40 (where also relevant relaxation
of the neutrino mass bound occurs), deviations of Neg from the SM value may be observable by
future CMB missions, which should reach sensitivities of 0.07 [83] or even 0.03 [82] at 1o. See
also ref. [84] for a recent study of such dark radiation scenarios in the context of observables
in the non-linear regime. Note that we predict an additional contribution to Neg at CMB,
whereas its value relevant for BBN should be largely unaffected in our model. Hence, different
Neg values inferred from BBN and CMB would be another potential signature of our model.
Let us also note that the analysis in ref. [85] shows that recent DESI BAO measurements [3]
leading to the tight bound on Y m, from eq. (1.1) can be better accommodated by adding
some amount of dark radiation (i.e., ANeg > 0), as predicted in our scenario.

Finally, we also comment on the rather different behavior of the dark sector temperature
in the two cases. For conserved particle numbers, the ratio of the dark sector temperature
to the neutrino temperature in the SM saturates around 0.95 for large §, whereas in the
case with zero chemical potential, eq. (5.15) gives 1/ §'/* dependence for large g, leading to
a significant cooling of the dark sector in our model.
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M [GeV] M’ [GeV] mp [GeV] K [GeV] A [GeV]|vg [GeV] my [keV] myz [keV] g=mz/vg 0y Ny |n,/mSM AN
10! 102 4.47 0.043  0.004 0.5 18.5 100 2x107%  107® 10| 0.216 0.109
1012 103 14.14 0.23 0.141 0.8 53 7 9.6x107° 1072 10| 0.216 0.109
1013 102 44.7 0.1 0.044 0.6 100 32 53x107° 1072 20 | 0.135 0.060

Table 3. A set of benchmark points for the model where the mechanism to reduce the cosmological
neutrino number density works and the observed DM relic abundance (Q,,h? = 0.12 + 0.0012) is
obtained. The left columns show the relevant quantities from the fermion mass matrix and illustrate
that our assumed hierarchy eq. (3.9) is satisfied. The middle columns indicate our main parameters of
interest (see eq. (3.15)), and the right columns correspond to the effective suppression factor of > m,,
for cosmology and our predictions for A Neg, respectively. For all three points the active neutrino
mass m, = m% /M is 0.2¢€V.

6 Summary and discussion

We have presented a simple extension of the SM featuring a light dark sector with a U(1) gauge
symmetry, embedded in a seesaw model for neutrino masses. The coupling of the dark sector
to the SM occurs via mass-mixing of the dark fermions with neutrinos. The fermion spectrum
contains heavy sterile neutrinos responsible for the seesaw mechanism, a large number of
massless states x, and a DM candidate ¢ with mass in the 10 to 100keV range. Both, active
neutrino masses as well as the DM mass are generated via the type-I seesaw mechanism. We
have identified regions of parameter space, where the following phenomenology is valid:

e The light dark sector particles play no role in the universe for temperatures above 1 MeV
but come into thermal equilibrium with the SM neutrinos after neutrino decoupling
from the SM but before recombination. This sets the typical scale for the dark gauge
boson mass my ~ 10keV.

o At late times the number density of active neutrinos is suppressed compared to the stan-
dard evolution, which allows to accommodate sizable neutrino masses with cosmology.
The amount of neutrino suppression is determined by the number of massless degrees
of freedom in the dark sector, which act as dark radiation during recombination.

e The DM fermion ¢ first thermalizes together with the light dark sector, but then freezes
out when the dark-sector temperature drops below its mass. Hence, the DM relic
abundance is set by the dark sector gauge interactions and is independent of the DM
mixing with SM neutrinos, which can be taken to be very small in order to satisfy
constraints on DM stability, avoiding also measurable X-ray signatures.

Although the particle content of the model is complex, its free parameters are not
numerous. Indeed, if we assume that the value of mixing between v and x is the same for all
Ny x species, the phenomenology of the model is essentially determined by five independent
parameters (see eq. (3.15)), which makes the model rather predictive. The parameter space
of the model is well constrained and closed from all sides in many directions, see e.g., figure 4.
In table 3 we give three benchmark points where all the above requirements are met. The
left part of the table shows the relevant entries of the fermion mass matrix, which satisfy
the assumed hierarchies from egs. (3.9) and (3.11). The parameters m/,, A’, k can be taken
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arbitrarily small. In particular, a very small value of m/, is required in order to have tiny
mixing of the DM fermion with active neutrinos, as 6,, = m’,/k’. This is required in
order to suppress the decays ¥ — vxx and ¢ — Z'v (if kinematically allowed) to have a
sufficiently long-lived DM particle.

In the middle part of the table we provide the values of the VEV breaking the dark
U(1) symmetry vy. Noting that the entries £’ and A are related to this VEV by Yukawa
couplings (see eq. (3.4)), we confirm that these couplings remain within the perturbative
regime. Typical gauge couplings are in the range of 1075 to 10~%. The mixing of the active
neutrinos with the massless states 6,, = A/mp is constrained roughly as 1073 < Oy S 1072,
potentially testable in oscillation experiments only by saturating the upper bound.

The number of massless degrees of freedom in the dark sector, g is related to the number
of generations of x fermions by § = 4V, + 2 and sets the suppression factor of the neutrino
density via eq. (5.18), which corresponds to the factor about which a bound on the neutrino
mass from cosmology is relaxed. For instance, for the three benchmark points in table 3,
the DESI bound > m, < 0.071eV from eq. (1.1) would be relaxed to 0.33, 0.33, 0.52€V,
respectively, making it safely compatible with the lower bounds from the neutrino oscillation
data for both mass orderings and consistent with the value m, = 0.2eV assumed for the
benchmark points.

While our specific DM candidate is very difficult to test observationally, the over-all
model leads to indirect predictions. In particular, in our scenario we expect an increased
energy density of dark radiation, expressed in terms of the effective number of neutrino
generations Neg. This effect emerges due to the disappearance of the massive Z’ and DM
particles from the relativistic bath, which leads to an effective heating of the dark sector.
The amount of increase in Neg decreases with g (see eq. (5.17) and figure 6). Values of
N, < 10 are already in tension with the present CMB constraint on Neg, whereas IV, up to
about 40 may lead to sizeable values in reach of planned CMB missions such as the Simons
Observatory [83] or CMB-S4 [82]. With DM masses in the 10 to 100 keV range, we predict a
suppression of the matter power spectrum at small scales. For instance, the three benchmark
points from table 3 lead to suppression of structure formation at scales below 0.11, 0.051,
and 0.054 Mpc, respectively, with the first point marginally consistent with observations,
see section 4.4 for the corresponding discussion.

To conclude, the comparison of cosmological and laboratory determinations of neutrino
masses may reveal exciting signs of new physics, if near future cosmological observations
continue present tendencies and lead to increasingly strong bounds on the sum of neutrino
masses and/or upcoming laboratory measurements of the absolute neutrino mass establish a
non-zero value. We have presented an economical UV complete model offering an explanation
in such a case. In addition to making large neutrino masses consistent with cosmology our
model provides a simple seesaw explanation of neutrino masses, it incorporates a dark matter
candidate in the 10 to 100keV mass range in a straightforward way in the dark-fermion
spectrum and its abundance is obtained naturally by freeze-out in the dark sector. Genuine
predictions of the model are an increased value of the relativistic degrees of freedom at late
times, potentially observable by future CMB observations and a suppressed matter power
spectrum at small scales, as characteristic for warm DM candidates.
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A Diagonalisation of mass matrix

The matrix in eq. (3.3) can be reduced to a 2 x 2 form and block-diagonalised with a

(Y m 0
AT <TT M)A:(g M) (A1)

where T is the 3 x 2 matrix containing the couplings and M is the diagonal matrix containing

unitary transformation,

heavy neutrino masses. We choose the following Ansatz for A [86]

A <]lsx3 P ) 7 (A.2)

_pT Toxo
with the small mixing parameter p given by YT*(M )T, and
m=-TM'Y", M~M. (A.3)

The resultant 3 x 3 matrix m is a rank 2 matrix that can be further diagonalised to obtain
the mass eigenvalues for the light fields

R'mR = diag(my, my, my) , (A.4)

where the rotation matrix R can be parameterized in terms of two mixing parameters
(o, B) as follows

1 B0
R=|-p1 1 aof, (A.5)
0 —afil

with 8 ~ A*/m7, and o ~ mp"™/k"*. The mixing matrix W can then be expressed as a
product of the matrices A, R, and further U,.
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B Interaction rates and Boltzmann equations

The relevant expressions for N and Z’' decay widths are

3/2
M/ 2 /\2 4m2
FN/—>lH/X¢/¢¢ = 87Y/V/X/7/)’ I, = FZ’—>ii =N, 242;_777,21 (1 - mZZZ, s (Bl)

where N; is the number of generations of ¢ Majorana fermions. The thermally averaged

decay rates are given by [50]
K1(ma/T)

e (ma/T)

where K12 are the modified Bessel functions of the first and second kind and g¢,,1 are the

<Faa1+2> =T ) <F1+2%a> = Fa%(ma/T)2K1 (ma/T) ) (B'2)

internal degrees of freedom of the decaying and daughter particle.

The 2 <+ 2 cross-sections involving light /massless particles mediated via Z’ are
4 4
9 L o g
~-—2 T , > T ~—
et ] Mz 2T) o~ qenm
The rate and thermal average for ¢ to x annihilation are given by
oy (s) = 7 9 5+ 21~ am3 /s)"1/?
X 12r (s —m%,)%2+m%T%,

(mz < T). (B.3)

I

(00)u : wd“wK«?ﬁk@m%w%www@7 (B4)

8T mfng (%)2 $min
where s is the centre of mass energy squared, I'zs is the total decay width of the mediator
Z'" and \(z,y, 2) = 22 + 3% + 22 — 22y — 2wz — 2yz is the Killen function. In the region far
from resonances, we can expand ov in power of v using s = 4m12/) + min, and then take
the thermal average to obtain eq. (4.1).
Finally, the DM decay widths are given by

5
~ m v
Ly = N o 5 (057,

9673 M %,
g0, my (- m, md 2md,
Pyszn ~—r—|1- —5 1+ 5 — 5 . (B.5)
327 my, m7, my,

We work with the following set of coupled Boltzmann equations for the evolution of
number densities of the various BSM fields

dy, (T,) Y?
— Y, — Yefl v
dv ~ Hz < 7z Y5q2> ’

2
dYz (I's) eq Y s(oVppozz [vo Yoo o
— Yl y, —yea Ti Y2 _ Y2,
dz 2 He \12 12 yeaz | T Hz 2

2
i:V,Xﬂl) 7 YZQ?
eq2
dYy — (Cx) Yy — Y<d Yx2 + {0V )ypyprxx yv2 _ Yy y2
dx Hx z Y;q2 Hx P Y;qQ X ’
2 eq2
Ay _ Ty) (v yea Yo | 800w [y2 Yo o
dx - T Z z! qu2 Hax P Y§q2 X
2
s(ov)pyazz [vo Yo o
- <Y¢ — qu2Y ], (B.6)
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where Y; = n;/s is the yield, s = (2772/45)9*5T3 is the entropy density, H(Ty) = 1.66,/gesr
(TW2 /M) With ge = gy + gaark&?, and here we define # = my /T,. The equilibrium yield
of a particle with mass m; is given by

Y = 0.115%595? Ko(x;/€) (B.7)
with z; = m;/T,. For massless particles Y4 = 0.23(g/g.s) ¢3 and in the case of neutrinos
corresponds to their yield after they have decoupled from the plasma. Note that the 2 <> 2
processes involving v’s are quite suppressed by the small mixing angles, and we have checked
that their contribution is negligible compared to the processes considered above in egs. (B.6).
In the case mz < 2my, the terms corresponding to (I'y) are not taken into account.

We solve these equations by taking negligible abundances for all the dark sector particles
as initial conditions. Further, it should be mentioned that we assume a fixed value of the
dark sector temperature when solving the Boltzmann equations. A precise treatment should
also involve the temperature evolution equations. We have checked that our results for the
DM yield are not very sensitive to how we chose the dark sector temperature, and therefore
we are confident that this is a reasonable approximation.
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1 Introduction

The nature of Dark Matter (DM), that makes up roughly a quarter of the energy density of
our universe, along with the origin of neutrino masses and the baryon asymmetry (BAU),
are among the most important open problems that the Standard Model (SM) fails to ex-
plain, with overwhelming experimental evidence. Several extensions of the SM have been
proposed, where either a single particle or several stable particles, i.e., multi-component
DM [1-9], make up the observed DM relic abundance, Qpyh? ~ 0.1 [10]. The most popular
mechanisms to reproduce this relic abundance include thermal freeze-out (FO) of weakly
interacting massive particles (WIMPs) [11-16] and freeze-in (FI) of feebly interacting mas-
sive particles (FIMPs) [17-19].

WIMPs are initially in thermal equilibrium with the SM and undergo annihilations
until they freeze-out when the annihilation rate drops below the Hubble expansion rate;
therefore, the DM abundance is inversely proportional to the annihilation rate. On the
other hand, FIMPs have a negligible initial abundance and are produced mainly by tiny
interactions with particles in the thermal bath so that they never thermalise, and they
freeze-in once the mother particle decouples from the bath; thus, the DM abundance is
directly proportional to the production rate. Depending on the interactions, a further
contribution may come from late decays (LD) of the mother particle, the size of which is
model-dependent.

Most of these models assume that the new states are symmetric in nature, i.e., the
abundance of the DM particle is the same as that of the antiparticle. However, there exist a
wide variety of models that propose that the DM abundance is rather set by an initial asym-
metry in the dark sector, in analogy to the visible sector (where np = 0.88 x 1071), moti-
vated by the closeness of baryonic and DM energy densities, ppy ~ 5pp [20]. The asymme-
try can be first generated in the visible sector and then transferred to dark sector (or vice
versa) [21-23], or an asymmetry can be generated simultaneously in both the sectors (co-
genesis). Such asymmetric dark matter (ADM) models (see refs. [24, 25] for a review) aim
to explain the observed baryon asymmetry and DM abundance in a common framework.

An intermediate scenario between the two extremes involves the asymmetric freeze-out
of a species, where the DM particle and its antiparticle freeze-out with different number
densities, depending on the initial asymmetry, and the dark matter is partially asymmet-
ric [26]. Hence, a further distinction can be made regarding the nature of DM, whether it is
symmetric, asymmetric or partially asymmetric. Therefore, the presence of an asymmetry
can have significant implications for the mechanisms discussed above in reproducing the
DM abundance.

The possibility that asymmetric single-component WIMP DM is produced in a coge-
nesis scenario has been studied in ref. [27]. Another model has been presented in ref. [28§],
with the possibility to restore the symmetric nature of DM through late decays of an
extra particle. In ref. [29] a model of symmetric multi-component DM, which combines
freeze-out and freeze-in, accompanied by the generation of the baryon asymmetry, has
been proposed. Finally, refs. [30-32] study models linking the freeze-in production of dark
matter with baryogenesis; however, the dark matter in these models is symmetric.



In this work, we aim to generalize this picture, starting from the concrete cogenesis
scenario realized in ref. [28], by considering an extended dark sector in which we can
realize multicomponent DM, so that one DM component, or even both, can be asymmetric.
Furthermore, we combine freeze-out and freeze-in production, including the possibility of
asymmetric freeze-in. The idea of asymmetric freeze-in was proposed in ref. [33], mainly
focusing on simultaneously generating equal and opposite asymmetries in the visible and
dark sectors, which are separately in thermal equilibrium at different temperatures. Unlike
the case of asymmetric freeze-out, it was shown that this case is not so straightforward
and it requires the presence of a richer dark sector, so the dark matter particle is able to
thermalise with the dark states even if it is feebly coupled to the SM particles. In ref. [34],
the unitarity and CPT constraints for transferring the baryon number to the dark sector via
freeze-in were discussed. In ref. [35], it was shown that dark sector asymmetries produced
by asymmetric freeze-in can be sizeable and comparable to the baryon asymmetry if the
mediator between the two sectors is out-of-equilibrium. However, these works mainly focus
on the generation of asymmetry but do not study the details of the annihilation of the
symmetric component, which is a necessary ingredient for any ADM mechanism.

To this end, we propose a model in which the dark sector is connected to the visible
sector via a mediator particle. The asymmetries in both sectors are generated via coge-
nesis, which yields a relation between neutrino masses, the baryon asymmetry and the
DM relic abundance. In addition to the generation of asymmetries, we also discuss the
annihilation of the symmetric component in a complete model with all the necessary ingre-
dients. We propose a feebly interacting particle that can be an asymmetric DM candidate
with no sizeable couplings with neither the SM particles nor the dark sector ones. We
then investigate the role of the dark sector asymmetry in determining the relic abundance
of one/several particles. For example, depending on the model parameters, the DM may
either be single-component or multi-component, with either all symmetric or asymmetric
components or a mixture of both. Similarly, the production mechanisms may be freeze-out,
freeze-in or some via freeze-out and the others via freeze-in. Moreover, we show that in
certain scenarios the particle abundance may be set by an asymmetry even if its nature is
symmetric. We find that some of them predict the existence of an observable neutrino line.

The paper is structured as follows. In section 2, we elaborate on the framework of
generating an asymmetry and the possibility of asymmetric freeze-in. We discuss the com-
plete model, which also generates neutrino masses and the baryon asymmetry, in section 3.
The different DM candidates are discussed in section 4. The contribution to the DM relic
abundance is studied in section 5. In section 6, we discuss the main phenomenological
signatures, with special emphasis on the prediction of a monochromatic neutrino line. In
section 7, we discuss a low scale variant of the model (an inverse seesaw). Finally, we give
our conclusions in section 8. We show further details in some appendices.

2 General framework

In order to generate a dark sector asymmetry, we focus on the cogenesis of both DM and
baryon asymmetries and adopt the two-sector thermal leptogenesis mechanism of ref. [28].



Figure 1. Schematic framework of cogenesis and DM production in the model at T' < My, via the
indicated Yukawa interactions y;. Here, L and H are the SM lepton and Higgs doublet, respectively,
whereas S and ¢ are complex scalars belonging to the dark sector.

In this case, the asymmetries are produced from out-of-equilibrium CP-violating decays of
right handed neutrinos (RHNs), which are well-motivated to reproduce neutrino masses.
This requires the leptons and some of the dark sector particles to be charged under a
lepton symmetry that is broken by Majorana masses of the RHNs, thus satisfying all the
conditions for the dynamical generation of an asymmetry [36]. The RHNs are initially
in thermal equilibrium, and once the temperature drops below the mass of the lightest
RHN, My, , the washout and other interactions leading to transfer of asymmetries between
the two sectors become inefficient. Subsequently, the asymmetries get frozen in the two
sectors. The leptonic asymmetry is partially converted into the baryonic one via sphaleron

processes. The dark asymmetry (n; = Yf — Y. ", where we introduce the yield as the

i
number density upon entropy density, Y; = n;/s) is carried by a dark fermion (we denote
it by x) and once its symmetric component gets annihilated away, the asymmetric one sets
the relic abundance, {2pm o< 1ym,. This framework, therefore, connects neutrino mass
generation with the baryon asymmetry and the DM relic abundance. See refs. [37-44]
for other extensions of seesaw framework that address the three issues under the same
umbrella.

In our work, we go a step further and enlarge the dark sector so that the different
possibilities discussed in the introduction are feasible. For this purpose, the particle x in
our set-up is not the dark matter but rather decays to another stable fermion (say ), which
may constitute all or part of the DM abundance. The schematic framework is shown in
figure 1. Therefore, the asymmetry in x can be transferred to 1 via its decays. Indeed, the
set-up offers a richer phenomenology as it is now possible to accommodate multi-component
DM (in this case, it could be ¥ and S), as well as different dynamics thanks to the presence
and size of the different interactions. In principle, we can have four cases of equilibration
between different sectors, as illustrated also in ref. [45]. In figure 2, we show the four cases
of entropy transfer between the various sectors: the SM + Np (green), x, S, ¢ (orange) and
¥ (gray).!

The first case involves equilibration among all sectors. It is the multi-component
freeze-out scenario that has been widely considered (see for instance ref. [1]), and we will

In the scenarios considered below, ¢, even if it comes from y decays (see figure 1), is included in the
middle blob.



Case T sm O\, Equilibrium m/ Equilibrium .
ase I: |\ w

SM Freeze-in m Freeze-in

Case II: N W ¥
SM Freeze-in m/ Equilibrium

Case III: @ W |
sm O\, Equilibrium m Freeze-in

Case IV: +Ng W ¥

Figure 2. The four scenarios for entropy transfer between the SM sector and the dark sectors
formed by x, S and 1, ¢. Similar figure in ref. [45].

not consider it here in the following. Cases II and III correspond to scenarios where x
is not in equilibrium with the SM + Npg sector, which implies that yg < 10~7. In the
considered framework where the asymmetries are produced from the decays of heavy right-
handed neutrinos, such a small Yukawa coupling would then be unable to generate a dark
asymmetry comparable to the visible one, and therefore DM would have to be symmetric.
Therefore, we are interested in the last case (Case IV), where:

i) the orange sector is in equilibrium with the SM + Ng,

i1) the dark sector asymmetry may be generated via co-genesis, of size comparable to
the baryonic one, and

ii1) the 1 sector is not in equilibrium and is produced via freeze-in.

Whether the abundance produced by freeze-in is asymmetric depends on the value
of Yukawa yg4, because the ¢ population can be symmetric even if the mother particle x
carries an asymmetry. This can be understood as follows. Let us define z; = m; /T, for a
species of mass m;, where T is the temperature. The asymmetry freezes out at x; ~ 20,
whereas the freeze-in from early decays takes place around the mass of the mother particle,
i.e., x; ~ 1, when both the mother particle and its antiparticle are in equilibrium. So,
if the production from early decays is greater than the asymmetric yield after freeze-out,
Le., Yy =Yy > Yy =p, then the daughter particle will be symmetric in nature, because
the production from late-decays (that take place at x; > 1) will be sub-dominant and
negligible. However, if the production from early decays is smaller than the asymmetry,
Y, < np, then the late decays that are active much later after the asymmetry has frozen-in
will produce more 1 than 1, hence generating an asymmetry in 1. Realizing this last
scenario therefore yields an example of asymmetric freeze-in, which up to our knowledge
has not been studied in the literature.

In ref. [46], the authors discussed the idea of having an asymmetry in a messenger
particle with a long enough lifetime so that it decays to the dark matter particle once its
symmetric component is annihilated away. In that case, however, the non-thermal decay to



dark matter was suppressed by higher-dimensional operators, which require new physics at
some higher energy scale. On the other hand, in our scenario the decays are suppressed due
to the feeble nature of the interaction, whose strength controls whether the contributions
come from either early decays, late decays or both. This in turn determines the nature of v
population.? Therefore, our renormalizable model does not require any extra new physics.
As we will see, in certain scenarios, the late decays of an asymmetric particle may
populate the symmetric component of a species. Hence, the late decays play an important
role in determining the final nature of a species. In order to distinguish between the
scenarios, we use the notation of ref. [26] to define the asymmetric ratio for a particle

species as
r =YY" with 0<r; <1, (2.1)

where +(—) denotes the particle (antiparticle). Here, the upper (lower) limit in r signi-
fies that the species is completely symmetric (asymmetric) and Qpy o Y;© + Y;~. The
asymptotic asymmetric ratio of a species ¢ with mass m; can be written as [26]

TGy

45z ¢

(c0)

T

~ exp l— Mp (ov), np mzl , (2.2)
where (ov); is the thermally-averaged annihilation cross section, Mp; ~ 1.2 x 10! GeV, m,,
is the mass of the proton and xy = m;/T, ~ 20 is the mass over freeze-out temperature

(c0)

ratio. In the following, we use r; ' = r; to alleviate notation. As shown in ref. [1], different

regimes appear:
« For r; < 1072, the behaviour of DM is highly asymmetric (A).
o In the range, 1072 < r; < 0.9, DM behaves as partially asymmetric (PA).
o For r; > 0.9, DM is highly symmetric (S).

In the rest of the paper we adopt these ranges to define the nature of DM. Further classi-
fication can be made on the basis of the dominant production mechanism that determines
the asymptotic nature of the dark matter, be it freeze-out (FO), early decays from freeze-
in (FI), or late decays (LD). In this work, we aim to focus exclusively on scenarios where
the asymmetry is directly involved in reproducing the relic abundance. For this goal, we
propose a complete model that displays the different roles played by the asymmetries.

3 A model for neutrino masses, the baryon asymmetry, and dark matter

Our initial hypothesis for the construction of a model that explains dark matter, neutrino
masses and the baryon asymmetry in a common framework is that the symmetry baryon
minus lepton number, B— L (under which all SM quarks have charge 1/3 and all SM leptons
have charge -1), plays a key role. This is one of the best-motivated symmetries beyond the
SM: it is accidental and anomaly-free in the SM, and when gauged it requires the presence

2In ref. [47], the contributions from early and late decays have been compared for a symmetric DM
model.



Field Spin U(l)p-r U(l)p U(l)x

N, 1/2 -1 0 0

o 0 +2 0 0
xo 1/2 -1 1 0
Yo 1/2 0 0 +1
S 0 0 -1 0
¢ 0 +1 -1 +1

Table 1. Particle content of the model and their respective charge assignments under Lorentz and
the U(1) groups. The first two states correspond to the sterile neutrino sector, and the last four to
the dark sector.

of three sterile neutrinos (which in turn naturally generate active neutrino masses) and is
easily embedded in GUTs. When considering a complex asymmetric dark sector, however,
this symmetry is not enough, and we require extra U(1)s to forbid Majorana masses and
some interaction terms, as well as to annihilate the symmetric components.

Therefore, we augment the SM gauge group by 3 new gauge U(1) symmetries: U(1)p_p,
, and the dark product U(1)p ® U(1) x. We add three right-handed neutrinos Nr (RHNs)
to cancel the gauge anomalies of the first one. We also extend the particle content by the
addition of two Dirac dark fermions, 19 and xo, and 3 scalars o, S and ¢. The gauge bosons
associated with the three new groups are Z%7Lv 79 A0 with gauge couplings gp_r., 9D
and gx, respectively. The quantum numbers of the new fields are summarised in table 1.
Note that all the new fields are SM singlets. The new part of the Lagrangian of the model
can thus be written as

*Cnew = E?{fd) + ['ﬁin + ['int - V(O" S, ¢v H) ) (31)

where £{. includes the kinetic terms of the gauge bosons and the scalars, V (o, S, ¢, H) is
the most general scalar potential that one can write given the symmetries of the model,
where H is the SM Higgs doublet field, and

L3, = xo(i) —mS)xo + o (il) — m)eo,
Eint = —ygif/aﬁ]\f}é — yngN;%CNgE — ygSN;%Xo — yd,gbl;gx() + Hec.. (3.2)

Here mg’w are bare mass terms of the dark fermions, while the indices a = e, y, 7 and @ =
1,2, 3 run over the generations of leptons and right handed neutrinos, respectively. We use
H = iooH*. Note that y, is a 3 x 3 general complex matrix, y, is a 3 x 3 complex symmetric
matrix, yg is 3-component vector and y, is a complex number. However, several phases
are unphysical. Four phases of y, may be removed by rephasing ¢ and N}é. Two phases of
ys may be removed by rephasing S and xo. ¥4 can be taken real by rephasing ¢ or .

In accordance with the framework discussed above, we take

Yo < 1,  gx <1, (3.3)

so that ¥y cannot thermalise with the SM bath. We further assume a vanishing initial
abundance ny, = 0, consistent with an inflationary epoch. On the other hand, the particles



X0, 0,5, ¢ and N}é reach thermal equilibrium with the SM thermal bath through sizeable
new gauge (gp_r, and gp) and scalar interactions.

Note that the Lagrangian also contains the kinetic mizing between the U(1) gauge
factors. An unavoidable contribution to kinetic mixing among all U(1)s arises at one-loop
level with ¢ running in the loop. Also, x contributes in the case of U(1)p_r — U(1)p
mixing. Hence, the kinetic mixing —(k/2)Z%” ; Zp v is naturally of the order of k 2
gpgB—1/(167%) ~ 1073 gg_1 gp. The kinetic mixing of U(1)y with the other U(1) factors
is > gxgi/(1672). Since gx < 1 by assumption, this contribution can be safely ignored.
Finally, a kinetic mixing among Zp_, and the SM U(1)y gauge boson is generated through
a loop of SM quarks and leptons, of the order > gygp_r/(1672) > izqu Yi(B — L);. Notice
that, given the conservation of U(1)enm, the photon does not couple to the B — L current.
In any case, the bounds on the kinetic mixing are not relevant for the range of parameters
that we consider in the paper.

Finally, let us remark that the necessary ingredients for the model to work could also
be achieved with a global U(1)p_1, [16, 48], explicitly violated by right-handed neutrino
masses, since: i) x is Dirac in nature because of the gauge U(1)p, ii) it has sizeable
interactions with the SM (with Npg, ys) to thermalise, and iii) it can undergo efficient
annihilations due to the U(1)p gauge group. However, such scenario is not as theoretically
appealing as the gauged B — L version that we consider, which demands the existence
of 3 right-handed neutrinos. In the following subsections, we discuss the scalar, gauge,
fermionic and dark sectors in detail.

3.1 The scalar sector and spontaneous symmetry breaking

The details of the full scalar potential V (o, S, ¢, H) are quite involved as one can write
quadratic, quartic and mixed quartic terms for each combination of the scalar fields o, S, ¢
and the SM Higgs doublet H. However, without entering into the details of the scalar
potential, we can safely assume that there is a region of the parameter space in which o
takes a large vev, (o) = vp_r > 10 GeV, which breaks the U(1) g_, symmetry by 2 units
and generates Majorana masses for the sterile neutrinos as well as a mass for the U(1)p_p,
gauge boson, Zg_r. The value vg_1 2> 10"t GeV is chosen so that the lightest RHN mass
(Mp, ) safely obeys the equivalent Davidson-Ibarra lower bound [49] to achieve thermal
Leptogenesis in the model [28], but any larger value will not change the following analysis
and conclusions. Therefore, an asymmetry can be generated once the inverse decays of Ny
go out of equilibrium [50, 51]. Note that we take Mz, , > My, and m, > My, so that
the heavy Zp_; gauge boson and the radial component of ¢ are therefore naturally very
heavy and decay fast into quark and leptons.

The other scalar, ¢, takes a much smaller vev than that of o, i.e., (¢) = vy < vp_r,
which breaks U(l)p ® U(l)x — U(1)x4p. After symmetry breaking, we can write
d(z) = vy + o(x)/v2. The overall symmetry breaking pattern of the model can then
be represented as

U()p_1 ® U(L)p @ U()x -2 U)p © UM)x “2 U)xsp. (3.4)



The only fields that are charged under the unbroken U(1)xyp symmetry are the fermions
X0, %o with charge +1 and the scalar S with charge —1. We discuss in section 4 the
consequences of this for the DM stability.?

A phenomenologically relevant parameter is the mixing between the SM Higgs boson
h (coming from H = (vgw + h)/v/2) and the scalar ¢, which can be characterised by
the mixing angle . This is directly related to the mixed quartic term A H¢¢*¢H "H in
the scalar potential. In the rest of the paper, we assume that this mixing angle is small
(sinf ~ 6 < 1) so we can safely trade h and ¢ for the mass eigenstates.* Finally, the
scalar S does not obtain a vev, (S) = 0, and may therefore be a DM candidate in the
model because of its charge under U(1) x4 p (see discussion at the beginning of section 4).

We are interested in the regime

My, My, > My, > m > mS,mg > my, (3.5)

so that the decay channels shown in figure 1 are kinematically open. We consider values of
m?p and mg of similar order of magnitude, in the GeV ballpark, because we are interested
in scenarios where both may contribute significantly to the DM relic abundance.

3.2 The gauge sector

The symmetry breaking pattern outlined in eq. (3.4) leads to one massless (two massive)
gauge boson(s), which correspond to the unbroken (broken) generator(s). Up to small
corrections, the masses are given by

mA, = O’ m2ZD = 292DU(%’ m2ZB*L = SgE—LUQB—L ’ (3'6)

where A’ Zp, Zp_1 are the mass eigenstates (the full expressions can be found in ap-
pendix B.2). The tiny values of the parameters gx, x and vs/vp_r suppress the mixing
between the gauge bosons so that the mass eigenstates mostly coincide with the original
eigenstates. The massless A;L is decoupled from all the other fields (as gx < 1) and does
not play any role in the following discussion (see appendix B.2 for a discussion on the
bounds on a massless dark gauge boson). The mass/kinetic mixing among Zp and Zp_p,
induces an interaction of the type Z%,.J f —L where Jf ~Lis the B — L current,” which may
lead to decays of Zp into SM quarks and leptons. However, the decay width is suppressed
by (vy/vp—r)* and it is subleading with respect to other decay channels:

o If mz, > 2m,, the gauge boson decays into xx or STS at tree level, or into @g at
one-loop level through a loop of S. This last process depends on the coupling between
p and S. As we will show in appendix B.1, the particles ¢ must have a fast decay to
SM fermions, so this gives a lower bound on their mass, and therefore on the mass
of Z D-

3By construction, the model does not require imposing a discrete symmetry to ensure the stability of
the DM components.

4In appendix B.1, we briefly discuss the mixing when studying the decays of ¢ to SM particles. We show
that even a very small mixing angle allows efficient decays.

®Note that in the absence of the mass mixing there would not be such an interaction even for & # 0 [52].



o If 2mg < mgz, < 2m,, the gauge boson decays mainly as Zp — STS. The decays
have width ~ O(g%mz,/100) and are very fast in the relevant temperature regime
(T < ’U¢).6

o If 2mg > myz, > 2m,, the gauge boson can only decay into 2¢, see the first point.

In the rest of the paper we focus on the second scenario, namely 2mg < mz, < 2m,.

3.3 The fermionic sector

We first discuss the generation of tiny neutrino masses via the type-1 see-saw mecha-
nism [53-58]. The breaking of U(1)p_, gives masses to the heavy RHNs, My, ~ vt vp_p >
10 GeV. In the following we use My, < vp_p, i.e., we take yl < 1. The masses for the

~

active neutrinos are given by the seesaw expression,
-1_T
my, = —mp My mp, (3.7)

with mp = y,vgw/v2. For the dark fermions, once ¢ obtains a vev, a mixing is induced
between xo and 1y due to the Yukawa coupling yg4, see eq. (3.2). We define the fermion
mixing parameter as

L)
=0 — 0 (38)
X

0
v
ef < 1 (we remind that we are assuming hierarchical masses, i.e., mg)( > m%) Upon

where y4 < 1 and typically vy < my. Thus, the mixing parameter is highly suppressed,
diagonalising the fermionic sector, we have verified that the mass eigenstates (x, 1) mostly
coincide with the original eigenstates (xo,?o), while the corrections to the masses are (’)(e?)
and therefore negligible, see appendix B.3 for more details. Therefore, in the following we
drop the subscripts 0, trading the original masses/fields for the physical ones.

Finally, let us mention that no Majorana masses for x or vy are generated due to the
preserved gauge U(1)x4p, due to the fact that S does not take a vev. Higher dimen-
sional operators may be written at dimension 6 and 8 for y and 1, such as x¢yoSS and
o SSeigt. However, as S does not take a vev, these operators do not generate Majorana
masses.

4 Dark matter components

Recall that the only fields that are charged under the remnant U(1)xyp symmetry are
X,% (with charge +1) and S (with charge —1). As m, > my,mg, only ¢, S may be
stable. The X + D charge is preserved in decays of the type 1) — ST + P or the opposite
S — 1) + P, where P is some uncharged state. Therefore, in principle the lightest among
¥ and S is stable and would be the only DM candidate.

However, the decay v — ST + P (or the opposite) is suppressed by the masses of the
right-handed neutrino Ny and x in the propagators. At low energies, £ < m, < My, one
can integrate out both the particles and study the decay in terms of higher-dimensional

5We ignore the possibility mz, 2 2ms in which the phase space of the decay closes.

~
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operators. As we analyse below in section 6, P corresponds to active neutrinos in the
model, i.e., P = v, yielding a monochromatic neutrino line from 1 decays [59-63]. In that
section we show that in a broad region of the parameter space, the decays are suppressed
on cosmological timescales and obey current limits, and therefore both particles (¢ and S)
contribute significantly to the DM relic abundance. The scenario in which the decay is fast
enough and there is only 1 DM candidate has been studied extensively in the literature, so
we will not discuss it here. Hence, we focus on the two-DM scenario. The conservation at
low energies of the U(1) x4 p symmetry yields the constraint

0=0Qx+p =nyQy +nsls
= My =18, (4.1)

where in the last step we used that the U(1)x4p charges are given by Q, = —Qg = 1.
First, we discuss the generation of the asymmetry and then the DM production.

4.1 Asymmetric dark matter via cogenesis

In the following, we assume a hierarchical scenario My, ; > Mpy,, which in turn implies
y%3 > yl. The simultaneous generation of lepton and dark sector asymmetries takes place
at a high scale (T' ~ My;,) via the decays of the lightest RHN, Ny, into the two channels
(the asymmetry generated in the decays of N3 are washed out by Nj interactions), as
shown in figure 1:

1. Ny — LH generates a lepton asymmetry, 1y, which is later reprocessed into a baryon
asymmetry np by sphalerons. This is the case of Type-I thermal leptogenesis, well
studied in the literature (see ref. [64] for a review), but with extra contributions, see
below.

2. N1 — xS generates an asymmetry in the dark sector, np, analogous to the lepton
asymmetry.

Here, we focus on the regime where the asymmetry generated by N7 decays into .S is not
washed out, and is comparable to the asymmetry in x, i.e., n, ~ ng ~ np. In order to
generate an asymmetry, CP needs to violated. The CP asymmetry generated in the decays
of N7 can be written as

B 'nysrom = Uny Lot ~ Tavisxs =Ty gst A
€L = Z o Ex = ) ( '2)
: Ty, Ty,

where I'n, = ((y,u5)11 + |y]?) My, /(87) is the total tree-level decay width of Ny and y}
is the relevant Yukawa coupling for N; — x 4+ 5. In the following we refer to it as yg.
However, due to CPT invariance, no asymmetry can be generated at the tree level.
CP violation arises via the interference of tree-level and one-loop level decay (vertex and
self-energy corrections) amplitudes, which depends on the imaginary part of the product
of the Yukawas involved. Therefore, for this asymmetry to be non-zero, we require at
least two distinct phases that come from the Yukawas y, and yg, so the couplings to the
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heavier neutrinos N3 are important. Further, having an imaginary part in the internal
loop contribution demands that the would-be decay products can be produced on-shell
(i.e., the optical theorem), which is easily satisfied as we take My, > m, s 1 1.

In this cogenesis scenario, it can be seen that both 7 and e, depend on y, and yg,
as the dark sector particles (x,.S) are involved in the one-loop self-energy correction for
Ny — LH and vice versa. Thus, the ratio of the decay asymmetries depends on the ratio
of the couplings y, and yg and may be correlated with the branching ratio of N7 decay in
each sector (Bry and Bry). This relates neutrino mass generation to the baryon and DM
abundances.

In ref. [28] it has been shown that the dark asymmetry np can be quite different from
the visible one np (contrary to the ADM models that predict np ~ np) due to different
branching ratios, washout effects and transfer between the sectors via inverse decays and
2 > 2 scatterings. The asymptotic asymmetries for the two sectors can be written as

N =ep &L YT < My,) ~ 2.6 x 10717,
77;0 = &x £X Y](\ef(ll(T < MNI) ’ (4'3)

where £1,(§,) is the leptonic (dark) efficiency parameter characterising the effects of washout
and transfer interactions, and Yy'(T' < My,) = 135¢(3)/4mg. is the initial equilibrium
N yield, with g, ~ 106.75, the number of relativistic degrees of freedom. The numerical
value of 17° is selected to match the observed baryon asymmetry, i.e., ng = (28/79) 1z,
generated via sphaleron processes. Note that the presence of N — Zp_1 interactions in the
model may modify the usual picture; however, the correct value of the asymmetry may be
generated [50, 65].

Typically, producing the DM relic abundance in ADM models constrains the DM mass,
depending on the ratio np/np. However, since x is not the DM candidate in our set-up,
it is not constrained to be of the order of few GeVs (for np ~ np) and thus may be
much larger, ~ O(TeV). In the analysis below, we consider dark asymmetries in the range
np ~ (0.1-1) np, which may be achieved if Brj, ~ Br, and the Yukawa couplings of both
sectors have similar hierarchies. Thus, we work with DM masses in the GeV ballpark. We
refer the reader to figure 6 of ref. [28], where it is shown the order of the asymmetries that
can be obtained for a given value of My, and different branching ratios.

A key feature of any ADM model is the presence of an interaction that efficiently
depletes the symmetric component. In our set-up, in order for the DM component 3 to
be asymmetric, we require that the symmetric population of x is annihilated and only the
asymmetric component participates in the late decays into . For example, this can take
place via annihilations of the form yx — ZpZp. In the non-relativistic limit, s ~ 4m§<,
the thermally-averaged cross section (considering s-wave annihilations) for m, > myz, is

given by " ,
4 2 2 -

— ZpZp) = 1-— 1-— . 4.4

av(Xx pZp) 167rm§( ( mi ) < 2m§<> (4.4)

For m, > mg, an extra contribution comes from annihilations of the form xx — Zp —
StS, which opens up the region of parameter space where my < mz,,. It should be noted
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Figure 3. The red regions indicate the regions of m,,mz, (left) and mg, m, (right) where the
annihilations of x, S respectively are strong enough to result in a fractional asymmetry r, (g) < 1072,
Left: the star represents the benchmark point {m,,mz,} = {3.5TeV,500 GeV}. In the gray region
the annihilation channel xYx — ZpZp is closed. Right: in the gray region, annihilations to ¢ are
closed.

that there is another contribution to annihilations from the channel xx — Zp_r, — gq (Il),
where ¢ (1) is a SM quark (lepton). However, given the large mass of Zp_r, this turns out
to be negligible. In the left plot of figure 3 we show the mass ranges of Zp and x where
the latter is asymmetric, i.e., r, < 1072, see eq. (2.2). One observes how, for larger values
of the asymmetry, a larger region of the parameter space has r, < 10~2. Note also the
presence of the resonance for myz, ~ 2m,,.

4.2 Contribution of
4.2.1 Production of ¥ from y decays

First, we study the dynamics of ¥, neglecting the contribution to the relic abundance from
S. In this limit, x can only decay to ¢ (¢). We assume that the yx annihilation processes
studied in the previous section are efficient enough so that r, < 1072 and the freeze-out
abundance of x is determined by its asymmetry. The production of v is driven by decays
of x: x = ¢ for T > vy and x — Y for T' < vy. As the h — ¢ mixing is small (0 < 1),
it is safe to trade , h for the mass eigenstates. The production via decays can be divided
into two types:

1. While x is in thermal equilibrium with the SM bath (T > T, T\ ~ m, /20 being the
freeze-out temperature of y), the decays are symmetric, i.e., 1) and 1 are produced
in equal amounts from the decays of x and ¥, that are symmetric during this period,
ie., YXJr ~ Y, =Y > np. This is the usual freeze-in contribution. We also refer
to these processes as early decays. We denote the abundance of v particles produced
by freeze-in by Yg;. This symmetric production peaks around 1" ~ m, > vg, so that
the channel is x — 1¢.

2. Once x freezes out (T < Ti), the population of y becomes asymmetric, i.e., YXJr ~
np > Y, T‘XYX+. Such an asymmetry is then subsequently transferred to ¥ via
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decays. This is the asymmetric freeze-in contribution of ¢ from late decays (LD).
Since the decays occur late, i.e. Tp < vy, in this case the channel is x — 1p. The
populations are given by

D
1—1“X

YLJB = =MD, LD = TXYL+D =MD Ty, (4.5)

where in the last step we used r, < 1072.

Therefore, the asymptotic abundance of 1) and 1) can be written as

Vi Y Vi Y
§+YL+D:%+T,D, wazgjuygl):%junmx, (4.6)

+ _

Y, =

where in the last step we used eq. (4.5). We show in the next section that eq. (4.6) gets
modified by a multiplicative factor when the contribution of the scalar S is taken into

account. The three interesting cases for the asymmetric ratio are

TX if 77D7’X > YFI s
Ty =~ Yer/(2np) if npry, < Yer < np, (4.7)
1 if Yrr>np.

We remind that, according to our definition in section 2, DM is asymmetric if ry < 1072,
partially asymmetric if 1072 < ry < 0.9 and symmetric if ry, > 0.9. Hence, in order for
Y to be asymmetric, not only we need to require that r, < 1 but also the symmetric
freeze-in contribution to the abundance, Ypr/2, should be suppressed, i.e., Ypr < np. In
the opposite regime, where the freeze-in production from early decays is dominant, the
final v abundance is always symmetric. The decay width is given by

ygsmx

327w

where fy, = my/m,y and f, = my/m,, and A(fy, f,) is the phase space suppression factor,

Py AQ(fw7fgo)7 (4.8)

A (fy fp) = (1= 13— £+ 21y [(1 1) - 4fif3} : (4.9)

with 0 < A(fy, f,) < 1. We have neglected the small corrections due to fermion mixing
€¢. There is an analogous expression for ¢ — ¢. Here onwards, we omit the arguments of
the function A and we consider values of the parameters such that m, > m, m,. Within
this approximation A ~ 1. Furthermore, in this limit the width is practically independent
of my, or mg, so that in the following we do not differentiate among decays into ¢ and
1¢. Notice that the Yukawa yg4 also leads to annihilation processes (such as xx — xv)
which would contribute to 1 production. However, as long as A ~ 1, these are subleading
with respect to decays.
The freeze-in contribution from early decays can be computed numerically by solving
the Boltzmann equations for x and . However, a very good analytic estimate is given by
135 [ 45 Ty Mp

Y~ — [ — X2 L 6 x 10702 A2 4.10
FI 87T4 7Tg>,3< mg{ X y(;S mX ) ( )
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Figure 4. Parameter space for the scenario in which the DM is composed solely of ¢ and we assume
that S is light enough in each point of the plot so that its contribution to the DM abundance can be
safely neglected. We distinguish three different regions depending on the nature of DM (symmetric,
asymmetric or partially asymmetric), labelled by the value of r,. In the darker gray region DM
is produced through freeze-in and is symmetric. In the white region it is produced via late decays
and is asymmetric. The DM relic abundance is reproduced along the blue solid (dashed) line which
corresponds to np/np = 1(0.1), whereas the horizontal dashed lines indicate the shift in the regions
for np = 0.19.

where we used that the production peaks around the mass of the heaviest particle involved
in the decay, i.e., at T' ~ m,. The late decays of x would instead peak at temperature Tp
at which I'y o/ H|p=7, ~ 1,

my, Mp; Yo ) < m )1/2
Tp ~ys Ay —2— ~ 10MeV A X . 4.11
D=Ye 2\ T3or 0 MeV (1012 3.5 TeV (4.11)

In order to get asymmetric DM, we impose the condition Ygr <

~

10~2np (here we are
assuming values of {gp,m,,mz,} such that r, < 1072) which implies

12 ;o 1/2
A<6x10°12 (’7D> (X) . 412
Y A 5610 B 3.5 TeV (4.12)

In figure 4, we show the parameter space in the plane y4 versus m,, where the contribution
of 1 is dominant. We fix m, = 3.5 TeV. We highlight the regions where it is symmetric,
partially-asymmetric and asymmetric, subject to the constraints discussed below.

4.2.2 Constraints

< 1078, see

~

The gauge coupling gx is constrained by long-range force experiments, gx
appendix B.2. In the rest of the paper, we take gx sufficiently small so that gauge in-
teractions can not drive thermalisation of 1) and therefore gx never plays a role. On the
other side, 1) could thermalise through processes involving the Yukawa coupling y4. All
these processes involve at least one y particle (or the conjugate). The most important
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ones are the decays (and inverse decays) x — ¥y. The condition for non-thermalisation is
'y oo/ H|rem, < 1. Indeed, for T' > m,, the interaction rate/Hubble ratio grows when
the temperature decreases, while for T" < m, decay and inverse decays become inefficient.
Therefore, we evaluate the ratio at its maximal value, i.e., T' ~ m,,, which gives

m m
A<30,/—X =5x10"",/—X_. 4.13
Yo B <N =2 %Y V35 Tev (4.13)

Notice that taking the limit A <« 1 does not help in pushing towards higher values of the
Yukawa. Indeed, if A is small, the decay channel closes and annihilations become more
relevant. Annihilations processes are independent from A and give a condition analogous
to eq. (4.13) with A = 1. However, as we are considering A ~ 1, decays are more important
than annihilations.

In the case in which v is produced mainly by late decays, we require that these are
peaked much after the freeze-out of y, i.e., Tp < T}, which ensures that the population of
1 is asymmetric. This gives a stronger condition,

m m
A<05,/—X =85x10""/ X __ . 4.14
Yo < Mp1 % 3.5 TeV ( )

If 9 is produced by early decays, peaked around T},;04 ™~ m,, it behaves as cold DM as long

as my, 2 keV. However, if the production from late decays is significant, we must take into
account an additional constraint. Indeed, as we have a heavy particle () decaying late
into a lighter stable one (), we must check that the DM free streaming length is smaller
than 0.1 Mpc, which gives [66]

10 \/3 my A 10 \/3
my > 3.5 keV (p/T) o () > 1.7 keV —2X ( ) , 4.15
v (/T hproa 9+(Tp) Tp \g«(Tp) (4.15)

where in the second step we used that the typical DM momentum at production is (p) ~
myA/2, while (Tprod) = Tp. Using egs. (4.11) and (4.15), this translates into a lower
bound on the coupling,

12 (5 GeV 10 Y3
> —14 Mx
Yy = 5.6 x 10 (3‘5 TeV> < o <g*(TD)> . (4.16)

This bound only applies if ¢) ¢ reproduces the DM relic abundance, and i) the production

from late decays is dominant, i.e., YLJ]B > Y1, corresponding to the vertical blue lines of
figure 4. We can use BBN bounds to constrain the lifetime of x. If x did not decay, its
abundance today, Q,h%, would be m,/m, times the would-be DM (¢)) abundance. In
particular, for m, ~ O(TeV) and would-be abundance np ~ 107!, this leads to 7, <

(0.1-1)s [67] for
1/2
YA > 1071 <35T6V> . (4.17)

My

Here we assumed that the decay of ¢ into SM radiation (mainly hadrons) occurs instanta-
neously right after x decays; otherwise, the bound should read 7, + 7, < (0.1—1)s. This

is discussed in appendix B.1. The effects of fermion mixing are discussed in appendix B.3.
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4.3 Contribution of S

4.3.1 Production of S from freeze-out

The scalar S is produced by N; decays at high temperature and shares the same asymmetry
of x, i.e, np. Once produced, it thermalises with the SM bath through scalar and gauge
interactions and undergoes annihilations. In the following, we focus mainly on masses of S
in the 1—50 GeV range, so that its contribution to the relic abundance may be of the same
order as that of ¢. In this range of masses, annihilations of S into Zp may be kinematically
forbidden. However, if m, < mg (possible by tuning the coefficients of the scalar potential,
e.g., My vy < 1073 and my, ~ O(GeV) or lighter), then the annihilations STS — ¢y are
allowed. Next we consider the minimal option of just the scalar portal Agys|S|?|¢>. The
non-relativistic cross section for STS — (¢ induced by the operator is given by’

2
)\%d) . @ 12 /q _ m?p/2m% — 2)\5¢vi/m2s (4.18)
1 —m2/2m% ' '

O'U(STS — pp) ~

~ 32mm? 2

myg
Even for moderately small values of the coupling, the cross section is significant and annihi-
lations are strong enough to destroy the symmetric population of S. Hence, the symmetric
population of S annihilates around T*(S) ~ mg/20, leaving only the asymmetric popula-
tion, with the abundance fixed by the dark asymmetry Y§r ~ np, Yg ~ rsYs K Y;r ,
completely analogous to the computation of y annihilations. In figure 3 (right panel) we
show the region of m, and mg where S is asymmetric for different values of the coupling
Asg fixing np = 0.1np and mz, ~ 500 GeV.

In principle, other annihilation channels for S are possible, depending on the scalar
potential parameters, such as STS — h — ff (which is more suppressed for m; > mg),
allowing for a larger set of possibilities. For simplicity, we focus only on annihilations into
@, which involve only one coupling Ags and need not be very large, 0(1072).

4.3.2 Production of S from x decays

Integrating out the lightest of the heavy sterile neutrinos, N1, induces the effective inter-
actions

LESY L 257
My YS My,

1

YuYs (4.19)

The former leads to x — Stvy and x — Stvph decays, which compete with x — ¥,
eventually populating the ST sector, whereas, the latter induces yx — STST annihilations.
Focusing on decays, we can use the estimate (see also ref. [63])

2
|y5|2m my m?
D(x — Sh) = T <MN1> - Fg . (4.20)

"We neglect the diagram containing the self-interaction ¢®, which enters if the ¢ quartic coupling is not
extremely small.
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These decays are peaked around Tng) defined as I', _, gt,,/H| = 1 (analogous to the

_(S)
T=T},
decays into 1) computed earlier) and given by

1/2
My M, lys| my __my 101 GeV
TO) gl [T MeL oy ( ) X - @2
D yS|v/32ﬂA4N1 Y1073 ) \ 0.05eV 3.5 TeV My, (4.21)

Since for the values of the parameters T' és) < T, the only important decay is x — STvp,

while the conjugate process is irrelevant as the population of ¥ after freeze-out is negligible
(recall that we are in the region of the parameter space in which ry, < 1072).8
We can parametrise the dominant decay channel of x by defining the ratio of branching

ratios 9
Br(x — STv) |ys> my

BI"(X - Wo) y; M, ,
where in the last step we used eqs. (4.8) and (4.20). The decay of x into 1 is the dominant
channel, i.e., R < 1, for

1/2 1/2
Yo ]\4]\[1 0.05eV
lvs| < (2 x 10—11> (1011 Gev> ( " ' (4.23)

Notice that the contribution of the 3-body decays x — rhST should be similar to the
2-body ones, as the decay rate gets suppressed by the phase space factor while at the

R= (4.22)

same time it has an enhancement (m, /v)? ~ 200 (eventually it can become dangerous for

my, > TeV). For a generic value of R, the probability to decay into v is 1/(1 4+ R) while

into St is R/(1+ R). Therefore the abundances of 1, in eq. (4.6) get divided by (1+ R).
Concerning S, we can distinguish two possibilities:

1. If T](DS) <T *(S) < T, at the time where decays into ST peak, the latter has already de-
coupled from the thermal bath with an asymmetric abundance Yg = np and therefore
the S and ST population can not annihilate. Then the abundances of S, ST are

R
S S D, St S 1 +R77D7 ( )
where we assume that g < 1072 and we have ignored it for simplicity. This corre-
sponds to
My, \Y2 £0.056V\Y? (35Tev "
lys| < 0.1 ( s > ( N > < © ) ° . (4.25)
GeV 1011 GeV my My

2. If T*(S) <T és) < T, the decays produce a population of ST, while SS annihilations
are still efficient. As a result there is a partial washout of ng, which gets reduced to
np/(1 + R). Therefore, at T' < T, ) 4 population of S decouples with abundance

1 -
Vi = TR Vs < Yy, (4.26)

8 Also in this case we can distinguish between the late decays, peaked at Té,s), and the early decays at
T > T.,. The latter produce a symmetric population of S and ST from the decays of x and ¥ (the analogue
of the freeze-in population of ¢, peaked at 7' ~ m, ). However, this symmetric population thermalises and
undergoes annihilations leaving no imprint in the final abundance.
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where we assume rg < 1072, Notice that for R < 1 eqs. (4.24) and (4.26) are
equivalent as the decays are irrelevant.

4.3.3 Constraints

We can constrain the value of |yg| for the case in which R > 1. As for this choice x
decays mostly into ST, we must impose that the decay occurs before BBN, in analogy with
section 4.2.2. Using the decay rate in eq. (4.20) we find that the BBN bound translates
into the constraint

(4.27)

0.05¢V My, 35Tev)"””
101 GeV  my, ’

lys| = 1072 (

For R < 1 we can choose smaller yg while BBN constrains the value of yy, see eq. (4.17).

We also find that for R > 1 the model is characterised by an interesting feature:
the decays x — STvp, which occur before BBN and neutrino decoupling (around 7' ~
O(10 MeV) for the choice of parameters we adopted and |ys| ~ 1072), generate also an
asymmetric population of neutrinos,

R
An, = —np, (4.28)

(1+ R)
which is maximal (=~ np) for large R. Therefore, the neutrino population is more asym-
metric than in the standard case, as this new contribution sums up to the usual leptonic
asymmetry generated earlier on by leptogenesis. Note, however, that since these decay pro-
cesses occur below the scale of electroweak symmetry breaking, this leptonic asymmetry is
not transferred to the baryonic one.

Finally, if R > 1 (and T](DS) < Tfs)), the ST population that arises from late decays
of x may be warm. In such a case, if a significant fraction of the DM was made by
this ST population, constraints from free streaming length (see eq. (4.15) with My — Mg
and Tp — Tés)) would give |ys| 2 5MeV/mg. However, even in the cases in which the
contribution of ¢ DM is negligible, the DM is composed by a mixture of S (produced by
freeze-out, always cold) and ST, where YS+ > Yg (the equality applies if R > 1). This
corresponds to a mixture of cold/warm DM, which in general is less constrained than the
warm DM case [68].

In the following, we discuss the scenarios arising due to the different dynamics of the
dark components in the model. It can be checked that eq. (4.1) is always fulfilled.

5 Dark matter relic abundance

In this section, we discuss the possible scenarios that can be distinguished depending on
the values of the parameters y4 and R (which can be rephrased as a function of y; and
lys|), while satisfying all the constraints. We restrict our analysis to the region of the
parameter space in which:

1. Both ¢ and S are stable, see the discussion in section 6.
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2. XX — ZpZp annihilations are efficient enough so that r, < 1072, i.e., the late decays
of x are always asymmetric.

3. 818 — p annihilations are efficient enough so that rg < 1072, i.e., only the asym-
metric population of S survives the annihilations.

Regarding the Yukawa parameter 14, we consider the range 10713 < Yp S5 X 1077, where
the lower bound comes from BBN (only applicable if R < 1), while the upper one comes
from the requirement that 1 does not thermalise. Regarding the DM component 1, we
identify its nature depending on the value of y4. In the two limiting cases, we have

o Asymmetric 1: if ys < 6 x 10712/np/np, the freeze-in population of ¢ from early
decays is negligible, while the late decays are dominant, resulting in an asymmetric
population Yy, = np > Ypr.

o Symmetric ¢: if ys 2 2 x 1071°/np/np, the ¥ population is dominated by freeze-in
(early decays), Y1 > np. The resulting ¢ population is symmetric.

At the same time, we identify the nature of the DM component S according to the value

of the parameter R. The two limiting cases are:

o Asymmetric S: if R < 1 (corresponding to |ys| < ys/(2 x 101)), x decays into ST
are negligible and the abundance of S is determined by the asymmetry via freeze-out,

ie., Ys =np.

o Symmetric S: if R > O(10), x mostly decays into ST, so that the final abundance of
S, St population is the same, Yg = Y+ = np and DM is symmetric. The interesting
feature of this scenario is that the DM abundance is set by the asymmetry np even
though the nature of DM is symmetric. Furthermore, given the large value of R, the
production of 9 is negligible. Therefore the scenario leads to practically only 1 DM
component with abundance completely fixed by the asymmetry: Yg + Ygi = 2np,
leading to the prediction

mg ~ 2.5 GeV (”B) . (5.1)
"D
This scenario (scenario 6 according to our classification in table 2) is phenomenologi-
cally interesting as it leads to an enhanced indirect detection signal compared to the
usual freeze-out case.

The intermediate regimes give rise to new possibilities, such as partially-asymmetric DM
for the different components. The classification of scenarios depending on the nature of
the ¢/S population and the values of y4 and R is shown in table 2. The scenarios are
discussed in detail in appendix A, where we also provide the classification on the basis of
dominant production mechanism and asymptotic nature of both dark matter components
in table 4. For all the scenarios, one can use the following expressions for the individual
and total relic abundance,

Qy _ my(p + Yy Qoy _ my (o + Yer) + npms f(R) (5.2)

Qs npmsf(R) ' QOp ne(1+ R)m,
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Sc. 1) population S population 107, /\/np /08 R TE,S)/TAES)

1 Asymmetric Asymmetric < 0.06 <1 Any
2 Asymmetric Partially Asymmetric <0.06 o) <1
1-2 Asymmetric Asymmetric <0.06 o) > 1
3 Partially Asymmetric Asymmetric 0.06 — 2 <1 Any
Partially Asymmetric Partially Asymmetric 0.06 — 2 o) <1

3-4 Partially Asymmetric Asymmetric 0.06 — 2 O(1) >1
5 Symmetric Asymmetric =2 <1 Any
Negligible Symmetric Yp S5 x 1077 2 0(10) <1

Table 2. Classification of the different scenarios depending on the nature of ¢ /S population and
the values of y, (in units of \/np/ng) and R. The values of the parameters are fixed: m,, = 3.5TeV,
mz, = 500GeV, gp = 0.5, My, = 10* GeV, and m, = 0.05eV. We take Yo < 5 X 10~7 to avoid
thermalisation of 1. In Scenarios 2, 4 and 6 the Yukawa satisfies |ys| < 0.1(mg/GeV). In the
Mixed Scenarios 1-2 and 3-4 we have |ys| > 0.1(mg/GeV). Scenarios 1, 3 and 5 give the same
result independently of this condition.

10’
i Scenario

I —
S | —2
g —3
‘ 4
—5
6

100 L

107! 10° 10!

m, [GeV]

Figure 5. Contours of DM relic abundance in the m,, - mg plane corresponding to np = np for
the different scenarios discussed above. We fix the values of the yukawa couplings (yg,|ys|) for
each scenario: Scenario 1: (10712,1073), Scenario 2: (107125 x 1072), Scenario 3: (1071°,1073),
Scenario 4: (6.4 x 107*2,1071), Scenario 5: (2 x 10710,2 x 107%), Scenario 6: (10713,5 x 1072).
The gray dashed line corresponds to m,, = mg.

where
2 {1 or it T < 1% 5.3)
|t if 78 > 75 '

In figure 5 we show contours of correct relic abundance in the mg versus my, plane for
the different scenarios. For definiteness, we consider the following benchmark point for all
our plots: m, = 3.5TeV, mz, = 500GeV, gp = 0.5, My, = 10 GeV and m, = 0.05¢V.
We take np = np and for each scenario we fix an appropriate value for the Yukawa couplings
lys| and yg4 (Scenarios 1, 2 and 5 are also shown in figures 8 and 9, respectively). DM could
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Figure 6. Parameter space of the scenarios discussed above. We fix m, = 3.5 TeV, mz,, = 500 GeV,
gp = 0.5, My, = 10! GeV, m, = 0.05 and 7p = 1. Scenario 4 is not visible in the plot but
would appear in the intersection between Scenario 2 (red region) and Scenario 3 (blue region).
Depending on the value of mg, a portion of the region in Scenario 2 (3) could convert into the
Mixed Scenario 1-2 (3-4); however, for mg 2 GeV, this requires |ys| 2 0.1. The gray dot-dashed
(dotted) line corresponds to R = 1 for My, = 10° (10*) GeV. Above the red (blue) [purple] line,
the heavier between S and ¢, for fized mass max(mg, my) = 3 GeV, has a lifetime, re-scaled by its
relative number density, of 1023 (1024) [102°] s. Therefore, the region above the red line is excluded,
see section 6.

be mainly composed by v, with m,, in between hundreds of MeV and tens of GeV, mainly
by the scalar S with mg ~ GeV, or by a combination of them (both GeV-ish). For fixed R,
1 DM is heavier when asymmetric (Scenario 1) and lighter when symmetric (Scenario 5).
For fixed ry, 1 gets heavier as R gets larger. On the contrary, S DM gets lighter while R
grows. The minimal value of mg is fixed by eq. (5.1), corresponding to Scenario 6. Notice
the presence of a four-fold degeneracy between scenarios 1,2,4,6. This corresponds to the
case mg = My, in which the mass of both the DM particles is fixed by eq. (5.1) (the relation
is exact for Scenarios 1, 2 and 6, while for Scenario 4 it is approximately valid if Yrr < np).
Choosing another value for np leads to a rescaling of DM masses by a factor ng/np.

The main results of the paper are provided in table 2 and figure 6 where we show
the requirements on y4 and R for each scenario, and show the allowed parameter space
in the plane |yg| versus yg4, respectively. We restrict our analysis to the region 10713 <
Yp <5 x 1077 (no thermalisation of ¢ and BBN bound on yg fulfilled for R < 1). The
Yukawa |yg| is large enough to generate a sizeable dark asymmetry (and respects the BBN
bound in the region in which R > 1, i.e., |ys| = 1073). The gray dot-dashed (dotted) line
corresponds to R = 1 for My, = 10° (10%) GeV. Clearly, as Ny gets lighter, y preferably
decays into ST. Notice that in the plot the masses of the DM particles are not fixed, but
at every point there are always some values of the latter for which the correct DM relic
abundance is reproduced.
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6 Phenomenological signals

In principle, the models considered in this work may be difficult to test and disentangle in
their current version, because of several reasons:

i) Freeze-in scenarios invoke very small couplings, gx < 1,74 < 1;

it) The considered scale of B— L breaking is very large, vg_r, > vgw, so collider searches
are not an option;

iii) Asymmetric DM yields suppressed indirect detection signals in general. Moreover, in
our scenarios, the symmetric component is typically erased into the dark sector, via
XX = ZpZp and STS — ¢y, see figure 3.

iv) The mixing of ¢ with the Higgs, generated by Apg¢H THplp, was taken to be very
small.

However, there are a few distinctive signals of S, through the usual Higgs portal,
AgsHTHSTS:

e Direct detection in the case in which the DM is mainly composed of S, which currently
sets the limits Agg < 0.01 [69)].

o Higgs invisible decays, for mg < my/2, which currently sets the limits Agg <

0.01 [69, 70]. In this case, it could be that S was produced via Higgs decays, but it
did not constitute a dominant part of the DM.

e Similarly, indirect detection signals from annihilations are present if the final abun-
dance is composed of S and partially-asymmetric (Scenarios 2 and 4) or symmetric
(Scenario 6). In this case, on-shell S-annihilations into muons, pions and electrons
are possible. Typically, such light thermal DM is severely constrained by its energy
injection in the CMB. In particular, Scenario 6 is characterized by an enhanced in-
direct detection signal due to larger than usual annihilation rates. Furthermore, it
is very predictive, with a DM mass of 2.5GeV, see eq. (5.1). Therefore, it may be
interesting to further investigate for which values of A\fyg is Scenario 6 allowed.

Scenario 6 is also interesting as the ST population arising from late decays of , re-
sults in a mixture of cold/warm DM, where S particles coming from the thermal plasma,
represent the cold component, while their anti-particles, coming from late decays, the
warm one, with a possible impact on structure formation [28]. Furthermore, the additional
contribution to the asymmetric background neutrino population is maximal in this case,
AY, =~ np.

Last but not least, there is a very interesting phenomenological signal of our model: the
presence of a monochromatic flux of neutrinos coming from the late decay of the heaviest
of the two DM components. Let us assume mg > my, (the opposite case my > mg is
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completely analogous). At low energies, £ < m, < My, the decay S — Y+ vy s
generated by the dimension-6 operator

O¢ = LHS¢ ). (6.1)

This operator arises by first integrating the right-handed neutrino field Ng, which generates
the interaction given in eq. (4.19), and then at the lower scale the fermion x, giving rise to

the interaction?
YsYolYv O 6.2
7MN1mX 6 . (6.2)

Once H and ¢ acquire vevs, the decay S — 9 + vy, is generated. The decay width reads

- lysy2ms vy \° [ mu m3
'S — ~—— | — —_— 1-—]. 6.3
( V) 327 My (MM) m% (6.3)

To guarantee that both S and 1 are cosmologically stable and contribute to the DM
abundance, the lifetime of the heavier particle needs to be larger than the age of the
Universe, 79 >ty ~ 4x10'7s. However, there are stronger constraints if the decay products
include an active neutrino, 75 > 1023s (for a GeV-ish single-component DM) [59, 60]. If
S decays at late times, it leads to a very distinctive signature: a neutrino line peaked at
mg/2 ~ O(GeV). Therefore, depending on the relative abundance of 1) and S, some region
of the parameter space could be excluded, see refs. [61-63]. To quantify this, we compare
the experimental bound with the re-scaled lifetime of the particle, 75" = 75 (n1pm/ns) >
10?3 s, where nipy (ng) is the single-component DM (S) number density. This constraint

gives a condition on the parameters,

3GeV /2
ilusl €3 x 10712 (250
mg
700 GeV ( my ><o.o5e\/)1/2< My, )1/2 Qpwm v
Vg 35TeV )\ m, 101 GeV /) \ Qs(yg, lysl, ms,np) )

(6.4)

valid if mg > m,. In general the condition is not linear in the parameters. If Qg/Qpy < 1,
the constraint is extremely weak: DM is made only by ¥ and there are no decays. On the
contrary, if Qg/Qpy ~ O(1), the condition becomes linear in the Yukawas. In the opposite
regime, my, > mg, there is an equivalent condition to that of eq. (6.4), with mg — m,, and
Qg — €. If the two states are almost degenerate mg ~ m,;, there is a strong phase space
suppression so that the constraint gets weaker.

Notice that, even taking into account that the lifetime is re-scaled by the relative
number density, this constraint is much stronger than the one coming from 7¢ > ty, so
that it automatically guarantees the stability of both S and .

The neutrino line emerging from S — vy, (¢ — STvr) decay is the main smoking
gun of our scenarios. As an illustrative example, in figure 6 we show three different lines

90perator @ may also be generated by a UV completion of our model at scales above vg_r. This
produces additional constraints, weaker than eq. (6.4). We discuss them in appendix C.
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Field Spin U(l)p-r U(l)p U(l)x
S, 1/2 0 0 0
o 0 +1 0 0

Table 3. Quantum numbers of the new states in the inverse seesaw variant.

re—sc

in red, blue and purple corresponding respectively to 7¢ = 10%3,10%4,10% s, for fixed
max(mg,my) = 3GeV. For this choice of mass, as we can see in figure 5, Qs/Qpm ~
Qy/Qpm ~ O(1); therefore, eq. (6.4) gives a simple linear constraint on the Yukawas and
the DM masses. The corresponding region above the red line is excluded. In the region
between the red and the purple lines the signal is close to the experimental sensitivity and
could lead to the observation of a neutrino line in existing or near-future neutrino telescopes
(see refs. [71-76]). From the figure we deduce that Scenarios 3 and 5 are therefore the most
testable ones. Notice that, for different choices of max(mg, my,), the picture can be more
complicated because eq. (6.4) becomes non-linear. By performing a numerical scan over the
relevant Yukawa and DM mass ranges, we have checked that, as expected, there is always
an excluded region in the upper right corner of figure 5, which corresponds to y4 2 10719,
lys|  0.03.

7 A low-energy variant: the inverse seesaw

So far, we have assumed that active neutrinos get masses through the Type-I seesaw at
a very high scale. In this framework, the lepton and dark asymmetries are generated in
a similar way as in high-scale leptogenesis. In the following, we discuss the possibility
to embed our models into a low-scale leptogenesis scenario, trying to lower the scale of
B — L of the scenarios considered in this work. This is an alternative path, which may
yield interesting phenomenological signals. In this case, there can be DM interactions with
the SM, mediated by Zp_r. Apart from direct and indirect detection signals, y may be
produced at colliders via gg — Zp_1, — Xx and then decay, x — ¥y or x — STv, yielding
missing energy.'’ For R < 1, if the mixing of ¢ with the Higgs is in the correct range,
displaced vertices may be produced from ¢ — SM SM. Searches for long-lived particles are
very active, with lots of experiments running or designed for the following years [77-79].

It has been shown that leptogenesis at a low scale is possible, for example via resonant
leptogenesis, with O(10 TeV) right-handed neutrino masses [80-82]. Another possibility is
to adopt an inverse see-saw (ISS) mechanism to give mass to neutrinos [83, 84]. Next we
consider this option within a B — L set-up, see also refs. [85-89] and the review [90]. We
can modify our model by replacing the scalar o with two new fields: a scalar ¢’ and three
copies of a fermion Sy, with the quantum numbers outlined in table 3.

The Lagrangian is the same as eq. (3.1) (excluding the terms involving o), with the
addition of

. . 1_
Liss = SLidSr, — o’'SLy, Ng — §SLMSE +H.c., (7.1)

ONotice that there is no Zg_r.STS vertex in the Lagrangian.
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where p is a 3 X 3 complex symmetric matrix which can be taken to be real and diagonal
without loss of generality, and gy, is a 3 x 3 complex matrix. If the new scalar takes a vev,
(¢') = vp_r, B — L is spontaneously broken and Sz and Np form a pseudo-Dirac pair,
with mass Mp = y,» vg_r. In this case, neutrinos get a mass through the inverse see-saw
mechanism. We focus on the range Mp > mp > p. The mass of the active neutrinos is
given by

my =~ mp Mp' u(MpHTm}, (7.2)

so that light neutrino masses may be reproduced with small values of Mp ~ vp_ ~ O
(TeV) for small enough values of (.

Both low-scale variants result into a massive gauge boson, Zp_r, with a mass in the
5—10TeV range, allowed by experimental constraints [91]. In this case, the larger B — L
gauge interactions allow to erase the symmetric y population. Therefore, the U(1)p gauge
interactions are not needed, and in the limit gp — 0, U(1)p acts as a global symmetry.!!
Notice that the presence of a global U(1)p is still crucial to stabilise the DM particles and
forbid dangerous operators, such as 1¢Ng, which would generate 1) — N mixing. However,
U(1)p could also be replaced by a Z symmetry, under which all fields but y, S and ¢ are
even. In such a case, the symmetry stabilising the DM particles is a Z5, coming from the
combination of the broken U(1)x and the original Zs.

Thanks to the low scale, the annihilations Yx — Zp_1, — Gq (1) are strong enough to
erase the symmetric population of xy and make the model more testable. The cross section
for the xx — Zp_1 — ff process (assuming we are far enough from the resonance, i.e.,

dm2 —m%,  >Tyz,  mg, ), reads
i Ne(Ngp_pab-i(f) my  2my 4 my
ov(xx = f1) = i s, (1)
T mx ( mx _mZBfL)

where No(f)=3(1) and ¢p—_r(f) =1/3(—1) for quarks (leptons). The parameter space
where these annihilations lead to r, < 1072 is shown in figure 7, with gp = 0.5 and
D = 1B-

The different scenarios for DM are similar to the ones studied in the previous sections.
However, the decay x — STvy is now enhanced (with respect to the previous case) by the
larger value of (m, /My, ). Therefore, we need smaller values of |yg| to realise a scenario
with R < 1. However, too small |ys| may be problematic for the generation of the dark
asymmetry. A precise lower bound is not well established and could be computed in future
works. Assuming |ys| > 1074, the most natural scenario is that the decays of x into ST

7

occur while the latter are still in equilibrium, at 775" > T*(S), (partially) washing-out the

"1n the limit gp — 0, the unbroken U(1)x4p symmetry is now global. The would-be Goldstone boson
of the broken U(1)x_p is now eaten by A’, which becomes massive. A’ is light because its mass is
proportional to the gauge coupling gx, mas ~ gxvg < vy (recall that gx is tiny by assumption to avoid ¢
thermalisation), and it does not thermalise because it has only gauge interactions driven by gx. A’ couples
to the B — L current proportionally to (vi /vE_1)gx. The interactions of a massive gauge boson are less
constrained than those of a massless one. However, as now vy < vp—_r, one obtains a constraint of the
order of gx < 10712,
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Figure 7. Parameter space for the low-scale variant with the gauge coupling fixed at 0.5 and
np = np. In the red region the fractional asymmetry r, < 1072. The gray region is excluded
because Zp_y is too light whereas in the purple region Zp_p is lighter than x. Since we expect
myz,_, 2 Mmny,, in the purple region N3 — xS decays are forbidden. The star indicates the
benchmark point {m,,mz, ,} = {3.5TeV,10 TeV}.

asymmetry ng. Therefore, if y4 is small enough such that R > 10, x mostly decay into St
and ng gets completely erased. Subsequently S undergoes a standard symmetric freeze-out
and its abundance is determined by the annihilation cross section owvgig.

If y4 is larger, other scenarios can be realised, such as Scenarios 3, Mixed 3-4 or 5.
Eventually, if both g4 > 2 x 1071%/np/np and R > 1, a possibility not realised when
vp_1, > TeV, a new scenario appears: 1 is symmetric and is produced mainly by freeze-in
with abundance YJ ~ Y, = Ypr/(2(1 + R)) while the decays into St partially washout
ns, leaving an asymmetric abundance of S, Y¢" = np/(1 + R) > Y4 . This is basically a
generalisation of Scenario 5 with all the abundances rescaled by a 1+ R factor. Notice that,
in any case, in order to have multicomponent DM, S must be light enough to satisfy the
neutrino constraints, corresponding to the decay S — vy discussed in section 6, which
get stronger the smaller the vp_j, scale. Interestingly, in this case regions of smaller y,
and |yg| could be probed.

8 Conclusions

The dark sector may be very rich. If this is the case, there is a plethora of possibilities re-
garding the number of stable particles, their nature, and their production mechanisms. In
this work we classify and analyse the different options by adopting a cogenesis model that
simultaneously explains neutrino masses, the baryon asymmetry and the DM relic abun-
dance. While neutrino masses and the baryon asymmetry are produced via the standard
Type-I seesaw mechanism and leptogenesis (with some extra contributions), respectively,
we find that in such a framework there is a variety of viable scenarios for explaining the
nature and abundance of dark matter.
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Once the decays of right handed neutrinos into the visible and dark sectors generate
the asymmetries, some dark sector particles undergo asymmetric freeze-out and others are
produced via freeze-in. The model has two potential DM candidates, and we focus on the
parameter space where both particles are stable. However, whether they both contribute
to the DM abundance similarly (two-component DM) or one has a negligible contribution
(one-component DM) depends on their asymptotic asymmetries, where the late decays play
an important role. Such decays may significantly populate the asymmetric or symmetric
component at later times, thereby restoring annihilations, which may lead to enhanced
signals in DM indirect detection. In this case, even though the DM is symmetric at the
end, its abundance is still set by the asymmetry, and is thus independent of the annihilation
rate, contrary to the usual WIMP scenario.

We have analysed the range of model parameters that control the contribution of each
component to the DM abundance, and outline the possible scenarios, classified according
to the nature and production mechanism of each particle. We consider DM masses in the
GeV ballpark and dark asymmetries similar to the baryonic one; however, the set-up can
easily accommodate lighter (heavier) DM for a larger (smaller) dark sector asymmetry if
the branching ratio of right handed neutrinos into the dark sector is smaller (larger). We
have found that one of the main distinctive signatures is a neutrino line from S (or v)
decays. This would constitute a smoking gun of our model, within reach of existing or
near-future neutrino telescopes for a significant region of the parameter space of some of
the scenarios.

We conclude that having an initial asymmetry in the dark sector does not necessarily
predict completely asymmetric dark matter, with its mass constrained by the dark asym-
metry. In extended models, it allows the DM component to be partially asymmetric or
symmetric, leading to more flexibility regarding the DM mass as well as the phenomeno-
logical implications. Finally, although in this work we focused and extended the cogenesis
scenario, which relates neutrino physics and dark matter, it would be interesting to consider
other frameworks in which the different possibilities outlined here may also be present.
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A Details of the different scenarios

Scenario 1. In this scenario, both components are asymmetric as we take y4 < 6 X
107'2y/np/nB and R < 1, so that the freeze-in population of 1 from early decays is
negligible, while the late decays are dominant, resulting in asymmetric ¢ with abundance
YJ =1y = 1p, Whereas S freezes-out once all the symmetric population has annihilated.
The population of St produced by the late decays of x is negligible. The abundance is
determined by its asymmetry, i.e. Y; = ng = np. Hence, both the components have
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Sc. ’(ZJ S QDM/QB Qs/Qw
Asymmetric Asymmetric
1 LD x — ve FO STS — ¢ np My+ms My
YJ =np Y& =np B Mmp mg
Y, <Y}f Yy <Y§
Asymmetric PartiallyTasymmetric
FO S'S — pp
2 LD x = v L LDy Sy np My +(1+2R)ms _my
Y, =up/(1+R) X L ns (L+R)m, ms(1+2R)
Y, <Y Ys' =mp
¥ ¥ Y =npR/(1+ R)
. Asymmetric
Asymmetric FO S'S —
1-2 D x = % +1LD x - S 1D TS —u
Y} =np/(1+R) X L 15 (T+R)my ms
V- < v+ Yg =np/(1+R)
v v Yy <YS
Partially asymmetric Asymmetric
3 FI 4+ LD x = ¢y FO STS — ¢ my (Np+YF1)+npms My (MD+Yr)
YJ = YF1/2 + 1D Y; =1ND nBMp msnND
Ywi = YFI/2 Ysi < Y;
Partially Asymmetric Partially TAsymmetrlc
FO S'S — pp
4 FI +LD x — ¢y 4 IDy— ST my (Mp+YrD)+np (14+2R)ms  my(np+Ygy)
Y;f =(Yer/2+1p)/(1+R) i o 5 (1 R)my, msnp (1+2R)
Y, =Yr/2(1+ R _ s
As i
Partially Asymmetric byI:ll’netI‘lC
FO S'S — pp
3.4 FI +LD x = ¢y + LDy — STw my (Mp+Yr1)+npms my (Mp+Ypp)
Y+:(YFI/2+7]D)/(1+R) I X L np(1+R)myp mgsnp
Y- = Yo /(2(1 1 R)) Ys = no/(L+R)
v - Yy <Yy
Symmetric Asymmetric
. FI x = ¢p FO STS — ¢y np My (Yer/np)+ms my Yy
YJ IYF1/2+’I7D EYFI/Q Y; =D B mp msnp
Yw_ = YFI/Q YS_ <K Y;—
Symmetric
FO STS — ¢
6 Negligible production + LD x — STz <1 %2::7:
Y:.;+ =1ND
YS7 =MnD

Table 4. Classification of scenarios in our model on the basis of dominant production mechanism
and asymptotic nature of both dark matter components, ¢ and S.

individual abundances np and we have

by _

mg’

Qs

My

(A1)

In figure 8 (black lines), we show the region of the parameter space in which the correct
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Figure 8. Values of my and mg for which the correct relic abundance can be reproduced for
Scenario 1 (black lines) and Scenario 2 (red lines). We show np ~ (0.1)np using solid (dashed) lines.
The relative abundance of 1 with respect to S increases when the curves are followed clockwise.
The gray dashed line corresponds to my = mg. We fix m, = 3.5TeV, mz, = 500GeV, gp = 0.5,
My, = 10" GeV, m, = 0.05eV. Furthermore, we fix ys, = 1072, For Scenario 1 (2): |ys| =
1073 (5 x 1072), so that R ~ 0.0005 (1.25). In both cases Yr; ~ 10~ %np.

DM relic abundance is reproduced in the plane mg versus my, for two values of the dark
asymmetry 7np. §1;/CQg increases when the curves are followed clockwise. We can see that
for np ~ 0.1(1)np, dashed (solid) black line, we have my ~ mg ~ 30(3) GeV if both
species contribute similarly. Alternatively, we can push the mass of S down to GeV in
such a way that its contribution to DM abundance is negligible and reproduce the relic
abundance for my, ~ 50 (5) GeV for np ~ 0.1 (1) np, or vice versa.

Scenario 2. Similar to the previous scenario, here also we take ys < 6 X 1072/np/nB
but R ~ O(1) (i.e., lys| ~ 0.5 x 10*y4). We also assume that |yg| is small enough so
that eq. (4.25) is satisfied, i.e., the decays of x to ST occur when the latter has already
decoupled from the thermal bath, T l()s) < T*(S) and STS annihilations are not active.

Due to R ~ O(1), x partially decays into 1 and partially into St with probabilities
1/(1 + R) and R/(1 + R), respectively. 1 is highly asymmetric with abundance YJ =
ny ~ Np/(1 + R), whereas S becomes partially asymmetric because a population of St
is produced by x — STv decays. Therefore, ns = np — Rnp/(1 + R) = np/(1 + R),and
its total abundance is determined by the sum YJ + Yg = (1 + 2R)np/(1 + R). The
contribution to the DM abundance becomes

% ~ M 1 Qpwm np(my + (1 4+ 2R)myg)

B U
Qs  ms(1+2R) Qp (14 R)mynp

(A.2)
As discussed earlier, this scenario leads to an enhanced background of an asymmetric

neutrino population. In the limit R = 0, all x decay into ¥ and we recover eq. (A.1).
For R = 1 the relative v/S abundance is my/(3mg). The factor 3 comes from the fact
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that while we only have ¥ and no ), we have both S and ST with YJ =Yg =np/2 and
YS+ = np. The allowed parameter space is shown in figure 8 by red lines. In this case,
the shape of the curves is not symmetric as in Scenario 1; in the limiting case where v (5)
dominates the abundance one needs m, ~ 100 GeV (mg ~ 30 GeV) for np ~ 0.1np, and
masses roughly one order of magnitude smaller for np ~ np, as expected.

Mixed Scenario 1-2. We consider the same range for y, and R but we assume that
lys| is large enough to violate eq. (4.25), i.e., x decays to ST while STS annihilations
are still efficient, T]gs) > Tfs). For ¢ we find the same results of the previous section.
The ST population produced by x decays partially washes-out 7g, leaving an asymmetric
population of S with abundance Y™ = np/(1+ R), while the St population gets erased by
StS annihilations. The contribution to the DM abundance is now

Qy (my  OQom o np(my +ms) (A.3)
Qg mg Qp (1+ R)mynp
This scenario is a mixture between Scenario 1 (the nature of the DM particles is the
same, both asymmetric, and the abundances are the same ones rescaled by (1 + R)) and
Scenario 2 (the ranges of y, and R are identical and the same processes determine the final
abundance).

Scenario 3. For larger values of the Yukawa, 6x10712\/np/ng < ys < 2x1071%/np /15,
the freeze-in contribution to ¥ production from early decays grows and becomes comparable
to the contribution from late decays. So % is partially asymmetric with Y[ ~ Yg1/2 + np
and Yw_ ~ Yp1/2. We take R < 1, so that all x decay into 1, partially while being in
thermal equilibrium (freeze-in) and partially at a later time (late decays). The 1 abundance
is YJ =+ YJ = Yrr +7np. On the other hand, the abundance of S is determined by thermal
freeze-out, once the symmetric population is annihilated away. Thus, S freezes-out with an
asymmetry YS?L = np. In this case the relative abundance between the two DM component
and the total DM abundance are given by
Qy _ my(np + Yey) Qpm . _ my(np + Yer) + npmsg

; - o=
Qg msnp Qp nBMyp

_ (A.4)
Scenario 4. If R ~ O(1) for the values of Yukawa y, considered in the previous scenario
(assuming that eq. (4.25) is satisfied), the population of 1, 9 is produced partially by freeze-
in and partially by late decays, whereas the decays into ST washout the asymmetry in S,
making it partially asymmetric. Therefore, in this scenario, the late decays determine the
asymptotic nature of both DM components. The corresponding expressions for the DM
abundance are

Qy  my np+ Y Opm  my(np + Yr1) +np(1 + 2R)mg

_ My , _ A5
QS mg 77D(1—|-2R) QB 773(1+R)mp ( )

Mixed Scenario 3-4. Here we consider the same range of y4 and R as in the previous
scenario but a larger |ys|, which violates eq. (4.25). The discussion for 1 is the same as in
Scenario 4. In analogy with the Mixed Scenario 1-2, STS annihilations erase the St from
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Figure 9. Values of my and mg for which the correct relic abundance can be reproduced for
Scenario 5. The gray dashed line corresponds to m,, = mg. We fix the parameters |yg| = 2 x 10~*
and yg4 = 2 X 10719, With this choice, R ~ 5 x 1071% and Y1 ~ 10n5.

the thermal bath, leaving an asymmetric population of S which survives the annihilations,
so that
Qy  my Yer+np Qpm my (Y1 + D) + msnp

~ , —— ~hH=
Qg mg nD Qp (1 + R)mpnB

(A.6)

This scenario is a mixture between Scenarios 3 and 4.

Scenario 5. For even larger Yukawas, in the range 2 x 10719/np/np < Yo S5 X 1077,
the 1 sector is mainly populated during freeze-in, while late decays only produce a sub-
dominant component, i.e., Ypr > np. Therefore, the 1) population is (almost) symmetric,
YJ = Yr1/2 4+ np =~ Ypr. Concurrently, R is typically small because of the larger value of
Yy and therefore S freezes with an asymmetric abundance, YS+ =1np.

Therefore, DM is mostly symmetric in ¢ and asymmetric in S, produced by freeze-in
and freeze-out, respectively. The relative abundance of the two species and the total DM

abundance are
Qy _ my Y myYe1 + msnp
Qs msnp’ mpnB

In figure 9 we show the mass ranges of ¢ and S for which the DM relic abundance

Qpwm
~r A.
Qp > (A7)

can be reproduced for different values of np. Notice that if S is subdominant, the mass
of v is fixed, irrespective of the value of asymmetry. This is due to the fact that the DM
mass is fixed by the freeze-in contribution in eq. (4.10), which is (almost) independent of
my. On the other hand, it depends on the mass of x. For the values used in the figure
(0.1np < np < np, etc.), we see that DM could be mainly composed by light symmetric
of mass around 500 MeV, mainly by asymmetric GeV-ish .S, or by a combination of them.

As we have underlined above, for these values of y4, R is typically small. However,
if we lower the vp_j, scale it is possible to reach R > 1 even in this scenario. We briefly
discuss this possibility at the end of section 7.
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Scenario 6. Finally, when R 2 O(10), for whatever value of y4 compatible with it,
the majority of the x population decays into ST after freeze-out of S (but before BBN if
1073 < |ys| < 0.1(mg/GeV)) and the asymmetry is completely washed-out. However, the
populations of S and ST survive independently, as the rate of STS annihilations drops below
the Hubble expansion rate by that time. Hence, the DM relic is almost completely made
up by the symmetric population of S and ST, i.e., YS+ =Yg, while there is a negligible
abundance of 1 produced from early or late decays and leads to mg ~ 2.5 GeV (ng/np) .
The late restoration of the symmetric component would thus result in the enhancement of
indirect detection signals.

Notice that for larger |ys| the decays take place while S and St are still in equilibrium
so that STS annihilations washout the asymmetry and one recovers the standard scenario
of symmetric freeze-out in which the S abundance is determined by the annihilation cross
section ovgt g instead of the asymmetry. Depending on mg and ovgig it may be possible to
reproduce the correct relic abundance. We did not consider this possibility in the main text.

B Additional constraints

B.1 Decays of ¢ to SM particles

We ensure that ¢ particles produced from x decay fast enough into SM particles, so that
the energy transfer from x to SM radiation occurs before BBN. A rigorous bound arises
from imposing 7, + 7, < 1sec. However, it is sufficient to check that at the time of x
decays, corresponding to T' = Tp, the decays of ¢ are fast compared to the Hubble rate
and the bound in eq. (4.17) applies (corresponding to 7, < 1sec.). The decay ¢ — SM
can occur through the Higgs portal operator Ags|d|*|H|* as both the scalars take a vev.
Through this portal ¢ decays into SM fermions, mainly (if kinematically allowed) into bb
or cc or lighter species if m, < GeV. The decay rate is I', = sin?§ x Fhw _f» Where sin? 6
is the mixing among ¢ and the SM Higgs boson h while I', _, 7, ~ (my/327) (my/vEw)?
is the decay width of a SM Higgs boson with mass m, into SM fermions.

We require that the decay is fast at 7" = Tp (when ¢ are produced via x decays),
ie., I'y/H|r—r, > 1. For my ~TeV, m, ~ few GeV> 2m, (or eventually 2m;) and
Yo ~ 10712 the ratio I',/H at T = Tp is > 1 even for small mixing angle, sin@ > 1075,
Even lighter m,, 2 MeV is allowed as ¢ can decay to wu, dd, ee, with a larger mixing angle
sinf > 5 x 107%. Bounds from LEP constrain the mixing of a GeV-ish scalar to the SM
Higgs to be sin@ < 0.1 [70]. Therefore, the condition of eq. (4.17) is valid. m,, lighter than
MeV cannot decay to any SM fermion. However it could decay into 2 photons through
the effective Higgs-photon interactions. We do not study this possibility and we consider
my > MeV. This also implies mg 2 MeV.

B.2 Gauge boson spectrum and constraints on massless AL
The gauge boson masses after symmetry breaking are given by
mi, =0,
mQZD = Zg%v; (1 +0 (g_%(, (v¢/vB,L)2 , ,%Q)) , (B.1)

My, , =895 VB 1 (1 + O (ggo (v/vB-L)*, /”»2)) 7
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where we used that gx <1, k<1 and vy < vp_r. The mixing among them at the leading
order in the small expansion parameters (omitting Lorentz indices) can be expressed as

A%~ A~ gx/9p Zp,
2% ~Zp+gx/gp A — [(gD/4gB—L>(U(2¢>/UZB_L) + /ﬁ} Zp-r,
2%~ Zp_1+ (9p/495-L) (W3 /vh_ 1)1 + Kkgp—1/9D) Zp — (9x /AgB-1) (V3 /vh_1)A’.

The massless gauge bosons AL only interact with the fermion ¢y. Taking into account
the fermion mixing, the Lagrangian contains the interaction terms 1A’ (suppressed by
gx), Yx A +H.c. (suppressed by gxey) and YxA’ (suppressed by gxei). These vertices give
rise to scattering processes as yxy — A’A’, ) — A’A’, ... or decays y — A’tp. However,
given the smallness of gx (and €y) these processes are extremely suppressed and no sizeable
population of A" (which in principle could contribute to dark radiation) is produced.

We can give an upper bound on the value of the gauge coupling coming from long-

range force experiments. Indeed the mixing between A’ and Zp_j induces an inter-

action gegA;ng,fL with geg ~ (gx/gB_L)(U¢/UB_L)2.

work, vy ~TeV and vp_j ~ 10"t GeV, this corresponds to an effective coupling geg ~

For the reference values of this

1071%gx /gp_1. Long-range force experiments constrain the coupling to the B — L current
to be gegr < 10724 [92], which implies gx < 1078 (for gg_1, ~ O(1)). This is comparable
with the condition for ¢ not to reach thermal equilibrium.

B.3 Implications of fermion mixing

Diagonalization of the fermionic sector at leading order in €; leads to the following masses
for the mass-eigenstates x and 1,

my, = m% — eg(mg)( - m%) + (’)(e:}) , (B.2)
My = mg)c + eff(mg —my) + O(e‘;})

The fields in the mass basis are related to the original fields as
= (1—€4/2)¢0 — € x0 + O(}), (B.3)
X = (1—€7/2) xo + €0 + O(e}) .

Fermion mixing induces new interactions due to the ©¥Zpy coupling, suppressed by e I
leading to new production processes such as yx — x¥. However, these scattering processes
are typically sub-dominant to decays due to suppression by y4 and €y as well as a phase
space suppression (taking A = 1), and thus can be neglected.

In addition to the above, the mixing could also lead to an additional contribution to
 production. For T' > vy, the particles in the thermal bath are x¢ and 1y and there is no
mixing. For T' < vy, the vev of ¢ induces the mixing so that the states xo contain a small
Y component, proportional to €. Therefore, xo — % conversions contribute to the final
1 abundance (this is analogous to the production of sterile neutrino from active neutrino
mixing). This is also freeze-in process as the population of v is produced non-thermally
from a small coupling (the fermion mixing). In analogy with sterile neutrino DM, the
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interaction rate of v is I'y, ~ efcI‘X, with I'y = nyogy. If vg S m, the x particles are
non-relativistic but still in equilibrium when the mixing is generated. So, ny = n{? and
these processes contribute to the symmetric component of ¢). Using the number density
at equilibrium we checked that for the typical values of our parameters (m, =~ 3.5TeV,
gp ~ 0.5, vy ~TeV) this contribution is at most comparable (but not larger) than the one
from decays. A detailed study of this contribution, solving the full Boltzmann Equations
(or using the density matrix formalism) is beyond the scope of this work. Therefore,
we neglect this contribution, having in mind that it would change the total (symmetric)

freeze-in contribution by at most an O(1) factor.

C Contributions to operator Qg = LHS ¢ty

In section 6, we discussed the stability of the two DM components S and ¢ and the possible
observation of a neutrino line from the decay of one component into the other. As we saw,
the decay is mediated by the dimension-6 operator

O¢ = LHS¢' ), (C.1)

which is generated at low energy by first integrating the right-handed neutrino field and
then the fermion y, as discussed in the main text. A second contribution to Og may arise
if we assume that the theory contains the dimension-5 operator

05 — Ng(Sol)y 7 (C.2)
Auv
where Ayy is a cut-off scale parametrising the UV completion of our model at scales above
vp_r. Integrating out Ng gives rise to
Yv
Aoy My, Og . (C.3)
re—sc

The condition on the lifetime 75 > 10%% s (taking mg > my), is now satisfied if

12 (101 GeV 1z v m 1/2
Ao 210° 6oV () () (o) - (o4
vv 2 107GV G0 v My, TeV ) \50 GeV (C4)

This scale must be at most Planckian, i.e., Ayy < Mpj, which implies a bound on the mass
of the heaviest of the 2 DM particles

2
0.05eV My 700 GeV
<10 TeV ( ) ( 1 ) . C.5
ms ~ ¢ my 101! GeV Vg (C.5)

Finally, Og could be directly generated by UV physics as Og/ Al{?\/- In this case we just

1/2 1/4
!> 1015 Vg ) ( mg )

which gives a weaker constraint. Notice that the same bounds apply on my, if my > mg.

need

Summarising, egs. (6.4) and (C.5) set an upper bound on the mass of the heavier between
1 and S. Therefore, this shows that it is quite natural that both ¥ and S are stable on
cosmological scales, and that they both contribute to the DM relic abundance and respect
current limits from neutrinos.
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1 Introduction

Several observations indicate the existence of non-visible matter termed as Dark Matter
(DM), that comprises roughly 25% of the total energy budget of the universe, and is
therefore almost five times more abundant than the visible matter [1]. Despite this
significant contribution, hardly anything is known about its composition, nature or dynamics.
Among existing efforts and speculations made regarding the particle nature of DM, Weakly
Interacting Massive Particles (WIMPs) are one of the simplest and most popular particle
DM candidates, contributing to the energy density once they undergo thermal freeze-out.
On the other hand, Asymmetric Dark Matter (ADM) models are motivated by the close
relation between DM and baryonic energy densities, with ppy ~ 5pp [2]. Given that



the baryon density is set by the baryon asymmetry of the universe, ng ~ 6 x 10710, the
DM abundance could stem from an asymmetry in the dark sector in a similar manner
(see refs. [3, 4] for a review). In the case of WIMPs, the value of the abundance is set
by the thermally averaged annihilation cross section, whereas for ADM it is set by the
initial asymmetry and the DM mass. Moreover, as discussed in ref. [5], there is also the
possibility of an intermediate regime between the two extremes discussed above, where the
DM is partially asymmetric and there is an exponential dependence on the annihilation
cross section.

However, most of these scenarios assume that the entire dark sector is composed of
just one DM state. Given the plethora of stable particles in the Standard Model (SM)
(electrons, protons, nuclei, neutrinos, photons. .. ), it is reasonable to think that the dark
sector could be made up of more than one stable component. Efforts are being made
towards the study of such multi-component DM models, where the dark sector is comprised
by several stable particles. For example, in refs. [6-8] the influence of DM conversions
(annihilation of one DM state into another) in the final relic abundance was emphasised.
Similarly, semi-annihilations can affect the final abundance [9]. Finally, multi-component
DM, with its many degrees of freedom, leads to a richer phenomenology (see for instance
refs. [10-12]), and can help to relax the existing bounds from direct detection, indirect
detection and collider searches. Another proposal for multi-component dark sectors is
Dynamical Dark Matter [13]. In this framework, the dark states come in large numbers
and are unstable, with lifetimes proportional to their individual abundance. For a recent
review of their possible collective effects see ref. [14].

The numerous states and interactions with SM and among themselves in a multi-
component DM setup allow us to treat it as a complex system, which exhibits a behaviour
that can be characterised by different scalings: power law and exponential. Such scaling
laws are common in Physics and in other branches of science. Understanding this behaviour
of multi-component DM subject to different interactions (annihilations and conversions)
and conditions (symmetric/asymmetric) is one of the main goals of this paper. For that
purpose, we will extend the analysis performed for one component asymmetric WIMP in
ref. [5] to two or more components with conversions among them.

The paper is structured as follows. In section 2, we discuss the symmetries and
combinations that are required to stabilise multiple states in the dark sector. In section 3,
we briefly discuss how DM asymmetries in different components can be generated from
a B — L asymmetry. In section 4, we develop the multi-component framework for both
symmetric and asymmetric components. First, we study the final relic abundance of multi-
component DM taking into account the unavoidable DM conversions. Then, in section 5, we
parameterise the possible particle physics models using effective interactions. We discuss the
phenomenological implications of these scenarios in section 6 and provide some conclusions
in section 7.

2 Dark sector stabilisation symmetries

In this section, we briefly discuss the simplest possible symmetries to have multi-component
DM. In DM models, usually a discrete and/or continuous global symmetry is imposed



to stabilise the DM candidate. As pointed in ref. [15], continuous gauge symmetries
alone cannot stabilise the DM and need to be spontaneously broken. However, they can
motivate the origin of discrete gauge symmetries as a remnant of spontaneously broken
gauge symmetries [16], such as matter parity (and R-parity in supersymmetry) from gauged
B—L [17]. In this work, we consider a multi-component DM framework that can be stabilized
by adopting different symmetries, with the presence of both symmetric and asymmetric
components. For symmetric DM, it is more natural to have a Majorana fermion or real scalar,
stabilised by discrete symmetries. On the other hand, for asymmetric DM, the candidate
needs to be a Dirac fermion or a complex scalar, stabilised by continuous symmetries.

Let us start with the case of discrete symmetries. Most popular DM models employ a
single Zs symmetry which guarantees the stability of the lightest Zs odd particle, allowing
only one DM candidate in the model. In order to have multi-component DM, we would
require a larger discrete symmetry or consider products of more than one discrete symmetry.
We first investigate the number of stable DM candidates that are allowed for Zar~2, in
particular for A' = 3,4, and then for the product of two or more discrete symmetries.

Under an abelian Zy symmetry, a field transforms as
o= wld, w=exp2mi/N), (2.1)

where ¢ = 0,1,2,...,N — 1 are the Zx charges. Depending on how the fields transform
under a given charge, we can divide them into classes. Class 0 corresponding to ¢ = 0
(implying that the field is neutral under the given symmetry) is by default common to
all Zxs symmetries. For example, consider the case of Zy, where ¢ = 0,1 and the field
transforms as ¢ — ¢ (even) and ¢ — —¢ (odd) respectively. Thus, there are only two
classes for Zs : {0,1}. The lightest Z5 even particle will be from the SM and the odd, the
DM candidate.

In the case of Z3, we can assign charges ¢ = 0,1, 2 to the fields. However, the charge

2 = w*, implying that

g = 2 corresponding to w? is same as assigning ¢ = —1 since w
the particle with charge ¢ = 2 is nothing but the antiparticle of the particle with ¢ = 1.
Therefore, in the case of Z3, we also have only two classes {0, 1} and there is only one DM
candidate, the lightest particle transforming under a non-trivial Z3 charge [18].

For Z,, w? = 1,7,—1,—i for ¢ = 0,1,2,3 respectively. Here, note that ¢ = 3 is
equivalent to ¢ = —1, and they would thus be placed in the same class. So, the classes for
Zy are {0,1,2}. The lightest particle of class 1 (i, —1), let’s say ¢ is always stable and a
DM candidate. The lightest particle of class 2 (—1), say ¢2 can also be stable, provided
My, < 2mg,. Thus, Z; guarantees the stability of at least one DM candidate, but can
also allow for a second DM candidate in case its decays are kinematically forbidden to
the particles belonging to class 1 [19]. For DM models with Z3 and Z; symmetries, see
refs. [9, 20-22].

In general, if A/ is a prime number, the lightest particle transforming with a non-trivial
Zn charge is always stable, and a potential DM candidate. One can also have heavier
particles with Zy charges as DM if their decay modes are kinematically forbidden. If A is
a composite number, such that N = p{* p5? ... p;*, where p; is a prime number (p; # p; for



i # j) and s; is natural, Zy can be decomposed as a product of smaller groups [23, 24]
ZN ~ Zp? X Zp;g X ... X Zka s (2.2)

and there can be at most s; 4+ s2 + ... + si stable particles depending on the kinematic
conditions. Therefore, in order to realize multi-component DM with just one imposed
discrete symmetry Z,s, we require N’ > 4. For studies of multi-component scalar DM in
larger Zxs groups, see ref. [25].

Now we turn our discussion to the product of two or more of the same discrete
symmetries. The simplest and most commonly used symmetry is Zs X Zé [7, 8, 11, 26-28|.
Such a choice of symmetry allows the existence of at least two stable particles and at most
three, subject to kinematics. For the case of an n Zs product: Zs x Zé X oo X Zén)/, there
are at least n stable DM particles and at most 2" — 1 stable particles can be DM candidates.
It is easy to generalise this for the case of Z3 and Z4

, (n)’ n at least
IN X Zpy X - X Ty = (2.3)
-1 at most,

where ¢ denotes the number of classes corresponding to the discrete symmetry Zus. For
N = 3, since there are only two classes, the number of DM candidates for Z3 x Zé is equal
to that of Zo x Zy (see ref. [29] for a model with a Z3 x Zy symmetry). On the other
hand, in the case of Z; which has three classes, Z4 x Z:l allows for at max 32 — 1 =8 DM
candidates. The ‘—1’ term guarantees stability of the lightest particle in the SM.

We can also consider products of different discrete symmetries, for example Zy x Z3
(see ref. [30]), and generalise eq. (2.3) as

ny+ne+...+ng at least

(2.4)
T, e —1 at most ,

]\Lflle}\%x...xZK/’;é

where N corresponds to the discrete symmetry used and n; denotes its multiplicity in
the product.

In the following, we will also be interested in the case of multi-component DM with
states that can be asymmetric. In this case, the most natural framework is the stabilisation
of the DM components due to continuous global symmetries, which may be accidental. The
possibilities we will implicitly consider are:

i) a single global continuous U(1) symmetry:
u(), (2.5)
with the DM x; having charge g; such that no linear terms can be written in y; at least

at the renormalizable level. There could be linear terms at the non-renormalizable level,
possibly suppressed by Planck-scale physics and therefore sufficiently suppressed [31].



i) The direct product of several U(1)s, such that each particle only transforms under one
of them and is also the lightest particle charged under it,

Ur(1) x Ui(1) x --- x Un(1), (2.6)

with DM i transforming with the global charge x; ~ (0,...,i = 1,...,0). For multi-
component DM models stabilised by the product of global symmetries, see refs. [6, 7].

3 Asymmetries in the dark sector

In general, DM may have both symmetric and asymmetric components. One of the simplest
options is that a dark asymmetry can be generated from an asymmetry in the visible
sector [2]. The idea is that an asymmetry in the SM sector is transferred to the DM sector
(for instance, via a generalised B — L). Standard Model (DM) operators Ogy (O;) with
Qp-_1 (—Qp—_1) charges generate a mixed operator,

1
Lp_1—0=) 2 Qi Osu (3.1)

which is active at high energies and transfers any initial B — L asymmetry in the SM
to the DM sector. For definiteness, let us consider the case of Dirac DM, x;. We define
n;r(_) as the number densities of the y; particle (anti-particle), with n;” > n; without loss
of generality, and similarly for baryons. The baryon number density, B = nZ —ny , can
be expressed in terms of B — L as B = b(B — L), where b = 30/97 (28/79) = 0.31 (0.35)

for T < Tew (T > Tew) [32]. The DM number density is X; = nj — n;

;» which can
also be expressed in terms of B — L as X; = x; (B — L). It is useful to express the
number densities in terms of the yields Y; = n;/s, where s is the entropy density given
by s(T) = (27%/45) heg(T)T? and heg(T) are the effective degrees of freedom related to

entropy. We also define n; = YiJr -Y  ,np= Ylf — Y, ", and their ratio

3
i
B

(3.2)

T
€5 3

Depending on whether the interaction rate generated by the transfer operator, eq. (3.1),
is active below or above the EW scale, one obtains [32, 33]:

o lint <TEwl {L‘i:—ll/lllQB_L, 6@2—0.32623_[,.
o Ting >Tew: 23 = —11/79Qp_1, ¢ = —0.39Qp_ .

If there are strong dark interactions (large annihilations), the symmetric component may
be totally erased. In that case, in order to reproduce the DM abundance, we require
Qpm iy

~5

3.3
o o~ (3.3)

If this is the case, there is a prediction for the combination of DM masses. It only depends
on the energy at which the operator is active, and on how the asymmetry is transferred,
i.e., on the B — L charge. For example, in the case of 2DM there are different possibilities:



1. Identical DM particles with same charges, e.g. B — L — X1, X2 = Xi: the same
operator couples to both DM particles. For instance, if the operator is active above
(below) the EW scale, one obtains

13 (16
my + mg ~ _1336) GeV. (3.4)
RB-L
In the case of N components, we get
N
13 (16
> m = _13316) GeV . (3.5)
= @B-L

Therefore, the larger the number of asymmetric states, the lower their masses. Indeed,
if all masses are similar, the presence of N-asymmetric components would translate
into an N-suppressed mass-scale compared to the 1-DM scenario,

N-DM TP (3.6)

Notice that this can be understood as an upper limit on the mass scale in order for
the DM not to be overabundant. Of course, as for 1IDM, heavier DM is allowed if the
DM asymmetry is unrelated or suppressed compared to the baryonic one.

2. Different DM particles with different charges, e.g., B — L — X1, Xo # X;: different
operators couple to both DM particles. For example, if operator one (two) with B — L
charge Q1 (Q2) is active above (below) the EW scale, one gets

m1 Q1 myQy
6.5GeV  8GeV

In the case of N = (N1 + N2) DM components, where N; (N2) components are coupled

(3.7)

to operators active above (below) the EW scale, the above equation generalizes to

S miQi L myQ, _N 38
; (13 GeV /) +]Zl BGeV/N) (3:8)

Note how eq. (3.4) (eq. (3.5)) is a particular case of eq. (3.7) (eq. (3.8)) for identical
charges above (below) the EW scale.

3. Different DM particles with different charges, B — L — X1 — X5. Only one of them,
X1, is coupled to the SM; the asymmetry is first transferred to one DM state and then
there is a further sharing of the asymmetry with another DM state. For example, this
can be generated by the operators

I 3 I 59
Lp_1—0 = iR X1 LH + A X193 (3.9)

with ¢ being a scalar DM particle. This implies 25 = 221 and therefore!

ma mo
=2
6.5 GeV + 3.25 GeV

(3.10)

!The generalisation to N-component DM is very model-dependent and should be further investigated.



In the next section we consider the general case where both asymmetric and symmetric
components may be present. If the asymmetric component dominates, the previous mass
relations are very good approximations.

4 Multi-component framework

In the following, we set up the framework for multi-component DM with both symmetric
and asymmetric components. Let us consider an N-component DM scenario stabilised by a
certain choice of continuous U(1) symmetries, as discussed in section 2, with m; > mg >
...>mpy > mgy. Within this setup we may have one or more of the following reactions:

1. Annihilations y;X; — SM SM. We use the notation Oxiti—SMSM = Oann,i-

2. Coannihilations x; x; — SM SM, where X;j is a state close in mass to x;. We can
neglect coannihilations if A;; = (m; —m;)/m; 2 0.05.

3. Conversions x;Xi — X;jX;j, for m; > mj, which change the individual DM number
densities but not the total one.? We use the notation Oxixi—xiXi = Oconv, ij-

4. Semi-annihilations x;x; — x% SM, for N > 2. These processes depend on the
symmetry imposed. In this case, DM needs to carry some SM charge.

In the following, we consider only the case of annihilations and conversions. We
are interested in conversions of the form x;X; <+ X;X;, which are not forbidden by any
symmetry that allows co/annihilations and are therefore typically always present. This is
the case if both x; and x; are charged under Z, and Zy (class 2) symmetries respectively.
Other conversions such as x;xix: <+ X;X;j, for example, are phase-space suppressed and
allowed only if x; is charged under Z3, and x; under Z,. Similarly, conversions of the form
XiXiXj — XiX;jX; are also phase-space suppressed.

Furthermore, we always have annihilations that are significant and comparable to
conversions. This avoids significant reheating in the dark sector if DM states become
non-relativistic and their temperatures increase exponentially [39]. The non-negligible
coupling to the SM also ensures that they are thermalised with the SM plasma at freeze-out.
Therefore, considering only 2 — 2 processes, assuming kinetic equilibrium with the SM
of all species and neglecting the quantum statistics for the species involved, the evolution
equation for the number densities of the particles read

dnt L _onfn; 4
—dtl + Z’)HnijE = —(Cann,i V) (nj'nZ — n;'%Z ) — Z (Tconv,ij V) nj‘nl — __ﬁ_ L n;'nj
i<j n; ng
ntn-
o= 3"+
+ Z <Uconv7ij U> <n] nj . __ni ni ) ) (41)
i>j i T

*Note that the forbidden channel processes such as x;X; — XiXi, i-e. annihilation of lighter DM to
heavier DM are operative at high temperatures and may be significant for small splittings, A;; < 1 [34-38].
The Boltzmann equations already take this effect into account.



Zi = neqeig denote equilibrium number densities of the species, for which we use

Maxwell-Boltzmann distributions, neq = g(mT/2m)%2 ™" with p = ¢T the chemical
potential and ¢ the number of internal degrees of freedom. Throughout this work, we

where n

denote by (0ann,i v) and (Oconv,ij v) the thermally-averaged annihilation and conversion cross
sections, respectively. The Hubble parameter is given in the radiation-dominated epoch by
H(T) = (873/90)'/2 gif/f(T) T?/Mpy, with Planck’s mass Mpj equal to 1.2 x 10*° GeV, and
et (T) the effective relativistic degrees of freedom.? Furthermore, the temperature evolution
of the Universe can be expressed by scaling it with the mass of the heaviest component (m;
in our case) using x = my /T, so that eq. (4.1) can be written in terms of the yields as

dY; S Yy Y- oYY
i :—Hx[wmm (vry -v, )—;wm,w (Yi Y - S LYY
1<) J J
Yty-~
+ Z <O-conv7 ij U> <YYJ+YYJ - }/J_;'_}/]_Y;JFY;>‘| . (42)
i>] 7 7

For ease of analysis and to highlight the qualitative aspects of the setup, we first consider a
two-component DM system and discuss the cases where both components are symmetric or
asymmetric. Later on, we extend the analysis to more complex sectors.

4.1 Symmetric components

For 2DM with symmetric components, eq. (4.2) can be written as

dYi _ s 2 o9 2 YQZ 2

T - I [<Uann,1v> <Y1 - Yy ) + (Tconv, 12 0) <Y1 - }722}/1 ’

dY, s T o Yioo

T - T [(Uannaw <YQ - Yz) — (conv,12 V) <Y1 - 1—7223/1 : (4.3)

If conversions are neglected, the Boltzmann equations in egs. (4.3) decouple, and in
order to reproduce the observed relic abundance, we require (for m; > O(GeV) and assuming
s-wave annihilations),

1 1 1 1

Qn? ~ + = ~
(ann,1V)  (Cann,2v)  (00) g 2.2-10726cm3/s

=137 pb L. (4.4)

Therefore, the abundance is dominated by the particle with the smallest annihilation
cross section, i.e., it is like 1DM, unless (0ann, 1 V1) = (Gann, 2 v2). If both particles have
similar annihilation cross sections, the yield is dominated by the lightest particle, and the
contributions to the relic abundance from both states are of similar size.

On the other hand, if conversions are significant, both components may end up with
similar abundances, i.e., DM may be multi-component. For instance, assuming the hierarchy
(Tann, 2 V) > (Tcony V) > (Tann,1v), the abundance of x1 (x2) gets reduced (increased) with
respect to the case without conversions [6-8, 11, 28]. This behaviour is illustrated in figure 1,

3We take the Hubble parameter to be dominated by the SM degrees of freedom by assuming that there
are no significant numbers of relativistic degrees of freedom in the dark sector.
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Figure 1. Evolution of yields Y7 5 (solid curves) as a function of © = mq /T with (oann, 2v) = 6 X
10792 GeV 2, (Oann,1v) = 0.1 x 1077 GeV 2, (Oconv, 12 V) =4 x 107° GeV~2 for m; = 1000 GeV and
mg = 500 GeV. The dashed curves correspond to the case without conversions i.e. (G¢ony,120) = 0.
Notice that the freeze-out of x5 happens at x = mq /T ~ 40 = my/T ~ 20. A similar result was
obtained in ref. [8].

where we show the evolution of abundances for y; and xo for the assumed hierarchy of
cross sections in presence and absence of conversions. With conversions, eq. (4.4) is roughly

modified as
1 1 1

+ ~ .
<Uann, 1 U> + <O'<:0nv7 12 U> (Uann7 2 U) <UU> off

It is clear from this that conversions reduce the total relic abundance, and so, in comparison

Qh? ~

(4.5)

to the single-DM-component case, smaller annihilations into SM states are necessary. This is
turn allows to have smaller couplings between the visible and the dark sector, and therefore,
to relax existing constraints.

We can extend the above discussion to N components. Let us consider the case
where there are N DM components that have similar cross-sections for annihilations and
conversions, €.g. (Tann,iv) = (Tconvij) = (ov) for all ¢, j. This simplifies the analysis so that
the only parameters of interest are the individual DM masses m; and (ov). For example,
let us consider the case of N = 10 and take m; — m;y1 = 100 GeV, with m; = 1000 GeV.

In figure 2, we plot the individual asymptotic yields (left panel) and total abundance
(right panel), as well as the fits to power laws of DM mass. Since the cross section is equal
for all components, the yield goes as ~ m™! for the case without conversions and ~ m =2
for the case with conversions. The inverse dependence on mass is well known from the
analytic expression for the yield in the standard freeze-out case without conversions, as
all the Boltzmann equations are decoupled. The additional mass suppression in the case
of conversions can be understood as follows: the heavier the mass of the DM component,
the larger the number of channels for conversions. For example, x1, being the heaviest
component, can undergo conversions to all the other 9 components whereas for yo, the
only allowed conversion is x9x9 — X10X10- This implies that the individual abundances
are almost independent of mass in the case without conversions, whereas in presence
of conversions, they are inversely proportional to mass, as 2; o m;Y;. For the lightest
component, the yields are identical in both cases since there are no channels for its conversion
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Figure 2. Power-law fits for the yields (left panel) and total abundance (right panel) in the
symmetric case for 10 DM particles with equal annihilation and conversion cross section, {(ov). Left
panel: individual yields versus DM mass; we choose (ov) = 2 pb. Right panel: total abundance vs
cross section; the grey dashed lines represent the 30 range for the observed DM relic abundance,
Qpmh? = 0.12 £ 0.0012 [1].

and the excess due to its production from all the other components gets annihilated to
SM. In figure 2 (right panel), we can see that the total abundance is inversely proportional
to the cross section in both the cases. Furthermore, the presence of conversions allows
us to reproduce the correct abundance for smaller values of the annihilation cross-section
(roughly a factor of 2), and thus in general of the DM couplings to SM. This is a generic
feature, which as argued before translates in a relaxation of the experimental bounds.

Finally, let us mention that for cold thermal relics, there exists a bound on how
heavy the DM particle can be from unitarity in order not to overclose the universe:
my S 110 TeV [40, 41]. In the case of multi-component DM, this translates into a bound
on the masses of the DM components for s-wave annihilations,

N 1/2
(Z m§> <110 TeV,

when only annihilations are considered. When conversions are present, the bound reads*

N 2 1/2
— < 110 TeV .
<;(N—z’+1)> ~ 110 Tev

Therefore, as for the case of asymmetric DM, the existence of a complex dark sector points to
lower DM masses. Again, if all masses are similar, the presence of N-symmetric components
translates into an v/ N-suppressed mass-scale compared to the 1-DM scenario,

N-DM < Msym 110 TeV
Sym ~ \/N ~ \/N 9

where in the last step we assume s-wave annihilations and conversions. Notice how, now,

m

(4.6)

the suppression with N is milder as compared to the asymmetric case, cf. eq. (3.6). The
above bounds may be relaxed to 190 TeV (220 TeV) for p-wave (for a combination of s-
and p-wave) annihilations and conversions [41].

“Here, we assume s-wave approximation for both conversions and annihilations.
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4.2 Asymmetric components
4.2.1 Analytical expressions

Now we study how the picture changes if there are initial DM asymmetries. We follow
closely the work of ref. [5] and extend it to the case of 2DM with initial asymmetries
N = Yf —=Y,7,1=1,2. Of course, the asymmetries remain constant and equal to the initial
value throughout the evolution. Following their notation, we can define the asymmetric
ratios r; = Y, /Y;", which are in the range 0 < r; < 1, where the upper (lower) limit is
for totally (a)symmetric DM. In this way, the co-moving number densities YZ-i can be
completely expressed in terms of 7; and r; as

Y =m/(1=r), and ¥, =Y, (4.7)

Given that the chemical potentials of particles and their antiparticles are equal and
opposite, we define 7; = e~ %®) with ¢ = sinh~!(7,;/(2Y;)). Hence, eq. (4.2) can be written
for the asymmetric ratios r; in the suggestive forms

dry _ _ﬂ l<0ann71 U> (Tl - FICQ (Tl)) + <O'conv7 12 U> (7'1 - @éﬂ (T1)>‘| )

dx Hzx T2 (2 (r2)

dry S12 _ nt (1 —ry)° rar1 (*(r1)

% = _Fx [<Uann,2 U> (T2 - 7“2(2 (T2)) - <Uconv, 12 v>m (T - @C2(T2)>] 5
(4.8)

where ((r;) = (1 —r;)/(1 — 7;). Notice that if the initial asymmetries n; are zero, the ratios
r; would remain constant and equal to one, like in the standard freeze-out case.

It is interesting to derive some analytical solutions to better understand the behavior
of the system. Considering the evolution of r; (i = 1,2), we have two different regimes:

o For x < xy,, there is thermal equilibrium and r; (x) ~ 7; (x).
o For x> xy, r; (x) > 7 (x) and also 7 (x)/T2(z) < 1,

where x ¢, denotes the freeze-out temperature for the species. We can expand the annihilation
and conversion cross sections in the relative velocity and express the thermally averaged
cross sections as” (Cann,iv) = 0j (T/m;)* and (0cony v1) = 0 (T/mq)*e, where one can
consider different combinations of s-wave (k;/. = 0) and p-wave (k;/. = 1) cross sections.®
We can write

k.
S 1/2 .o [(M1\"
<Uann,iv> = )\a,i g*/ x ,

Hzx m;
S A
E <Uc0nv'U> = )\a,l fc gi/Qx ke =2 5 (4'9)

5Note that we expand the conversion cross section in terms of the velocity of the heavier component.
5In the numerical analysis we consider an s-wave annihilation cross section. Similar results can be
obtained for higher partial waves.
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where A\, ; = (7r/45)1/2 Mpymiy oy, fe = 0./o1, and

172, \ _ hem ( 1z dgeff)
g« “(x) = 1—- . 4.10
W= (1 i (410)

In the following, for simplicity, we consider the case: k1 = ke = k. =k, n1 =m0 = 1,
Aa2 ™ Aa1 = Ay and approximate ((r;) ~ 1. Therefore, with the above approximations,

we obtain
dr ke
T = ang T R (L fon
dr ke
d—; ~ —)\angi/2x F=2 (g — fur1). (4.11)

Given that meo < mq, for similar cross sections ro > r1, and hence we can neglect f.ry in
the second line of eq. (4.11) and solve the decoupled system

ri(z) ~ 7 fe—Aa (1+fe)n @1(@smi)

ro(x) > To ¢ e an®2(zma) (4.12)
where 7; f = 7;(xy,) and
x
O, (x,m;) = dx'ac’_k_Qgi/Q. (4.13)

Therefore, the DM asymmetry ratios decrease exponentially with the annihilation cross-
section (i.e., DM becomes more asymmetric as annihilations are increased), in a similar
way as for 1DM scenarios [5]. Furthermore, in presence of significant conversions, the
asymmetry ratio for the heavier component also decreases exponentially with the conversion
cross section. This is analogous to the symmetric case (see eq. (4.5)) where the yield for the
heavier components was inversely proportional to the sum of annihilation and conversion
cross sections whereas that for the lighter one it was only inversely proportional to its
annihilation cross section. In this case, however, the crucial difference is that there is an
exponential dependence.

4.2.2 Numerical analysis

In figure 3, we plot the evolution of the asymmetric ratios and components after solving
eq. (4.8) and using eq. (4.7). Note that Y;© ~ Y;' ~ np, due to our choice of 7, = 12 = np
and large annihilation cross-sections, so that the symmetric component is significantly
depleted. In general, one obtains Yf ~ n;. From the left plot in figure 3, it can be seen
that the heavier component, xi1, is more asymmetric than the lighter one, x3, without
conversions. Including conversions significantly reduces the symmetric component of the
heaviest state. This can be seen in the right plot where Y;© —Y,” ~ np (i = 1,2) but
Y <Y, . Hence, we observe that while the heavier component is mostly asymmetric, the
lighter one is mostly symmetric. Notice that the analytic solutions derived in section 4.2.1
are contrasted with the numerical solutions in figure 3 (dotted lines) and are found to be
in agreement.

- 12 —
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Figure 3. Evolution of asymmetric ratios and yields for x; (red) and x2 (blue) in the asymmetric
case. We choose m; = 20 GeV, ma = 10 GeV, (0ann, 1 V) = (Tann,2?) = (Tconv,12¥) = 2 pb and
Mo =np ~ 0.88 x 10710, Left panel: numerical solution for asymmetric ratios r; in presence (solid)
and absence (dashed) of conversions. The dot-dashed curves represent the equilibrium distributions
7;(2). The dotted red and blue curves correspond to the analytic solution and coincides well with
the numerical solution. Right panel: the solid (dashed) curves correspond to Y;* (Y;7), and the

dotted curves correspond to the symmetric case i.e. 71,2 = 0. The black dashed line corresponds to
the value of np.
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Figure 4. Left panel: evolution of asymmetric ratios for 10 DM particles with m; —m; 11 = 2 GeV,
my = 20 GeV, (ov) = 2 pb and 7; = g, in presence (red) and absence (blue) of conversions. Right
panel: the individual abundance of DM components versus mass in the asymmetric case. The
black dashed curve depicts the direct proportionality to mass as particles become more asymmetric
ie. r; — 0.

Now we extend the analysis to N = 10 components to show the effects of conversions
and annihilations, in a similar way to the analysis of symmetric components done above,
keeping the value of annihilation and conversion cross sections equal for all components
and fixing the initial asymmetries equal to the baryon asymmetry np. In figure 4, we show
the individual asymmetric ratios (left panel) and abundances (right panel).

Here, unlike the symmetric case, one cannot fit the asymmetry ratios as power laws in
the DM mass. For the case without conversions, we find r; ~ ae™™ is a good fit whereas

when conversions are included, we can fit the individual asymmetric ratios as the product
b

. /o .
of a power law and an exponential: r; ~ a’m; e ¢ where o/, V', ¢ depend on the value of

cross sections. Notice that the DM mass enters subtly via xy, = m;/T; in the expression
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for ®. We find that for similar values of the cross sections, the asymmetry ratios for the
lighter species are larger than that of the heavier ones. This implies that, for a given initial
asymmetry n, the heavier species are more asymmetric than the lighter ones, and they
become even more asymmetric in the presence of conversions, thus they can be considered
to be fully asymmetric.

From the right plot of figure 4, it can be seen that the individual abundances coincide
for the heavier particles with and without conversions and scale with the DM mass m;.
Since the heavier species can be considered to be fully asymmetric, their abundances are
independent of conversion and annihilation cross sections. This is valid if the cross-sections
are larger than a certain value. For example, in this case, annihilation cross-sections larger
than O(0.1) pb lead to r < 0.1.

As we can see, the presence of conversions reduces the total abundance also in the
partially-asymmetric case. For initial asymmetries close to the baryonic one, i.e., n; >~ npg,
we find that only in the case of purely asymmetric DM states with masses above ~ 10 GeV,
is the effect of conversions irrelevant. Furthermore, the direct proportionality of abundance
with mass is a good approximation for even lower masses in the presence of conversions,
which tend to make the species more asymmetric, as illustrated by the black dashed curve.
We also see that the abundance is at or below current Planck values for DM masses around
5GeV, as expected in asymmetric DM models (see section 3) due to the initial asymmetry
being equal to the baryonic one.

4.3 Total relic abundance

We have seen that it is natural that if, DM has different states, the individual symmetric and
asymmetric components can contribute significantly to the relic abundance for reasonable
values of the cross sections. We follow closely the notation in ref. [5].

For the case with initial asymmetries, the total DM abundance will consist of both
symmetric and asymmetric components and the DM is partially asymmetric, with an energy
density given by

PDME;PiZSEi:mim <1+21i€j’<ﬁo’i> ; (4.14)
where 7o ; depends on ®;(co, m;). The first term corresponds to the asymmetric components
(present for ro ; — 0), and the second one to the symmetric ones (which scale as the inverse
power of the sum of annihilation and conversion cross sections for 7., ; — 1). Reproducing
the relic abundance yields a constraint between the DM masses, the asymmetries and the
annihilation and conversion cross sections through this relation. Notice that in some cases
the initial asymmetries may be similar, n; ~ 7, i.e., if they come from the same operator, or
if conversions/annihilation are large, and we can factorize n from the first term.

In the completely asymmetric case, i.e. ro; = 0, the total DM abundance just depends
on the masses and initial asymmetries,

PADM = S Zm m;. (4.15)

(2
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In the symmetric limit ro, ; — 1, the expansion of the second term gives

180 1
7TMP2)1 P JZ'(I)Z'(OO,WLZ')’

PSDM = S (416)

which is independent of the initial asymmetries and very mildly dependent on the DM mass
via ®;(co0, m;). In presence of conversions, o; has to be summed over the conversion cross
sections as well, such that total cross-section becomes

Oit = <aann,iv> + Z <Uconv,ij U> . (417)
7>t
Using egs. (3.3) and (4.16), one can also re-express the fractional asymmetry for heavier
components in presence of conversions as [5]

Ti,00 = eiAi‘t i i = exp [_2 ( it ) ( bt ) i 7w] ’ (418)

owivp/ \Pwmvp/ 1+ 7 00

where \;j; = (7/ 45)1/ 2Mp1m1(ai + o0.), and owvp and @wivp correspond to a symmetric
DM particle of the same mass, m;. It should be noted that the freeze-out temperature (z,)
entering the expression for ® in eq. (4.13) is modified when conversions are included, hence
we use ®; ;.

Naively, the relic abundance in the partially-asymmetric case (eq. (4.14)) might be
expected to be the sum of egs. (4.15) and (4.16); however, that’s not the case as the
symmetric component also depends on 7 [5]. Only for scenarios where the DM components
are completely symmetric or asymmetric, the total abundance can be given by their sum

oMy nAm,jL( 180 )1/2 oL (4.19)
s TM3, i=5oM T D( ’

i=ADM 00, myj)

for i # 7.

In figure 5, we plot the dependence of the relic abundance on masses’ and cross sections
to show the differences between the symmetric, asymmetric and partially-asymmetric cases.
It can be seen that the curve corresponding to partially asymmetric is not equivalent to
the sum of the other two, and starts tracking the asymmetric curve for larger masses. The
mass at which it starts tracking the asymmetric case depends on the value of o; and ;.

5 Effective parameterisation

In the analysis for symmetric and asymmetric components performed above, we have
considered all cross sections to be independent of DM mass. However, these are model
dependent and in particular, also scale with the masses of the particles involved. For
instance, considering only s-wave annihilations we can parameterise the DM annihilation
cross section at freeze-out as

2 m?

<O'ann,i U> ~ >\7, m 5 (51)

"The plot is valid for 1DM case or for multi-component DM without conversions.

~15 —



T
Asymmetric

[ - - - Symmetric = 2sz
0-4f—-—- Partially asymmetric — 4pb~]|
03 ]

&
2
G022k ]
0.1';7;7; < T
ol T T T L
5 10 15 20 25 30

Figure 5. Relic abundance as the function of DM mass for asymmetric (solid), symmetric (dashed)
and partially-asymmetric (dot-dashed) cases. The red and blue curves correspond to two different
choices of o; = 2 pb, 4 pb respectively. The asymmetric case is linearly dependent on mass and 7,
which is chosen to be equal to ng. The symmetric case is almost independent of mass and depends
only on the values of g;. The partially-asymmetric case becomes independent of ¢; for large mass
values, e.g., it starts exhibiting a completely asymmetric behaviour.

where m; is the DM mass, A; the coupling characterising the DM-SM interaction and
A is the mass scale of the heavy mediator involved. We consider two limiting cases for

our analysis,

a;/m? for A < m;
<Uann,iv> ~ s (52)
bim? /A4 for A > m;

corresponding to light and heavy mediator respectively, with a; and b; being model-dependent
numerical parameters. In a similar manner, we parameterise the conversion cross section as

2
ms
(Ocon, ij V) =~ )‘?j ( :

m? + A2)2 27 (53)

where );; is the interaction strength between the DM components with masses m; and m;.
As before, we consider the limiting cases

2 2\1/2
Cij % for A <« my
<O-COHV» ij v) ~ ( 22 2>1/2 (5.4)
dij % for A > m; .

Hence, in order to describe the dynamics of N-component DM, we require N DM
masses, N DM-SM couplings and N (N —1)/2 DM-DM couplings i.e. N(N +3)/2 parameters
in total. In the following, we analyse the results in a model independent way, treating
a,b,c,d as free parameters and fixing them to be equal for all i, 5. We then provide an
example model in appendix A.
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Figure 6. Individual abundances with DM mass in the light mediator case, without (left panel)
and with (right panel) conversions, for N = 10.

5.1 Symmetric components
5.1.1 Light mediators

First, let us consider the case of light mediators, where the cross-sections are independent of
the mediator mass, see first line of egs. (5.2) and (5.4), and depend on the new parameters
a; and ¢;;, taking N = 10 and varying the DM masses from 300 GeV to 1200 GeV. In the
absence of conversions (¢;; = 0), all Boltzmann equations are decoupled and we roughly
obtain the individual yields (abundances) scaling as ~ m; (~ m?). This is expected since
Y; scales as ~ m~! when we treat all cross sections to be similar and independent of mass.

The asymptotic abundances are plotted as a function of mass in the left plot of figure 6,
for different choices of a. In this case, the abundances follow a power-law of the form

mﬁwgmm, (5.5)

(3

where k is to be determined from the fits.

Moreover, we find that the scenario becomes interesting in presence of conversions with
an additional dependence on the parameter ¢ (we take all ¢;; = ¢). The total conversion
cross sections of a given DM particle into the lighter states (ocony,iv) = > i (Oconv,ij V)
are of similar size. This is due to the fact that while heavier DM particles have more DM
states to convert into, their conversion cross sections are suppressed by their mass, whereas
lighter states have less DM states to convert into, but their cross sections are much larger.
These effects partially compensate each other. As a result of this, the power law dependence
on mass for abundances varies depending on the strength of conversions with respect to
annihilations, unlike the case of mass-independent cross sections, where we saw ;5% o m; 1
in presence of conversions. We illustrate this in the right plot of figure 6. As can be seen,
for ¢ 2 a, the abundances do not change much with the mass of the DM component. The
abundances in this case can be expressed in the form

/i/

(o)

where k' and § are numbers determined from the fit. If the conversions are weak, i.e.

Q;h? ~ (5.6)

¢ < a, the first term in the denominator of eq. (5.6) dominates and ©;h? oc m?. On
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Figure 7. Individual abundances with DM mass in the heavy mediator case, without (left panel)
and with (right panel) conversions, for N = 10, with A ~ 100 GeV.

the other hand, for significant conversions i.e. ¢ ~ a or ¢ > a, the second term in the
denominator dominates and we find €;h? does not depend on m;. Therefore with conversions,
Qih? ~ k'mP with 0 < B < 2.

Note that for extremely large conversions, the fits are determined by ignoring the
lightest and next-to-lightest DM particles as they do not follow the same mass-suppression
as heavier ones. However, for moderate to weak conversions, we find that it is possible to
perform a fit for all the DM components.

5.1.2 Heavy mediators

In the case of heavy mediators and/or light DM, see second line of egs. (5.2) and (5.4),
where annihilations are proportional to b; and conversions to d;; (we take all equal), the
cross sections are proportional to the squares of DM masses and the individual yields and
abundances are thus expected to scale as ~ m;" 3 and ~ m; 2 respectively.

The case of no conversions is shown in the left plot of figure 7 for different choices
of the parameter b. We have taken the heaviest DM component mass to be 20 GeV and
the lightest 2 GeV. We also fix the mediator scale to A = 100 GeV. The asymptotic relic
abundances follow a power law of the following form

Q ~ % m; 22, (5.7)
where k is determined from the numerical fits.

In presence of conversions, the dependence on mass will vary depending on the strength
of conversions with respect to annihilations, similar to the light mediators case. However,
due to the direct proportionality to mass, the total conversion cross sections of each species
are not similar unlike in the previous case, and scale as ~ m3. Therefore, we can express
the abundances as
K/ A

Qh* ~
(bm? +5dm3)’

(5.8)

where £/, 0 are determined from the numerical fits. When conversions dominate, i.e. d = b,
we get ;h% m; 3 whereas for weak conversions, we obtain roughly Q;h? m; 2. Hence,
for the heavy mediators case, we have Q;h? ~ k' m” with —3 < v < —2, see the right plot
of figure 7.
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Figure 8. Asymmetry ratio (left panel) and abundance (right panel) versus DM mass for different
choices of a in the light mediator case, without conversions, for N = 10. Left: notice that all the
dashed curves (e = 1) are suppressed compared to the solid (¢ = 0.1) ones. The red dashed curve
is highly suppressed and does not appear in the plot. Right: The green solid curve corresponding
to a = 1072 coincides exactly with the red solid curve, whereas the dashed green and red curves
coincide exactly with the blue dashed curve.

5.2 Asymmetric components

As discussed above, in the case of completely asymmetric dark matter, the relic abundance
is independent of the annihilation and conversion cross sections, whereas there is a slight
dependence on these cross sections in the case of partially-asymmetric dark matter.

From the analytic expressions derived above, we know that the asymmetry ratio is
exponentially suppressed by the annihilation cross section and the initial asymmetry 7;. In
the following, we discuss the effect this has on the DM relic abundance for the light and
heavy mediator cases.

5.2.1 Light mediators

Let us first consider the case without conversions. When the cross sections are inversely
proportional to the square of the DM masses, the lighter species will have a larger cross
section and their asymmetry ratio gets exponentially suppressed compared to the heavier
ones. The trends vary depending on the value of € in eq. (3.2) and a in eq. (5.2), which
enter in eq. (4.12). In figure 8, we show the fractional asymmetries versus mass for different
choices of 1 (e.g. €, see eq. (3.2)).

In the left plot of figure 8, it can be seen that the solid curves (¢ = 0.1) are larger
than the dashed (e = 1) ones for the same value of a, due to the suppression by 1. At the
same time, curves corresponding to larger values of a have r < 1 and can be treated as
completely asymmetric, while the curves corresponding to tiny values of a are close to one,
and are mostly symmetric. This is reflected in the relic abundance of the species, where we
see that for larger values of a, the curves coincide and are a linear function of m (i.e., the
solid red and the dashed blue curves), whereas for smaller values of a, the abundances scale

as ~ m?, similar to what we observed for the symmetric components.
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Figure 9. Asymmetry ratio (left panel) and abundance (right panel) versus DM mass for different
choices of b in the heavy mediator case, without conversions, for N = 10, with e = 1 (dashed) and
e = 0.1 (solid).

5.2.2 Heavy mediators

In the case of heavy mediators, as heavier components have larger cross sections, they
are expected to be highly asymmetric in nature compared to the lighter ones. In figure 9,
we show the asymmetry ratios and abundances for different choices of b (annihilations)
and e. We fix the mediator mass scale at 100 GeV and vary the DM masses in the range
2 — 20 GeV. Comparing the asymmetry ratios with the light mediator case, cf. figure 8, we
see a reversed behaviour and now heavier particles in the set-up tend to be more asymmetric
than the lighter ones. The suppression due to € is evident in the left plot. Depending
on the strength of annihilations, the abundance of heavier particles that are completely
asymmetric is proportional to their mass whereas the abundance of the lighter ones roughly

scales as ~ m ™2

, similar to what we had seen in the symmetric case. Notice also how, the
smaller the value of €, the larger the value of the DM mass where the abundance changes

behaviour from mainly being symmetric-dominated to being asymmetric-dominated.

5.2.3 Effect of conversions

Here we discuss the effect of including conversions for both cases above. Since conversions
deplete the symmetric components, the heavier particles which can convert to the lighter
ones become more asymmetric, compared to the case of no conversions. However, the
heavier states may be more symmetric (asymmetric) than the lighter ones in the case of
light (heavy) mediators (c.f the left panels in figures 8 and 9). Therefore, in presence of
strong conversions, the abundance of the heavier species scales proportional to their mass
and the initial asymmetry. For weak conversions, the behavior is similar to the case of
only annihilations. Depending on the strength of conversions versus annihilations, one
can categorise the multi-component asymmetric DM set-up as shown in table 1. The only
case where the DM can be treated as partially asymmetric is when both annihilations and
conversions are weak; all other combinations lead to a completely asymmetric behavior.
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Annihilation/Conversion Weak Strong
Weak Partially asymmetric | Asymmetric
Strong Asymmetric Asymmetric

Table 1. Behavior of multi-component DM (except for the lightest component), depending on
interaction strength. ‘Asymmetric’ denotes that the DM is completely asymmetric.

Cross-section Symmetric Partially-Asymmetric
Model o Ann. | Ann.+Conv. Ann./ Ann.+Conv.
Mass-independent # f(my) ~m? ~m! ~ nm01*
Heavy mediators ~m2 /A ~m=2| ~m 32 ~ pml=21
Light mediators ~ 1/m? ~ m? ~ ml0:2] ~ nmlh?

Table 2. Scaling of the relic abundance with the DM mass for the heavier components in a
multi-component DM with symmetric or asymmetric components, with and without conversions,
for different types of dependence of the cross sections on the DM mass. The left/right exponents
indicate the extreme limits that are obtained for strong/weak conversions (and annihilations) in
the symmetric (partially-asymmetric) case. In the cases with an x*, left/right exponents indicate
weak /strong interactions.

5.3 Mass-dependence: power-law scaling

For the parameterisations of annihilation and conversion cross-sections used we observe
that the multi-component models exhibit a power-law behavior. The scaling of the relic
abundance with DM mass is summarised in table 2. The power laws are a good fit for the
heavier components in the set-up and do not apply to the lightest component.®

We show the case of treating all cross sections as mass-independent (o # f(m;)), as
well as the cases of light and heavy mediators. In the mass-independent symmetric case
without conversions, all of the particles contribute with a similar abundance to the total one.
Similarly, when the cross sections are inversely proportional to the DM mass, e.g. for the
light mediator case, strong conversions may lead to several stable components with similar
abundances in the symmetric case, e.g. the relic abundance becomes independent of the DM
mass. On the other hand, in models with heavy mediators, we expect the lighter components
of the dark sector to dominate the relic abundance in presence of significant conversions.

For the partially-asymmetric case, if the annihilations and conversions are strong, the
heavier components are highly asymmetric and the abundance depends linearly on mass,
whereas if both the processes are weak, we recover the dependence found in the symmetric
case with weak conversions. Therefore, depending on the values of interaction cross-sections,
it may be possible to have several partially-asymmetric particles with similar abundances
in the heavy mediator case or in the mass-independent case with weak annihilations
and conversions.

8In order for the expressions to be dimensionally correct, the scalings go as (mi/mN)k7 where k is the
exponent shown in the table and my the lightest mass. We do not show this explicitly in the table.
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Figure 10. Abundance of the heaviest (left panel) and the lightest component (right panel)
versus R = (0conv,12V)/(Cann,1v) for the case of mass-independent cross-sections with N = 2,
(Cann, 10) = (Tann,20) = 5.85 x 1072 GeV 2, m; = 40 GeV and my = 20 GeV. The data is fitted
with eq. (5.9), with a = 9.38 x 107°, 8 = 1.65 and v = 0.77. The peak close to R ~ 1.

5.4 Abundance of the lightest state

The power laws provided above are a good fit to describe the behavior of heavier components
that undergo conversions. However, this is not true for the lightest component that is being
produced by all the heavier components. In this section, we comment on an interesting
effect that the lightest component undergoes in presence of conversions, which to our best
of knowledge has not been discussed elsewhere.

It turns out to be useful to define R = (0conv,12)/(0ann,1v) as the ratio of the
conversion and the annihilation thermally-averaged cross-sections. In figure 10, we plot
the abundance of the heaviest and the lightest component versus R, for N = 2, in the
mass-independent case. In general, one would expect the abundance of the lightest (heaviest)
component to be directly (inversely) proportional to the strength of conversions (i.e. from
annihilations of the heavy states into it). While the abundance of heaviest does decrease
with conversions, for the lightest component, we find that the abundance does not scale
directly with the conversion rate. We observe the presence of a peak in the abundance when
R ~ 1, after which the abundance drops but is always (slightly) larger than the case without
conversions (R = 0). We observe that the peak appears at R ~ 1, a phenomenon we term
as ‘annihilation-conversion resonance’. The presence of this peak is inherent to conversions
and can be attributed to the interplay of freeze-out dynamics for all the components
involved. A word of caution, however, is in order: for R > 1, the computation of the relic
abundance becomes more complicated, with the possible presence of significant reheating in
the dark sector [39].

A suitable fit to the profile of the peak of the lighter component in figure 10 (right

panel) is given by
aR

RO+~
where o and v are constants to be determined from the fit, and ;h?(R) [;h2(0)] is the

abundance of the lightest component in the case of conversions [no conversions|. For the
heavier components (figure 10, left panel), the fit goes as o/ /(1 + R), where o/ is a constant.

QR%(R) = Qh2%(0) + (5.9)
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Figure 11. Abundance of the heaviest (left panel) and the lightest component (right panel) for
different values of annihilation cross-sections in the light mediator case for N = 2, m; = 1200 GeV
and mo = 1000 GeV.

Such peaks in the lightest component abundance can be seen in all the scenarios
discussed above, whether the DM is symmetric/partially asymmetric or heavier/lighter than
the mediator involved, for N > 2, as long as the mass splitting between the DM components
fulfills A;; > 0.05. Note that the mass splitting A;; of both DM species plays a central role
in the above discussion as a consequence of eq. (5.4), since for small A;; no peak in the
abundance is observed. In figure 11, we show the case of mass-dependent cross-sections,
using the parameterization of egs. (5.2) and (5.4). We consider the light mediator case with
different values of a (annihilations) and ¢ (conversions).

6 Phenomenological implications

In general, the phenomenological implications are model dependent, and mostly driven
by the interaction strength with the SM (annihilations), and to a lesser extent by conver-
sions. Assuming similar values for the different components, the following generic features
are expected.

In multi-component DM scenarios, if there are no conversions, typically the component
with the smallest annihilation cross section dominates the abundance. Given that indirect
detection (ID) signals are proportional to n? (Ganniv) & 1/(m? (ann,iv)), for equal mass-
independent annihilation cross sections, we expect the lightest component to dominate. In
presence of conversions, the abundance of the heavier components gets reduced and thus
the ID signals should be suppressed compared to the case with no conversions. For example,
in 2DM case, the ID rates for the heavier component x; and the lighter component ys are

RID i <O'a‘nn7 1 U>
LT m? ((0ann, 1) + (Teonv,120))?
1 1
Ao, - L o

~ m3 (Gamn,20)
The scaling of indirect detection rates with DM mass for the different scenarios are shown in

table 3. We observe that in the light mediator case with only annihilations, or in presence
of weak conversions, the ID rates of the different DM components are of similar order.
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Cross-section Indirect Detection
Model o Only Ann. | Ann.+Conv.
Mass-independent # f(m;) ~m? ~m™4
Heavy mediators ~m? /A ~m™4 ~ m~16:4]
Light mediators ~ 1/m? ~m? ~ ml=40]

Table 3. Indirect detection rates proportional to n?(cwv) for heavier components in a multi-
component DM with symmetric components, for different scenarios. The exponents (left/right)
indicate the extreme limits that are obtained depending on the strength of conversions (strong/weak).

In the partially-asymmetric case with 1DM, there is an exponential reduction of the
asymmetry ratio (and therefore on the indirect signals) with the annihilation cross section
compared to the vanilla symmetric case, as pointed in ref. [5]. In the case of partially-
asymmetric multi-component DM, we find an exponential dependence of the asymmetry
ratios on the conversion cross section for the heavier species, making them more asymmetric,
whereas the lighter ones may remain mostly symmetric. Therefore, with strong conversions,
the heavier species become even more asymmetric, e.g. r; < 1, and their indirect detection
signals are highly suppressed compared to a WIMP candidate of the same mass [5],

2
Ry Tann, h 2
ym ann,
= X Thoo X | ——— | < 1. 6.2
The ID rates for lighter components are also suppressed but not as much as the heavier ones
2
R;E (oF 1 2
ym _ Cann, <
= XToo X | — | S 1. 6.3

On the other hand, if the conversions are weaker and the annihilation rates are similar
to the thermal one, the symmetric part of the components may be similar, as already
discussed above.

One may wonder whether strong conversions may lead to a locally-enhanced population
of the lighter states compared to the heavier ones in high DM-density environments, such as
the galactic centre or dwarf galaxies, enhancing the previous rates. Schematically, assuming
that the local energy density piocal in the considered body scales as the global one Qgobal,
as is the case for cold DM [42, 43], we may have

light Qlight heavy heavy
Plocal > global Plocal < global (64)

, .
Plocal leobal Plocal leobal

If the lighter states become more populated, their annihilation channels, say into SM states
«, will dominate. This would be interesting phenomenologically, given the stronger ID
limits on light DM. For example, in the case of 2DM with masses m 2 (m; > ms) and
number densities n; 2, conversions will lead to an increase in the number density of the
lighter component. One can estimate

Ang ~ 2 n%,i (Oconv,120) T, (6.5)
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where ¢ is the relevant time scale from the formation of the local body, and n; ; is the initial
local number density of the heavier component at the time where the body is formed. The
change in the lighter species may be estimated as

— _ P Plocal 10 GeV\1? <Uconv 12 'U> t
sna =107 o™ (552 (rens) (o )] Goveors) () ©
nz = 1077 cm 0.67/ \ 3 GeV/cm? my 1078 GeV=2/ \8 Gy ’ (6.6)

where P = pllocal /Plocal = Qé‘lobal /lobal is the initial fraction of the energy density in the

heavy state. Therefore, the current local number densities of the states become
nyf~ni;— Angy , Ng f ~Mna;+ Ang . (6.7)

Though in this case the change is negligible, it could be significant for local bodies with
much higher dark matter densities, for lighter DM, and for larger conversions. A detailed
analysis of the evolution of those systems would be needed in that case.

Multi-component DM could also give signatures in direct detection, specially kinks in
the energy spectra of averaged rates [44, 45], and partial cancellations and a non-sinusoidal
behavior in time-dependent rates [46] (being able to reproduce DAMA Phase 2 results). The
implications on direct detection rate for reproducing the relic abundance in thermal-freeze-
out and asymmetric scenarios have been discussed in ref. [47]. In general, the presence of
large conversions allows to reproduce the relic abundance with smaller DM-SM couplings,
hence relaxing the strong bounds coming from DD null-results.

Astrophysical signals from capture in the sun and other celestial bodies (e.g. neutron
stars) can constrain the set-up. For example, the asymmetric component may yield
constraints from creating black-holes, etc. The symmetric part may yield the typical signals,
for instance annihilation of DM components into neutrinos, and/or anomalous heating of
the celestial body. The conversions x1x1 — X2Xx2 with m; ~ my (inelastic scattering) can
yield a larger population of the lowest mass state in the Sun (assuming thermalisation is
reached) [48]. The opposite reaction ya2x2 — x1x1 is kinematically forbidden in typical
bodies for non-negligible mass splittings.

Similarly, the conversions x1x1 — X2Xx2 With m1 ~ mq (inelastic scattering) can explain
small-scale structure problems in dwarfs if large enough (also bounds from clusters) [49] and
again yield a larger population of the lowest mass state. The opposite reaction y2x2 — x1X1
is typically kinematically forbidden also in clusters for non-negligible mass splittings.

At colliders, even if strong conversions make the DM to be mainly composed of the
lighter state, the heavier states, if kinematically accessible, may also be produced. For LHC
studies of multi-component scenarios see for example refs. [50, 51].

7 Conclusions

Guided by the visible sector, one may argue that the most natural dark sector is multi-
component and partially-asymmetric. In this work, we have studied the relic abundance
of several stable particles in the dark sector with symmetric and asymmetric components,
with special emphasis on the role that conversions have in the final relic abundance. We
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have found that the total abundance gets reduced by conversions in all cases, generically
helping to hide the dark sector from experiment.

In many scenarios, we have found that several DM components may have similar
abundances, contributing on equal footing to the relic abundance. These are the cases
of: i) symmetric or partially-asymmetric DM with mass-independent cross sections and
small conversions, or light-mediators with strong conversions; i) heavy-mediator with weak
conversions. We expect the dependence on the DM mass shown in table 2 to be valid for a
large class of models, and to be rather universal as long as the masses and cross sections
are at the weak scale.

In the symmetric case, for mass-independent cross sections, the abundance of heavier
species is suppressed due to significant conversions and they are mostly asymmetric, while
the lightest ones dominate the energy density. Furthermore, for large conversions and low
masses, the local density of lighter states may be enhanced with respect to the global one
in very high-density environments. These effects specially affect ID signals, with lighter
states being more populated and yielding the largest SM final state products, while heavier
ones remain mostly asymmetric and less populated.

We conclude that, in multi-component scenarios, it is natural to have symmetric and
asymmetric components in presence of conversions. These can help to explain the absence of
any positive signal up to now, and furthermore provide distinctive experimental signatures
in current and future direct and indirect detection experiments, as well as at colliders, where
cosmologically subdominant components may be produced.
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A Model example

Here we provide an example model to realize multi-component DM and demonstrate the
behavior of the cross section with DM mass, in line with the discussion in section 5. One of
the simplest models where this can be seen is the scalar singlet DM model, where the DM
couples to the standard model via Higgs portal [52, 53]. Most of the parameter space of the
real scalar singlet model is ruled out, leading to DM masses either in the funnel region of
Higgs resonance or mpy; > 1 TeV [54, 55]. In the following, we use it as an illustration and
extend it to N components. The parameter space for the two component model has been
studied in detail in ref. [11].

Consider the standard model extended by N scalar singlets ¢;, all of them stabilised by
Zo X Z; coe X ZéN symmetry and coupling to the SM via a Higgs portal coupling A;. The
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part of the Lagrangian concerning DM interactions is given by

1 1

N
1 1 1
Loy-sm = » (2 (Ou i)” — §m(2)i¢22 - 1)\8#’? — g JH'H — 1 > :Aijéb?%z) ,
i=1 : J>i

(A1)

where ), is the quartic self coupling, mo, is the DM bare mass, A;; is the DM-DM coupling
and H is the SM Higgs doublet, which acquires a vacuum expectation value after electroweak
symmetry breaking and is parameterised by H = (0, (v + h)/v/2)T, where v = 246 GeV,

while (¢;) = 0. Hence, the mass of the DM candidates are m? = m§, + ’\1'2“2 and we choose

m; > mj for j > i. The Higgs portal couplings ();) opens annihilation channels for DM
states, ¢;¢; — ff, WW, ZZ, hh. Furthermore, they also lead to conversions ¢;¢; — ¢;¢;
along with the direct interactions A;;, which dominate for larger DM masses.

In the large DM mass regime (light mediator case), m; > my, the annihilation cross
section (s-channel) for the model can be roughly approximated as

2
<O'ann7iv> ~ W for m; > my, . (A2)

According to our adopted convention, this implies a; = A\?/167.

For conversions, the interaction rate is given by

2
oy VE A VAN 2 (s —mp) VAN o
<0'conv, ij U> = 3 \/> o2 512 212 512 )‘ij (A?’)
Tsys | (s —mj)” +myT; (s —mj)” +mjil;

Taking the threshold value s = 4m22, in the heavy mass regime, the direct interaction term
Aij dominates over \; ;, and we can approximate

32 (m2 - m?)"”

327wm3

(Teonv, i 0) = (A4)
Therefore, ¢;j = A}, /32m.

In the low DM mass regime (heavy mediator case), the annihilation and conversion
cross sections can be approximated by

A2 m2
(Camn,iv) = o= —5  for my < my,
8w my,
A2 1/2
~ 2 2
(Tconv,ij V) = o 7]71% m; (mi - mj) ) (A.5)

The approximation for the conversion cross section above holds in the case where the DM
mass is given by m? ~ A\v2. Thus, b; = )\12/87r and d;; = )\]2/877 in this case.
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In this paper, we consider the possibility of generating the observed baryon asymmetry of the Universe
via leptogenesis in the context of a triplet fermion-mediated type-III seesaw model of neutrino mass. With a
hierarchical spectrum of the additional fermions, the lower bound on the lightest triplet mass is ~10'© GeV
for successful leptogenesis, a couple of orders higher than that of the type-I case. We investigate the
possibility of lowering this bound in the framework of two-Higgs-doublet models. We find that the bounds
can be lowered down to 107 GeV for a hierarchical spectrum. If we include the flavor effects, then a further
lowering by one order of magnitude is possible. We also discuss if such lowering can be compatible with

the naturalness bounds on the triplet mass.

DOI: 10.1103/PhysRevD.107.035014

I. INTRODUCTION

The Standard Model (SM) is immensely successful in
explaining majority of the properties of the fundamental
particles and their interactions. The SM was further bolstered
by discovery of the Higgs boson by the ATLAS and CMS
experiments of the Large Hadron Collider (LHC) [1,2].
However, there are some experimental results that cannot be
accounted for in the framework of the SM. Two of the most
relevant of these for our purposes are as follows: (i) The SM
fails to explain the origin of the baryon asymmetry of the
Universe, Yap = (8.75 £ 0.23) x 107!!, determined from
cosmic microwave background radiation and relative abun-
dances of light elements [3]. (ii) On the other hand, several
neutrino oscillation experiments have shown that neutrinos
have tiny but nonzero masses, unlike what is predicted by the
SM. One of the most appealing scenarios to explain the tiny
neutrino masses needed to explain the results from oscillation
experiments is the seesaw mechanism, which is generated by
the dimension-5 Weinberg operator [4]. The ultraviolet
completion of this can be accomplished in three ways, giving
rise to three different versions of the model. These are
achieved by introduction of heavy right-handed neutrinos
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(type ), scalar triplets (type II), or fermion triplets (type III).
Since the Weinberg operator violates lepton number by two
units, seesaw implies that neutrinos are Majorana particles.

In the type-I seesaw model, the out-of-equilibrium decays
of the heavy Majorana neutrinos can give rise to a lepton
asymmetry (leptogenesis) which can be subsequently reproc-
essed into baryon asymmetry via sphaleron processes [5].
For thermal leptogenesis with a hierarchical spectrum of
heavy neutrinos, generation of required CP asymmetry puts
a lower bound on the mass of the lightest right-handed
neutrino. This is the famous Davidson-Ibarra bound which
gives Mijgpes > 108-10° GeV [6]. For the case of the type-
[T seesaw model, in which the lepton asymmetry is generated
from the CP-violating decays of fermion triplets, the lower
bound on the CP asymmetry combined with the fact that the
SU(2) triplet fermions have additional gauge interactions
increases the above bound to Mijgpes > 3 x 10'° GeV [7].

These bounds are in tension with the constraints coming
from naturalness, implying that the presence of these heavy
particles can lead to large quadratic corrections to the Higgs
mass, enhancing the hierarchy problem. If we assume
naturalness to exist, it puts an upper limit on the mass
scale of the seesaw mediators. The naturalness constraints
in the context of the minimal type-III seesaw model were
studied in Ref. [8]. For instance, assuming that the
quadratic corrections to Higgs mass are < 1 TeV?, they
obtained M gpese < 3 X 10°-1.84 x 107 GeV, depending
on the parameters of the model. Current searches for such
fermion triplets at the ATLAS [9] and CMS [10] detectors
at the 13 TeV LHC have set the lower limits on their mass at
790 and 880 GeV at 95% C.L., respectively.

Published by the American Physical Society
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In the literature, attempts have been made to reduce the
bound on the lightest seesaw mediator mass by adding extra
scalar fields [11-14]. In particular, Ref. [12] considered a
two-Higgs-doublet model (2HDM) in the context of the
type-I seesaw, and they showed that the scale of lepto-
genesis can be lowered and made consistent with the
naturalness bound if the second Higgs doublet gets a very
small vacuum expectation value (VEV). In this paper, we
investigate if a similar phenomenon can happen for the
type-III seesaw model. In particular, we examine the role of
gauge scatterings and an additional doublet in lowering the
leptogenesis scale. In addition, we also include the flavor
effects and see the implications of these in lowering the
leptogenesis scale further.

The paper is structured as follows. In Sec. II, we discuss the
two-Higgs-doublet model with triplet fermions. In Sec. III, we
briefly discuss type-III leptogenesis in the usual case with just
one Higgs doublet and present the numerical results for the
2HDM case in Sec. I'V. We summarize our findings in Sec. V.

II. MODEL

We extend the Standard Model by three hierarchical
fermionic SU(2) triplets X; (i = 1, 2, 3) with zero hyper-
charge (My, > My, > My ) and the scalar sector by an
additional Higgs doublet with hypercharge one. Thus, our
model contains two SU(2) doublets ®@; (i = 1, 2). Since the
general 2HDM has tree-level Higgs-mediated flavor-
changing neutral currents (FCNCs) (contradicting the
experimental bounds on FCNCs), a discrete Z, symmetry
is imposed on the scalar potential as well as to the fermions
to avoid such currents [15]. These FCNCs can also be
eliminated if the Z, symmetry is softly broken by demand-
ing that each right-handed fermion couples to only one of
the doublets [16,17]. Here, we assume that ®@; (®,) couples
only to uk ().

The CP-conserving, softly broken Z, symmetric poten-
tial in the 2HDM model can be written as

V(®), @) = m%lq)Tq)l =+ m%z(b;q)z - m%z(dﬁdh + (D;q)l)
A A

t5 (@]®))? + 5 (P1D,)>

+ 13(@]®) ) (PLD,) + 1y (D] @) (D)D)

A ; .
+ 2 [(@]@,)" + (@], )7, (1)
where all the parameters can be chosen real without loss of

generality. The m?, term with operator dimension two

above softly breaks the Z, symmetry.1

"This implies that the Z, symmetry is respected at short
distances, i.e., at distances shorter than the cutoff 1/M to all
orders in the perturbative series. Thus, in the limit M? > oo or,
equivalently, at high energies, the Z, symmetry is restored [18].

After electroweak symmetry breaking, the scalar fields
can be decomposed as

P <(vi + p,»qfim)/\/i > @

where v; are the VEVs given by

2
o —2m7,
A
1 m?
~ 12
) ~Tm—2017 3)
1 +ﬂﬂ 22

with 2* =23+ A4+ 45, m}; <0, and v? +0} =0~
(246 GeV)>.

From Eq. (3), we can see that the VEV v, can be very
small if m3,/m3, < 1. This is natural in the ’t Hooft sense,
since, as m?, — 0, a U(1) or Z, symmetry is reinstated for
As =0 or A5 # 0, respectively. Furthermore, the minimi-
zation conditions of the scalar potential lead to an upper
bound on m3, [12]:

1
m3, < 3 m? tan’f3 (4)

in the limit m3, > 4,03, provided that m?, remains
negative. Here, m;, = 125 GeV is the Higgs mass, and
tan f = v, /v,.

The part of the Lagrangian concerning neutrino masses
and leptogenesis is given by

Ly = Tr[ZiDE] — BT, V2 YL,

1 —
— ETr[ZiMEi 25] + H.C., (5)

where L, = (v, )T (a = e, u, 7) and @, = (5, $3)7 are the
lepton and Higgs doublet, respectively, with ® = io,®* and
D,=9, - igrh Wj} /2. The triplets can be represented as
>0/4/2 =t
2= (¥ ) ©
= -/V2

with T+ = (Z! F i¥?)/V/2.

For m3, > 0 and A5 = 0, the U(1) symmetry is softly
broken, and one can write the neutrino mass matrix in terms
of the usual type-III seesaw formula with v replaced by v,:

Mtree _ _UigyTi Y (7)
Y20 My

The model also has the possibility of generating neutrino
masses radiatively if m;, = 0, 15 # 0. In this case, v, =0

035014-2
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and the Z, symmetry remains unbroken; therefore, neu-
trinos cannot have masses at tree level. This case corre-
sponds to the type-III scotogenic model, and the neutrino
masses are given by [19]

YoiYpids0? [ 7 1
loop __ ~ai pi’ts 1
Map 327[2M2i L —r <1 - r> 1 r] ’ (8)

where r = M3 /M and M}, = m3, + (43 + 44)0°.

For further analysis, we consider 45 = 0, so that neutrino
masses are generated only at the tree level. Leptogenesis in
the context of a hybrid model of scotogenic type-I and -I1I
seesaw has been discussed in Ref. [20].

III. LEPTOGENESIS

The mass term for the Majorana triplets in Eq. (5) breaks
the lepton number, and, in general, the Yukawa coupling
matrix Y is complex and contains new sources of CP
violation; therefore, if the decay of the fermion triplet
Y — [D, is out of equilibrium, then all the Sakharov
conditions [21] are satisfied for the dynamic generation
of alepton asymmetry. This is similar to type-I leptogenesis;
however, qualitative differences arise due to the coupling of
fermion triplets to SM gauge bosons, as we discuss later.

The lepton asymmetry produced by the decay of a heavy
triplet can be written as [22]

135¢(3)

Y, =esnYs(T > My) =—F——
L =N 2( x) 4ﬂ4g*

s, (9)

where ¢y is the average lepton asymmetry AL produced per
decay of X (CP asymmetry parameter), Y, = n,/s is the
number density of species a per unit entropy, ny is the total
number of triplets, and g, is the number of active degrees of
freedom at T = M. The efficiency factor 0 <5 <1
incorporates the effects of washouts and scatterings and
is determined from the numerical solution of the Boltzmann
equations for the lepton asymmetry and triplet population.
The baryon asymmetry produced from this lepton asym-
metry is

Yp =3CYp_;, = —0.0041exn, (10)

where C = —8/23 is the sphaleron conversion factor for
three flavors and two Higgs doublets [23] and the factor of
3 comes from the three SU(2) degrees of freedom of the
triplets.

A. CP asymmetry

For a hierarchical spectrum of heavy seesaw states
(My, < My, < My,), only the decays of the lightest state
are important for leptogenesis, as the asymmetry generated
by the heavier states can be washed out by X;-mediated
interactions until they drop out of equilibrium. Considering

the decay of the lightest triplet £;, CP asymmetry can be
calculated as [7]

V.
J J J
e, = Y STE L L
! .:2’32M2jM2 3
where
Im[(YTY)7]

= U (12)
Ty YTy

and §; and V; are the loop factors associated with the self-
energy and vertex corrections, respectively. I'; corresponds
to the decay width of triplet components, which is similar to
that of a right-handed neutrino and can be expressed as

1

where the factor y; = m3,/M3 takes the mass of the

second Higgs doublet into account. In the type-I seesaw,
there is an upper bound on CP asymmetry [6]:

3 M
e < oo = m,,) (14)

which can be translated into a lower bound on the mass of
right-handed neutrinos My = 6 x 108 GeV, assuming
maximal efficiency, i.e., 7 = 1. For triplets, the same
expression holds with a factor of 1/3 and v replaced by
v, in our model, and we get

1 My
ey < ———(m
2—871_0%( 123

—my,,). (15)

Note the inverse dependence on v,, which allows us to relax
the bounds on maximum allowed CP asymmetry for
smaller values of VEVs as shown in Fig. 1. However,
unlike the case of the type-I seesaw, we cannot translate this
into a lower bound on the triplet mass, as gauge scatterings
can suppress the efficiency considerably and we cannot
assume 7 = 1. Hence, in order to compute the lower bound
for the triplet mass, one must solve the coupled Boltzmann
equations for the evolution of number density of triplets
and lepton asymmetry.

B. Boltzmann equations

Assuming flavor-blind leptogenesis and considering
only gauge scatterings mediated by SM gauge bosons,
decays (and inverse decays), and AL = 2 scatterings, the
Boltzmann equations can be written as”

*Since we are concerned with only the decay of the lightest
triplet, we suppress the index 1.
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FIG. 1. The maximum bound on CP asymmetry as a function

of triplet mass My for different values of v,. The solid black line
represents the standard case with one Higgs doublet and
v = 246 GeV.

dYs <YZ

Y3
SHZd—Z:— Y—eEq—1>]/D—2<Y§eq—1)]/A, (16)

dYB—L YZ YB—L YD b
SHZ dZ = —¥YpEx (Y—ezq— 1 - Y?q 74-2]/52%] N
(17)

where Y, = n,/s is the yield, z = My /T is the evolution
variable, H = 1.66,/g, T?/ My, is the Hubble expansion rate
of the Universe, and s = 0.44¢, 7" is the entropy density. The
suffix eq denotes the equilibrium values, and y’s are the
reaction densities for various processes: yp, is the decay or
inverse decay reaction rate, y 4 is the gauge scattering reaction
rate for the processes £ <> GG/, ff, HH, and y3® comes
from AL = 2 scatterings LL <> ®3®}, L®, <> Ld} with
the on-shell part subtracted.

The decay and gauge scattering densities are given
by [7,24]

7, (18)

. (19)

) = 2 [ 4 A

- 64nt

where x = s/M2%, s is the center of mass energy squared,
and K (z) is the modified Bessel function of the first kind.
We define

Y'Y 2
=Ty gap 2 (20)
2My M2

as the effective neutrino mass and use the following
expression for the reduced cross section 6, (x) [7]:

“/0 2\ 24 17
a(x) :%(1+—>r+%[—<4+?>r

T X

S(ee(z) o

with r = /1 — 4/x. Note that, since the gauge scatterings
do not violate L, they affect only the evolution of X
population. In the absence of y,, the Boltzmann equations
take the exact same form as that for right-handed neu-
trinos, with all the interaction terms multiplied by 3 in
Eq. (17). It can be seen that the decay and gauge scattering
rates depend only on 72 and My, which we will take as free
parameters for our analysis.3

C. Gauge versus Yukawa interactions

Now, we discuss the effect of gauge reactions which are a
function of My only. At high temperatures z < 1, the gauge
reactions are in equilibrium and tend to thermalize the
triplet population; thus, no asymmetry can be generated.
However, at low temperatures z > 1, the gauge reaction
rate is doubly Boltzmann suppressed and an asymmetry can
be generated when these gauge reactions decouple, which
implies

ry _7a
7 T eq ~ 17
H ny'H

(22)

provided that the inverse decays [®, — X are also
decoupled at that stage. If the inverse decays are still
active, the asymmetry will be generated at a later stage once
they go out of equilibrium, i.e., yp/n;*H < 1. To under-
stand the dynamics better, we plot the thermalization rates
for various values of My, 71, and v, in Fig. 2.

As can be seen from Fig. 2, the gauge thermalization rate
[/H = y,/n5'H reaches its maximum value at z = 1, i.e.,
T ~ My, and the lower the triplet mass, the more the triplet
is thermalized. As long as y,/n3'H > 1, Y5 tracks its
equilibrium distribution Y3, and the gauge interactions
dominate over the Yukawa ones for yp < 4y,; i.e., triplets
scatter before they decay. The asymmetry is, thus, sup-
pressed by a factor of yp /4y, in this period until either
va/ns'H < 1 or 4y, < yp, where the latter condition is
used to define z = z, [22].

For z > z,4, the decays dominate over the gauge inter-
actions and the triplets decay before scattering. Hence,
there is no suppression from gauge scatterings, even if they
are in equilibrium. The only suppression comes from the
number of triplets that survive gauge annihilations at
7 = z4, which is a Boltzmann-suppressed quantity. For
the SM VEV (shown in black in Fig. 2), the value of z4 lies
around 4 for My = 10'2 GeV and 21 for My = 10* GeV.
Notice that the larger the value of z, the lower the number of

*Measuring neutrino masses does not fix m and My, and,
hence, they can be treated as free parameters. See Ref. [25].
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FIG. 2. Evolution of gauge and Yukawa reaction densities

relevant for Boltzmann equations. The decay (inverse decay)
thermalization rate yp/H n;‘?( ) denoted by solid (dashed) curves
depends only on 7 for a particular value of VEV [black (purple)
lines], whereas the gauge thermalization rates y,/Hns' denoted
by red curves depend only on My. The horizontal black line
indicates when the reactions go out equilibrium.

triplets left at that point to generate the lepton asymmetry.
Therefore, successful low-scale type-III leptogenesis
becomes extremely difficult.

The washout from inverse decays, characterized by the
thermalization rate yp/n;"H, is depicted by the dashed
lines in Fig. 2. The inverse decays are suppressed at z > 1,
so, if yp/nj"H <1 at z=z4, the inverse decays are
already decoupled and their contribution to washout can
be neglected, and the major contribution to washout comes
from gauge reactions. This usually holds true for smaller
values of i, where yp/nj®H never reaches unity. Larger
values of 77 can keep inverse decays in equilibrium at
7 > 74, where their contribution to the washout starts
dominating over that of gauge reactions and the efficiency
is suppressed mainly by inverse decays.

Therefore, we can define a minimum value of m = 7y
[22] for a given value of My, below (above) which the
gauge interactions are more dominant (suppressed) than the
Yukawa interactions, allowing us to define the lower m
“gauge regime,” where gauge reactions are dominant, and
the larger /i ““Yukawa regime,” where gauge reactions can
be neglected; see Fig. 3. In the former, efficiency has a
strong dependence on My, and in the latter, efficiency
depends entirely on 71, just like type-I leptogenesis.
Maximum efficiency is seen at the juncture of the two
regimes. /i1, can be computed by requiring

YD

RO - (23)
n?qH I=Zp

N T
10"+ : -
Yukawa
Regime -
10°F B
% Gauge .
S I Regime “.
EN 107_ vy _
— 246 GeV
- 30 GeV
105k-- 16V i
.+ 0.1 GeV - 3
. 1 P | ) [
10710 1078 10°6 107 001 1
m[eV]

FIG. 3. In the lower (upper) / region, i.e., to the left (right) of
each line corresponding to different VEVs, the gauge (Yukawa)
interactions are dominant. Lowering the VEV shifts the line
delimiting the two regimes toward smaller /7 values. Hence, with
smaller VEVs, unless 7 is very small, one always remains in the
Yukawa regime.

IV. RESULTS AND DISCUSSION

We now discuss the implications for triplet leptogenesis
in the presence of another Higgs doublet acquiring a tiny
VEV. Note that, for smaller VEVs, even smaller values of
/m give a higher decay or inverse decay rate than that of the
standard VEV with higher 72; see the purple lines corre-
sponding to v, =1 GeV and m = 0.0005 eV in Fig. 2.
Hence, as one decreases the VEV, the Yukawa interactions
start dominating over gauge interaction at smaller values of
z for a given value of iz and My. While lower values of z,
imply there is more triplet population left to produce the
required asymmetry, the inverse decay rate is also enhanced
and they can stay in equilibrium for z > z,, suppressing the
asymmetry generation. A direct consequence of lowering
the VEV is the shifting of 7 scale separating the two
regimes, since the Yukawa interactions are inversely
proportional to v3, as can be seen in Fig. 3.

A. Lower bound on triplet mass

As discussed above, in order put a lower bound on My,
we need to determine the efficiency # by numerically
solving the Boltzmann equations, Eqs. (16) and (17).
Considering only gauge scatterings and O(Y?) interactions,
the efficiency factor corresponding to different values of 7,
My, and v, is shown in Fig. 4. The efficiency reaches a
maximum at /.1 = i, for different values of My. It can be
seen that, for higher values of /7, efficiency is independent
of Ms. We also find that lowering the VEV does not affect
the maximum value of efficiency obtained for a particular
My significantly; however, maximum efficiency is obtained
for lower values of /2 for smaller values of v,.

In conjunction with the maximum bound on CP asym-
metry [Eq. (15)], which is relaxed due to lower VEVs, we
plot the maximum of zey that one can obtain for a particular
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FIG. 4. 5 as a function of /i and My for different values of v,.

value of My and v, in Fig. 5. We also show the value of 7ey
required to produce the observed baryon asymmetry
from Eq. (10).

Figure 5 is the main result of this work, allowing us to
read the lower bound on My for successful leptogenesis:

3x10° GeV for v, = 30 GeV,
3x 10" GeV for v, =1 GeV,
1 x 107 GeV for v, = 0.5 GeV.

My > (24)

B. Effect of AL=2 scatterings

Now we consider the effect of AL =2 scatterings
mediated by right-handed neutrinos [O(Y*)], proportional
to M%m? /v*, where m? = Y m? is the neutrino mass scale
20.05 eV. They contribute to the washout of lepton
asymmetry and are significant in the strong washout
regime. The thermally averaged AL = 2 scattering for
T <M/3 in type-l leptogenesis has been approximated
in Ref. [26]. For type III, as interactions rates are multiplied
by 3, we have

T T T
vy
0.0011-— 30Gev -
| — 1GeV
0.5 GeV
" 105+
2
¢
<
= 1077+
10—9 -
| | 1 1
10° 107 10° 10"
Ms [GeV]
FIG.5. The maximum value of 77ex one can obtain for different

values of My and v,. The dashed black line indicates the value of
nes = (2.13 £0.06) x 1078 required to produce the observed
baryon asymmetry of the Universe in type-III leptogenesis with
two Higgs doublets.

Tars 3T 246GeV\4/ m 2
H ~22x108GevV\ o, 0.05eV)

At T < Ms/3, if these scatterings are in equilibrium,
they can potentially wash out the asymmetry; however,
this depends on the value of /. With a hierarchical
neutrino mass spectrum and m < 107! eV, these scatter-
ings do not affect the final results unless My > 10'* GeV.
For m ~1 eV, these scatterings affect the results for
My > 10" GeV.

In our model with smaller VEVs, these scatterings
become more important than the standard case, as they
are inversely proportional to v3. The corresponding 7 scale
for a particular value of My above which these scatterings
can potentially wash out the generated asymmetry shifts by
(v,/v)*. Since we observe that the maximum efficiency for
a given triplet mass is seen toward low 7 values where
these scatterings are not very significant, the bounds in
Eq. (24) remain valid. Though, in order to avoid too strong
washout, these scatterings must go out of equilibrium at the
sphaleron decoupling temperature around 7 ~ 100 GeV,
which leads to a lower bound on the VEV of ®@,: v, = 0.47
from Eq. (25).

(25)

C. Effect of flavor

The flavor blind analysis is justified for decaying right-
handed neutrino masses above 10'2 GeV, as the flavor
effects become important at temperatures below this value
[27,28]. In the window 10°-10'%2 GeV, the 7 Yukawa
interactions come into thermal equilibrium and the
B—L asymmetry is distributed into L, and Ly (L,+L,).
Consequently, the Boltzmann equation for B — L asym-
metry [Eq. (17)] splits into ¥; and Y, , making it a two-
flavor problem. For temperatures below 10° GeV, the u
Yukawa interactions also come into thermal equilibrium,
and one has to consider three independent Boltzmann
equations for Yy . The flavor-dependent Boltzmann

equation for lepton asymmetry can be written as [24]
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dYa, Yo | 1, (¥s K, .
iz = _E Ey Y—;q -1 +—2Y7qﬂ;TCaﬁYA/i s
(26)

where A, =Yp;3_; and Y, =2Y, +7Y,. The flavor
projector K, is defined as
Yo Yo i,

K,=-% =—, 27
T, 7

and ), K, = 1. The coefficients Cf;/; couple the differ-

ential equations for different flavors and are determined
from the reactions that are in equilibrium for a given
temperature regime. The total asymmetry is then given
by YB—L = Za YAa'

Depending on the regime in which asymmetry is
generated, the flavor effects allow us to obtain a less
suppressed efficiency. Since the suppression in the gauge
regime comes from flavor-blind gauge scatterings, flavor
effects play a negligible role there. However, they can
become important and sizable in the Yukawa regime where
inverse decays are important. For example, if

el > e and T(S - L,H)>T(S - LH), (28)

i.e., the decay of the lightest triplet has a larger CP
asymmetry and a smaller decay width in a particular flavor
channel, then the suppression from inverse decays in that
channel becomes negligible and we obtain a larger asym-
metry than the unflavored case.

For simplicity and to illustrate the effect of flavor in both
the regimes, we first work in the two-flavor framework
(L., L) and follow closely the work in Ref. [24]. The flavor
coupling matrix is given by [29]

1 /19 =24
! = — . 2
¢ 460 ( -9 156) (29)

Assuming K; =0.99, K, =001 and &f =1.1xéy,

eg = —0.1 x &g, we show the results for three different

values of My, v, =1 GeV in Fig. 6.

For a given value of My and 7, it can be seen that in the
gauge regime the efficiency is roughly of the same order,
whereas, for larger values of 7, the efficiency can be
enhanced by roughly 1-2 orders of magnitude. In con-
junction with the bound on CP asymmetry, this allows one
to reduce the bound on the triplet mass for successful
leptogenesis in Eq. (24) by an order of magnitude.
Therefore, for a hierarchical spectrum of decaying fermion
triplets, we can lower the scale to roughly O(10° GeV) for
v, ~ 1 GeV once the flavor effects are included.

We have also checked the results for lower temperature
regimes, where the three-flavor decomposition becomes

Msx
— 10° GeV — 10° GeV
L L |

10° GeV
|

10—8 w0l
1077 1076

il ! L NIRRT Lol PR
10-5 104 0.001 0010
m[eV]

FIG. 6. 17 as a function of 7/ for the flavor-dependent (solid
curves) and flavor-independent (dashed curves) cases assuming

K; =099, K, =001 and e = 1.1 X &5, £ = —0.1 x ¢5.

important, and found that efficiency enhancement is of the
same order as that of the two-flavor case; hence, the bound
My > 10° GeV remains valid for lower temperatures as
well, provided that Eq. (28) is satisfied.

D. Naturalness

Having discussed the bound on triplet mass for success-
ful leptogenesis, here we focus our attention toward
naturalness, similar to the studies done for type-I and
type-III seesaws in the literature [8,12,30], for complete-
ness. The high scale of the seesaw mediators and the
presence of heavy particles in the model can provide large
corrections to the Higgs mass, thus inducing the naturalness
problem [31]. Naturalness demands that these corrections
to the Higgs mass are less than O(TeV?) and leads to a
conservative naturalness bound on the masses of the heavy
particles.

The naturalness constraints in the present setup involve
the influence of the mass of the second Higgs doublet (m1,,)
on the first (m;;) and the influence of triplet masses (My)
on that of the second Higgs doublet (m,,). For the former,
the authors of Ref. [12] find that a TeV-scale m,, is
completely natural. For the latter, the corrections to m3,
from My and the naturalness bound can be computed as

2 3 T7y2 2
oms, & WTr[Y Dy Y| < A7, (30)
where A denotes the scale of corrections and D, =
diag(My,,My,, My,). Similar to the correction to the
Higgs mass, if we take A =1 TeV, the bound on My
becomes [30]

My <3.5x 107 Gev (22 )" 31
y I X (S % . ( )

However, since the heavy scalars are expected to be at the
TeV scale, one can consider slightly relaxed bounds by
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FIG. 7. Bounds on the triplet mass and the VEV of the second
Higgs doublet from naturalness (blue and orange curves) and
leptogenesis (red and purple curves). The gray dashed line
indicates the value of v, below which the leptogenesis and
relaxed naturalness bounds become compatible.

taking the correction to m3, larger than O(TeV?).
Following the approach in Ref. [12], we take this relaxed

bound Ajaea = min(10 TeV, 10y/m3 tan 8/2), where we
have used the consistency condition of Eq. (4). In Fig. 7, we
show these bounds in conjunction with the bounds from
efficient leptogenesis including the flavor effects (a similar
figure is provided for the type-I seesaw in Ref. [12]).

It can be seen that demanding corrections to m,, of the
order TeV is not consistent with the bounds from lepto-
genesis despite the lowering of the leptogenesis scale via
the small VEV of the second Higgs doublet. However, if we
consider the relaxed naturalness bound, a small region of
parameter space opens up that is compatible with all the
bounds (as indicated by the light blue region in the center)
and can be read as 8.5 x 10° GeV < My < 3 x 10° GeV.
Furthermore, in order for these bounds to be compatible, v,
should be less than 1 GeV (indicated by the dashed
gray line).

V. SUMMARY

We considered the possibility of lowering the scale of
type-III leptogenesis in the context of a two-Higgs-doublet
model. Because of the gauge scatterings of fermion triplets,
the asymmetry produced by their decays is highly sup-
pressed, and successful leptogenesis is possible only for

My >3 x 10" GeV(10°GeV) in single-flavor (three-
flavor) approximation [7]. We have shown that if all the
heavy fermion triplets couple only to the second Higgs
doublet, which obtains a small VEV, the absolute bound on
the mass of the decaying triplet can be lowered to 10’ GeV,
roughly 3 orders of magnitude below the current bounds for
successful leptogenesis. We also include the flavor effects
and find that there can be a further reduction to 10° GeV.

We have studied the interplay of gauge and Yukawa
scatterings for different VEVs and find the latter get more
dominant than the former as one decreases the VEV. This
results in shifting the scale delimiting the gauge and
Yukawa regimes, at the junction of which one obtains
maximum efficiency. Hence, the efficiency is enhanced for
smaller values of /71 compared to the standard case with just
the SM Higgs doublet. This suggests that, for lower VEVs,
the effective contribution to the lightest active neutrino
needs to be smaller. Higher values of 7 lead to significant
suppression from inverse decays, and the dynamics become
similar to the case of type-I leptogenesis. The lowering of
the scale is mostly due to the relaxation of Davidson-
Ibarra bound on the maximum CP asymmetry for smaller
VEVs. Furthermore, constraints from strong washout due
to AL = 2 scatterings and compatibility with naturalness
impose stringent constraints on the VEV of the second
Higgs doublet to be 0.47 GeV <ov, < 1GeV.

The analysis above highlights that unlike the case of
type-I leptogenesis, where the scale can be lowered to TeV
scales (and below) in the presence of a second Higgs
doublet, there exists only a small region of parameter space
around My ~ 10% GeV that is compatible with both lepto-
genesis and naturalness.
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RESUMEN DE LA TESIS

El modelo estandar de la fisica de particulas (SM), con tres generaciones de quarks
y leptones, constituye la teorfa mdas completa para explicar las interacciones entre las
particulas elementales y tres de las fuerzas fundamentales la fuerte, la débil y la elec-
tromagnética, y ha tenido un éxito notable en la descripcién de los resultados experi-
mentales. Sin embargo, estd lejos de ser una teoria completa, ya que existe evidencia
convincente de la existencia de masas de los neutrinos, del exceso de materia bariénica
sobre la materia antibariénica, y de la abundancia de materia oscura:

e Masas de los neutrinos: Los neutrinos, los tinicos fermiones neutros en el mod-
elo estdndar, se consideran sin masa. En las tiltimas décadas, varios experimentos
con neutrinos solares, atmosféricos y de reactores han confirmado el fenémeno
de las oscilaciones de neutrinos, lo cual indica una mezcla entre los autoestados
de sabor y de masa [57-60]. Estas mediciones sugieren que las masas de los neu-
trinos son seis 6rdenes de magnitud menores que la masa del electrén, lo que
convierte la observaciéon de masas de neutrinos no solo en una indicacién directa
de fisica BSM, sino que también nos lleva a preguntarnos: ;Por qué las masas de
los neutrinos son tan pequefas?

e Asimetria bariénica del universo: Practicamente todo lo que vemos e interac-
tuamos estd compuesto de materia, mientras que la antimateria sigue siendo es-
quiva. Esta asimetria entre materia y antimateria en el universo ha sido medida
con gran precision, siendo del orden de 10719, a partir de la Nucleosintesis del
Big Bang y de mediciones del Fondo Césmico de Microondas [143, 355, 356].
Para generar una asimetria bariénica neta (bariogénesis), deben cumplirse las
tres condiciones de Sakharov: violaciéon del ntimero bariénico, violacién de CP y
decaimientos fuera del equilibrio en el universo temprano [148]. Aunque estas
tres condiciones estdn presentes dentro del SM, no pueden explicar por si solas
la gran asimetria observada.
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e Materia oscura: Existe una evidencia sélida, en forma de observaciones de curvas

de rotacién galacticas [215,216], camulos de galaxias y lentes gravitacionales [223-
226,357,358], que indica que la mayor parte de la materia en el universo observ-
able es no luminosa y no bariénica. Esta forma de materia, denominada materia
oscura (DM), contribuye con aproximadamente un 25% de la densidad total de
energia del universo, es decir, alrededor de cinco veces més que la materia visible.
La identidad de la materia oscura atn sigue siendo un misterio. Los neutrinos
activos del SM, las tinicas particulas del SM que podrian ser candidatos viables
a DM, no pueden explicar la densidad relicta observada de DM debido a las re-

stricciones experimentales sobre su masa.

Para poder explicar estas observaciones, es necesario extender el SM. Tales extensiones

se conocen como teorias Mas Alld del Modelo Estandar (BSM), cuyo objetivo es re-

solver uno o varios de los problemas no resueltos del SM. En el pasado, se han prop-

uesto muchas soluciones para abordar conjuntamente una o més de estas cuestiones

dentro de un marco comidn. A continuacién, se hace una breve revisién de algunos de

los escenarios BSM més comunes.

e Mecanismo seesaw: La explicacién mds elegante para las pequefias masas de los

neutrinos es a través del mecanismo seesaw, vinculado al operador de dimen-
si6on 5 LLHH, conocido como el operador de Weinberg [55], donde L y H son,
respectivamente, el doblete lepténico y el doblete de Higgs del SM. En el esce-
nario mas sencillo, conocido como seesaw de tipo I, se afiaden al SM neutrinos
pesados de mano derecha tipo Majorana N; con masa M; [93,94]. Tras la ruptura
espontdnea de la simetria electrodébil, el operador de Weinberg genera masas
diminutas para los neutrinos: m, o 012_1 /M. Sin embargo, dado el valor del vacio
del Higgs (VEV), masas de neutrinos del orden sub-eV pueden generarse para
M ~ O(10'%) GeV, asumiendo acoplamientos de O(1). Esta escala tan alta resulta
dificil de explorar en experimentos terrestres.

Leptogénesis: Entre los diversos mecanismos propuestos para la bariogénesis, la
leptogénesis ha suscitado gran interés y popularidad debido a su conexién natu-
ral con el mecanismo seesaw [161]. En el mecanismo seesaw de tipo I, el niimero
lepténico se viola debido a la naturaleza Majorana de los RHNs. Los decaimien-
tos con violacién de CP de estos RHNs pueden generar una asimetria lepténica
neta que posteriormente es transformada en una asimetria bariénica mediante los
esfalerones electrodébiles. La leptogénesis térmica ha sido ampliamente discu-
tida en la literatura, y una revision al respecto puede encontrarse en [162]. Dado
que estos mecanismos estdn vinculados a la escala seesaw, también resultan difi-
ciles de poner a prueba.

WIMPs: Las particulas masivas que interactiian débilmente (Weakly Interact-
ing Massive Particles) son uno de los candidatos a materia oscura mds comun-
mente considerados. Estas particulas a escala débil estan inicialmente en equi-
librio térmico con el bafio térmico del SM y participan en interacciones a escala
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débil con un valor aproximado de (ov) ~ 107" GeV~2. Cuando la tasa de inter-
accién disminuye por debajo de la tasa de Hubble del universo, su distribucién
se desvia de la distribucién térmica y las interacciones se congelan (freeze-out).
El rendimiento congelado puede reproducir la abundancia relicta observada. Sin
embargo, hasta ahora ninguno de los experimentos de biisqueda directa o indi-
recta de materia oscura ha proporcionado evidencia convincente de la existencia
de WIMPs.

10.1 Objetivos

Observamos que las extensiones minimas propuestas son o bien muy dificiles de poner
a prueba o no han proporcionado ninguna sefial en las bisquedas experimentales. Por
ello, los objetivos de esta tesis se centran en la fenomenologia de modelos BSM que
puedan ser testeados en un futuro cercano, que evadan las restricciones existentes y que
generen predicciones comprobables a través de observables astrofisicos, cosmolégicos
o en colisionadores.

Debido a los resultados nulos obtenidos en diversos experimentos en la bisqueda
de nueva fisica, resulta razonable inferir que la nueva fisica podria estar débilmente
acoplada al Modelo Estandar o residir en escalas de energia elevadas. Una rapida re-
vision de los titulos de los articulos incluidos sugiere un enfoque en extensiones BSM
que van mads alld de marcos minimos. Este enfoque contrasta con el principio de la
navaja de Occam. No obstante, la mayoria de los trabajos presentados aqui abordan es-
tas cuestiones dentro de marcos unificados. Aunque estos marcos no son estrictamente
minimos, resultan interesantes al establecer conexiones entre la fisica de neutrinos y el
sector oscuro, manteniendo a la vez la elegancia de la extensién minima sobre la cual

fueron construidos.
Los objetivos clave de este trabajo se resumen entonces de la siguiente manera:

e Estudiar modelos populares de nueva fisica que expliquen los problemas de las
masas de neutrinos, la asimetria bariénica y la materia oscura mediante la exten-
sién del SM.

e Proponer nuevas extensiones del Modelo Estdndar para explicar estos problemas,
ya sea de forma separada o dentro de un marco comun.

e Analizar y construir teorias efectivas de campo que generen la abundancia relicta
correcta y las masas de neutrinos adecuadas.

e Estudiar la fenomenologia de los modelos y mostrar el espacio de pardmetros
viable que pueda ser probado en experimentos directos e indirectos de neutrinos
y materia oscura, tanto en curso como propuestos.

e Investigar las implicaciones para sefiales astrofisicas y cosmoldgicas, asi como las
busquedas en colisionadores.
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10.2 Metodologia

En general, tales extensiones implican ampliar el contenido de particulas o simetrias
del SM para incluir nuevas interacciones, nuevos acoplamientos y nuevos ntimeros
cudnticos que conformen un modelo BSM. Sin embargo, esto no debe perjudicar el
SM que conocemos y que ya ha sido probado. Con esta idea de mantener intactas
las predicciones principales del SM, se tiene cierta libertad creativa para implementar
nuevas ideas y marcos conceptuales con un enfoque de apertura hacia nuevas posi-
bilidades. El objetivo final no es solo crear modelos que puedan resolver los desafios
planteados, sino también aquellos que puedan ser probados con nuestras capacidades
experimentales actuales o, al menos, explorados en el futuro. Por tanto, la sinergia en-
tre tedricos y experimentalistas es vital en esta basqueda de nueva fisica. Identificar
la(s) extensioén(es) correcta(s) que nos acerquen a una comprension mas completa de
la naturaleza sigue siendo una tarea desafiante, aunque el conjunto finito de resulta-
dos experimentales sirve como una guia para los constructores de modelos. A contin-
uacion, examinaremos los pasos usuales que se deben seguir para construir un modelo
BSM.

Una receta para cocinar un modelo BSM

Habiendo establecido el contexto, es momento de discutir el enfoque y camino que
siguen los constructores de modelos BSM al extender el SM. Veamos cémo cocinar un
modelo BSM:

1. [Ingrediente principal ] Seleccionar un problema a resolver: Hemos visto varias
deficiencias del SM. El primer paso es enfocarse en uno o mds de estos problemas,
ya sea que provengan de fenémenos inexplicados o inconsistencias tedricas. Se
puede elegir abordar multiples problemas dentro de un mismo modelo. Esto es
analogo a decidir qué platillo quieres cocinar y comer.

2. [Cocina] Elegir el enfoque: Esto sirve como principio guia para construir el
modelo, similar a escoger una cocina — italiana, espafiola, india, etc. El en-
foque méds comuin se basa en argumentos de simetria, dado que el SM mismo
estd construido sobre principios de simetria. Ampliar el grupo de simetria puede
conducir a esquemas de unificacién o clases enteras de modelos, especialmente
dentro de marcos supersimétricos. Alternativamente, se puede adoptar una per-
spectiva de abajo hacia arriba usando el marco EFT. Otras ideas guia incluyen la
minimalidad y la naturalidad, dependiendo de tu preferencia.

3. [Ingredientes| Afiadir nuevas particulas; extender las simetrias: El siguiente
paso es ampliar el contenido de particulas y el grupo de simetria del SM. Se
pueden afadir nuevos fermiones o escalares; las simetrias pueden ser continuas
(locales o globales) o discretas. Los bosones gauge serdn determinados por si la
simetria es gauged o no.

4. [Coccién I] Construir el lagrangiano: Una vez hechas las adiciones, es necesario
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escribir todos los términos renormalizables permitidos por las simetrias (tanto
las antiguas como las nuevas). Sise usa el enfoque EFT, también habré que incluir
operadores de dimensién superior. Luego, hay que decidir si se desea que la
simetria se rompa espontdneamente (es decir, nuevos bosones gauge, el nuevo
campo escalar adquiere un VEV) o que permanezca intacta, dependiendo del
problema que se intente resolver.

5. [Degustary ajustar] Comprobacién de consistencia: Con el modelo en mano, es
esencial verificar la consistencia tedrica. Esto incluye restricciones por perturba-
tividad, unitariedad, cancelacién de anomalias, estabilidad del vacio y sensibili-
dad al ajuste fino (si la naturalidad es un principio guia). Si surgen problemas,
puede ser necesario ajustar los ingredientes — quiza afiadir mas "sal’ — para cor-
regirlos.

6. [Coccion IT] Fenomenologia: En esta etapa, el modelo esta s6lo medio cocinado.
Ahora hay que explorar sus implicaciones fenomenolégicas. Esto implica estu-
diar nuevas interacciones (dispersién, decaimientos, etc.), calcular el espectro de
masas y realizar cualquier diagonalizacién necesaria, ademéas de calcular con-
tribuciones de diagramas en lazo.

7. [Servir] Predicciones: El paso final es 'servir’ el modelo, primero restringiéndolo
con los limites experimentales (sensibilidades actuales y futuras), por ejemplo:
pruebas de precisién electrodébil, limites de astrofisica y cosmologia, para ma-
pear el espacio de pardmetros permitido. Se deben hacer predicciones sobre las
firmas dnicas del modelo que puedan ser probadas con el montaje actual o en el
futuro.

Este flujo general es comtinmente seguido en la construccién de modelos BSM y tam-
bién se ha empleado en el desarrollo de los modelos presentados en la Parte II de esta
tesis.

Herramientas computacionales

Para trabajar la fenomenologia de los modelos presentados en este trabajo, hemos uti-
lizado diversas herramientas de fisica de altas energias (HEP). Usamos SARAH [359]
y FeynRules [360] para construir y analizar algunos de estos modelos. El anélisis
numérico, especialmente la resolucién de las ecuaciones de Boltzmann, se realiza con
la ayuda de Mathematica. En el caso de los modelos de materia oscura, la abundancia
relicta se calcula con herramientas como micrOMEGAs [361].

Una vez que un modelo ha sido implementado en estas herramientas, obtenemos los
vértices de interaccion. Luego utilizamos este resultado para generar diagramas de
Feynman para un proceso a través de FeynArts [362]. La seccién eficaz relevante o
la tasa de decaimiento para dicho proceso se calcula con la ayuda de FeynCalc [363].
Frecuentemente, los resultados de los calculos se expresan en términos de integrales
de Passarino-Veltman, las cuales se descomponen utilizando Package-X [364].
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La seccién eficaz de produccion y las firmas en colisionadores para algunas de las
nuevas particulas que aparecen en nuestras extensiones se analizan mediante Mad-
Graph [350] y CalcHEP [365].

10.3 Resultados

10.3.1 Sector de neutrinos

En el Capitulo 2, discutimos los mecanismos de masa de neutrinos y los modelos es-
tdndar de seesaw. También abordamos las variantes a baja escala del seesaw tipo-I,
junto con algunos modelos radiativos de masa de neutrinos. La posibilidad de testear
la violacién del niimero lepténico (LNV) en estos seesaw estdndar de alta escala sigue
siendo un problema.

La escala puede ser suprimida paramétricamente si existen nuevos escalares en la teoria,
lo que a su vez podria conducir a nuevos operadores tipo Weinberg y modelos de see-
saw [6,7]. Ademds, estos seesaw también pueden explicar la asimetria bariénica a
través de leptogénesis, como se discuti6 en el Capitulo 3. Se analizaron los casos es-
tandar de leptogénesis, asi como enfoques que van maés alla del método canénico. El
trabajo en Ref. [3] es un ejemplo de una aproximacién que busca reducir la escala de
la leptogénesis tipo-III.

Nuevos operadores tipo Weinberg y modelos seesaw

En las referencias [6,7] investigamos nuevos operadores tipo Weinberg que involu-
cran uno o dos multipletes escalares SU(2) adicionales, extendiéndose hasta la repre-
sentacion quintuplete. Estos operadores tienen el potencial de generar masas de neu-
trinos de Majorana tras la ruptura espontdnea de la simetria electrodébil (EWSSB),
conduciendo asi a nuevos modelos seesaw que corresponden a completaciones UV a
nivel 4rbol de estos operadores efectivos. Estos escenarios se muestran en la Tabla 10.1.

A medida que estos nuevos escalares adquieren valores de Expectaciéon del Vacio (VEVs),
se espera que permanezcan cercanos a la escala electrodébil. Ademads, el parametro p
restringe estos nuevos VEVs a ser del orden de ~ O(1) GeV. Analizamos los potenciales
escalares para evaluar una posible supresiéon natural de estos nuevos VEVs y discuti-
mos sus implicaciones en relacién con los pseudo-Goldstone bosones.

Adicionalmente, establecemos restricciones generales sobre los nuevos multipletes es-
calares a partir de correcciones de bucle a las pruebas de precision electrodébiles (EW-
PTs) y mediante basquedas directas de escalares con carga doble en colisionadores
(discutido en la Seccién 2.5.3), ver Fig. 10.1.

Asimismo, exploramos la posibilidad de explicar la medida del W-bosén reportada
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Model Scalar Multiplets Mediators Wilson Coefficients
T P~ Myt
A; O =4, F =3 =M YL+ yuMyT
B, O = 45/2, Dy = 453/2 F =5, Cé?’) = yiMZy] + ya My |
B, O =35, Oy =55 F = 451/2 C(;’) = yiMZy) + Myt
B3 @ =5%,, Dy =57 F = 41;/2 C(53) = yiMZyy + My ]
B, O =5%, dy=55  F=d4,  C=yiM Iyl +yMtyl

Table 10.1: Lista de modelos genuinos obtenidos a partir de nuevos operadores tipo Weinberg con un
nuevo multiplete escalar @1 (A;) y con dos nuevos multipletes escalares @1 o (Bi) [7]. La completacion
UV correspondiente a fermiones de Majorana o fermiones vectoriales se muestra en la columna de me-
diadores. Los coeficientes de Wilson en funcion de la masa del mediador y los acoplamientos de Yukawa
y1,2,H con los escalares @y 2, H se presentan en la tiltima columna. Los multipletes se representan

como le/F , donde N denota la representacion de SU(2), S, F indican la naturaleza escalar o fermiénica

del multiplete, y Y su hipercarga.
b Br(¢**» W*W*)=100%
Br(¢~ - I"'[7)=100% .
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Figure 10.1: Limites superiores sobre la seccion eficaz de produccion de escalares doblemente cargados
multiplicada por su razén de decaimiento en dileptones del mismo signo (izquierda) y en un par de
bosones W (derecha). La region por encima del limite observado estd excluida. Las bandas verde y
amarilla representan las curvas de exclusion esperadas dentro de 1 — 20. [136,352].

por CDF [351].!

Calculamos la contribucién a las masas de neutrinos tanto a nivel arbol como a un
lazo, y discutimos variantes a baja escala basadas en seesaws inversos o asumiendo
jerarquias entre los dos acoplamientos de Yukawa diferentes. Dependiendo de estas
jerarquias, es posible obtener una fenomenologia rica proveniente de los multipletes
con los acoplamientos de Yukawa mayores. También examinamos la generacién de op-
eradores de dimension 6 y exploramos sus implicaciones, tales como la no unitariedad
de la matriz de mezcla lepténica, interacciones no universales del bosén Z y violacién

de la conservacién de sabor lepténico (LFV).

Ademis, en presencia de simetrias especificas, construimos modelos escotogénicos o
modelos escotogénicos generalizados que no solo pueden producir candidatos viables

1 Mediciones més recientes de la masa del W son consistentes con resultados anteriores; por lo tanto, la
anomalia de CDF podria ser errénea. En cualquier caso, ya sea que la anomalia desaparezca o persista,
abordarla no fue el objetivo principal de nuestro trabajo.
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Figure 10.2: El espacio de pardmetros viable para una leptogénesis exitosa en un modelo de balancin
tipo 111, donde los fermiones tripletes L. se acoplan a un sequndo doblete de Higgs ®o con VEV vy. Véase
la referencia 3] para mds detalles.

a materia oscura (DM), sino también generar masas de neutrinos. Para satisfacer la
abundancia relicta de DM, proporcionamos rangos de masa para los nuevos multi-
pletes escalares y fermiénicos. Al ser modelos de seesaw, también podemos incorpo-
rar leptogénesis, obteniendo nuevamente un modelo comtn para los tres problemas.
Ademas, la presencia de nuevos escalares podria conducir directamente a la bariogé-

nesis electrodébil.

Leptogénesis de tripletes a escalas inferiores

Vimos en el Capitulo 3 que el mecanismo candnico de leptogénesis tipo-I requiere que
las masas de los singletes fermiénicos My sean del orden de O(10”) GeV. Sin embargo,
para los tripletes fermiénicos (seesaw tipo-111), este umbral aumenta a MzO(10') [168].
Elrequisito mas alto para los tripletes se debe a la presencia de interacciones gauge, que

compiten con las interacciones Yukawa, causando una disminucién en su poblacién.

Aunque varios trabajos demuestran la plausibilidad de reducir la escala de leptogéne-
sis tipo-I hasta O(TeV) mediante la extension del sector escalar, por ejemplo, en mod-
elos de dos dobles de Higgs o modelos escotogénicos, esta posibilidad no habia sido
explorada para la leptogénesis tipo-III. En Ref. [3], investigamos si es posible bajar la
escala de leptogénesis de tripletes fermiénicos cuando se acoplan a un segundo doble
de Higgs @9, que asume un VEV mucho menor comparado con el del SM.

Demostramos que, efectivamente, es posible reducir la escala hasta O(10°) GeV, cuando
se incluyen los efectos de sabor. Esto se atribuye a las interacciones Yukawa mejoradas
con el segundo doble. También discutimos la compatibilidad con la naturalidad y las
restricciones por el lavado fuerte. Los resultados se resumen en la Fig.10.2. La regién
sobre la linea discontinua corresponde a la restricciéon de naturalidad, donde la correc-
cién a la masa de @, por My es mayor que Arelaxed = 10TeV. La regién azul sombreada
estd excluida por leptogénesis ineficiente, mientras que el drea naranja representa la

regién con posible lavado fuerte AL = 2.
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Este estudio, aunque realizado en el contexto del seesaw tipo-III, puede extenderse
para explorar leptogénesis en los nuevos modelos de seesaw discutidos anteriormente
debido a caracteristicas comunes: 7) los nuevos multipletes tienen interacciones gauge;
ii) los nuevos VEVs son comparativamente mas pequefios, lo que conduce a Yukawas
maés grandes.

10.3.2 Sector oscuro

En el capitulo 4, analizamos que la materia oscura constituye aproximadamente el 25%
del presupuesto energético total del universo. Dada esta proximidad entre las densi-
dades de materia oscura y baridnica, es plausible suponer que el sector oscuro po-
dria ser bastante rico, al estar compuesto por multiples particulas estables. Ademés, la
abundancia de reliquias de materia oscura podria estar determinada por una asimetria
inicial similar a la bariénica. Esta idea de tener materia oscura multicomponente y
asimétrica motivo los trabajos en las referencias [2,4].

Componentes multiples simétricos y asimétricos

En la referencia [4], consideramos un sector oscuro extendido compuesto por varios
componentes, que abarca candidatos a DM simétricos, parcialmente asimétricos y com-
pletamente asimétricos. En presencia de multiples componentes estables, se requiere
una combinacién de simetrias estabilizadoras que garantice al menos n componentes
de DM estables. Con una sola simetria discreta Zy, un DM multicomponente requiere
N > 4. Resulta mas conveniente utilizar combinaciones de simetrias discretas y con-
tinuas para lograr un marco multicomponente. Demostramos que, para un producto
de n simetrias discretas Zy, se permiten al menos n componentes de DM estables,
pero pueden admitir componentes més estables dependiendo de la cinematica. Luego
discutimos la correlacién entre las asimetrias en los sectores visibles y oscuros, depen-
diendo de las cargas conservadas en cada sector y el operador de mayor dimensién que
transfiere las asimetrias.

Ademas, como se menciond, esta configuracién, con més interacciones que el enfoque
WIMP convencional, genera interesantes caracteristicas fenomenoldgicas. Investig-
amos el papel de las conversiones entre particulas en el sector oscuro, mostrando cémo
estas conversiones tienden a alterar la abundancia de los componentes mas pesados y
ligeros en comparacién con escenarios con solo aniquilaciones. También exploramos
por primera vez el papel de las conversiones en presencia de asimetrias iniciales en el
sector oscuro. Nuestros hallazgos muestran que las conversiones tienden a hacer que
los componentes més pesados de la materia oscura sean altamente asimétricos; por
el contrario, los componentes més ligeros exhiben un comportamiento predominante-
mente simétrico.

También realizamos una parametrizacion efectiva considerando mediadores pesados/ligeros

para determinar el escalamiento de la ley de potencia para el rendimiento de materia
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Symmetric Partially Symmetric

Model o Ann.  Ann. + Conv. Ann.] Ann. + Conv.
Mass-independent ~ # f(m;)  ~m® ~mt ~ nmlL0l
Heavy mediators ~ ~m?/A*  ~m™2 ~m~[32] ~ mll=2]
Light mediators ~ ~1/m?  ~m? ~ ml0.2] ~nmlt2l

Table 10.2: Escalamiento de la abundancia de reliquias con la masa de materia oscura para todos los com-
ponentes, excepto el mds ligero, en una materia oscura multicomponente, donde B denota la asimetria del
sector oscuro. Los exponentes izquierdo/derecho entre corchetes corresponden a conversiones fuertes /dé-
biles (y aniquilaciones) en el caso simétrico (parcialmente asimétrico).

oscura en funcién de su masa. Este marco deberia ser aplicable a una amplia gama
de modelos, siempre que las masas/secciones eficaces se encuentren en la escala débil
(véase la Tabla 10.2).

Se puede observar que, en varios casos, QO ~ m%. En estos casos, los componentes de
DM en presencia de conversiones pueden tener una contribucién similar a la abun-
dancia total de reliquias. El efecto de las conversiones en componentes simétricos y
asimétricos muestra que las abundancias pueden reducirse, y el sector oscuro podria

permanecer oculto al alcance experimental actual.

Un modelo de cogénesis

Enla Ref. [2] se introduce un modelo de cogénesis (véase la Seccion 4.4.3) para generar
simultdneamente una asimetria en los sectores visible y oscuro. Este modelo amplia el
mecanismo de leptogénesis térmica de dos sectores, ampliando el sector oscuro para
abarcar dos componentes distintos de materia oscura: un escalar S y un fermién .
En varios escenarios dentro del modelo, uno o ambos componentes de materia oscura
presentan asimetria.

La motivacion fue desarrollar un mecanismo de congelamiento asimétrico. Para ello,
propusimos una particula de interaccion débil que sirve como posible candidata a ma-
teria oscura asimétrica producida en las desintegraciones de un fermién y a escala de
TeV que es un WIMP asimétrico. Sin embargo, que los productos de desintegracién
también presenten una asimetria depende de la fuerza del acoplamiento de conge-
lamiento. Esto se ilustra en la Fig. 10.3. Si los acoplamientos débiles son compara-
tivamente mas fuertes que la produccion de congelacion de las desintegraciones, que
ocurre antes de que y se haya congelado, entonces la poblacién de DM resultante (1) es
simétrica. Por otro lado, si el acoplamiento débil es comparativamente menor, entonces
la produccién dominante ocurre a partir de las desintegraciones tardias, una vez que x
se ha congelado asimétricamente. En este tiltimo caso, los productos de desintegraciéon
también son asimétricos.

Por lo tanto, las desintegraciones tardias de la particula progenitora y desempefian un
papel fundamental en la determinacién de la naturaleza asintética y la produccion del
componente de materia oscura. Estas desintegraciones tardias también pueden poblar
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Figure 10.3: El espacio de pardmetros para lograr la congelacion asimétrica. La DM FIMP ¢ se produce
en las desintegraciones de x mediante interacciones débiles de Yukawa y . En la regién sombreada en gris
(gris oscuro) para valores mayores de y, observamos que la DM ¢ producida mediante la congelacion
es simétrica (parcialmente asimétrica), como lo indica la razén de asimetria r. En la region blanca para
valores menores de y, la Y se produce predominantemente en las desintegraciones tardias de x y resulta
ser asimétrica. La region rosa representa las restricciones de BBN sobre el tiempo de vida de x [2].

significativamente el componente simétrico en momentos posteriores, restaurando efi-
cazmente las aniquilaciones y mejorando las sefiales en la deteccién indirecta. Cabe
destacar que, en este escenario, la abundancia de materia oscura estd determinada por
la asimetria inicial, a pesar de ser asintéticamente simétrica por naturaleza. Por lo tanto,

tenemos masas de materia oscura de O(1 —10) GeV, consistentes con la hipétesis ADM.

Ademas, nuestro modelo presenta una interesante sefial fenomenolégica en forma de
un flujo monocromatico de neutrinos originado en las desintegraciones tardias del
componente mds pesado de la materia oscura, potencialmente detectable en telesco-
pios de neutrinos. Si bien el modelo principal se basa en una extensién del balancin de
tipo Iy es dificil de investigar, también proporcionamos un modelo de balancin inverso

que puede funcionar a escalas bajas y comprender el mecanismo con éxito.

Sectores claros y oscuros y Warm DM

En el capitulo 2, analizamos la tensién entre los limites de masa de los neutrinos obtenidos
a partir de la cosmologia y los experimentos de oscilacién. Ademads, si se asumen estos
limites cosmolégicos como vélidos, implicaria que seria dificil detectar las masas de

los neutrinos en experimentos terrestres como KATRIN.

Dado que los limites de masa cosmolégicos son sensibles tinicamente a la densidad
energética del neutrino y no directamente a su masa, estos limites pueden relajarse
si existe un mecanismo para suprimir su densidad numeérica. En la referencia [1],
presentamos un mecanismo para relajar el limite de masa cosmolégico mediante la in-
troduccién de un sector oscuro claro con varios fermiones sin masa (radiacién oscura)

y un candidato a neutrino estéril de masa molecular en el rango de masas O(10 — 100)
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Figure 10.4: Representacion esquemdtica del mecanismo para reducir la densidad numérica de neutrinos

y relajar la masa ligada a ellos en la referencia [1]. La linea discontinua gris inferior corresponde a
SM o

ny/ny™ = 0.2.

keV.

El sector oscuro alcanza el equilibrio térmico con los neutrinos activos tras el desacoplamiento
de los neutrinos y antes de la recombinacién en el rango de temperaturas O(100 keV) 2

T 2 O(10 eV) mediante una interaccién de gauge U(1) en el sector oscuro. Los estados

del sector claro-oscuro, incluyendo el DM, la radiacién oscura y el bosén de gauge os-

curo Z’, se pueblan en la extensién de los neutrinos activos mediante estas nuevas inter-
acciones de gauge. Cabe destacar que, dado que los neutrinos ya se han desacoplado,

ya no se producen a partir de las particulas del SM. Por lo tanto, el mecanismo suprime

la abundancia de neutrinos activos y, por lo tanto, concilia las masas considerables de
neutrinos con la cosmologia.

Larepresentacion esquematica del mecanismo obtenido mediante la resolucién numérica
de los EB relevantes se muestra en la Fig. 10.4. Tras el desacoplamiento, los neutri-
nos se equilibran con las particulas del sector oscuro: Z’, DM ¢ y N, generaciones de
femriones sin masa x. Las interacciones vv — Z’ reducen la poblacién de neutrinos,
mientras que interacciones como Z’ — xx y Z’ — ¢ (segun la jerarquia) pueblan
los fermiones en el sector oscuro. Las N, generaciones de y contribuyen como ra-
diacién oscura y compensan la disminuciéon de Neg debida a la reduccion de la densi-
dad numérica de neutrinos. La abundancia de reliquias DM se determina una vez que
las aniquilaciones del neutrino estéril DM ¢ como )iy — xx se congelan en el sector
oscuro (ver la distintiva curva de congelamiento).

Incorporamos el mecanismo de Ref. [353] en un modelo UV completo basado en el
balancin tipo I minimamente extendido [354]. Este modelo es similar a nuestro modelo
en Ref. [2]; sin embargo, incluye un sector oscuro méds rico y no presenta asimetria
oscura. Exploramos la fenomenologia del candidato WDM en detalle, incluyendo las
restricciones derivadas de la estabilidad y la formacién de la estructura.

El limite cosmoldgico de masa del neutrino puede relajarse por un factor de ~ 5(8) para

10 (20) generaciones de fermiones oscuros sin masa, mientras que un nimero menor
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de generaciones esta restringido por Neg. Una de las principales caracteristicas de este
modelo es un ligero aumento de N¢g en el CMB que en el BBN, asi como la supresion del
espectro de potencia de la materia a escalas menores. Ademas, el modelo es compatible
con la leptogénesis convencional exitosa, aunque este no era el objetivo principal del
trabajo.

10.3.3 Marcos unificados

Vimos que el balancin tipo I puede extenderse para incluir un candidato a DM. Estos
marcos unificados se basan en la motivaciéon de encontrar un origen comun para los
tres problemas clave de BSM en los que se centra esta tesis. Este origen comtn motivo
los trabajos realizados en las referencias [8,9].2

Un argumento de simetria continua

Enlareferencia [9], proponemos un modelo que presenta un mediador escalar pesado
con un ndmero lepténico distinto de cero (L) que presenta interacciones que conser-
van y violan el namero lepténico en los sectores visible y oscuro, respectivamente. El
escalar se desintegra simultdneamente en los neutrinos dextrégiros pesados (cargados
bajo U(1);) mediante interacciones sustanciales (lo que conduce al balancin de tipo I
y la leptogénesis) y en los fermiones oscuros (sin carga bajo U(1);) mediante interac-
ciones débiles, dando lugar asi a una materia oscura similar a la FIMP. La pesadez y
la pequefiez de los pardmetros que caracterizan la nueva fisica se atribuyen natural-
mente a la posterior conservacién y violacién de esta simetria del ntimero lepténico,
respectivamente.

Un argumento de simetria discreta

Enlareferencia [8], presentamos otro modelo basado en una simetria discreta Z,, en la
que un escalar pesado conecta nuevamente el sector de neutrinos con un sector oscuro
del universo con interaccién débil. La simetria Z, se rompe a un remanente Z, cuando
el escalar adquiere un VEV, generando asi masas de neutrinos diminutas y explicando
la asimetria bariénica observada mediante leptogénesis. Este modelo introduce nuevas
contribuciones a la asimetria CP a partir de las dispersiones. La escala de ruptura de
Z4 ocurre a escalas de energia significativamente mayores, lo que podria conducir a
la formacién de paredes de dominio (DW). Estos defectos podrian dominar la densi-
dad energética del universo, resultando en una catéstrofe cosmolégica a menos que se
vuelva inestable. En consecuencia, sila simetria discreta es solo aproximada, la colisién
y aniquilacién de estas ondas gravitacionales (DW) puede generar un fondo estocas-
tico de ondas gravitacionales (OG). Dicha sefial podria ser detectada por los detectores
de OG actuales y futuros, lo que ofrece una ventana para explorar no solo modelos de
balancin a gran escala, sino también para sondear el sector oscuro de interaccién débil.

2 Cabe destacar que los modelos de las referencias [1,2] también son marcos unificados, aunque se cen-
traron principalmente en la fenomenologia de la DM y, por lo tanto, se han analizado anteriormente.
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10.3.4 Reflexiones

Al mirar retrospectivamente el Modelo Estdndar, pasaron aproximadamente 115 afios
desde el primer descubrimiento del electrén en 1897 hasta el dltimo descubrimiento
del bosén de Higgs en 2012. Durante estos afios, nuestra comprensién del universo
se ha expandido significativamente, gracias a los extensos esfuerzos experimentales
de las ultimas décadas. Sin embargo, atin queda mucho por conocer. Ahora estamos
entrando en la era de la fisica de neutrinos de precisién, con numerosos experimentos
en curso o en desarrollo. En la préxima década, esperamos obtener respuestas a las
preguntas abiertas en el sector neutrino. Aunque estos avances también nos ayudaran
a explorar posibles conexiones entre los neutrinos y el sector oscuro, las buisquedas
de materia oscura estdn volviéndose cada vez mas sensibles. Con préximas misiones
espaciales y estrategias novedosas para detectar materia oscura ligera y ultraligera,

finalmente podriamos arrojar algo de luz sobre lo oscuro.

A pesar de la etapa dificil que enfrenta actualmente el campo, los marcos BSM bien
motivados e interdisciplinarios ayudardn a allanar el camino hacia un nuevo Modelo
Estandar. Aunque no sepamos cudnto tiempo tomard la aparicién de este "Nuevo SM’,
los esfuerzos continuos en construccién de modelos, las restricciones experimentales e
incluso los resultados nulos seguiran acercindonos a desentrafar los secretos de nue-

stro universo.



Appendices

233






SEESAW EFFECTIVE LAGRANGIAN

Here we discuss the EFT framework to construct the effective Lagrangian for the Type-I
seesaw as an example. Since, Nr’s are Majorana fermions, we can define N = Ng + N IC{

and express eq. (2.15) as
1—. 1 — —
Ly = 5NiidN; = SMNiN; - |, LAN; + H.c.] , (A1)

where we have suppressed the flavour indices. The term above in the square brackets

can be expanded as
- 1[— &~ - —_— =
Y, LHN; + He. = 5 NYIATL + Y A'L) + (LY, H + LCY;H*)N] , (A.2)
and we can write Ly in a compact form (omitting the N generation index 1)
1— 1— 1-
LN = §N«N—§NC—§CN, (A3)

where K = id — M and ¢ = YTHTL® + YH'L with = 'y, Now in order to obtain
the effective Lagrangian, let us recall eq. (1.28) to write

piSett = piSsm / DNDNZeN = ¢iSsm / DNDNe'/ #'xLn (A4)

The integral over Ly to integrate out the heavy fermion fields is typically Gaussian

and we use the functional integration for fermion fields

[ ovoveni [ FwKemew-i [feve el (s

= [Det K] exp [—z’ / d*xd'y] (x)K™!(x, y)](y)] , (A6)
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to express it as
/ DNDN exp [z/ d4x% (N?(N _NC- ZN)]
= [Det K] exp [—% / Z‘](_lCd4x] , (A7)

where [Det K] is a constant and field independent, hence its contribution can be ig-
nored. Further, one can expand the operator K~! = (i¢ — M)~! in powers of M

1 1 id

_ia_M:_M—W+.... (A.8)

Theleading order term in this expansion gives us the lepton number violating dimension-

5 Weinberg operator. Upon substituting the value of C in eq. (A.7), we get

1, -~ ~ 1 - o
% = §YVLHM‘1YVT ATL  +H.c. = §(YVM‘1YVT )aﬁLaHHTLE +H.c., (A.9)
recovering the Weinberg operaotor and the Wilson coefficient,
Kap = (VoMY )agp . (A.10)

where we have reintroduced the flavour indices in the last step. Post EWSSB, this op-
erator will generate Majorana masses for the light neutrinos . = x4 v3,/2. A similar
approach can be used to derive the dimension-5 operators for the other seesaw cases.
Note that one can also evaluate the tree level diagrams corresponding to s, t-channel
exchange of heavy N, take the limit M > s, t and then match it to get the correspond-
ing operator.



LOOPCONTRIBUTIONSTO CPASYMMETRY

In this appendix, we explicitly derive the contributions from the one-loop diagrams to
the CP asymmetry from RHN decays in type-I leptogenesis discussed in Sec. 3.3.1.

B.1 Vertex contribution to asymmetry

The first contribution to the CP asymmetry comes at loop level via the interference of
the vertex diagram shown in and the tree level decay shown in Fig. 3.2, we show the
one loop vertex correction diagram with mommentum flows in Fig. B.1. The amplitude
of this interference term can be written as:

d*q: (g5 + M;) i(=f1)

i
Lvertex = —u —1Y,,;P —iYa:P Y P i
t (27_()4 ua(”])[ 1 aj R] q§ _ M]2 N ze[ 1 ﬁ] R] q% n i_e [l ﬁl L]Ll (p)

4

L X [a(q)[=iYaiPr]ui(p)]'

Mtree
iy / d*q1 ua(q)Pr(gs + M;j)Pr(gh)PLui(p)uti(p)PLua(q)
B (2m)4 (93 - M]2 +ie)(q2 + ie)(q? + ie)

q3 +ie

, (B.1)

where Y = [Y;iYanﬁngi] is the product of the involved couplings. Taking spin sum
and trace of the numerator, we obtain

Y [ d*qy Tr[Pr(qs + M;)Pr(qu)PL(p + Mi)PL(¢)]
Ivertex = 15 (2 4 2 _ 2 . 2 . 2 .
) (95 Mj +ie)(q5 +ie)(qy + i€)

d'q, q1.9

=iYM;M; .
PN 2n)* (g3 - M].2 +ie)(q3 +ie)(q? + ie)

(B.2)
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Figure B.1: One loop vertex correction for the process N; — ¢ and the corresponding momentum
flows. The grey line corresponds to the chosen orientation following the Feynman rules for Majorana

fermions [366].

We can rewrite the above integral in the following form

M;M; —i d* .
Lvertex = _Y—] / _l i X ] . ) ’ (B3)
1672 n? (2r)* (2 - M].2 +i€)(q3 + i€)(q? + ie)

where the integral in the square brackets can be solved using FeynCalc [363,367] to
reduce it to one loop functions (B, C) using Passarino-Veltman reduction [368]

MiM; 11 2y, | 2 Lo 2 2

16772 [EBO(O/ Or M] ) + §B0(MZ ’ O/ O) + §M] CO(O/ 0/ Mi ’ O/ M] ’ O)

I =-
1
+ 5MPCo(0,0, M7, 0, M7, 0) .

Since we need only the imaginary part of the interference term for evaluation of CP
asymmetry, see eq. (3.11), we just need to extract the imaginary part of the By and Co

functions, which can be obtained from Package-X [364]:

Im[By (0,0, M2)] = 0
Im[By(M7,0,0)] = n®(M;)

Im[Co(0,0, M2,0, M2, 0)] —n®(M’%)1 1 —M’g (B.4)
mf{Lo(U, U, 7Yy ’ = - n + . .
" M M,
Using these, we get the imaginary part
N MZ‘M]' o 9 9 9 ﬂ@(M?) M?
Im(Iv)——SQT Tt (Mz)_(M] +Mi)M—i21n 1+M]2 . (B5)
Defining z = M]? /M? and getting rid of the © functions, we get
M? 1+z
Y= ——1 —
Im(I}) = ~35-V2 (1 (z+1)In [ . ]) . (B.6)
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Figure B.2: Self-energy for the process Nj — ¢ and the corresponding momentum flows. The grey
line corresponds to the chose orientation.

We can now derive the vertex contribution to the CP asymmetry by using eq. (3.11)

£y = thl Z Z Im(Y)Im(I,V,,) (B.7)

i#j

(Y Y)”

where T'ital = M;, and V,, is the two body phase space factor corresponding to

the two decay Channels
l 1

Vo =2X = . B.8
! 8nE2, 8nM,; (B8)

Putting it all together, we have

M? 14z 1
p =4 X I ajY] — 1- 1)1 —
&0 Y+Y)11Mz Z Z m[Y, Bi ﬁl] n\/g( (z+1)In )87TM1‘ !
1 Im[Y?, aj(Y+Y)ij]
=52 T @), (B.9)
m#]
where we have defined the vertex contribution function f, as
fv(z):\/Z(l—(z+1)ln[1:Z]). (B.10)

B.2 Self energy contribution to asymmetry

It was pointed in [369] that the self-energy diagrams can also significantly contribute to
the asymmetry, in addition to the vertex correction diagrams. Therefore, we consider
the interference of the self energy diagram and the tree level decay shown in Fig. 3.2,
the momentum flows are shown in Fig. B.2.
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d4 (h — i(p + M;)

self — a q lYa pR |

(
[—1Yp; R]q%+

[1Yg; Pr]ui(p)
i

q3 +ie

X [a(q)[=iYaiPR]ui(p)]'
Miree
d*qy ua(q)Pr(p + M;)Pr(qn)Prui(p)ui(p)PLua(q)
(2m)4 (p? - M]‘Q +i€e)(q5 +ie)(q? + ie)
Y d*qy Tr[Pr(p + M;)Pr(q1)PL(p + Mi)PL(¢)]
2) @n)t  (p2- M]2 +ie)(q3 +ie)(q? + ie)

=iY

d*q q1.9

=iYM;M;
PV (2n)* (p2 = M2 + ie)(g3 + i€) (g + i€)

(B.11)

where once again we have the same product of couplings: Y = [Y}.Y, jYﬁngi]. Follow-
ing the same approach, we rewrite the above integral and use FeynCalc to express it in
terms of one loop functions.

M;M; —i d4 1 1-
et = — ﬁ[/—”ﬂ L (B.12)
T 2 (210)* (p - M; +ie)(qs +ie)(q3 + i€)
M;M; [ M?Bo(M?2,0,0
I =- ’21[ , 02 l 2)] (B.13)
167> | 4(M? - M2)
Considering only the imaginary part of By function, we get:
i = MM Mo M?«/‘ ! B.14
s = T M?_MJZH( N = "o VF\T=2)- (B.14)
Thus, the self-energy contribution to the CP asymmetry can be written as
&g = Im(Y)Im(I;V, B.15
; rml;Z (Y)Im(L;V,y). (B.15)

The phase space in this case will be twice the one in eq. (B.8) as the loop can contain
either e~¢™ or v, so Vy = 1/(4nM;). Hence, the total contribution from the self-
energy diagram is

L M? 1 1
€ =4 X (Y"'Y)” ;i]: z :Im[ Yﬁjyﬁi] x 647 \/E( 1-z ) 4nM; (B.16)
*) . t )
o= 3 IO Bl o), (817)

.1.
—y (VY Y)jj

where f; = Vz[1/(1 - z)].



BOLTZMANN EQUATIONS

In this appendix, we will first discuss the formalism for Boltzmann equations (BEs),
and then derive the BE for thermal freeze-out.

C.1 Formalism

The Boltzmann equation can be written as

L[f1=cIfl, (C.1)

where C is the collision operator, L is the Liouville operator, and f is the phase space
density of a particle specie. For the FRW model of cosmology (which describes an
isotropic and homogeneous universe), this Liouville operator becomes

of

LIf(E, 1) = E———| | (C2)

We define the number density of a particlea asn, = N,/V, where N, is the total number
of a particles in a volume V = VR3(t)/R3(t). The comoving volume is denoted by Vj.
In the absence of any interaction, N, is conserved and N, =0, implying

d(n,V)
dt

= V(ita +3Hn,) = 0, (C.3)

where we use H = R/R. In the radiation-dominated epoch, H = 1.66 gl/ °T2/ Mpy, with
Mp; = 1.2 X 10! GeV, and ¢, as the effective number of degrees of freedom given by

g*EZngrngf- (C4)
b f

In the early universe, when the temperature was high enough and all particles were in
thermal equilibrium, we have g. = 28 + 7/8 x 90 = 106.75.
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However, in the presence of interactions, the a particles will undergo collisions and
their number density will change subsequently. For example, an interaction: 2+B — C
decreases the number by one unit, whereas the inverse of the interaction increases it
by one unit. This change of particle number in a physical volume is governed by the

collision operator.

The number density for a particle in thermal equilibrium at a temperature T is given
by

_ d’p _ dsp 1
wese | Gl €0 | Gr g ©

where g, is the number of internal degrees of freedom of a. Upon integrating eq. (C.2)
and multiplying by g,/(27)3E both sides, we get:

~12
1 &a 3.7 - 5, |9 _ M&_f
E(2n)3/dpL[f(E't)]_(2n)3/dplat MEGE| (C6)
Using egs. (C.1) and (C.6), we can thus write
8 @p _dn
(2n)3/C[f] T + 3Hn. (C.7)

The collision operator for the process a + B — C is given by:

a d3p,
(Qi)?’ / CU] E}Z o ; / dI1,dlIdTc(2m)' 6" (pa + pb = pe)
X [fafo(1 % fo) IMIzipoc = fel = ) % fo) IMIE s ], (C8)

where the + () applied to bosons (fermions), and f, is the phase density of a particle
specie x; and

1 a3

dnx = gx—(27'()3 E .

(C.9)

Here, the 6-function ensures energy momentum conservation.
We further need to make the following assumptions to simplify eq. (C.8):

1. We use Maxwell Boltzmann statistics for all particle species, so that we have f, o
e E-w/T

2. In the absence of Bose condensation and Fermi degeneracy, we can also ignore
the blocking and stimulated emission factors, so that 1+ f =~ 1since f, ~ e F)/T ~
0.05, with (E) = 3T as the average energy.
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The thermally averaged reaction density is defined as

y(@a+B — C) E/ dl‘[udHBdHC(Zn)454(pa +pB —pc)

x e EalTe=Es/T |M(a + B — C)* .

(C.10)

Therefore, under the aforementioned assumptions and using eq. (C.10) in eq. (C.8),
from eq. (C.7), we get the generic form of BE for a particle a as

ﬁu+3Hna:Z[

B,C

Ny

n n
n n, nB

C

It is much more convenient to consider the evolution of the number of particles in a
co-moving volume to scale out the effect of expansion of the universe. This is usually
done by defining dependent variables Y, = n,/s and x = m,/T where s is the entropy
density of the universe

212 m3
s = (E) g*sx—g ’ (C12)

with the effective degrees of freedom associated with entropy, g. s, given by

T dec 3 7 deec ’
g*,s(T)EZgb( = ) +§ng( - ) . (C.13)
b 7

Here, the Tye. denotes the decoupling temperature of the corresponding boson/fermion.

In terms of yield and entropy, we have

dy, dt d (Vna)_ﬁnu+3Hnu (C.14)

d, dxdt\Vs | dx s ’

where the total entropy Vs is conserved. In the radiation dominated epoch where
T o« 1/, one can write dt /dx = 1/(Hx) and the BE of eq. (C.11) can be rewritten as

ay, 1 Y, Y, Y
T;Z@Z[ 7(C—>a+B)- —&.—£y(@+B—C)|, (C.15)
B,C YC Yﬂ YB

where the equilibrium yield of a massive specie i is given by

- g' 22K (x). (C.16)

C.2 BE for freeze-out

The generic form above applies in a straightforward way to the case of decays. Here,
we discuss the formalism 2 < 2 interactions such as yx < XX relevant for Section 4.3.



244 C. Boltzmann Equations

Using egs. (C.7) and (C.8), we have

d
X 4 3Hn, = - / dIL, dldTxdl Ty (2r0)* M

dt
x ' px + px — px — P S — fx S5 (C.17)

2

where we use [M|>_ _— = |M[>< _ =|M|? from CPT invariance.
XX—XX XX—-xx

We will assume that all the particles have thermal distributions with u = 0. Further,

we assume that the particles X, X are in thermal equilibrium, so that we have
fx =exp[-Ex/T], fx=exp[-Ex/T]. (C.18)

The 6-function enforces energy conservation: E, + Ex = Ex + Ex;, leading to the follow-
ing relation

fxf = expl=(Ex + Ex)/T] = expl-(Ey + Ep)/T] = f £ (C.19)

where f;q = exp[-E,/T] and f;q

asymmetry so that n; = n- for all species, we can use the above relation to rewrite

exp[—Ey/T]. Under the assumption of no initial

eq. (C.18) in terms of number densities

dchi
dt

+3Hn, = —(ov) (n?( - n;q’Q) ,
where the thermally averaged annihilation cross-section is given by

(0v) =(n}h)~2 / dTT, dI1zdTxdI1x (27)*
X 64(px +px—Px— py)|/\/(|2 exp(=E, /T) exp(~=E5/T). (C.20)
Finally, we can rewrite the BE in terms of yield as

ay, s

L= —— (g0) (Yg —Y;q2) , (C.21)

where x = m, /T.









ABBREVIATIONS

ACDM A Cold Dark Matter (p. 12)

vMSM Neutrino Minimal Standard Model (p. 87)
0vpBp Neutrinoless Double Beta Decay (0vBg) (p. 25)
2HDM Two Higgs Doublet Model (p. 46)

ADM Asymmetric Dark Matter (p. 81)
ALPs Axion-like Particles (p. 87)

BAO Baryon Acoustic Oscillations (p. 44)

BAU Baryon Asymmetry of the Universe (p. 41, 81)
BBN Big Bang Nucleosynthesis (p. 43)

BEs Boltzmann Equations (p. 52)

BSM Beyond the Standard Model (p. 1)

CEvNS Coherent Elastic Neutrino-Nucleus Scattering (p. 75)
CHAMPs Charged Massive Particles (p. 66)

CKM Cabibbo-Kobayashi-Mashikawa (p. 11)

CMB Cosmic Microwave Background (p. 44)

DD Direct Detection (p. 73)
DM Dark Matter (p. 13, 63)
DW Dodelson-Widrow (p. 86)

EFT Effective Field Theory (p. 16)

EW Electroweak (p. 5)

EWPO Electroweak Precision Observables (p. 12)
EWPT Electroweak Phase Transition (p. 46)

FIMP Feebly Interacting Massive Particle (p. 77)
FOPT First-Order Phase Transition (p. 46)

GScM Generalised Scotogenic Model (p. 38)
GTR General Theory of Relativity (p. 12)
GUT Grand Unified Theory (p. 15)

HNLs Heavy Neutral Leptons (p. 27)
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248 Abbreviations

ID Indirect Detection (p. 73)
IO Inverted Ordering (p. 24)
ISS Inverse Seesaw (p. 35)

LFV Lepton Flavour Violation (p. 11)
LHC Large Hadron Collider (p. 40)
LN Lepton Number (p. 12)

LNV Lepton Number Violation (p. 40)
LSS Linear Seesaw (p. 36)

MACHOs Massive Compact Halo Objects (p. 67)
MOND Modified Newtonian Dynamics (p. 63)
MSSM Minimal Supersymmetric Standard Model (p. 46)

NO Normal Ordering (p. 24)
NP New Physics (p. 16)

PBH Primordial Black Hole (p. 67)
PMNS Pontecorvo-Maki-Nagakawa-Sakata (p. 11)

QCD Quantum Chromodynamics (p. 4)
QED Quantum Electrodynamics (p. 3)
QFT Quantum Field Theory (p. 2)

RHNSss Right-Handed Neutrinos (p. 30)

ScM Scotogenic Model (p. 37)

SIDM Self-Interacting Dark Matter (p. 68)
SM Standard Model (p. 1)

SSB Spontaneous Symmetry Breaking (p. 6)
SSI Type-I seesaw (p. 30)

SSII Type-II seesaw (p. 32)

SSIII Type-III seesaw (p. 33)

VEV Vacuum Expectation Value (p. 7)

WDM Warm Dark Matter (p. 68)
WIMPs Weakly Interacting Massive Particles (p. 71)



BIBLIOGRAPHY

[1] C.Benso, T. Schwetz and D. Vatsyayan, Large neutrino mass in cosmology and keV
sterile neutrino dark matter from a dark sector, [CAP 04 (2025) 054 [2410.23926].

[2] J. Herrero-Garcia, G. Landini and D. Vatsyayan, Asymmetries in extended dark
sectors: a cogenesis scenario, JHEP 05 (2023) 049 [2301.13238].

[3] D. Vatsyayan and S. Goswami, Lowering the scale of fermion triplet leptogenesis
with two Higgs doublets, Phys. Rev. D 107 (2023) 035014 [2208.12011].

[4] A.BasiBeneito, J. Herrero-Garcia and D. Vatsyayan, Multi-component dark
sectors: symmetries, asymmetries and conversions, [HEP 10 (2022) 075
[2207.02874].

[5] S.Robles, D. Vatsyayan and G. Busoni, From Capture to Collapse: Revisiting Black
Hole formation by Fermionic Asymmetric Dark Matter in Neutron Stars, 2507 . 22881.

[6] A.Giarnetti, ]. Herrero-Garcia, S. Marciano, D. Meloni and D. Vatsyayan,
Neutrino masses from new Weinberg-like operators: phenomenology of TeV scalar
multiplets, JHEP 05 (2024) 055 [2312.13356].

[7] A.Giarnetti, ]. Herrero-Garcia, S. Marciano, D. Meloni and D. Vatsyayan,
Neutrino masses from new seesaw models: low-scale variants and phenomenological
implications, Eur. Phys. ]. C 84 (2024) 803 [2312.14119].

[8] S.Bhattacharya, N. Mondal, R. Roshan and D. Vatsyayan, Leptogenesis, dark
matter and gravitational waves from discrete symmetry breaking, JCAP 06 (2024) 029
[2312.15053].

[9] S.Bhattacharya, R. Roshan, A. Sil and D. Vatsyayan, Symmetry origin of baryon
asymmetry, dark matter, and neutrino mass, Phys. Rev. D 106 (2022) 075005
[2105.06189].

[10] F. Halzen and A.D. Martin, Quarks and Leptons: An Introductory Course in
Modern Particle Physics, John Wiley & Sons (1984).

[11] M.D. Schwartz, Quantum Field Theory and the Standard Model, Cambridge
University Press (3, 2014).

[12] M. Gell-Mann, Symmetries of baryons and mesons, Phys. Rev. 125 (1962) 1067.

249


https://doi.org/10.1088/1475-7516/2025/04/054
https://arxiv.org/abs/2410.23926
https://doi.org/10.1007/JHEP05(2023)049
https://arxiv.org/abs/2301.13238
https://doi.org/10.1103/PhysRevD.107.035014
https://arxiv.org/abs/2208.12011
https://doi.org/10.1007/JHEP10(2022)075
https://arxiv.org/abs/2207.02874
https://arxiv.org/abs/2507.22881
https://doi.org/10.1007/JHEP05(2024)055
https://arxiv.org/abs/2312.13356
https://doi.org/10.1140/epjc/s10052-024-13149-y
https://arxiv.org/abs/2312.14119
https://doi.org/10.1088/1475-7516/2024/06/029
https://arxiv.org/abs/2312.15053
https://doi.org/10.1103/PhysRevD.106.075005
https://arxiv.org/abs/2105.06189
https://doi.org/10.1103/PhysRev.125.1067

250 BIBLIOGRAPHY

[13] J.D. Jackson and L.B. Okun, Historical roots of gauge invariance, Rev. Mod. Phys.
73 (2001) 663 [hep-ph/0012061 ].

[14] S. Tomonaga, On a relativistically invariant formulation of the quantum theory of
wave fields, Prog. Theor. Phys. 1 (1946) 27.

[15] J.S. Schwinger, On Quantum electrodynamics and the magnetic moment of the
electron, Phys. Rev. 73 (1948) 416.

[16] R.P. Feynman, Mathematical formulation of the quantum theory of electromagnetic
interaction, Phys. Rev. 80 (1950) 440.

[17] C.-N. Yang and R.L. Mills, Conservation of Isotopic Spin and Isotopic Gauge
Invariance, Phys. Rev. 96 (1954) 191.

[18] S.L. Glashow, Partial Symmetries of Weak Interactions, Nucl. Phys. 22 (1961) 579.

[19] A.Salam and J.C. Ward, Electromagnetic and weak interactions, Phys. Lett. 13
(1964) 168.

[20] S. Weinberg, A Model of Leptons, Phys. Rev. Lett. 19 (1967) 1264.

[21] P.W. Higgs, Broken symmetries, massless particles and gauge fields, Phys. Lett. 12
(1964) 132.

[22] F. Englert and R. Brout, Broken Symmetry and the Mass of Gauge Vector Mesons,
Phys. Rev. Lett. 13 (1964) 321.

[23] G.S. Guralnik, C.R. Hagen and T.W.B. Kibble, Global Conservation Laws and
Massless Particles, Phys. Rev. Lett. 13 (1964 ) 585.

[24] P.W. Higgs, Spontaneous Symmetry Breakdown without Massless Bosons, Phys. Rev.
145 (1966) 1156.

[25] T.W.B. Kibble, Symmetry breaking in nonAbelian gauge theories, Phys. Rev. 155
(1967) 1554.

[26] ATLAS collaboration, Observation of a new particle in the search for the Standard
Model Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1
[1207.7214].

[27] CMS collaboration, Observation of a New Boson at a Mass of 125 GeV with the CMS
Experiment at the LHC, Phys. Lett. B 716 (2012) 30 [1207.7235].

[28] T.W.B. Kibble, History of electroweak symmetry breaking, ]. Phys. Conf. Ser. 626
(2015) 012001 [1502.06276].

[29] ParticLe Data Group collaboration, Review of particle physics, Phys. Rev. D 110
(2024) 030001.

[30] N. Cabibbo, Unitary Symmetry and Leptonic Decays, Phys. Rev. Lett. 10 (1963) 531.


https://doi.org/10.1103/RevModPhys.73.663
https://doi.org/10.1103/RevModPhys.73.663
https://arxiv.org/abs/hep-ph/0012061
https://doi.org/10.1143/PTP.1.27
https://doi.org/10.1103/PhysRev.73.416
https://doi.org/10.1103/PhysRev.80.440
https://doi.org/10.1103/PhysRev.96.191
https://doi.org/10.1016/0029-5582(61)90469-2
https://doi.org/10.1016/0031-9163(64)90711-5
https://doi.org/10.1016/0031-9163(64)90711-5
https://doi.org/10.1103/PhysRevLett.19.1264
https://doi.org/10.1016/0031-9163(64)91136-9
https://doi.org/10.1016/0031-9163(64)91136-9
https://doi.org/10.1103/PhysRevLett.13.321
https://doi.org/10.1103/PhysRevLett.13.585
https://doi.org/10.1103/PhysRev.145.1156
https://doi.org/10.1103/PhysRev.145.1156
https://doi.org/10.1103/PhysRev.155.1554
https://doi.org/10.1103/PhysRev.155.1554
https://doi.org/10.1016/j.physletb.2012.08.020
https://arxiv.org/abs/1207.7214
https://doi.org/10.1016/j.physletb.2012.08.021
https://arxiv.org/abs/1207.7235
https://doi.org/10.1088/1742-6596/626/1/012001
https://doi.org/10.1088/1742-6596/626/1/012001
https://arxiv.org/abs/1502.06276
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevLett.10.531

BIBLIOGRAPHY 251

[31] M. Kobayashi and T. Maskawa, CP Violation in the Renormalizable Theory of Weak
Interaction, Prog. Theor. Phys. 49 (1973) 652.

[32] B. Pontecorvo, Inverse beta processes and nonconservation of lepton charge, Zh. Eksp.
Teor. Fiz. 34 (1957) 247.

[33] Z.Maki, M. Nakagawa and S. Sakata, Remarks on the unified model of elementary
particles, Prog. Theor. Phys. 28 (1962) 870.

[34] M.].G. Veltman, Limit on Mass Differences in the Weinberg Model, Nucl. Phys. B
123 (1977) 89.

[35] P.Sikivie, L. Susskind, M.B. Voloshin and V.I. Zakharov, Isospin Breaking in
Technicolor Models, Nucl. Phys. B 173 (1980) 189.

[36] L. Perivolaropoulos and F. Skara, Challenges for ACDM: An update, New Astron.
Rev. 95 (2022) 101659 [2105.05208].

[37] B. Pontecorvo, Mesonium and anti-mesonium, Sov. Phys. JETP 6 (1957) 429.

[38] PJ.E. Peebles and B. Ratra, The Cosmological Constant and Dark Energy, Rev. Mod.
Phys. 75 (2003) 559 [astro-ph/0207347].

[39] E.J. Copeland, M. Sami and S. Tsujikawa, Dynamics of dark energy, Int. ]. Mod.
Phys. D 15 (2006) 1753 [hep-th/0603057].

[40] DESI collaboration, DESI 2024 V1I: cosmological constraints from the measurements
of baryon acoustic oscillations, JCAP 02 (2025) 021 [2404.03002].

[41] M. Cortés and A.R. Liddle, Interpreting DESI’s evidence for evolving dark energy,
JCAP 12 (2024) 007 [2404.08056].

[42] 1.D. Gialamas, G. Hiitsi, K. Kannike, A. Racioppi, M. Raidal, M. Vasar et al.,
Interpreting DESI 2024 BAO: Late-time dynamical dark energy or a local effect?,
Phys. Rev. D 111 (2025) 043540 [2406.07533].

[43] G. 't Hooft, Naturalness, chiral symmetry, and spontaneous chiral symmetry
breaking, NATO Sci. Ser. B 59 (1980) 135.

[44] R.D. Peccei and H.R. Quinn, CP Conservation in the Presence of Instantons, Phys.
Rev. Lett. 38 (1977) 1440.

[45] R.D. Peccei and H.R. Quinn, Constraints Imposed by CP Conservation in the
Presence of Instantons, Phys. Rev. D 16 (1977) 1791.

[46] F. Wilczek, Problem of Strong P and T Invariance in the Presence of Instantons, Phys.
Rev. Lett. 40 (1978) 279.

[47] S. Weinberg, A New Light Boson?, Phys. Rev. Lett. 40 (1978) 223.


https://doi.org/10.1143/PTP.49.652
https://doi.org/10.1143/PTP.28.870
https://doi.org/10.1016/0550-3213(77)90342-X
https://doi.org/10.1016/0550-3213(77)90342-X
https://doi.org/10.1016/0550-3213(80)90214-X
https://doi.org/10.1016/j.newar.2022.101659
https://doi.org/10.1016/j.newar.2022.101659
https://arxiv.org/abs/2105.05208
https://doi.org/10.1103/RevModPhys.75.559
https://doi.org/10.1103/RevModPhys.75.559
https://arxiv.org/abs/astro-ph/0207347
https://doi.org/10.1142/S021827180600942X
https://doi.org/10.1142/S021827180600942X
https://arxiv.org/abs/hep-th/0603057
https://doi.org/10.1088/1475-7516/2025/02/021
https://arxiv.org/abs/2404.03002
https://doi.org/10.1088/1475-7516/2024/12/007
https://arxiv.org/abs/2404.08056
https://doi.org/10.1103/PhysRevD.111.043540
https://arxiv.org/abs/2406.07533
https://doi.org/10.1007/978-1-4684-7571-5_9
https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevD.16.1791
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1103/PhysRevLett.40.223

252 BIBLIOGRAPHY

[48] J. Frohlich, On the Triviality of Lambda (phi**4) in D-Dimensions Theories and the
Approach to the Critical Point in D >= Four-Dimensions, Nucl. Phys. B 200 (1982)
281.

[49] M. Lindner, Implications of Triviality for the Standard Model, Z. Phys. C 31 (1986)
295.

[50] H.E. Haber and L. Stephenson Haskins, Supersymmetric theory and models., in
Theoretical Advanced Study Institute in Elementary Particle Physics: Anticipating the
Next Discoveries in Particle Physics, pp. 355-499, WSP, 2018, DOI [1712.05926].

[51] M.S. Bilenky and A. Santamaria, One loop effective Lagrangian for a standard model
with a heavy charged scalar singlet, Nucl. Phys. B 420 (1994) 47 [hep-ph/9310302].

[52] C.P. Burgess, Introduction to Effective Field Theory, Ann. Rev. Nucl. Part. Sci. 57
(2007) 329 [hep-th/0701053].

[53] L Brivio and M. Trott, The Standard Model as an Effective Field Theory, Phys. Rept.
793 (2019) 1 [1706.08945].

[54] A.V.Manohar, Introduction to Effective Field Theories, 1804 .05863.

[55] S. Weinberg, Baryon and Lepton Nonconserving Processes, Phys. Rev. Lett. 43
(1979) 1566.

[56] C.L.Cowan, E. Reines, F.B. Harrison, HW. Kruse and A.D. McGuire, Detection
of the free neutrino: A Confirmation, Science 124 (1956) 103.

[57] Super-Kamiokanpe collaboration, Evidence for oscillation of atmospheric neutrinos,
Phys. Rev. Lett. 81 (1998) 1562 [hep-ex/9807003].

[58] SNO collaboration, Direct evidence for neutrino flavor transformation from neutral
current interactions in the Sudbury Neutrino Observatory, Phys. Rev. Lett. 89 (2002)
011301 [nucl-ex/0204008].

[59] DousLe CHooz collaboration, Improved measurements of the neutrino mixing angle
013 with the Double Chooz detector, JHEP 10 (2014) 086 [1406.7763].

[60] T2K collaboration, Measurements of neutrino oscillation in appearance and
disappearance channels by the T2K experiment, Phys. Rev. D91 (2015) 072010
[1502.01550].

[61] KamMLAND collaboration, First results from KamLAND: Evidence for reactor
anti-neutrino disappearance, Phys. Rev. Lett. 90 (2003) 021802 [hep-ex/0212021].

[62] MEG collaboration, Search for the lepton flavour violating decay u*t — ety with the
full dataset of the MEG experiment, Eur. Phys. ]. C 76 (2016) 434 [1605.05081].

[63] Dava Bay collaboration, Observation of electron-antineutrino disappearance at Daya
Bay, Phys. Rev. Lett. 108 (2012) 171803 [1203.1669].


https://doi.org/10.1016/0550-3213(82)90088-8
https://doi.org/10.1016/0550-3213(82)90088-8
https://doi.org/10.1007/BF01479540
https://doi.org/10.1007/BF01479540
https://doi.org/10.1142/9789813233348_0006
https://arxiv.org/abs/1712.05926
https://doi.org/10.1016/0550-3213(94)90375-1
https://arxiv.org/abs/hep-ph/9310302
https://doi.org/10.1146/annurev.nucl.56.080805.140508
https://doi.org/10.1146/annurev.nucl.56.080805.140508
https://arxiv.org/abs/hep-th/0701053
https://doi.org/10.1016/j.physrep.2018.11.002
https://doi.org/10.1016/j.physrep.2018.11.002
https://arxiv.org/abs/1706.08945
https://arxiv.org/abs/1804.05863
https://doi.org/10.1103/PhysRevLett.43.1566
https://doi.org/10.1103/PhysRevLett.43.1566
https://doi.org/10.1126/science.124.3212.103
https://doi.org/10.1103/PhysRevLett.81.1562
https://arxiv.org/abs/hep-ex/9807003
https://doi.org/10.1103/PhysRevLett.89.011301
https://doi.org/10.1103/PhysRevLett.89.011301
https://arxiv.org/abs/nucl-ex/0204008
https://doi.org/10.1007/JHEP02(2015)074, 10.1007/JHEP10(2014)086
https://arxiv.org/abs/1406.7763
https://doi.org/10.1103/PhysRevD.91.072010
https://arxiv.org/abs/1502.01550
https://doi.org/10.1103/PhysRevLett.90.021802
https://arxiv.org/abs/hep-ex/0212021
https://doi.org/10.1140/epjc/s10052-016-4271-x
https://arxiv.org/abs/1605.05081
https://doi.org/10.1103/PhysRevLett.108.171803
https://arxiv.org/abs/1203.1669

BIBLIOGRAPHY 253

[64] RENO collaboration, Observation of Reactor Electron Antineutrino Disappearance
in the RENO Experiment, Phys. Rev. Lett. 108 (2012) 191802 [1204.0626].

[65] DousLe CHooz collaboration, Indication of Reactor v, Disappearance in the Double
Chooz Experiment, Phys. Rev. Lett. 108 (2012) 131801 [1112.6353].

[66] I. Esteban, M.C. Gonzalez-Garcia, M. Maltoni, I. Martinez-Soler, ].a.P. Pinheiro
and T. Schwetz, NuFit-6.0: updated global analysis of three-flavor neutrino
oscillations, JHEP 12 (2024) 216 [2410.05380].

[67] Super-KamiokanDk collaboration, Atmospheric neutrino oscillation analysis with
neutron tagging and an expanded fiducial volume in Super-Kamiokande -V, Phys.
Rev. D 109 (2024) 072014 [2311.05105].

[68] (IceCuse CorLaBorATION)||, IcECUBE collaboration, Measurement of Atmospheric
Neutrino Oscillation Parameters Using Convolutional Neural Networks with 9.3 Years
of Data in IceCube DeepCore, Phys. Rev. Lett. 134 (2025) 091801 [2405.02163].

[69] KATRIN collaboration, Direct neutrino-mass measurement based on 259 days of
KATRIN data, Science 388 (2025) adq9592 [2406.13516].

[70] Project 8 collaboration, The Project 8 Neutrino Mass Experiment, in Snowmass
2021, 3, 2022 [2203.07349].

[71] KamLAND-ZEen collaboration, Search for Majorana Neutrinos with the Complete
KamLAND-Zen Dataset, 2406 .11438.

[72] CUORE collaboration, New Direct Limit on Neutrinoless Double Beta Decay
Half-Life of Te128 with CUORE, Phys. Rev. Lett. 129 (2022) 222501 [2205.03132].

[73] C.M. Cattadori and F. Salamida, GERDA and LEGEND: Probing the Neutrino
Nature and Mass at 100 meV and beyond, Universe 7 (2021) 314.

[74] NEXT collaboration, Sensitivity of NEXT-100 to Neutrinoless Double Beta Decay,
JHEP 05 (2016) 159 [1511.09246].

[75] NEXO collaboration, nEXO: neutrinoless double beta decay search beyond 10?8 year
half-life sensitivity, |. Phys. G 49 (2022) 015104 [2106.16243].

[76] ]. Lesgourgues and S. Pastor, Massive neutrinos and cosmology, Phys. Rept. 429
(2006) 307 [astro-ph/0603494].

[77] Pranck collaboration, Planck 2018 results. VI. Cosmological parameters, Astron.
Astrophys. 641 (2020) A6 [1807.06209].

[78] DESI collaboration, Constraints on Neutrino Physics from DESI DR2 BAO and
DR1 Full Shape, 2503 .14744.

[79] Eucuip collaboration, Euclid preparation - LIV. Sensitivity to neutrino parameters,
Astron. Astrophys. 693 (2025) A58 [2405.06047].


https://doi.org/10.1103/PhysRevLett.108.191802
https://arxiv.org/abs/1204.0626
https://doi.org/10.1103/PhysRevLett.108.131801
https://arxiv.org/abs/1112.6353
https://doi.org/10.1007/JHEP12(2024)216
https://arxiv.org/abs/2410.05380
https://doi.org/10.1103/PhysRevD.109.072014
https://doi.org/10.1103/PhysRevD.109.072014
https://arxiv.org/abs/2311.05105
https://doi.org/10.1103/PhysRevLett.134.091801
https://arxiv.org/abs/2405.02163
https://doi.org/10.1126/science.adq9592
https://arxiv.org/abs/2406.13516
https://arxiv.org/abs/2203.07349
https://arxiv.org/abs/2406.11438
https://doi.org/10.1103/PhysRevLett.129.222501
https://arxiv.org/abs/2205.03132
https://doi.org/10.3390/universe7090314
https://doi.org/10.1007/JHEP05(2016)159
https://arxiv.org/abs/1511.09246
https://doi.org/10.1088/1361-6471/ac3631
https://arxiv.org/abs/2106.16243
https://doi.org/10.1016/j.physrep.2006.04.001
https://doi.org/10.1016/j.physrep.2006.04.001
https://arxiv.org/abs/astro-ph/0603494
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://arxiv.org/abs/1807.06209
https://arxiv.org/abs/2503.14744
https://doi.org/10.1051/0004-6361/202450859
https://arxiv.org/abs/2405.06047

254

BIBLIOGRAPHY

[80]

[81]

[82]

[83]

[84]

[88]

[89]

[92]

CMB-54 collaboration, Snowmass 2021 CMB-54 White Paper, 2203.08024.

JUNO collaboration, Neutrino Physics with JUNO, |. Phys. G 43 (2016) 030401
[1507.05613].

JUNO collaboration, JUNO physics and detector, Prog. Part. Nucl. Phys. 123
(2022) 103927 [2104.02565].

DUNE collaboration, Long-baseline neutrino oscillation physics potential of the
DUNE experiment, Eur. Phys. ]. C 80 (2020) 978 [2006.16043].

DUNE collaboration, Deep Underground Neutrino Experiment (DUNE), Far
Detector Technical Design Report, Volume I Introduction to DUNE, JINST 15 (2020)
T08008 [2002.02967].

Hyprer-KamiokanDE collaboration, Hyper-Kamiokande Design Report,
1805.04163.

PTOLEMY collaboration, Neutrino physics with the PTOLEMY project: active
neutrino properties and the light sterile case, JCAP 07 (2019) 047 [1902.05508].

T2K collaboration, Search for CP Violation in Neutrino and Antineutrino
Oscillations by the T2K Experiment with 2.2 x 10%! Protons on Target, Phys. Rev.
Lett. 121 (2018) 171802 [1807.07891].

NOVA collaboration, Improved measurement of neutrino oscillation parameters by
the NOvA experiment, Phys. Rev. D 106 (2022) 032004 [2108.08219].

MicroBooNE collaboration, First Constraints on Light Sterile Neutrino
Oscillations from Combined Appearance and Disappearance Searches with the
MicroBooNE Detector, Phys. Rev. Lett. 130 (2023) 011801 [2210.10216].

E. Majorana, Teoria simmetrica dell’elettrone e del positrone, Nuovo Cim. 14 (1937)
171.

K.R. Dienes, E. Dudas and T. Gherghetta, Neutrino oscillations without neutrino
masses or heavy mass scales: A Higher dimensional seesaw mechanism, Nucl. Phys. B
557 (1999) 25 [hep-ph/9811428].

N. Arkani-Hamed, S. Dimopoulos, G.R. Dvali and J. March-Russell, Neutrino
masses from large extra dimensions, Phys. Rev. D 65 (2001) 024032
[hep-ph/9811448].

P. Minkowski, u — ey at a Rate of One Out of 10° Muon Decays?, Phys. Lett. B 67
(1977) 421.

T. Yanagida, Horizontal Symmetry and Masses of Neutrinos, Prog. Theor. Phys. 64
(1980) 1103.


https://arxiv.org/abs/2203.08024
https://doi.org/10.1088/0954-3899/43/3/030401
https://arxiv.org/abs/1507.05613
https://doi.org/10.1016/j.ppnp.2021.103927
https://doi.org/10.1016/j.ppnp.2021.103927
https://arxiv.org/abs/2104.02565
https://doi.org/10.1140/epjc/s10052-020-08456-z
https://arxiv.org/abs/2006.16043
https://doi.org/10.1088/1748-0221/15/08/T08008
https://doi.org/10.1088/1748-0221/15/08/T08008
https://arxiv.org/abs/2002.02967
https://arxiv.org/abs/1805.04163
https://doi.org/10.1088/1475-7516/2019/07/047
https://arxiv.org/abs/1902.05508
https://doi.org/10.1103/PhysRevLett.121.171802
https://doi.org/10.1103/PhysRevLett.121.171802
https://arxiv.org/abs/1807.07891
https://doi.org/10.1103/PhysRevD.106.032004
https://arxiv.org/abs/2108.08219
https://doi.org/10.1103/PhysRevLett.130.011801
https://arxiv.org/abs/2210.10216
https://doi.org/10.1007/BF02961314
https://doi.org/10.1007/BF02961314
https://doi.org/10.1016/S0550-3213(99)00377-6
https://doi.org/10.1016/S0550-3213(99)00377-6
https://arxiv.org/abs/hep-ph/9811428
https://doi.org/10.1103/PhysRevD.65.024032
https://arxiv.org/abs/hep-ph/9811448
https://doi.org/10.1016/0370-2693(77)90435-X
https://doi.org/10.1016/0370-2693(77)90435-X
https://doi.org/10.1143/PTP.64.1103
https://doi.org/10.1143/PTP.64.1103

BIBLIOGRAPHY 255

[95] M. Gell-Mann, P. Ramond and R. Slansky, Complex Spinors and Unified Theories,
Conf. Proc. C 790927 (1979) 315 [1306.4669].

[96] R.N. Mohapatra and G. Senjanovic, Neutrino Mass and Spontaneous Parity
Nonconservation, Phys. Rev. Lett. 44 (1980) 912.

[97] J. Schechter and J.W.F. Valle, Neutrino Masses in SU(2) x U(1) Theories, Phys.
Rev. D 22 (1980) 2227

[98] J. Schechter and J.W.F. Valle, Neutrino Decay and Spontaneous Violation of Lepton
Number, Phys. Rev. D 25 (1982) 774.

[99] G. Lazarides, Q. Shafi and C. Wetterich, Proton Lifetime and Fermion Masses in an
SO(10) Model, Nucl. Phys. B 181 (1981) 287.

[100] R.N. Mohapatra and G. Senjanovic, Neutrino Masses and Mixings in Gauge
Models with Spontaneous Parity Violation, Phys. Rev. D 23 (1981) 165.

[101] R. Foot, H. Lew, X.G. He and G.C. Joshi, Seesaw Neutrino Masses Induced by a
Triplet of Leptons, Z. Phys. C 44 (1989) 441.

[102] F. Bonnet, D. Hernandez, T. Ota and W. Winter, Neutrino masses from higher than
d=>5 effective operators, [HEP 10 (2009) 076 [0907 .3143].

[103] G. Anamiati, O. Castillo-Felisola, R.M. Fonseca, ].C. Helo and M. Hirsch,
High-dimensional neutrino masses, [HEP 12 (2018) 066 [1806.07264].

[104] W. Grimus and L. Lavoura, The Seesaw mechanism at arbitrary order: Disentangling
the small scale from the large scale, JHEP 11 (2000) 042 [hep-ph/0008179].

[105] J.A. Casas and A. Ibarra, Oscillating neutrinos and u — e, y, Nucl. Phys. B 618
(2001) 171 [hep-ph/0103065].

[106] G. Senjanovic and R.N. Mohapatra, Exact Left-Right Symmetry and Spontaneous
Violation of Parity, Phys. Rev. D 12 (1975) 1502.

[107] H. Georgi and S.L. Glashow, Unity of All Elementary Particle Forces, Phys. Rev.
Lett. 32 (1974) 438.

[108] ATLAS collaboration, Search for type-III seesaw heavy leptons in dilepton final states
in pp collisions at \/s = 13 TeV with the ATLAS detector, Eur. Phys. J. C 81 (2021)
218 [2008.07949].

[109] CMS collaboration, Search for physics beyond the standard model in multilepton final
states in proton-proton collisions at \/s = 13 TeV, JHEP 03 (2020) 051 [1911.04968].

[110] FE. Vissani, Do experiments suggest a hierarchy problem?, Phys. Rev. D 57 (1998)
7027 [hep-ph/9709409].


https://arxiv.org/abs/1306.4669
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1103/PhysRevD.25.774
https://doi.org/10.1016/0550-3213(81)90354-0
https://doi.org/10.1103/PhysRevD.23.165
https://doi.org/10.1007/BF01415558
https://doi.org/10.1088/1126-6708/2009/10/076
https://arxiv.org/abs/0907.3143
https://doi.org/10.1007/JHEP12(2018)066
https://arxiv.org/abs/1806.07264
https://doi.org/10.1088/1126-6708/2000/11/042
https://arxiv.org/abs/hep-ph/0008179
https://doi.org/10.1016/S0550-3213(01)00475-8
https://doi.org/10.1016/S0550-3213(01)00475-8
https://arxiv.org/abs/hep-ph/0103065
https://doi.org/10.1103/PhysRevD.12.1502
https://doi.org/10.1103/PhysRevLett.32.438
https://doi.org/10.1103/PhysRevLett.32.438
https://doi.org/10.1140/epjc/s10052-021-08929-9
https://doi.org/10.1140/epjc/s10052-021-08929-9
https://arxiv.org/abs/2008.07949
https://doi.org/10.1007/JHEP03(2020)051
https://arxiv.org/abs/1911.04968
https://doi.org/10.1103/PhysRevD.57.7027
https://doi.org/10.1103/PhysRevD.57.7027
https://arxiv.org/abs/hep-ph/9709409

256 BIBLIOGRAPHY

[111] J.A. Casas, J.R. Espinosa and 1. Hidalgo, Implications for new physics from
fine-tuning arquments. 1. Application to SUSY and seesaw cases, [HEP 11 (2004)
057 [hep-ph/0410298].

[112] D. Wyler and L. Wolfenstein, Massless Neutrinos in Left-Right Symmetric Models,
Nucl. Phys. B 218 (1983) 205.

[113] R.N. Mohapatra and J.W.F. Valle, Neutrino Mass and Baryon Number
Nonconservation in Superstring Models, Phys. Rev. D 34 (1986) 1642.

[114] P. Roy and O.U. Shanker, Observable Neutrino Dirac Mass and Supergrand
Unification, Phys. Rev. Lett. 52 (1984) 713.

[115] E.K. Akhmedov, M. Lindner, E. Schnapka and J.W.F. Valle, Left-right symmetry
breaking in NJL approach, Phys. Lett. B 368 (1996) 270 [hep-ph/9507275].

[116] E.K. Akhmedov, M. Lindner, E. Schnapka and J.W.E. Valle, Dynamical left-right
symmetry breaking, Phys. Rev. D 53 (1996) 2752 [hep-ph/9509255].

[117] A. Zee, Quantum Numbers of Majorana Neutrino Masses, Nucl. Phys. B 264 (1986)
99.

[118] K.S. Babu, Model of 'Calculable” Majorana Neutrino Masses, Phys. Lett. B 203
(1988) 132.

[119] J. Herrero-Garcia, M. Nebot, N. Rius and A. Santamaria, The Zee—Babu model
revisited in the light of new data, Nucl. Phys. B 885 (2014) 542 [1402.4491].

[120] Z.-j. Tao, Radiative seesaw mechanism at weak scale, Phys. Rev. D 54 (1996) 5693
[hep-ph/9603309].

[121] E. Ma, Verifiable radiative seesaw mechanism of neutrino mass and dark matter, Phys.
Rev. D 73 (2006) 077301 [hep-ph/0601225].

[122] Y. Cai, J. Herrero-Garcia, M.A. Schmidt, A. Vicente and R.R. Volkas, From the
trees to the forest: a review of radiative neutrino mass models, Front. in Phys. 5 (2017)
63 [1706.08524].

[123] E. Ma, Supersymmetric U(1) Gauge Realization of the Dark Scalar Doublet Model of
Radiative Neutrino Mass, Mod. Phys. Lett. A 23 (2008) 721 [0801.2545].

[124] E. Ma, L. Picek and B. Radov¢ié¢, New Scotogenic Model of Neutrino Mass with
U(1)p Gauge Interaction, Phys. Lett. B 726 (2013) 744 [1308.5313].

[125] C.Hagedorn, J. Herrero-Garcia, E. Molinaro and M.A. Schmidt, Phenomenology
of the Generalised Scotogenic Model with Fermionic Dark Matter, [HEP 11 (2018)
103 [1804.04117].

[126] P. Escribano, M. Reig and A. Vicente, Generalizing the Scotogenic model, [HEP 07
(2020) 097 [2004.05172].


https://doi.org/10.1088/1126-6708/2004/11/057
https://doi.org/10.1088/1126-6708/2004/11/057
https://arxiv.org/abs/hep-ph/0410298
https://doi.org/10.1016/0550-3213(83)90482-0
https://doi.org/10.1103/PhysRevD.34.1642
https://doi.org/10.1103/PhysRevLett.52.713
https://doi.org/10.1016/0370-2693(95)01504-3
https://arxiv.org/abs/hep-ph/9507275
https://doi.org/10.1103/PhysRevD.53.2752
https://arxiv.org/abs/hep-ph/9509255
https://doi.org/10.1016/0550-3213(86)90475-X
https://doi.org/10.1016/0550-3213(86)90475-X
https://doi.org/10.1016/0370-2693(88)91584-5
https://doi.org/10.1016/0370-2693(88)91584-5
https://doi.org/10.1016/j.nuclphysb.2014.06.001
https://arxiv.org/abs/1402.4491
https://doi.org/10.1103/PhysRevD.54.5693
https://arxiv.org/abs/hep-ph/9603309
https://doi.org/10.1103/PhysRevD.73.077301
https://doi.org/10.1103/PhysRevD.73.077301
https://arxiv.org/abs/hep-ph/0601225
https://doi.org/10.3389/fphy.2017.00063
https://doi.org/10.3389/fphy.2017.00063
https://arxiv.org/abs/1706.08524
https://doi.org/10.1142/S0217732308026753
https://arxiv.org/abs/0801.2545
https://doi.org/10.1016/j.physletb.2013.09.049
https://arxiv.org/abs/1308.5313
https://doi.org/10.1007/JHEP11(2018)103
https://doi.org/10.1007/JHEP11(2018)103
https://arxiv.org/abs/1804.04117
https://doi.org/10.1007/JHEP07(2020)097
https://doi.org/10.1007/JHEP07(2020)097
https://arxiv.org/abs/2004.05172

BIBLIOGRAPHY 257

[127] E.F. Deppisch, P.S. Bhupal Dev and A. Pilaftsis, Neutrinos and Collider Physics,
New J. Phys. 17 (2015) 075019 [1502.06541].

[128] A.M. Abdullahi et al., The present and future status of heavy neutral leptons, |. Phys.
G 50 (2023) 020501 [2203.08039].

[129] W.-Y. Keung and G. Senjanovic, Majorana Neutrinos and the Production of the
Right-handed Charged Gauge Boson, Phys. Rev. Lett. 50 (1983) 1427.

[130] T. Han and B. Zhang, Signatures for Majorana neutrinos at hadron colliders, Phys.
Rev. Lett. 97 (2006) 171804 [hep-ph/0604064].

[131] A. Atre, T. Han, S. Pascoli and B. Zhang, The Search for Heavy Majorana
Neutrinos, JHEP 05 (2009) 030 [0901.3589].

[132] P.S.B. Dev, A. Pilaftsis and U.-k. Yang, New Production Mechanism for Heavy
Neutrinos at the LHC, Phys. Rev. Lett. 112 (2014) 081801 [1308.2209].

[133] F. del Aguila and J.A. Aguilar-Saavedra, Distinguishing seesaw models at LHC
with multi-lepton signals, Nucl. Phys. B 813 (2009) 22 [0808.2468].

[134] F. del Aguila and J.A. Aguilar-Saavedra, Electroweak scale seesaw and heavy Dirac
neutrino signals at LHC, Phys. Lett. B 672 (2009) 158 [0809.2096].

[135] A.G. Akeroyd and M. Aoki, Single and pair production of doubly charged Higgs
bosons at hadron colliders, Phys. Rev. D 72 (2005) 035011 [hep-ph/0506176].

[136] ATLAS collaboration, Search for doubly charged Higgs boson production in
multi-lepton final states using 139 fb=! of proton—proton collisions at \/s = 13 TeV
with the ATLAS detector, Eur. Phys. ]. C 83 (2023) 605 [2211.07505].

[137] R. Franceschini, T. Hambye and A. Strumia, Type-III see-saw at LHC, Phys. Rev. D
78 (2008) 033002 [0805.1613].

[138] AMS collaboration, Antiproton Flux, Antiproton-to-Proton Flux Ratio, and
Properties of Elementary Particle Fluxes in Primary Cosmic Rays Measured with the
Alpha Magnetic Spectrometer on the International Space Station, Phys. Rev. Lett. 117
(2016) 091103.

[139] AMS collaboration, Search for anti-helium in cosmic rays, Phys. Lett. B 461 (1999)
387 [hep-ex/0002048].

[140] V. Poulin, P. Salati, I. Cholis, M. Kamionkowski and J. Silk, Where do the AMS-02
antihelium events come from?, Phys. Rev. D 99 (2019) 023016 [1808.08961].

[141] A.G. Cohen, A. De Rujula and S.L. Glashow, A Matter - antimatter universe?,
Astrophys. |. 495 (1998) 539 [astro-ph/9707087].

[142] G. Steigman, Primordial nucleosynthesis: successes and challenges, Int. |. Mod. Phys.
E 15 (2006) 1 [astro-ph/0511534].


https://doi.org/10.1088/1367-2630/17/7/075019
https://arxiv.org/abs/1502.06541
https://doi.org/10.1088/1361-6471/ac98f9
https://doi.org/10.1088/1361-6471/ac98f9
https://arxiv.org/abs/2203.08039
https://doi.org/10.1103/PhysRevLett.50.1427
https://doi.org/10.1103/PhysRevLett.97.171804
https://doi.org/10.1103/PhysRevLett.97.171804
https://arxiv.org/abs/hep-ph/0604064
https://doi.org/10.1088/1126-6708/2009/05/030
https://arxiv.org/abs/0901.3589
https://doi.org/10.1103/PhysRevLett.112.081801
https://arxiv.org/abs/1308.2209
https://doi.org/10.1016/j.nuclphysb.2008.12.029
https://arxiv.org/abs/0808.2468
https://doi.org/10.1016/j.physletb.2009.01.010
https://arxiv.org/abs/0809.2096
https://doi.org/10.1103/PhysRevD.72.035011
https://arxiv.org/abs/hep-ph/0506176
https://doi.org/10.1140/epjc/s10052-023-11578-9
https://arxiv.org/abs/2211.07505
https://doi.org/10.1103/PhysRevD.78.033002
https://doi.org/10.1103/PhysRevD.78.033002
https://arxiv.org/abs/0805.1613
https://doi.org/10.1103/PhysRevLett.117.091103
https://doi.org/10.1103/PhysRevLett.117.091103
https://doi.org/10.1016/S0370-2693(99)00874-6
https://doi.org/10.1016/S0370-2693(99)00874-6
https://arxiv.org/abs/hep-ex/0002048
https://doi.org/10.1103/PhysRevD.99.023016
https://arxiv.org/abs/1808.08961
https://doi.org/10.1086/305328
https://arxiv.org/abs/astro-ph/9707087
https://doi.org/10.1142/S0218301306004028
https://doi.org/10.1142/S0218301306004028
https://arxiv.org/abs/astro-ph/0511534

258 BIBLIOGRAPHY

[143] B.D. Fields, K.A. Olive, T.-H. Yeh and C. Young, Big-Bang Nucleosynthesis after
Planck, JCAP 03 (2020) 010 [1912.01132].

[144] B.D. Fields, The primordial lithium problem, Ann. Rev. Nucl. Part. Sci. 61 (2011) 47
[1203.3551].

[145] W. Hu and S. Dodelson, Cosmic Microwave Background Anisotropies, Ann. Rev.
Astron. Astrophys. 40 (2002) 171 [astro-ph/0110414].

[146] M. Dine and A. Kusenko, The Origin of the matter - antimatter asymmetry, Rev.
Mod. Phys. 76 (2003) 1 [hep-ph/0303065].

[147] D. Bodeker and W. Buchmuller, Baryogenesis from the weak scale to the grand
unification scale, Rev. Mod. Phys. 93 (2021) 035004 [2009.07294].

[148] A.D. Sakharov, Violation of CP Invariance, C asymmetry, and baryon asymmetry of
the universe, Pisma Zh. Eksp. Teor. Fiz. 5 (1967) 32.

[149] G. 't Hooft, Symmetry Breaking Through Bell-Jackiw Anomalies, Phys. Rev. Lett. 37
(1976) 8.

[150] M.B. Gavela, P. Hernandez, J. Orloff and O. Pene, Standard model CP violation
and baryon asymmetry, Mod. Phys. Lett. A9 (1994) 795 [hep-ph/9312215].

[151] P. Huet and E. Sather, Electroweak baryogenesis and standard model CP violation,
Phys. Rev. D 51 (1995) 379 [hep-ph/9404302].

[152] V.A.Kuzmin, V.A. Rubakov and M.E. Shaposhnikov, On the Anomalous
Electroweak Baryon Number Nonconservation in the Early Universe, Phys. Lett. B 155
(1985) 36.

[153] A.G. Cohen, D.B. Kaplan and A.E. Nelson, Progress in electroweak baryogenesis,
Ann. Rev. Nucl. Part. Sci. 43 (1993) 27 [hep-ph/9302210].

[154] V.A. Rubakov and M.E. Shaposhnikov, Electroweak baryon number
nonconservation in the early universe and in high-energy collisions, Usp. Fiz. Nauk
166 (1996) 493 [hep-ph/9603208].

[155] N. Turok and J. Zadrozny, Electroweak baryogenesis in the two doublet model, Nucl.
Phys. B 358 (1991) 471.

[156] ]J.M. Cline, K. Kainulainen and A.P. Vischer, Dynamics of two Higgs doublet CP
violation and baryogenesis at the electroweak phase transition, Phys. Rev. D 54 (1996)
2451 [hep-ph/9506284].

[157] M. Carena, M. Quiros and C.E.M. Wagner, Opening the window for electroweak
baryogenesis, Phys. Lett. B 380 (1996) 81 [hep-ph/9603420].

[158] E.W. Kolb and M.S. Turner, The Early Universe, vol. 69, Taylor and Francis (5,
2019), 10.1201/9780429492860.


https://doi.org/10.1088/1475-7516/2020/03/010
https://arxiv.org/abs/1912.01132
https://doi.org/10.1146/annurev-nucl-102010-130445
https://arxiv.org/abs/1203.3551
https://doi.org/10.1146/annurev.astro.40.060401.093926
https://doi.org/10.1146/annurev.astro.40.060401.093926
https://arxiv.org/abs/astro-ph/0110414
https://doi.org/10.1103/RevModPhys.76.1
https://doi.org/10.1103/RevModPhys.76.1
https://arxiv.org/abs/hep-ph/0303065
https://doi.org/10.1103/RevModPhys.93.035004
https://arxiv.org/abs/2009.07294
https://doi.org/10.1070/PU1991v034n05ABEH002497
https://doi.org/10.1103/PhysRevLett.37.8
https://doi.org/10.1103/PhysRevLett.37.8
https://doi.org/10.1142/S0217732394000629
https://arxiv.org/abs/hep-ph/9312215
https://doi.org/10.1103/PhysRevD.51.379
https://arxiv.org/abs/hep-ph/9404302
https://doi.org/10.1016/0370-2693(85)91028-7
https://doi.org/10.1016/0370-2693(85)91028-7
https://doi.org/10.1146/annurev.ns.43.120193.000331
https://arxiv.org/abs/hep-ph/9302210
https://doi.org/10.1070/PU1996v039n05ABEH000145
https://doi.org/10.1070/PU1996v039n05ABEH000145
https://arxiv.org/abs/hep-ph/9603208
https://doi.org/10.1016/0550-3213(91)90356-3
https://doi.org/10.1016/0550-3213(91)90356-3
https://doi.org/10.1103/PhysRevD.54.2451
https://doi.org/10.1103/PhysRevD.54.2451
https://arxiv.org/abs/hep-ph/9506284
https://doi.org/10.1016/0370-2693(96)00475-3
https://arxiv.org/abs/hep-ph/9603420
https://doi.org/10.1201/9780429492860

BIBLIOGRAPHY 259

[159] A. Riotto and M. Trodden, Recent progress in baryogenesis, Ann. Rev. Nucl. Part.
Sci. 49 (1999) 35 [hep-ph/9901362].

[160] I. Affleck and M. Dine, A New Mechanism for Baryogenesis, Nucl. Phys. B 249
(1985) 361.

[161] M. Fukugita and T. Yanagida, Baryogenesis Without Grand Unification, Phys. Lett.
B 174 (1986) 45.

[162] S. Davidson, E. Nardi and Y. Nir, Leptogenesis, Phys. Rept. 466 (2008) 105
[0802.2962].

[163] J.R. Ellis, A.D. Linde and D.V. Nanopoulos, Inflation Can Save the Gravitino,
Phys. Lett. B 118 (1982) 59.

[164] S. Weinberg, Cosmological Constraints on the Scale of Supersymmetry Breaking,
Phys. Rev. Lett. 48 (1982) 1303.

[165] G. Lazarides and Q. Shafi, Origin of matter in the inflationary cosmology, Phys.
Lett. B 258 (1991) 305.

[166] H.Murayama, H. Suzuki, T. Yanagida and J. Yokoyama, Chaotic inflation and
baryogenesis by right-handed sneutrinos, Phys. Rev. Lett. 70 (1993) 1912.

[167] E.W. Kolb, A.D. Linde and A. Riotto, GUT baryogenesis after preheating, Phys.
Rev. Lett. 77 (1996) 4290 [hep-ph/9606260].

[168] T. Hambye, Leptogenesis: beyond the minimal type I seesaw scenario, New |. Phys. 14
(2012) 125014 [1212.2888].

[169] R.E. Cutkosky, Singularities and discontinuities of Feynman amplitudes, ]. Math.
Phys. 1 (1960) 429.

[170] A. Pilaftsis, Resonant CP violation induced by particle mixing in transition
amplitudes, Nucl. Phys. B 504 (1997) 61 [hep-ph/9702393].

[171] A. Pilaftsis, CP violation and baryogenesis due to heavy Majorana neutrinos, Phys.
Rev. D 56 (1997) 5431 [hep-ph/9707235].

[172] A. Pilaftsis and T.E.J. Underwood, Resonant leptogenesis, Nucl. Phys. B 692
(2004) 303 [hep-ph/0309342].

[173] S. Davidson and A. Ibarra, A Lower bound on the right-handed neutrino mass from
leptogenesis, Phys. Lett. B 535 (2002) 25 [hep-ph/0202239].

[174] G.F. Giudice, A. Notari, M. Raidal, A. Riotto and A. Strumia, Towards a complete
theory of thermal leptogenesis in the SM and MSSM, Nucl. Phys. B 685 (2004) 89
[hep-ph/0310123].

[175] W. Buchmuller, P. Di Bari and M. Plumacher, Leptogenesis for pedestrians, Annals
Phys. 315 (2005) 305 [hep-ph/0401240].


https://doi.org/10.1146/annurev.nucl.49.1.35
https://doi.org/10.1146/annurev.nucl.49.1.35
https://arxiv.org/abs/hep-ph/9901362
https://doi.org/10.1016/0550-3213(85)90021-5
https://doi.org/10.1016/0550-3213(85)90021-5
https://doi.org/10.1016/0370-2693(86)91126-3
https://doi.org/10.1016/0370-2693(86)91126-3
https://doi.org/10.1016/j.physrep.2008.06.002
https://arxiv.org/abs/0802.2962
https://doi.org/10.1016/0370-2693(82)90601-3
https://doi.org/10.1103/PhysRevLett.48.1303
https://doi.org/10.1016/0370-2693(91)91090-I
https://doi.org/10.1016/0370-2693(91)91090-I
https://doi.org/10.1103/PhysRevLett.70.1912
https://doi.org/10.1103/PhysRevLett.77.4290
https://doi.org/10.1103/PhysRevLett.77.4290
https://arxiv.org/abs/hep-ph/9606260
https://doi.org/10.1088/1367-2630/14/12/125014
https://doi.org/10.1088/1367-2630/14/12/125014
https://arxiv.org/abs/1212.2888
https://doi.org/10.1063/1.1703676
https://doi.org/10.1063/1.1703676
https://doi.org/10.1016/S0550-3213(97)00469-0
https://arxiv.org/abs/hep-ph/9702393
https://doi.org/10.1103/PhysRevD.56.5431
https://doi.org/10.1103/PhysRevD.56.5431
https://arxiv.org/abs/hep-ph/9707235
https://doi.org/10.1016/j.nuclphysb.2004.05.029
https://doi.org/10.1016/j.nuclphysb.2004.05.029
https://arxiv.org/abs/hep-ph/0309342
https://doi.org/10.1016/S0370-2693(02)01735-5
https://arxiv.org/abs/hep-ph/0202239
https://doi.org/10.1016/j.nuclphysb.2004.02.019
https://arxiv.org/abs/hep-ph/0310123
https://doi.org/10.1016/j.aop.2004.02.003
https://doi.org/10.1016/j.aop.2004.02.003
https://arxiv.org/abs/hep-ph/0401240

260 BIBLIOGRAPHY

[176] E. Noether, Invariant Variation Problems, Gott. Nachr. 1918 (1918) 235
[physics/0503066].

[177] S.L. Adler, Axial vector vertex in spinor electrodynamics, Phys. Rev. 177 (1969)
2426.

[178] J.S. Bell and R. Jackiw, A PCAC puzzle: 1° — vy in the ¢ model, Nuovo Cim. A 60
(1969) 47.

[179] S.-S. Chern and J. Simons, Characteristic forms and geometric invariants, Annals
Math. 99 (1974) 48.

[180] C.G. Callan, Jr., R.F. Dashen and D.J. Gross, The Structure of the Gauge Theory
Vacuum, Phys. Lett. B 63 (1976) 334.

[181] R.Jackiw and C. Rebbi, Vacuum Periodicity in a Yang-Mills Quantum Theory,
Phys. Rev. Lett. 37 (1976) 172.

[182] F.R. Klinkhamer and N.S. Manton, A Saddle Point Solution in the Weinberg-Salam
Theory, Phys. Rev. D 30 (1984) 2212.

[183] G. 't Hooft, Computation of the Quantum Effects Due to a Four-Dimensional
Pseudoparticle, Phys. Rev. D 14 (1976) 3432.

[184] P.B. Arnold and L.D. McLerran, Sphalerons, Small Fluctuations and Baryon
Number Violation in Electroweak Theory, Phys. Rev. D 36 (1987) 581.

[185] P.B. Arnold, D. Son and L.G. Yaffe, The Hot baryon violation rate is O (alpha-w**5
T**4), Phys. Rev. D 55 (1997) 6264 [hep-ph/9609481].

[186] J.A. Harvey and M.S. Turner, Cosmological baryon and lepton number in the
presence of electroweak fermion number violation, Phys. Rev. D 42 (1990) 3344.

[187] W. Buchmuller and S. Fredenhagen, Quantum mechanics of baryogenesis, Phys.
Lett. B 483 (2000) 217 [hep-ph/0004145].

[188] W. Buchmuller and M. Plumacher, Spectator processes and baryogenesis, Phys.
Lett. B 511 (2001) 74 [hep-ph/0104189].

[189] E.Ma and U. Sarkar, Neutrino masses and leptogenesis with heavy Higgs triplets,
Phys. Rev. Lett. 80 (1998) 5716 [hep-ph/9802445].

[190] C.H. Albright and S.M. Barr, Leptogenesis in the type 111 seesaw mechanism, Phys.
Rev. D 69 (2004) 073010 [hep-ph/0312224].

[191] T. Hambye, Y. Lin, A. Notari, M. Papucci and A. Strumia, Constraints on neutrino
masses from leptogenesis models, Nucl. Phys. B 695 (2004) 169 [hep-ph/0312203].

[192] A. Abada, S. Davidson, A. Ibarra, F.X. Josse-Michaux, M. Losada and A. Riotto,
Flavour Matters in Leptogenesis, [HEP 09 (2006) 010 [hep-ph/0605281].


https://doi.org/10.1080/00411457108231446
https://arxiv.org/abs/physics/0503066
https://doi.org/10.1103/PhysRev.177.2426
https://doi.org/10.1103/PhysRev.177.2426
https://doi.org/10.1007/BF02823296
https://doi.org/10.1007/BF02823296
https://doi.org/10.2307/1971013
https://doi.org/10.2307/1971013
https://doi.org/10.1016/0370-2693(76)90277-X
https://doi.org/10.1103/PhysRevLett.37.172
https://doi.org/10.1103/PhysRevD.30.2212
https://doi.org/10.1103/PhysRevD.14.3432
https://doi.org/10.1103/PhysRevD.36.581
https://doi.org/10.1103/PhysRevD.55.6264
https://arxiv.org/abs/hep-ph/9609481
https://doi.org/10.1103/PhysRevD.42.3344
https://doi.org/10.1016/S0370-2693(00)00573-6
https://doi.org/10.1016/S0370-2693(00)00573-6
https://arxiv.org/abs/hep-ph/0004145
https://doi.org/10.1016/S0370-2693(01)00614-1
https://doi.org/10.1016/S0370-2693(01)00614-1
https://arxiv.org/abs/hep-ph/0104189
https://doi.org/10.1103/PhysRevLett.80.5716
https://arxiv.org/abs/hep-ph/9802445
https://doi.org/10.1103/PhysRevD.69.073010
https://doi.org/10.1103/PhysRevD.69.073010
https://arxiv.org/abs/hep-ph/0312224
https://doi.org/10.1016/j.nuclphysb.2004.06.027
https://arxiv.org/abs/hep-ph/0312203
https://doi.org/10.1088/1126-6708/2006/09/010
https://arxiv.org/abs/hep-ph/0605281

BIBLIOGRAPHY 261

[193] A. Abada, S. Davidson, F.-X. Josse-Michaux, M. Losada and A. Riotto, Flavor
issues in leptogenesis, JCAP 04 (2006) 004 [hep-ph/0601083].

[194] E. Nardi, Y. Nir, E. Roulet and J. Racker, The Importance of flavor in leptogenesis,
JHEP 01 (2006) 164 [hep-ph/0601084].

[195] S. Blanchet and P. Di Bari, Flavor effects on leptogenesis predictions, [CAP 03
(2007) 018 [hep-ph/0607330].

[196] A.De Simone and A. Riotto, On the impact of flavour oscillations in leptogenesis,
JCAP 02 (2007) 005 [hep-ph/0611357].

[197] P. Di Bari, Seesaw geometry and leptogenesis, Nucl. Phys. B 727 (2005) 318
[hep-ph/0502082].

[198] G. Engelhard, Y. Grossman, E. Nardi and Y. Nir, The Importance of N2
leptogenesis, Phys. Rev. Lett. 99 (2007) 081802 [hep-ph/0612187].

[199] S. Antusch, P. Di Bari, D.A. Jones and S.F. King, A fuller flavour treatment of
Ny-dominated leptogenesis, Nucl. Phys. B 856 (2012) 180 [1003.5132].

[200] E.K. Akhmedov, V.A. Rubakov and A.Y. Smirnov, Baryogenesis via neutrino
oscillations, Phys. Rev. Lett. 81 (1998) 1359 [hep-ph/9803255].

[201] M. Drewes, B. Garbrecht, P. Hernandez, M. Kekic, . Lopez-Pavon, J. Racker
et al., ARS Leptogenesis, Int. ]. Mod. Phys. A 33 (2018) 1842002 [1711.02862].

[202] J. Klari¢, M. Shaposhnikov and I. Timiryasov, Uniting Low-Scale Leptogenesis
Mechanisms, Phys. Rev. Lett. 127 (2021) 111802 [2008.13771].

[203] D. Suematsu, Thermal Leptogenesis in a TeV Scale Model for Neutrino Masses, Eur.
Phys. J. C 72 (2012) 1951 [1103.0857].

[204] ]J. Racker, Mass bounds for baryogenesis from particle decays and the inert doublet
model, JCAP 03 (2014) 025 [1308.1840].

[205] T. Hugle, M. Platscher and K. Schmitz, Low-Scale Leptogenesis in the Scotogenic
Neutrino Mass Model, Phys. Rev. D 98 (2018) 023020 [1804.09660].

[206] ]. Racker, Low-scale leptogenesis in the scotogenic model: Spectator processes and
benchmark points, Phys. Rev. D 111 (2025) L081301 [2411.15120].

[207] S. Blanchet, P. Di Bari and G.G. Raffelt, Quantum Zeno effect and the impact of
flavor in leptogenesis, JCAP 03 (2007) 012 [hep-ph/0611337].

[208] S. Blanchet, P. Di Bari, D.A. Jones and L. Marzola, Leptogenesis with heavy
neutrino flavours: from density matrix to Boltzmann equations, JCAP 01 (2013) 041
[1112.4528].

[209] K. Dick, M. Lindner, M. Ratz and D. Wright, Leptogenesis with Dirac neutrinos,
Phys. Rev. Lett. 84 (2000) 4039 [hep-ph/9907562].


https://doi.org/10.1088/1475-7516/2006/04/004
https://arxiv.org/abs/hep-ph/0601083
https://doi.org/10.1088/1126-6708/2006/01/164
https://arxiv.org/abs/hep-ph/0601084
https://doi.org/10.1088/1475-7516/2007/03/018
https://doi.org/10.1088/1475-7516/2007/03/018
https://arxiv.org/abs/hep-ph/0607330
https://doi.org/10.1088/1475-7516/2007/02/005
https://arxiv.org/abs/hep-ph/0611357
https://doi.org/10.1016/j.nuclphysb.2005.08.032
https://arxiv.org/abs/hep-ph/0502082
https://doi.org/10.1103/PhysRevLett.99.081802
https://arxiv.org/abs/hep-ph/0612187
https://doi.org/10.1016/j.nuclphysb.2011.10.036
https://arxiv.org/abs/1003.5132
https://doi.org/10.1103/PhysRevLett.81.1359
https://arxiv.org/abs/hep-ph/9803255
https://doi.org/10.1142/S0217751X18420022
https://arxiv.org/abs/1711.02862
https://doi.org/10.1103/PhysRevLett.127.111802
https://arxiv.org/abs/2008.13771
https://doi.org/10.1140/epjc/s10052-012-1951-z
https://doi.org/10.1140/epjc/s10052-012-1951-z
https://arxiv.org/abs/1103.0857
https://doi.org/10.1088/1475-7516/2014/03/025
https://arxiv.org/abs/1308.1840
https://doi.org/10.1103/PhysRevD.98.023020
https://arxiv.org/abs/1804.09660
https://doi.org/10.1103/PhysRevD.111.L081301
https://arxiv.org/abs/2411.15120
https://doi.org/10.1088/1475-7516/2007/03/012
https://arxiv.org/abs/hep-ph/0611337
https://doi.org/10.1088/1475-7516/2013/01/041
https://arxiv.org/abs/1112.4528
https://doi.org/10.1103/PhysRevLett.84.4039
https://arxiv.org/abs/hep-ph/9907562

262 BIBLIOGRAPHY

[210] H.Murayama and A. Pierce, Realistic Dirac leptogenesis, Phys. Rev. Lett. 89
(2002) 271601 [hep-ph/0206177].

[211] D.G. Cerdeno, A. Dedes and T.E.]. Underwood, The Minimal Phantom Sector of
the Standard Model: Higgs Phenomenology and Dirac Leptogenesis, JHEP 09 (2006)
067 [hep-ph/0607157].

[212] P-H. Gu and H.-]. He, Neutrino Mass and Baryon Asymmetry from Dirac Seesaw,
JCAP 12 (2006) 010 [hep-ph/0610275].

[213] M. Berbig, Type II Dirac seesaw portal to the mirror sector: Connecting neutrino
masses and a solution to the strong CP problem, Phys. Rev. D 106 (2022) 115018
[2209.14246].

[214] K.G. Begeman, A.H. Broeils and R.H. Sanders, Extended rotation curves of spiral
galaxies: Dark haloes and modified dynamics, Mon. Not. Roy. Astron. Soc. 249 (1991)
523.

[215] V.C. Rubin and W.K. Ford, Jr., Rotation of the Andromeda Nebula from a
Spectroscopic Survey of Emission Regions, Astrophys. J. 159 (1970) 379.

[216] K.C. Freeman, On the disks of spiral and SO Galaxies, Astrophys. J. 160 (1970) 811.

[217] V.C. Rubin, N. Thonnard and W.K. Ford, Jr., Rotational properties of 21 SC
galaxies with a large range of luminosities and radii, from NGC 4605 /R = 4kpc/ to
UGC 2885 /R =122 kpc/, Astrophys. ]. 238 (1980) 471.

[218] Y. Sofue and V. Rubin, Rotation curves of spiral galaxies, Ann. Rev. Astron.
Astrophys. 39 (2001) 137 [astro-ph/0010594].

[219] A.Bosma, 21-cm line studies of spiral galaxies. 2. The distribution and kinematics of
neutral hydrogen in spiral galaxies of various morphological types., Astron. J. 86
(1981) 1825.

[220] T.S. van Albada, J.N. Bahcall, K. Begeman and R. Sancisi, The Distribution of
Dark Matter in the Spiral Galaxy NGC-3198, Astrophys. J. 295 (1985) 305.

[221] M. Milgrom, A Modification of the Newtonian dynamics as a possible alternative to
the hidden mass hypothesis, Astrophys. ]. 270 (1983) 365.

[222] ]. Bekenstein and M. Milgrom, Does the missing mass problem signal the breakdown
of Newtonian gravity?, Astrophys. J. 286 (1984) 7.

[223] A.N. Taylor, S. Dye, T.J. Broadhurst, N. Benitez and E. van Kampen,
Gravitational lens magnification and the mass of Abell 1689, Astrophys. J. 501 (1998)
539 [astro-ph/9801158].

[224] X.-P. Wu, T. Chiueh, L.-Z. Fang and Y.-]. Xue, A comparison of different cluster
mass estimates: consistency or discrepancy ?, Mon. Not. Roy. Astron. Soc. 301 (1998)
861 [astro-ph/9808179].


https://doi.org/10.1103/PhysRevLett.89.271601
https://doi.org/10.1103/PhysRevLett.89.271601
https://arxiv.org/abs/hep-ph/0206177
https://doi.org/10.1088/1126-6708/2006/09/067
https://doi.org/10.1088/1126-6708/2006/09/067
https://arxiv.org/abs/hep-ph/0607157
https://doi.org/10.1088/1475-7516/2006/12/010
https://arxiv.org/abs/hep-ph/0610275
https://doi.org/10.1103/PhysRevD.106.115018
https://arxiv.org/abs/2209.14246
https://doi.org/10.1093/mnras/249.3.523
https://doi.org/10.1093/mnras/249.3.523
https://doi.org/10.1086/150317
https://doi.org/10.1086/150474
https://doi.org/10.1086/158003
https://doi.org/10.1146/annurev.astro.39.1.137
https://doi.org/10.1146/annurev.astro.39.1.137
https://arxiv.org/abs/astro-ph/0010594
https://doi.org/10.1086/113063
https://doi.org/10.1086/113063
https://doi.org/10.1086/163375
https://doi.org/10.1086/161130
https://doi.org/10.1086/162570
https://doi.org/10.1086/305827
https://doi.org/10.1086/305827
https://arxiv.org/abs/astro-ph/9801158
https://doi.org/10.1046/j.1365-8711.1998.02055.x
https://doi.org/10.1046/j.1365-8711.1998.02055.x
https://arxiv.org/abs/astro-ph/9808179

BIBLIOGRAPHY 263

[225] D. Clowe, M. Bradac, A.H. Gonzalez, M. Markevitch, S.W. Randall, C. Jones
et al., A direct empirical proof of the existence of dark matter, Astrophys. |. Lett. 648
(2006) L109 [astro-ph/0608407].

[226] ].M. Kubo, A. Stebbins, J. Annis, [.P. Dell’Antonio, H. Lin, H. Khiabanian et al.,
The Mass Of The Coma Cluster From Weak Lensing In The Sloan Digital Sky Survey,
Astrophys. ]. 671 (2007) 1466 [0709.0506].

[227] ].P. Dietrich, N. Werner, D. Clowe, A. Finoguenov, T. Kitching, L. Miller et al., A
filament of dark matter between two clusters of galaxies, Nature 487 (2012) 202
[1207.0809].

[228] M. Cirelli, A. Strumia and J. Zupan, Dark Matter, 2406.01705.
[229] B. Holdom, Two U(1)’s and Epsilon Charge Shifts, Phys. Lett. B 166 (1986) 196.

[230] M.I. Dobroliubov and A.Y. Ignatiev, MILLICHARGED PARTICLES, Phys. Rev.
Lett. 65 (1990) 679.

[231] S. Davidson, S. Hannestad and G. Raffelt, Updated bounds on millicharged
particles, JHEP 05 (2000) 003 [hep-ph/0001179].

[232] S.D. McDermott, H.-B. Yu and K.M. Zurek, Turning off the Lights: How Dark is
Dark Matter?, Phys. Rev. D 83 (2011) 063509 [1011.2907].

[233] A.D. Dolgov, S.L. Dubovsky, G.I. Rubtsov and L.I. Tkachev, Constraints on
millicharged particles from Planck data, Phys. Rev. D 88 (2013) 117701 [1310.2376].

[234] A.De Rujula, S.L. Glashow and U. Sarid, CHARGED DARK MATTER, Nucl.
Phys. B 333 (1990) 173.

[235] C. Kouvaris, Composite Millicharged Dark Matter, Phys. Rev. D 88 (2013) 015001
[1304.7476].

[236] G.D. Mack, ].F. Beacom and G. Bertone, Towards Closing the Window on Strongly
Interacting Dark Matter: Far-Reaching Constraints from Earth’s Heat Flow, Phys.
Rev. D 76 (2007) 043523 [0705.4298].

[237] MACHO collaboration, The MACHO project: Microlensing results from 5.7 years of
LMC observations, Astrophys. ]. 542 (2000) 281 [astro-ph/0001272].

[238] EROS-2 collaboration, Limits on the Macho Content of the Galactic Halo from the
EROS-2 Survey of the Magellanic Clouds, Astron. Astrophys. 469 (2007) 387
[astro-ph/0607207].

[239] L. Wyrzykowski et al., The OGLE View of Microlensing towards the Magellanic
Clouds. IV. OGLE-III SMC Data and Final Conclusions on MACHQOs, Mon. Not.
Roy. Astron. Soc. 416 (2011) 2949 [1106.2925].


https://doi.org/10.1086/508162
https://doi.org/10.1086/508162
https://arxiv.org/abs/astro-ph/0608407
https://doi.org/10.1086/523101
https://arxiv.org/abs/0709.0506
https://doi.org/10.1038/nature11224
https://arxiv.org/abs/1207.0809
https://arxiv.org/abs/2406.01705
https://doi.org/10.1016/0370-2693(86)91377-8
https://doi.org/10.1103/PhysRevLett.65.679
https://doi.org/10.1103/PhysRevLett.65.679
https://doi.org/10.1088/1126-6708/2000/05/003
https://arxiv.org/abs/hep-ph/0001179
https://doi.org/10.1103/PhysRevD.83.063509
https://arxiv.org/abs/1011.2907
https://doi.org/10.1103/PhysRevD.88.117701
https://arxiv.org/abs/1310.2376
https://doi.org/10.1016/0550-3213(90)90227-5
https://doi.org/10.1016/0550-3213(90)90227-5
https://doi.org/10.1103/PhysRevD.88.015001
https://arxiv.org/abs/1304.7476
https://doi.org/10.1103/PhysRevD.76.043523
https://doi.org/10.1103/PhysRevD.76.043523
https://arxiv.org/abs/0705.4298
https://doi.org/10.1086/309512
https://arxiv.org/abs/astro-ph/0001272
https://doi.org/10.1051/0004-6361:20066017
https://arxiv.org/abs/astro-ph/0607207
https://doi.org/10.1111/j.1365-2966.2011.19243.x
https://doi.org/10.1111/j.1365-2966.2011.19243.x
https://arxiv.org/abs/1106.2925

264 BIBLIOGRAPHY

240] F. Capela, M. Pshirkov and P. Tinyakov, Constraints on primordial black holes as
p y 4
dark matter candidates from capture by neutron stars, Phys. Rev. D 87 (2013) 123524
[1301 . 4984].

[241] ]. Auffinger, Primordial black hole constraints with Hawking radiation—A review,
Prog. Part. Nucl. Phys. 131 (2023) 104040 [2206.02672].

[242] PJ.E. Peebles, Large scale background temperature and mass fluctuations due to scale
invariant primeval perturbations, Astrophys. . Lett. 263 (1982) L1.

[243] G.R. Blumenthal, S.M. Faber, J.R. Primack and M.]. Rees, Formation of Galaxies
and Large Scale Structure with Cold Dark Matter, Nature 311 (1984) 517.

[244] L. Gao and T. Theuns, Lighting the Universe with filaments, Science 317 (2007)
1527 [0709.2165].

[245] ].R. Bond, A.S. Szalay and M.S. Turner, Formation of Galaxies in a Gravitino
Dominated Universe, Phys. Rev. Lett. 48 (1982) 1636.

[246] G.R. Blumenthal, H. Pagels and J.R. Primack, Galaxy formation by dissipationless
particles heavier than neutrinos, Nature 299 (1982) 37.

[247] W.J.G. de Blok, The Core-Cusp Problem, Adv. Astron. 2010 (2010) 789293
[0910.3538].

[248] M. Boylan-Kolchin, ].S. Bullock and M. Kaplinghat, Too big to fail? The puzzling
darkness of massive Milky Way subhaloes, Mon. Not. Roy. Astron. Soc. 415 (2011)
140 [1103.0007].

[249] M. Viel, G.D. Becker, ].S. Bolton and M.G. Haehnelt, Warm dark matter as a
solution to the small scale crisis: New constraints from high redshift Lyman-a forest
data, Phys. Rev. D 88 (2013) 043502 [1306.2314].

[250] M. Markevitch, A.H. Gonzalez, D. Clowe, A. Vikhlinin, L. David, W. Forman
et al., Direct constraints on the dark matter self-interaction cross-section from the
merging galaxy cluster 1IE0657-56, Astrophys. ]. 606 (2004) 819
[astro-ph/0309303].

[251] E.D. Carlson, M.E. Machacek and L.J. Hall, Self-interacting dark matter,
Astrophys. J. 398 (1992) 43.

[252] D.N. Spergel and PJ. Steinhardt, Observational evidence for selfinteracting cold
dark matter, Phys. Rev. Lett. 84 (2000) 3760 [astro-ph/9909386].

[253] S. Tulin and H.-B. Yu, Dark Matter Self-interactions and Small Scale Structure,
Phys. Rept. 730 (2018) 1 [1705.02358].

[254] S. Palomares-Ruiz, Model-independent bound on the dark matter lifetime, Phys. Lett.
B 665 (2008) 50 [0712.1937].


https://doi.org/10.1103/PhysRevD.87.123524
https://arxiv.org/abs/1301.4984
https://doi.org/10.1016/j.ppnp.2023.104040
https://arxiv.org/abs/2206.02672
https://doi.org/10.1086/183911
https://doi.org/10.1038/311517a0
https://doi.org/10.1126/science.1146676
https://doi.org/10.1126/science.1146676
https://arxiv.org/abs/0709.2165
https://doi.org/10.1103/PhysRevLett.48.1636
https://doi.org/10.1038/299037a0
https://doi.org/10.1155/2010/789293
https://arxiv.org/abs/0910.3538
https://doi.org/10.1111/j.1745-3933.2011.01074.x
https://doi.org/10.1111/j.1745-3933.2011.01074.x
https://arxiv.org/abs/1103.0007
https://doi.org/10.1103/PhysRevD.88.043502
https://arxiv.org/abs/1306.2314
https://doi.org/10.1086/383178
https://arxiv.org/abs/astro-ph/0309303
https://doi.org/10.1086/171833
https://doi.org/10.1103/PhysRevLett.84.3760
https://arxiv.org/abs/astro-ph/9909386
https://doi.org/10.1016/j.physrep.2017.11.004
https://arxiv.org/abs/1705.02358
https://doi.org/10.1016/j.physletb.2008.05.040
https://doi.org/10.1016/j.physletb.2008.05.040
https://arxiv.org/abs/0712.1937

BIBLIOGRAPHY 265

[255] S. Ando and K. Ishiwata, Constraints on decaying dark matter from the extragalactic
gamma-ray background, JCAP 05 (2015) 024 [1502.02007].

[256] F. Capozzi, R.Z. Ferreira, L. Lopez-Honorez and O. Mena, CMB and Lyman-a
constraints on dark matter decays to photons, [CAP 06 (2023) 060 [2303.07426].

[257] H.-Y. Chiu, Symmetry between particle and anti-particle populations in the universe,
Phys. Rev. Lett. 17 (1966) 712.

[258] P. Gondolo and G. Gelmini, Cosmic abundances of stable particles: Improved
analysis, Nucl. Phys. B 360 (1991) 145.

[259] ]. de Swart, G. Bertone and J. van Dongen, How Dark Matter Came to Matter,
Nature Astron. 1 (2017) 0059 [1703.00013].

[260] K. Griest and M. Kamionkowski, Unitarity Limits on the Mass and Radius of Dark
Matter Particles, Phys. Rev. Lett. 64 (1990) 615.

[261] B.W. Lee and S. Weinberg, Cosmological Lower Bound on Heavy Neutrino Masses,
Phys. Rev. Lett. 39 (1977) 165.

[262] K. Griest and D. Seckel, Three exceptions in the calculation of relic abundances,
Phys. Rev. D 43 (1991) 3191.

[263] R.T. D’Agnolo and ]J.T. Ruderman, Light Dark Matter from Forbidden Channels,
Phys. Rev. Lett. 115 (2015) 061301 [1505.07107].

[264] M.W. Goodman and E. Witten, Detectability of Certain Dark Matter Candidates,
Phys. Rev. D 31 (1985) 3059.

[265] T. Marrodan Undagoitia and L. Rauch, Dark matter direct-detection experiments, |.
Phys. G 43 (2016) 013001 [1509.08767].

[266] XENON, (XENON CoLrLaBORATION)** collaboration, Search for Light Dark Matter
in Low-Energy Ionization Signals from XENONnT, Phys. Rev. Lett. 134 (2025)
161004 [2411.15289].

[267] LZ collaboration, Dark Matter Search Results from 4.2 Tonne-Years of Exposure of
the LUX-ZEPLIN (LZ) Experiment, Phys. Rev. Lett. 135 (2025) 011802
[2410.17036].

[268] PanpaX-II collaboration, Dark Matter Results From 54-Ton-Day Exposure of
PandaX-II Experiment, Phys. Rev. Lett. 119 (2017) 181302 [1708.06917].

[269] DarkSipE collaboration, Low-Mass Dark Matter Search with the DarkSide-50
Experiment, Phys. Rev. Lett. 121 (2018) 081307 [1802.06994 .

[270] DEAP collaboration, Search for dark matter with a 231-day exposure of liquid argon
using DEAP-3600 at SNOLAB, Phys. Rev. D 100 (2019) 022004 [1902.04048].


https://doi.org/10.1088/1475-7516/2015/05/024
https://arxiv.org/abs/1502.02007
https://doi.org/10.1088/1475-7516/2023/06/060
https://arxiv.org/abs/2303.07426
https://doi.org/10.1103/PhysRevLett.17.712
https://doi.org/10.1016/0550-3213(91)90438-4
https://doi.org/10.1038/s41550017-0059
https://arxiv.org/abs/1703.00013
https://doi.org/10.1103/PhysRevLett.64.615
https://doi.org/10.1103/PhysRevLett.39.165
https://doi.org/10.1103/PhysRevD.43.3191
https://doi.org/10.1103/PhysRevLett.115.061301
https://arxiv.org/abs/1505.07107
https://doi.org/10.1103/PhysRevD.31.3059
https://doi.org/10.1088/0954-3899/43/1/013001
https://doi.org/10.1088/0954-3899/43/1/013001
https://arxiv.org/abs/1509.08767
https://doi.org/10.1103/PhysRevLett.134.161004
https://doi.org/10.1103/PhysRevLett.134.161004
https://arxiv.org/abs/2411.15289
https://doi.org/10.1103/4dyc-z8zf
https://arxiv.org/abs/2410.17036
https://doi.org/10.1103/PhysRevLett.119.181302
https://arxiv.org/abs/1708.06917
https://doi.org/10.1103/PhysRevLett.121.081307
https://arxiv.org/abs/1802.06994
https://doi.org/10.1103/PhysRevD.100.022004
https://arxiv.org/abs/1902.04048

266 BIBLIOGRAPHY

[271] SurerCDMS collaboration, Constraints on low-mass, relic dark matter candidates
from a surface-operated SuperCDMS single-charge sensitive detector, Phys. Rev. D
102 (2020) 091101 [2005. 14067].

[272] EDELWEISS collaboration, First germanium-based constraints on sub-MeV Dark
Matter with the EDELWEISS experiment, Phys. Rev. Lett. 125 (2020) 141301
[2003.01046].

[273] DAMIC collaboration, Results on low-mass weakly interacting massive particles
from a 11 kg-day target exposure of DAMIC at SNOLAB, Phys. Rev. Lett. 125 (2020)
241803 [2007 . 15622].

[274] DAMA, LIBRA collaboration, New results from DAMA/LIBRA, Eur. Phys. |. C 67
(2010) 39 [1002.1028].

[275] COSINE-100 collaboration, Search for a Dark Matter-Induced Annual Modulation
Signal in Nal(TI) with the COSINE-100 Experiment, Phys. Rev. Lett. 123 (2019)
031302 [1903.10098].

[276] CRESST collaboration, Results on light dark matter particles with a low-threshold
CRESST-II detector, Eur. Phys. ]. C 76 (2016) 25 [1509.01515].

[277] PICO collaboration, Dark Matter Search Results from the Complete Exposure of the
PICO-60 C3Fg Bubble Chamber, Phys. Rev. D 100 (2019) 022001 [1902.04031].

[278] ].I. Read, The Local Dark Matter Density, |. Phys. G 41 (2014) 063101 [1404.1938].

[279] ]. Engel, Nuclear form-factors for the scattering of weakly interacting massive
particles, Phys. Lett. B 264 (1991) 114.

[280] J.D. Lewin and P.F. Smith, Review of mathematics, numerical factors, and
corrections for dark matter experiments based on elastic nuclear recoil, Astropart.
Phys. 6 (1996) 87.

[281] D.Z. Freedman, Coherent Neutrino Nucleus Scattering as a Probe of the Weak
Neutral Current, Phys. Rev. D 9 (1974) 1389.

[282] Fermi-LAT collaboration, The Large Area Telescope on the Fermi Gamma-ray Space
Telescope Mission, Astrophys. . 697 (2009) 1071 [0902.1089].

[283] Fermi-LAT collaboration, Searching for Dark Matter Annihilation from Milky Way
Duwarf Spheroidal Galaxies with Six Years of Fermi Large Area Telescope Data, Phys.
Rev. Lett. 115 (2015) 231301 [1503.02641].

[284] Fermi-LAT, DES collaboration, Searching for Dark Matter Annihilation in Recently
Discovered Milky Way Satellites with Fermi-LAT, Astrophys. |. 834 (2017) 110
[1611.03184].

[285] H.E.S.S. collaboration, Observations of the Crab Nebula with H.E.S.S, Astron.
Astrophys. 457 (2006) 899 [astro-ph/0607333].


https://doi.org/10.1103/PhysRevD.102.091101
https://doi.org/10.1103/PhysRevD.102.091101
https://arxiv.org/abs/2005.14067
https://doi.org/10.1103/PhysRevLett.125.141301
https://arxiv.org/abs/2003.01046
https://doi.org/10.1103/PhysRevLett.125.241803
https://doi.org/10.1103/PhysRevLett.125.241803
https://arxiv.org/abs/2007.15622
https://doi.org/10.1140/epjc/s10052-010-1303-9
https://doi.org/10.1140/epjc/s10052-010-1303-9
https://arxiv.org/abs/1002.1028
https://doi.org/10.1103/PhysRevLett.123.031302
https://doi.org/10.1103/PhysRevLett.123.031302
https://arxiv.org/abs/1903.10098
https://doi.org/10.1140/epjc/s10052-016-3877-3
https://arxiv.org/abs/1509.01515
https://doi.org/10.1103/PhysRevD.100.022001
https://arxiv.org/abs/1902.04031
https://doi.org/10.1088/0954-3899/41/6/063101
https://arxiv.org/abs/1404.1938
https://doi.org/10.1016/0370-2693(91)90712-Y
https://doi.org/10.1016/S0927-6505(96)00047-3
https://doi.org/10.1016/S0927-6505(96)00047-3
https://doi.org/10.1103/PhysRevD.9.1389
https://doi.org/10.1088/0004-637X/697/2/1071
https://arxiv.org/abs/0902.1089
https://doi.org/10.1103/PhysRevLett.115.231301
https://doi.org/10.1103/PhysRevLett.115.231301
https://arxiv.org/abs/1503.02641
https://doi.org/10.3847/1538-4357/834/2/110
https://arxiv.org/abs/1611.03184
https://doi.org/10.1051/0004-6361:20065351
https://doi.org/10.1051/0004-6361:20065351
https://arxiv.org/abs/astro-ph/0607333

BIBLIOGRAPHY 267

[286] H.E.S.S. collaboration, Search for dark matter annihilations towards the inner
Galactic halo from 10 years of observations with H.E.S.S, Phys. Rev. Lett. 117 (2016)
111301 [1607.08142].

[287] CTA ConsortiuMm collaboration, Design concepts for the Cherenkov Telescope Array
CTA: An advanced facility for ground-based high-energy gamma-ray astronomy,
Exper. Astron. 32 (2011) 193 [1008.3703].

[288] IceCusk collaboration, Observation of High-Energy Astrophysical Neutrinos in
Three Years of IceCube Data, Phys. Rev. Lett. 113 (2014) 101101 [1405.5303].

[289] KMB3NEr collaboration, Letter of intent for KM3NeT 2.0, |. Phys. G 43 (2016)
084001 [1601.07459].

[290] L. Goodenough and D. Hooper, Possible Evidence For Dark Matter Annihilation In
The Inner Milky Way From The Fermi Gamma Ray Space Telescope, 0910 .2998.

[291] D. Hooper and L. Goodenough, Dark Matter Annihilation in The Galactic Center
As Seen by the Fermi Gamma Ray Space Telescope, Phys. Lett. B 697 (2011) 412
[1010.2752].

[292] G. Arcadi, M. Dutra, P. Ghosh, M. Lindner, Y. Mambrini, M. Pierre et al., The
waning of the WIMP? A review of models, searches, and constraints, Eur. Phys. |. C
78 (2018) 203 [1703.07364].

[293] L.J. Hall, K. Jedamzik, J. March-Russell and S.M. West, Freeze-In Production of
FIMP Dark Matter, [HEP 03 (2010) 080 [0911.1120].

[294] N. Bernal, M. Heikinheimo, T. Tenkanen, K. Tuominen and V. Vaskonen, The
Dawn of FIMP Dark Matter: A Review of Models and Constraints, Int. ]. Mod. Phys.
A 32 (2017) 1730023 [1706.07442].

[295] D.J.H. Chung, E.W. Kolb and A. Riotto, Production of massive particles during
reheating, Phys. Rev. D 60 (1999) 063504 [hep-ph/9809453].

[296] G.E. Giudice, E.W. Kolb and A. Riotto, Largest temperature of the radiation era and
its cosmological implications, Phys. Rev. D 64 (2001) 023508 [hep-ph/0005123].

[297] E. Elahi, C. Kolda and J. Unwin, UltraViolet Freeze-in, JHEP 03 (2015) 048
[1410.6157].

[298] R. Foot, Mirror dark matter: Cosmology, galaxy structure and direct detection, Int. |.
Mod. Phys. A 29 (2014) 1430013 [1401.3965].

[299] M. Pospelov, A. Ritz and M.B. Voloshin, Secluded WIMP Dark Matter, Phys. Lett.
B 662 (2008) 53 [0711.4866].

[300] J. McDonald, Gauge singlet scalars as cold dark matter, Phys. Rev. D 50 (1994) 3637
[hep-ph/0702143].


https://doi.org/10.1103/PhysRevLett.117.111301
https://doi.org/10.1103/PhysRevLett.117.111301
https://arxiv.org/abs/1607.08142
https://doi.org/10.1007/s10686-011-9247-0
https://arxiv.org/abs/1008.3703
https://doi.org/10.1103/PhysRevLett.113.101101
https://arxiv.org/abs/1405.5303
https://doi.org/10.1088/0954-3899/43/8/084001
https://doi.org/10.1088/0954-3899/43/8/084001
https://arxiv.org/abs/1601.07459
https://arxiv.org/abs/0910.2998
https://doi.org/10.1016/j.physletb.2011.02.029
https://arxiv.org/abs/1010.2752
https://doi.org/10.1140/epjc/s10052-018-5662-y
https://doi.org/10.1140/epjc/s10052-018-5662-y
https://arxiv.org/abs/1703.07364
https://doi.org/10.1007/JHEP03(2010)080
https://arxiv.org/abs/0911.1120
https://doi.org/10.1142/S0217751X1730023X
https://doi.org/10.1142/S0217751X1730023X
https://arxiv.org/abs/1706.07442
https://doi.org/10.1103/PhysRevD.60.063504
https://arxiv.org/abs/hep-ph/9809453
https://doi.org/10.1103/PhysRevD.64.023508
https://arxiv.org/abs/hep-ph/0005123
https://doi.org/10.1007/JHEP03(2015)048
https://arxiv.org/abs/1410.6157
https://doi.org/10.1142/S0217751X14300130
https://doi.org/10.1142/S0217751X14300130
https://arxiv.org/abs/1401.3965
https://doi.org/10.1016/j.physletb.2008.02.052
https://doi.org/10.1016/j.physletb.2008.02.052
https://arxiv.org/abs/0711.4866
https://doi.org/10.1103/PhysRevD.50.3637
https://arxiv.org/abs/hep-ph/0702143

268 BIBLIOGRAPHY

[301] C.P.Burgess, M. Pospelov and T. ter Veldhuis, The Minimal model of nonbaryonic
dark matter: A Singlet scalar, Nucl. Phys. B 619 (2001) 709 [hep-ph/0011335].

[302] C.Boehm and P. Fayet, Scalar dark matter candidates, Nucl. Phys. B 683 (2004) 219
[hep-ph/0305261].

[303] GAMBIT collaboration, Status of the scalar singlet dark matter model, Eur. Phys. ].
C 77 (2017) 568 [1705.07931].

[304] J.A. Casas, D.G. Cerderio, ].M. Moreno and J. Quilis, Reopening the Higgs portal
for single scalar dark matter, JHEP 05 (2017) 036 [1701.08134].

[305] S. Baek, P. Ko and W.-1. Park, Invisible Higgs Decay Width vs. Dark Matter Direct
Detection Cross Section in Higgs Portal Dark Matter Models, Phys. Rev. D 90 (2014)
055014 [1405.3530].

[306] ATLAS collaboration, Combination of searches for invisible decays of the Higgs
boson using 139 fb—1 of proton-proton collision data at s=13 TeV collected with the
ATLAS experiment, Phys. Lett. B 842 (2023) 137963 [2301.10731].

[307] M. Fabbrichesi, E. Gabrielli and G. Lanfranchi, The Dark Photon, 2005.01515.

[308] S.Dodelson and L.M. Widrow, Sterile-neutrinos as dark matter, Phys. Rev. Lett. 72
(1994) 17 [hep-ph/9303287].

[309] A.D. Dolgov and S.H. Hansen, Massive sterile neutrinos as warm dark matter,
Astropart. Phys. 16 (2002) 339 [hep-ph/0009083].

[310] V. Gonzalez Macias and J. Wudka, Effective theories for Dark Matter interactions
and the neutrino portal paradigm, [JHEP 07 (2015) 161 [1506.03825].

[311] M. Escudero, N. Rius and V. Sanz, Sterile Neutrino portal to Dark Matter 1I: Exact
Dark symmetry, Eur. Phys. . C 77 (2017) 397 [1607.02373].

[312] B. Batell, T. Han and B. Shams Es Haghi, Indirect Detection of Neutrino Portal
Dark Matter, Phys. Rev. D 97 (2018) 095020 [1704.08708].

[313] M. Blennow, E. Fernandez-Martinez, A. Olivares-Del Campo, S. Pascoli,
S. Rosauro-Alcaraz and A.V. Titov, Neutrino Portals to Dark Matter, Eur. Phys. J. C
79 (2019) 555 [1903.00006].

[314] L. Coito, C. Faubel, J. Herrero-Garcia, A. Santamaria and A. Titov, Sterile
neutrino portals to Majorana dark matter: effective operators and UV completions,
JHEP 08 (2022) 085 [2203.01946].

[315] A. Berlin, D. Hooper and G. Krnjaic, Thermal Dark Matter From A Highly
Decoupled Sector, Phys. Rev. D 94 (2016) 095019 [1609.02555].

[316] Q.-H. Cao, E. Ma, J. Wudka and C.P. Yuan, Multipartite dark matter, 0711.3881.


https://doi.org/10.1016/S0550-3213(01)00513-2
https://arxiv.org/abs/hep-ph/0011335
https://doi.org/10.1016/j.nuclphysb.2004.01.015
https://arxiv.org/abs/hep-ph/0305261
https://doi.org/10.1140/epjc/s10052-017-5113-1
https://doi.org/10.1140/epjc/s10052-017-5113-1
https://arxiv.org/abs/1705.07931
https://doi.org/10.1007/JHEP05(2017)036
https://arxiv.org/abs/1701.08134
https://doi.org/10.1103/PhysRevD.90.055014
https://doi.org/10.1103/PhysRevD.90.055014
https://arxiv.org/abs/1405.3530
https://doi.org/10.1016/j.physletb.2023.137963
https://arxiv.org/abs/2301.10731
https://arxiv.org/abs/2005.01515
https://doi.org/10.1103/PhysRevLett.72.17
https://doi.org/10.1103/PhysRevLett.72.17
https://arxiv.org/abs/hep-ph/9303287
https://doi.org/10.1016/S0927-6505(01)00115-3
https://arxiv.org/abs/hep-ph/0009083
https://doi.org/10.1007/JHEP07(2015)161
https://arxiv.org/abs/1506.03825
https://doi.org/10.1140/epjc/s10052-017-4963-x
https://arxiv.org/abs/1607.02373
https://doi.org/10.1103/PhysRevD.97.095020
https://arxiv.org/abs/1704.08708
https://doi.org/10.1140/epjc/s10052-019-7060-5
https://doi.org/10.1140/epjc/s10052-019-7060-5
https://arxiv.org/abs/1903.00006
https://doi.org/10.1007/JHEP08(2022)085
https://arxiv.org/abs/2203.01946
https://doi.org/10.1103/PhysRevD.94.095019
https://arxiv.org/abs/1609.02555
https://arxiv.org/abs/0711.3881

BIBLIOGRAPHY 269

[317] K.M. Zurek, Multi-Component Dark Matter, Phys. Rev. D 79 (2009) 115002
[0811.4429].

[318] K.R. Dienes and B. Thomas, Dynamical Dark Matter: I. Theoretical Overview,
Phys. Rev. D 85 (2012) 083523 [1106.4546].

[319] G. Belanger and J.-C. Park, Assisted freeze-out, JCAP 03 (2012) 038 [1112.4491].

[320] Z.-P. Liu, Y.-L. Wu and Y.-F. Zhou, Enhancement of dark matter relic density from
the late time dark matter conversions, Eur. Phys. J. C 71 (2011) 1749 [1101.4148].

[321] M. Aoki, M. Duerr, J. Kubo and H. Takano, Multi-Component Dark Matter
Systems and Their Observation Prospects, Phys. Rev. D 86 (2012) 076015
[1207.3318].

[322] S. Bhattacharya, P. Poulose and P. Ghosh, Multipartite Interacting Scalar Dark
Matter in the light of updated LUX data, [CAP 04 (2017) 043 [1607.08461].

[323] D.E. Kaplan, M.A. Luty and K.M. Zurek, Asymmetric Dark Matter, Phys. Rev. D
79 (2009) 115016 [0901.4117].

[324] K. Petraki and R.R. Volkas, Review of asymmetric dark matter, Int. |. Mod. Phys. A
28 (2013) 1330028 [1305.4939].

[325] K.M. Zurek, Asymmetric Dark Matter: Theories, Signatures, and Constraints, Phys.
Rept. 537 (2014) 91 [1308.0338].

[326] M.L. Graesser, .M. Shoemaker and L. Vecchi, Asymmetric WIMP dark matter,
JHEP 10 (2011) 110 [1103.2771].

[327] L.J. Hall, J. March-Russell and S.M. West, A Unified Theory of Matter Genesis:
Asymmetric Freeze-In, 1010.0245.

[328] A. Hook, Unitarity constraints on asymmetric freeze-in, Phys. Rev. D 84 (2011)
055003 [1105.3728].

[329] J. Unwin, Towards cogenesis via Asymmetric Freeze-In: The x who came-in from the
cold, JHEP 10 (2014) 190 [1406.3027].

[330] A. Falkowski, ].T. Ruderman and T. Volansky, Asymmetric Dark Matter from
Leptogenesis, JHEP 05 (2011) 106 [1101.4936].

[331] D. Pappadopulo, ].T. Ruderman and G. Trevisan, Dark matter freeze-out in a
nonrelativistic sector, Phys. Rev. D 94 (2016) 035005 [1602.04219].

[332] R.T. D’Agnolo and A. Hook, Selfish Dark Matter, Phys. Rev. D 91 (2015) 115020
[1504.00361].

[333] T. Hambye, A. Strumia and D. Teresi, Super-cool Dark Matter, JHEP 08 (2018)
188 [1805.01473].


https://doi.org/10.1103/PhysRevD.79.115002
https://arxiv.org/abs/0811.4429
https://doi.org/10.1103/PhysRevD.85.083523
https://arxiv.org/abs/1106.4546
https://doi.org/10.1088/1475-7516/2012/03/038
https://arxiv.org/abs/1112.4491
https://doi.org/10.1140/epjc/s10052-011-1749-4
https://arxiv.org/abs/1101.4148
https://doi.org/10.1103/PhysRevD.86.076015
https://arxiv.org/abs/1207.3318
https://doi.org/10.1088/1475-7516/2017/04/043
https://arxiv.org/abs/1607.08461
https://doi.org/10.1103/PhysRevD.79.115016
https://doi.org/10.1103/PhysRevD.79.115016
https://arxiv.org/abs/0901.4117
https://doi.org/10.1142/S0217751X13300287
https://doi.org/10.1142/S0217751X13300287
https://arxiv.org/abs/1305.4939
https://doi.org/10.1016/j.physrep.2013.12.001
https://doi.org/10.1016/j.physrep.2013.12.001
https://arxiv.org/abs/1308.0338
https://doi.org/10.1007/JHEP10(2011)110
https://arxiv.org/abs/1103.2771
https://arxiv.org/abs/1010.0245
https://doi.org/10.1103/PhysRevD.84.055003
https://doi.org/10.1103/PhysRevD.84.055003
https://arxiv.org/abs/1105.3728
https://doi.org/10.1007/JHEP10(2014)190
https://arxiv.org/abs/1406.3027
https://doi.org/10.1007/JHEP05(2011)106
https://arxiv.org/abs/1101.4936
https://doi.org/10.1103/PhysRevD.94.035005
https://arxiv.org/abs/1602.04219
https://doi.org/10.1103/PhysRevD.91.115020
https://arxiv.org/abs/1504.00361
https://doi.org/10.1007/JHEP08(2018)188
https://doi.org/10.1007/JHEP08(2018)188
https://arxiv.org/abs/1805.01473

270 BIBLIOGRAPHY

[334] M. Cirelli, Y. Gouttenoire, K. Petraki and F. Sala, Homeopathic Dark Matter, or
how diluted heavy substances produce high energy cosmic rays, JCAP 02 (2019) 014
[1811.03608].

[335] T. Bringmann, P.F. Depta, M. Hufnagel, ].T. Ruderman and K. Schmidt-Hoberg,
Dark Matter from Exponential Growth, Phys. Rev. Lett. 127 (2021) 191802
[2103.16572].

[336] E.W. Kolb, D.J.H. Chung and A. Riotto, WIMPzillas!, AIP Conf. Proc. 484 (1999)
91 [hep-ph/9810361].

[337] A.Kusenko and M.E. Shaposhnikov, Supersymmetric Q balls as dark matter, Phys.
Lett. B 418 (1998) 46 [hep-ph/9709492].

[338] A.Kusenko, V. Kuzmin, M.E. Shaposhnikov and P.G. Tinyakov, Experimental
signatures of supersymmetric dark matter Q balls, Phys. Rev. Lett. 80 (1998) 3185
[hep-ph/9712212].

[339] Y. Kahn and T. Lin, Searches for light dark matter using condensed matter systems,
Rept. Prog. Phys. 85 (2022) 066901 [2108.03239].

[340] T. Asaka and M. Shaposhnikov, The vMSM, dark matter and baryon asymmetry of
the universe, Phys. Lett. B 620 (2005) 17 [hep-ph/0505013].

[341] T. Asaka, S. Blanchet and M. Shaposhnikov, The nuMSM, dark matter and
neutrino masses, Phys. Lett. B 631 (2005) 151 [hep-ph/0503065].

[342] C.R. Watson, Z.-Y. Li and N.K. Polley, Constraining Sterile Neutrino Warm Dark
Matter with Chandra Observations of the Andromeda Galaxy, JCAP 03 (2012) 018
[1111.4217].

[343] S. Horiuchi, P.J. Humphrey, J. Onorbe, K.N. Abazajian, M. Kaplinghat and
S. Garrison-Kimmel, Sterile neutrino dark matter bounds from galaxies of the Local
Group, Phys. Rev. D 89 (2014) 025017 [1311.0282].

[344] C. Dessert, N.L. Rodd and B.R. Safdi, The dark matter interpretation of the 3.5-keV
line is inconsistent with blank-sky observations, Science 367 (2020) 1465
[1812.06976].

[345] K.C.Y. Ng, B.M. Roach, K. Perez, J.F. Beacom, S. Horiuchi, R. Krivonos et al.,
New Constraints on Sterile Neutrino Dark Matter from NuSTAR M31 Observations,
Phys. Rev. D 99 (2019) 083005 [1901.01262].

[346] S. Tremaine and J.E. Gunn, Dynamical Role of Light Neutral Leptons in Cosmology,
Phys. Rev. Lett. 42 (1979) 407.

[347] L. Hui, Wave Dark Matter, Ann. Rev. Astron. Astrophys. 59 (2021) 247
[2101.11735].


https://doi.org/10.1088/1475-7516/2019/02/014
https://arxiv.org/abs/1811.03608
https://doi.org/10.1103/PhysRevLett.127.191802
https://arxiv.org/abs/2103.16572
https://doi.org/10.1063/1.59655
https://doi.org/10.1063/1.59655
https://arxiv.org/abs/hep-ph/9810361
https://doi.org/10.1016/S0370-2693(97)01375-0
https://doi.org/10.1016/S0370-2693(97)01375-0
https://arxiv.org/abs/hep-ph/9709492
https://doi.org/10.1103/PhysRevLett.80.3185
https://arxiv.org/abs/hep-ph/9712212
https://doi.org/10.1088/1361-6633/ac5f63
https://arxiv.org/abs/2108.03239
https://doi.org/10.1016/j.physletb.2005.06.020
https://arxiv.org/abs/hep-ph/0505013
https://doi.org/10.1016/j.physletb.2005.09.070
https://arxiv.org/abs/hep-ph/0503065
https://doi.org/10.1088/1475-7516/2012/03/018
https://arxiv.org/abs/1111.4217
https://doi.org/10.1103/PhysRevD.89.025017
https://arxiv.org/abs/1311.0282
https://doi.org/10.1126/science.aaw3772
https://arxiv.org/abs/1812.06976
https://doi.org/10.1103/PhysRevD.99.083005
https://arxiv.org/abs/1901.01262
https://doi.org/10.1103/PhysRevLett.42.407
https://doi.org/10.1146/annurev-astro-120920-010024
https://arxiv.org/abs/2101.11735

BIBLIOGRAPHY 271

[348] A.Ringwald, Axions and Axion-Like Particles, in 49th Rencontres de Moriond on
Electroweak Interactions and Unified Theories, pp. 223-230, 2014 [ 1407 .0546].

[349] A.Hook, TASI Lectures on the Strong CP Problem and Axions, PoS TASI2018
(2019) 004 [1812.02669].

[350] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mattelaer et al., The
automated computation of tree-level and next-to-leading order differential cross
sections, and their matching to parton shower simulations, [HEP 07 (2014) 079
[1405.0301].

[351] CDF collaboration, High-precision measurement of the W boson mass with the CDF
II detector, Science 376 (2022) 170.

[352] ATLAS collaboration, Search for doubly and singly charged Higgs bosons decaying
into vector bosons in multi-lepton final states with the ATLAS detector using
proton-proton collisions at \/s = 13 TeV, JHEP 06 (2021) 146 [2101.11961].

[353] Y. Farzan and S. Hannestad, Neutrinos secretly converting to lighter particles to
please both KATRIN and the cosmos, JCAP 02 (2016) 058 [1510.02201].

[354] J. Barry, W. Rodejohann and H. Zhang, Light Sterile Neutrinos: Models and
Phenomenology, JHEP 07 (2011) 091 [1105.3911].

[355] WMAP collaboration, Nine-Year Wilkinson Microwave Anisotropy Probe (WMAP)
Observations: Final Maps and Results, Astrophys. |. Suppl. 208 (2013) 20
[1212.5225].

[356] WMAP collaboration, Nine-Year Wilkinson Microwave Anisotropy Probe (WMAP)
Observations: Cosmological Parameter Results, Astrophys. ]. Suppl. 208 (2013) 19
[1212.5226].

[357] F. Zwicky, Die Rotverschiebung von extragalaktischen Nebeln, Helv. Phys. Acta 6
(1933) 110.

[358] F. Zwicky, On the Masses of Nebulae and of Clusters of Nebulae, Astrophys. ]. 86
(1937) 217.

[359] F.Staub, SARAH, 0806.0538.

[360] N.D. Christensen and C. Duhr, FeynRules - Feynman rules made easy, Comput.
Phys. Commun. 180 (2009) 1614 [0806.4194].

[361] G. Alguero, G. Belanger, F. Boudjema, S. Chakraborti, A. Goudelis, S. Kraml
et al., micrOMEGAs 6.0: N-component dark matter, Comput. Phys. Commun. 299
(2024) 109133 [2312.14894].

[362] T. Hahn, Generating Feynman diagrams and amplitudes with FeynArts 3, Comput.
Phys. Commun. 140 (2001) 418 [hep-ph/0012260].


https://arxiv.org/abs/1407.0546
https://doi.org/10.22323/1.333.0004
https://doi.org/10.22323/1.333.0004
https://arxiv.org/abs/1812.02669
https://doi.org/10.1007/JHEP07(2014)079
https://arxiv.org/abs/1405.0301
https://doi.org/10.1126/science.abk1781
https://doi.org/10.1007/JHEP06(2021)146
https://arxiv.org/abs/2101.11961
https://doi.org/10.1088/1475-7516/2016/02/058
https://arxiv.org/abs/1510.02201
https://doi.org/10.1007/JHEP07(2011)091
https://arxiv.org/abs/1105.3911
https://doi.org/10.1088/0067-0049/208/2/20
https://arxiv.org/abs/1212.5225
https://doi.org/10.1088/0067-0049/208/2/19
https://arxiv.org/abs/1212.5226
https://doi.org/10.1007/s10714-008-0707-4
https://doi.org/10.1007/s10714-008-0707-4
https://doi.org/10.1086/143864
https://doi.org/10.1086/143864
https://arxiv.org/abs/0806.0538
https://doi.org/10.1016/j.cpc.2009.02.018
https://doi.org/10.1016/j.cpc.2009.02.018
https://arxiv.org/abs/0806.4194
https://doi.org/10.1016/j.cpc.2024.109133
https://doi.org/10.1016/j.cpc.2024.109133
https://arxiv.org/abs/2312.14894
https://doi.org/10.1016/S0010-4655(01)00290-9
https://doi.org/10.1016/S0010-4655(01)00290-9
https://arxiv.org/abs/hep-ph/0012260

272 BIBLIOGRAPHY

[363] R. Mertig, M. Bohm and A. Denner, FEYN CALC: Computer algebraic calculation
of Feynman amplitudes, Comput. Phys. Commun. 64 (1991) 345.

[364] H.H. Patel, Package-X 2.0: A Mathematica package for the analytic calculation of
one-loop integrals, Comput. Phys. Commun. 218 (2017) 66 [1612.00009].

[365] A. Belyaev, N.D. Christensen and A. Pukhov, CalcHEP 3.4 for collider physics
within and beyond the Standard Model, Comput. Phys. Commun. 184 (2013) 1729
[1207.6082].

[366] A.Denner, H. Eck, O. Hahn and J. Kublbeck, Feynman rules for fermion number
violating interactions, Nucl. Phys. B 387 (1992) 467.

[367] V. Shtabovenko, R. Mertig and F. Orellana, FeynCalc 10: Do multiloop integrals
dream of computer codes?, Comput. Phys. Commun. 306 (2025) 109357
[2312.14089].

[368] G. Passarino and M.].G. Veltman, One Loop Corrections for e+ e- Annihilation Into
mu+ mu- in the Weinberg Model, Nucl. Phys. B 160 (1979) 151.

[369] L. Covi, E. Roulet and F. Vissani, CP violating decays in leptogenesis scenarios,
Phys. Lett. B 384 (1996) 169 [hep-ph/9605319].


https://doi.org/10.1016/0010-4655(91)90130-D
https://doi.org/10.1016/j.cpc.2017.04.015
https://arxiv.org/abs/1612.00009
https://doi.org/10.1016/j.cpc.2013.01.014
https://arxiv.org/abs/1207.6082
https://doi.org/10.1016/0550-3213(92)90169-C
https://doi.org/10.1016/j.cpc.2024.109357
https://arxiv.org/abs/2312.14089
https://doi.org/10.1016/0550-3213(79)90234-7
https://doi.org/10.1016/0370-2693(96)00817-9
https://arxiv.org/abs/hep-ph/9605319




	List of Publications
	Resumen
	Resum
	Preface
	Acknowledgements
	Contents
	The Standard Model and Beyond
	A brief overview
	Particle content and gauge structure
	The SM Lagrangian

	What does the SM fail to explain?
	Physics beyond the SM
	Effective Field Theories
	A recipe for model building


	Neutrino masses
	Oscillations and measurements
	Laboratory versus Cosmology
	What is still not known?

	Dirac or Majorana?
	The Weinberg operator and the Seesaw mechanism
	The standard seesaw models
	Type I
	Type II
	Type III

	Low-scale models
	Inverse and linear seesaw
	Radiative models
	Collider searches


	The Baryon Asymmetry of the Universe
	Observations and evidences
	Antimatter searches
	Big Bang Nucleosynthesis
	Cosmic Microwave Background Radiation

	Baryogenesis
	Sakharov's conditions
	Candidates

	Leptogenesis
	CP asymmetry
	Boltzmann equations
	Sphaleron processes
	Beyond Vanilla leptogenesis


	Dark Matter
	Observations and evidences
	Properties of a DM particle
	Thermal Freeze-out and WIMPs
	Relic abundance
	The WIMP miracle
	Experimental searches

	Beyond WIMPs
	Thermal Freeze-in and FIMPs
	Rich Dark Sectors
	Asymmetric Dark Matter
	The Dark Matter Zoo


	Summary and Outlook
	Neutrino Sector
	Dark Sector
	Unified frameworks
	Final remarks

	Large neutrino mass in cosmology and keV sterile neutrino dark matter from a dark sector
	Asymmetries in extended dark sectors: A cogenesis scenario
	Multi-component dark sectors: symmetries, asymmetries and conversions
	Lowering the scale of fermion triplet leptogenesis with two Higgs doublets
	Resumen de la tesis
	Objetivos
	Metodología
	Resultados
	Sector de neutrinos
	Sector oscuro
	Marcos unificados
	Reflexiones


	Seesaw effective Lagrangian
	Loop contributions to CP asymmetry
	Vertex contribution to asymmetry
	Self energy contribution to asymmetry

	Boltzmann Equations
	Formalism
	BE for freeze-out

	Abbreviations
	Bibliography

