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Abstract

We present a minimal, baryon-conserving scenario that simultaneously explains dark
matter and the quark-antiquark asymmetry. Since the observed baryon asymmetry
only accounts for Standard Model particles, dark matter could carry baryon number
and exhibit an equal but opposite asymmetry, eliminating the need for baryon number
violation and, consequently, the first Sakharov condition. Our model introduces a
complex scalar x (dark matter), which is naturally stable as the lightest spin-0 particle
carrying baryon number, and a Dirac fermion N, both initially carrying equal but
opposite asymmetries. The asymmetry in N is transferred to the Standard Model via a
neutron portal, generating the observed baryon asymmetry, while y remains asymmetric
today. We propose a mechanism for generating the initial asymmetry in the dark sector
through CP-violating decays of heavy Majorana fermions. Additionally, we present a
UV completion of the neutron portal via a colored scalar mediator ®, which can be
probed in collider searches through missing energy signatures from the long-lived N.
We also explore an alternative scenario where dark matter annihilates into an ultralight
scalar S, leaving a detectable imprint on future Neg measurements.
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Ein symmetrisches Universum:
Materie-Antimaterie-Asymmetrie und Dunkle
Materie durch Baryonenzahlerhaltung

Zusammenfassung

Wir préisentieren ein minimales, baryonenerhaltendes Szenario, das gleichzeitig
Dunkle Materie und die Quark-Antiquark-Asymmetrie erklart. Da die beobachtete
Baryonasymmetrie nur Teilchen des Standardmodells umfasst, kénnte Dunkle Materie
eine Baryonenzahl tragen und eine gleich grofle, aber entgegengesetzte Asymmetrie
aufweisen. Dies wiirde die Notwendigkeit einer Baryonenzahlverletzung und somit die
erste Sakharov-Bedingung eliminieren. Unser Modell fiihrt einen komplexen Skalar
X (als Dunkle Materie) ein, der als das leichteste Spin-0-Teilchen mit Baryonenzahl
natiirlich stabil ist, sowie ein Dirac-Fermion N, wobei beide anfangs gleich grofle,
aber entgegengesetzte Asymmetrien tragen. Die Asymmetrie in N wird iiber ein
Neutronen-Portal auf das Standardmodell iibertragen und erzeugt die beobachtete
Baryonasymmetrie, wiahrend x bis heute asymmetrisch bleibt. Wir schlagen einen
Mechanismus vor, durch den die anfiangliche Asymmetrie im dunklen Sektor durch CP-
verletzende Zerfille schwerer Majorana-Fermionen erzeugt wird. Zudem prasentieren
wir eine UV-Vervollstindigung des Neutronen-Portals mittels eines farb-geladenen
skalaren Mediators ®, der in Beschleuniger-Suchen durch fehlende Energie-Signaturen
des langlebigen N getestet werden kann. Schlussendlich untersuchen wir ein alternatives
Szenario, in dem die Dunkle Materie in einen ultraleichten Skalar S annihiliert und so
eine nachweisbare Spur in zukiinftigen Ng-Messungen hinterlassen wiirde.



Statement of collaboration and publications

This dissertation was carried out under the supervision of Prof. Dr. Alejandro
Ibarra at TUM. Additionally, it was developed in close collaboration with Dr. Jérome
Vandecasteele, whose contributions were essential in shaping this work.

The research presented in Chapters 5 and 6 is based on work published in the Journal of
Cosmology and Astroparticle Physics (JCAP 01 (2024) 028) and the associated erratum
(JCAP 10 (2024) E01). Chapter 7 contains research that remains unpublished at the
time of writing.

ii



Acknowledgements

I would like to start by thanking Prof. Alejandro Ibarra. Already from my master
thesis, he trusted my capabilities more than I did myself. Thank you for providing me
with the opportunity to pursue a PhD, for supporting me in attending many schools
and conferences, for proposing interesting topics to me, and for the freedom with which
you supervised my thesis.

Then, I would like to thank Jérome. Really, Jérome, thank you so much for everything.
Collaborating with you and being mentored by you made this process a thousand times
easier. Thank you for always being available to discuss, for your patience, and for always
explaining things to me without making me feel stupid. This thesis is also greatly yours.

I am also grateful to Miguel Escudero, who, after supervising my master thesis,
continued to collaborate with me and support me whenever I needed it during my
PhD. Both you and Gonzalo were my mentors in navigating academia during my early
stages, and I truly appreciate it.

Many thanks to all the other members of T30d who accompanied me on this journey
and provided me with a lot of support. Thank you Motoko, Di, Nico, Robert, Merlin,
Simon, Alessia, Nick, Boris, Yu, Lukas, Janni, and the rest. Thank you for the lunches,
the long coffee breaks, the geoguessr, the dinners, for the times you asked me how I was
doing.

My days in Garching were immensely more enjoyable thanks to the friends I made
there. Thank you to my office mates, Kai, Javier, Romy, and Asmaa, for creating such
a nice environment and for always being willing to listen and support me. Thank you to
my bouldering friends, Javier, Andrea, Gael, Lollo, Giovanni and Kai. Bouldering was
truly one of the highlights of this time, largely because of how much you encouraged me
and made me feel part of it. I am also very grateful for the many afternoon ping-pong
breaks, thank you to my teachers! And thanks to Rail for always being there with a
smile and a hug when I needed it.

Thank you to the friends I made in schools and conferences. Toni, Jack, Leonie,
Pavlo, and many more.

Outside academia, I want to thank my Munich friends, who supported my PhD by
improving my mental health through talk and laughter and crochet. Thank you, Marta,
Ana, Nicole and Sara. Thank you, Henrike for the talks in the kitchen. Thank you,
Tirso for the breakfasts.

I am also grateful to the friends who were there for me from the distance, especially
Alejandra, Saretta, and Paula. I could write many things here, but you already know.

iii



Muchas gracias a mis padres. Cada vez méas me doy cuenta de la suerte que he tenido
y que tengo por tenerlos. Estoy aqui gracias a ellos. Siempre me han apoyado en todo,
me han aconsejado y me han animado cuando lo necesitaba. Irfan hasta el fin del mundo
por mi. Gracias.

Por tdltimo, estoy realmente agradecida a Gonzalo. Gracias por todo tu apoyo, en
persona en la primera mitad del doctorado, y en la distancia durante la segunda. Gracias
por estar ahi mientras navegaba las dificultades de la academia, por ser mi aliado.
Gracias por siempre querer lo mejor para mi. Gracias por tu inmensa paciencia, Por
sacar siempre tiempo para mi. Gracias por llenar mi vida de cosas bonitas. Te quiero.

v



Contents

1 Introduction

2 Dark matter and the dark sector
2.1 Observational evidence for dark matter . . . . . . ... ... ... ....
2.2 Dark matter candidates . . . . . . . . . ... e
2.3 Searches for dark matter . . . . . . . ... ... L.
2.3.1 Colliders. . . . . . . . . e
2.3.2 Direct detection . . . . . . . ... ...
2.3.3 Indirect detection . . . . . . . . .. ...
2.4 Dark matter production . . . . . ... ... Lo Lo
2.4.1 Freeze-out . . . . . . . ...
2.4.2 Asymmetric dark matter freeze-out . . . . . . .. ... ... ...

3 An asymmetric visible sector: the matter-antimatter asymmetry
3.1 Evidence for a baryon asymmetry in the visible sector . . . . .. .. ..
3.2 The Sakharov conditions . . . . . . . .. .. ... .
3.3 Electroweak sphalerons . . . . . . ... ... o oL
3.3.1 Theoretical foundations of sphaleron transitions . . . . . . . . ..
3.3.2  Dynamics of asymmetry redistribution by sphalerons . . . . . . .
3.4 Main mechanisms for baryogenesis . . . . .. ... ... L.
3.4.1 Electroweak Baryogenesis . . . . .. .. ... ... ... ...,
3.4.2 Leptogenesis . . . . . .. ..

4 An asymmetric dark sector
4.1 Ratio of dark matter and baryon densities . . . . . . .. ... ... ...
4.2 Asymmetric dark matter models . . ... ... Lo
4.2.1 Asymmetry transfer mechanisms . . . . . . ... ... ... ...
4.2.2  Asymmetry generation mecanisms . . . . . . ... ... ...
4.3 A baryon-symmetric universe . . . . . . ... ... ...

5 Baryon number conserving model
5.1 A simplescenario . . . . . . ... Lo
5.1.1 Lagrangian and interactions . . . . . . ... ... ... ... ...
5.1.2 Inmitial condition . . . . ... ... oo 0oL
5.1.3 Dark matter . . . .. .. ...
5.1.4 Effect of sphalerons . . . . ... ... ... ... ... ...
5.1.5 Viable energy scales . . . . . ... ... L.

[y

—_ 0 © 3 ww

14
15
17

21
21
22
23
23
25
26
27
29

31
31
31
32
33
34

37
37
37
39
39
42
43



Contents

5.2 Dynamics . . . . . ... 44
5.2.1 Boltzmann equations . . . . . . . .. ... Lo 44

5.2.2  Washout of the asymmetry . . . ... ... ... ... ... 49

5.2.3 Redistribution of the asymmetry . . . . .. ... ... ... ... 52

5.2.4 Freeze-out of dark matter . . . . . .. ... ... ... ... .. 54

52.5 Decayof Nand N . .. .. .. .. ... ... 56

52,6 Today . . . . . . . e o7

6 Phenomenology 61
6.1 Phenomenology of the Higgs portal . . . . . ... ... ... . ..... 61
6.2 Phenomenology of the neutron portal . . . . ... ... ... .. .... 63
6.2.1 Dark matter searches . . . . ... ... ... L. 63

6.2.2 Parameter space of the neutron portal . . . . . . ... ... ... 68

7 UV completion 79
7.1 Asymmetry generation . . . . . ... ... 79
711 Cand CPviolation. . . . . . . . ... ... .. ..., 80

7.1.2  Characteristic temperature for asymmetry generation . . . . . . 84

7.1.3 Boltzmann equations . . . . . ... ... oo 85

7.1.4 Thermally averaged cross sections and washout . . . . . . .. .. 87

7.1.5 Parameter space . . . . . . ... oo 90

7.2 UV completion of the neutron portal . . . . . .. .. ... ... ..... 93
7.2.1 Collider constraints: production via gauge interactions . . . . . . 95

7.2.2  Collider constraints: production via Yukawa interactions . . . . . 98

7.2.3 Collider constraints: summary . . . . . . . . . ... ... .... 100

7.3 UV completion of freeze-out . . . . . . . ... ... ... ... 101
7.3.1 Can existing particles drive freeze-out? . . . . . . . . . ... ... 101

7.3.2 Addition of new heavy particles . . . . . . ... ... ... .. 106

7.3.3 Alternative scenario: very light scalar S . . . . ... . ... ... 108

8 Conclusion & QOutlook 115
Bibliography 117
A Thermal universe 139
A.1 Equilibrium thermodynamics and abundances . . . . . . ... ... ... 139
A.2 Effective number of relativistic species . . . . . . . ... ... ... .. 140
A.3 Neutrino decoupling and effective neutrino number Neg . . . . . . . . . 142
A.4 Thermal average of cross sections and rates . . . . . . ... ... .... 144

B Boltzmann Equations 145
B.1 Boltzmann equations formalism . . . . . . ... ... ... ... .. ... 145
B.2 Boltzmann equations for dark matter freeze-out . . . . . . . . .. .. .. 147
B.3 Inclusion of sphalerons in the Boltzmann equations . . . . . . .. .. .. 148

vi



Contents

B.4 Derivation of the Boltzmann equations for asymmetry generation . . . . 149
C Chemical equilibration and asymmetry redistribution 153
C.1 Standard Model and sphalerons . . . . . . . ... ... ... ....... 153
C.2 Equilibration of the neutron portal . . . . . . .. .. ... ... ..... 155

vii






Chapter 1

Introduction

The Standard Model of Particle Physics (SM), combined with Quantum Field Theory,
provides a theoretical framework that has been remarkably successful as a low-energy
effective model. Its predictions have been confirmed with astonishing precision across
numerous laboratory tests. Experiments at the Large Hadron Collider have probed its
validity up to TeV-scale energies, with no evidence for new particles. The model has
also successfully anticipated key discoveries, such as the electroweak gauge bosons, the
necessity of a third quark generation to explain CP-violation in the quark sector, and
the Higgs boson, which plays a crucial role in mass generation.

Despite its success in explaining a vast array of physical phenomena, the SM remains
incomplete. Several fundamental questions remain unresolved, highlighting the need for
physics beyond the SM. These include the formulation of a quantum theory of gravity [1],
the hierarchy problem [2], the origin of neutrino masses [3], the strong CP problem [4],
and, notably, the nature of dark matter and the matter-antimatter asymmetry. This
work focuses on addressing the last two.

Observations from the Cosmic Microwave Background, in combination with the
ACDM cosmological model, reveal that approximately 85% of the universe’s matter
content is dark matter [5]. There is overwhelming evidence supporting the presence
of an invisible form of matter that interacts gravitationally yet remains undetected
in laboratory experiments. The most plausible explanation is the existence of a new
stable particle (or set of particles) that interacts very weakly with SM particles. While
numerous dark matter candidates have been proposed, searches for them have so far
yielded no results. A complete dark matter theory must not only introduce a viable
candidate but also provide a production mechanism that accounts for the observed relic
density. These aspects will be discussed in Chapter 2.

Another major puzzle in modern physics is the matter-antimatter asymmetry of the
universe. Everything we observe is predominantly composed of matter rather than
antimatter, with no evidence for large regions of antimatter. This asymmetry has been
precisely measured, yet the SM fails to provide an explanation. The most plausible
scenario is that an excess of baryons over antibaryons was generated in the early universe
through a process known as baryogenesis. This issue will be examined in detail in
Chapter 3.

Motivated by the fact that the measured energy densities of dark matter and SM
baryons are of the same order of magnitude (Qpn /2, ~ 5) [5], it has been suggested
that dark matter may be asymmetric and linked to the matter-antimatter asymmetry.
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We explore this connection in Chapter 4, where we review various proposed classes of
models that relate these two problems.

In Chapter 5, we introduce our model: a minimal baryon-conserving scenario in which
dark matter carries baryon number and compensates the observed baryon asymmetry.
The model is formulated within an effective field theory framework. We highlight its key
features and analyze the resulting dynamics arising from the set of coupled Boltzmann
equations governing the evolution of all particle abundances and asymmetries.

In Chapter 6, we explore the phenomenology of the interaction portals connecting
the dark and visible sectors, focusing on the constraints and potential signatures that
could allow for the detection of dark matter and the dark fermion N. We analyze
the parameter space of the neutron portal, considering the various phenomenological
factors that influence it, including cosmology, collider searches, freeze-out dynamics,
and nucleon decay constraints.

Then, in Chapter 7, we explore the ultraviolet (UV) completion of the model. First,
we propose a mechanism for generating the initial asymmetry in the dark sector, inspired
by thermal leptogenesis, where two heavy Majorana fermions ¢; and @92 produce a
particle-antiparticle asymmetries through CP-violating decays. We analyze the impact
of washout processes and determine the viable parameter space.

In this chapter, we also present the UV completion of the neutron portal, which is
realized through the introduction of a colored scalar mediator ®. This mediator is
expected to be abundantly produced in colliders due to its gauge interactions, allowing
for promising detection prospects. The key signature consists of monojet events with
missing energy, which has not yet been consistently explored in experimental searches.
A dedicated analysis of this signature could significantly enhance the discovery potential
of our scenario.

Additionally, we explore the UV completion of dark matter freeze-out and propose an
alternative realization in which dark matter annihilates into a very light dark scalar S,
which remains as a hot subcomponent of dark matter. We show that the contribution
of this scalar to Neg is within current experimental uncertainties but could be detected
by next-generation CMB experiments.

Finally, in Chapter 8, we summarize the proposed model, highlighting its implications
and main results.



Chapter 2
Dark matter and the dark sector

Dark matter remains one of the most pressing unresolved questions in modern physics,
playing a fundamental role in the standard cosmological model. Its existence implies
new physics beyond the Standard Model of particle physics, which lacks a viable
candidate to explain the observed phenomena. The leading hypothesis suggests that
dark matter consists of one or more novel particles that are weakly coupled to visible
matter and remain stable over cosmological timescales. These particles must also possess
the necessary properties to account for the formation of large-scale structures in the
universe, evolving from small density fluctuations in the early cosmos.

2.1 Observational evidence for dark matter

The existence of dark matter in the universe is supported by robust evidence spanning
a wide range of phenomena, scales, and sources. Collectively, these observations
reveal the presence of non-luminous matter that constitutes approximately 85% of the
universe’s total matter content. Below, we briefly comment on the key observations
that demonstrate the existence of dark matter. For a more comprehensive review, we
refer the reader to Refs. [6,7].

The first evidence for dark matter emerged in 1933, when Fritz Zwicky applied the
virial theorem to the Coma Cluster [8]. His analysis revealed that the cluster’s total mass
density was at least 400 times greater than what could be accounted for by its visible
matter. This discrepancy could only be explained by the presence of an abundant, non-
luminous component dominating the cluster’s dynamics. Zwicky’s discovery marked the
beginning of dark matter research, and subsequent studies of other galaxy clusters have
consistently verified this phenomenon.

In the 1970s, Vera Rubin and Kent Ford conducted measurements and analyses of the
rotation curves of spiral galaxies [9], uncovering that these curves remain unexpectedly
flat beyond a certain radius. Rotation curves represent the circular velocities of stars as
a function of their distance to the center of the galaxy. According to classical dynamics,
when the integrated visible mass M (r) ceases to increase with radius r, the circular
velocity v(r) = \/GM(r)/r should decrease as v o< 1/1/r. However, observations, such
as the rotation curve shown in Fig. 2.1, reveal that v(r) remains constant, indicating
the presence of an extended, non-luminous halo where M (r) o r. This phenomenon
provides some of the most direct evidence for dark matter at galactic scales.
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Fig. 2.1: a) Galactic rotation curve of NGC 6503, from Ref. [10]. The contributions from the
gas and disk components are shown as dotted and dashed lines, respectively. The
rotation curve remains flat even at radii where visible matter is no longer present,
providing evidence for the presence of an extended dark matter halo, represented as
a dash-dotted line. b) Optical image of NGC 6503, taken from the Subaru Telescope
(NAOJ) and the Hubble Legacy Archive. The galaxy’s visible radius is 5.35 kpc [11]
and the arrow markers are placed in both figures for size comparison.

At extragalactic scales, gravitational lensing provides compelling evidence for the
existence of dark matter. According to General Relativity, light traveling near intense
gravitational fields bends due to the curvature of spacetime caused by massive objects,
which act as gravitational lenses. This bending results in observable distortions, such
as the formation of multiple images of the same source or increased brightness of
distant objects. Notably, the degree of distortion depends solely on the total mass
distribution within the lens, regardless of whether it is luminous or dark matter. Lensing
measurements have confirmed the presence of significant amounts of dark matter in
galaxies and galaxy clusters. For a comprehensive review of weak gravitational lensing,
see Ref. [12].

Collisions of galaxy clusters, such as the Bullet Cluster, offer additional insights
into the nature of dark matter through lensing analyses. Reconstructed gravitational
potential maps, such as the one in Fig. 2.2, show how most of the total mass density
remains aligned with the original cluster locations, while the visible matter, dominated
by hot gas, is concentrated in the collision region. This spatial separation demonstrates
that dark matter does not interact significantly with visible matter nor with itself, a
key property that distinguishes it from baryonic matter and further supports its role as
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Fig. 2.2: Composite image of the Bullet Cluster. The white contours represent the gravitational
lensing density reconstructions, reproduced from Ref. [13]. The pink region
corresponds to the hot baryonic gas observed in the X-ray spectrum [14], while the
blue region depicts the dark matter distribution as inferred from lensing maps [13].
Notably, the baryonic matter does not align with the centers of the gravitational
potential, highlighting the weak interaction of dark matter with both visible matter
and itself, as evidenced by its unaffected distribution following the collision.

a dominant but elusive component of the universe.

Moving to cosmological scales, some of the most compelling evidence for dark matter
comes from the small anisotropies observed in the Cosmic Microwave Background
(CMB). The position and shape of the peaks in the CMB power spectrum provide
insights into photon-baryon oscillations that occurred just before the decoupling of
light and matter (recombination), approximately 3.8 x 10° years after the Big Bang.
These features cannot be explained without the presence of dark matter. The density
anisotropies at the time of recombination, of the order of ~ 1072, would not have
evolved sufficiently to form the galaxies observed today without the presence of cold
dark matter component which does not significantly couple to photons. While evidence
from galaxy dynamics, rotation curves, and gravitational lensing provides insights into
the presence of dark matter, they do not measure the total amount of dark matter in the
universe. In contrast, CMB observations serve as highly precise probes of cosmological
parameters, including the dark matter energy density. Analysis of CMB data by the
Planck collaboration, within the framework of the standard ACDM model, indicates
that approximately 26% of the total energy density of the universe is comprised of dark
matter [5]:

PDM

Qpy = = 0.265(7). (2.1)

Perit
Finally, on large scales, further evidence for dark matter emerges from the study
of structure formation in the universe. Within the ACDM paradigm, the large-
scale structures we observe today, such as galaxies and galaxy clusters, originate
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Fig. 2.3: The primordial abundances of *He, D, *He, and “Li as predicted by BBN [16].
The bands represent the 95% CL range. The yellow boxes indicate the measured
abundances. The vertical blue band corresponds to the CMB measure of the baryon
density [5], while the vertical pink band corresponds to the BBN D+*He concordance

range at 95% CL. Figure taken from [17].

from primordial density fluctuations generated during cosmic inflation. Cosmological
simulations demonstrate that dark matter is essential for these initial anisotropies to
grow and evolve into the current distribution of matter in the universe. Without the
gravitational influence of dark matter, the observed large-scale structure could not have
formed within the time elapsed since the Big Bang. For a detailed discussion, see
Ref. [15].

It is worth highlighting that Big Bang Nucleosynthesis (BBN), although not a direct
probe of dark matter, provides a powerful and independent cross-check of early-universe
physics that reinforces the findings from the CMB measurements. BBN describes the
formation of light nuclei (D, *He, “He, and 7Li), approximately three minutes after the
Big Bang and is highly sensitive to the baryon density at that time, as illustrated in
Fig. 2.3. BBN provides a robust and reliable probe of the early universe, achieving
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remarkable agreement between its theoretical predictions and the observed abundances
of these elements. The baryon energy density inferred from the observed abundances of
deuterium and helium aligns extremely well with the value extracted from CMB data.
Specifically, BBN constraints yield [18]

Qph? = 0.02205(43), (2.2)

where h is the dimensionless scaling factor for Hubble expansion rate defined as h =
Hy/(100 km s~ Mpc™!). For h = 0.674(5) [5], this corresponds to €y, = 0.0485(12). In
contrast, the total matter density inferred from the CMB is much larger (25, =~ 0.3),
implying that most of the matter must be non-baryonic, consistent with the existence
of dark matter. For further analysis of this topic, see Refs. [17,19].

In summary, the evidence for dark matter spans a vast range of scales and phenomena,
from the dynamics of galaxy clusters and the rotation curves of spiral galaxies to the
large-scale structures of the universe and the precise anisotropies in the CMB. Each piece
of evidence independently confirms the existence of a significant non-luminous matter
component that cannot be explained by ordinary baryonic matter alone. Additionally,
BBN and its concordance with CMB measurements provide stringent constraints on the
nature and abundance of the dark matter.

2.2 Dark matter candidates

The list of potential dark matter candidates is extensive. The possible mass range of
dark matter is remarkably broad, from approximately 1073 to 1057 GeV. Some of the
most compelling candidates are those connected to other unresolved issues in particle
physics, such as the electroweak hierarchy problem, the strong CP problem, neutrino
mass generation, or the baryon asymmetry of the universe.

A variety of candidates have been proposed, ranging from Weakly Interacting
Massive Particles (WIMPs), Asymmetric Dark Matter (ADM), axions, sterile neutrinos,
and dark sectors, which we briefly review below, and other possibilities like Feebly
Interacting Massive Particles (FIMPs) [20], Strongly Interacting Massive Particles
(SIMPs) [21], and gravitinos [22]. Some non-particle candidates include primordial
black holes [23]. Additionally, alternative theories, such as modifications of gravity,
have been considered to explain phenomena like spiral galaxy rotation curves, but fail
to account for the CMB [24,25].

For comprehensive reviews of dark matter candidates, see Refs. [6,26].

e WIMPs. Weakly Interacting Massive Particles are hypothetical particles with
masses in the MeV—-TeV range. They interact with other particles at rates comparable
to or weaker than the weak nuclear force. In the early universe, WIMPs would have
annihilated into lighter particles via 2 <> 2 interactions, keeping them in thermal
equilibrium with the cosmic plasma. As the universe expanded and cooled, the
interaction rates dropped below the Hubble expansion rate, leading to the decoupling
of WIMPs and the freeze-out of their relic abundance, as detailed in Section 2.4.1.
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The relic density of WIMPs is primarily determined by their annihilation cross section,
(00)ann. For WIMPs to account for the observed dark matter abundance, this value
must be approximately (ov) ~ 2.6 x 1072 GeV~2, which coincides with the scale of
weak interactions, and stays almost constant for a wide range of masses [27]. This
coincidence, often called the “WIMP miracle”, has made WIMPs highly attractive
candidates, as it hints a connection between the dark and visible sectors. They also
arise naturally in several extensions of the SM, such as the Minimal Supersymmetric
Standard Model, where the lightest neutralino is a natural WIMP candidate. For
detailed reviews, see Refs. [6,28].

Despite extensive searches which we review in Section 2.3, no definitive evidence for
WIMPs has been found. For an overview of the current experimental status, see
Ref. [29].

e ADM. Asymmetric Dark Datter proposes a dark sector where the particle and
antiparticle abundances are unequal, analogous to the matter-antimatter asymmetry
in the visible sector. This asymmetry could have a common origin with the baryon
asymmetry or could have been transmitted from one sector to the other through some
interactions. The symmetric component of dark matter would annihilate away, leaving
behind the asymmetric relic density, as detailed in Section 2.4.2. ADM provides a
compelling explanation for the observed similarity in dark matter and baryon energy
densities, Qpym =~ 5Qp. We will delve deeper into ADM and the leading classes of
models in Chapter 4.

e Axions. This candidate arises as a consequence of the Peccei-Quinn mechanism, a
solution to the strong CP problem in Quantum Chromodynamics (QCD) [30]. They
are pseudo-Goldstone bosons resulting from the spontaneous breaking of a new global
symmetry, U(1)pq, which dynamically enforces CP conservation in the QCD vacuum.

While the mass and relic abundance of axions depend on their production mechanism
and the symmetry-breaking scale, they are considered strong candidates for dark
matter. Observational constraints, such as those from stellar cooling and supernova
dynamics, place upper limits on their mass, typically m, < 0.1 eV [17,31]. Axion
couplings to matter and photons are model-dependent, but in some scenarios, they
fall within ranges in agreement with the observational constraints for dark matter.

For reviews on axion dark matter and ongoing experimental efforts, see Refs. [32-34].

e Sterile neutrinos. Evidence for neutrino flavor oscillations, first proposed by Bruno
Pontecorvo [35], indicates that at least two of the SM neutrinos possess mass. Sterile
neutrinos, Vg, are hypothetical right-handed particles introduced to account for these
small but nonzero masses. They carry no quantum numbers under any SM symmetry
groups. In the seesaw mechanism [36], sterile neutrinos acquire large Majorana
masses, leading to tiny masses for the active neutrinos.

Sterile neutrinos with masses in the keV range could serve as dark matter candidates
[37], originating in the early universe through oscillations with active neutrinos. This
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scenario is theoretically appealing but faces stringent constraints from cosmology and
X-ray searches, which have excluded much of the parameter space for sterile neutrino
dark matter. For a review of the current status of this candidate, see Ref. [38].

e Dark sector models. They suggest that dark matter exists in a hidden sector
with little or no interaction with SM particles. They introduce new particles and
forces, often connected to the visible sector through mediator portals. Common
portal mechanisms include kinetic mixing with the photon (resulting in dark photons
[39]) or scalar mixing with the Higgs boson (resulting in dark Higgs [40]). These
interactions allow for indirect connections between the dark and visible sectors,
providing testable predictions in certain regimes. Self-interacting dark matter models,
which introduce strong interactions within the dark sector, have been proposed
to address discrepancies in small-scale structure formation, such as the core-cusp
problem, the diversity problem for rotation curves, and the missing satellite problem,
see Refs. [41,42].

2.3 Searches for dark matter

Here, we will explore various detection methods proposed to search for the dark matter
candidates introduced in the previous section.

2.3.1 Colliders

Collider searches are experimental techniques used to detect dark matter by attempting
to produce it directly in high-energy particle collisions. These experiments replicate
conditions similar to those of the early universe by accelerating particles to extremely
high speeds using electromagnetic fields and then colliding them. The goal is to generate
dark matter particles during these collisions.

Dark matter particles cannot be observed directly because they interact very weakly
with ordinary matter. Key observables in collider dark matter searches provide indirect
evidence of invisible particles and their interactions. Missing transverse energy (MET)
is one of the most critical observables, representing the non-conservation of measured
energy in the transverse plane of a collision. It arises when invisible particles escape
detection, leaving behind an apparent energy deficit. Building on MET, Mono-X
signatures describe specific event topologies where a single visible particle (such as
a photon, jet, or W /Z boson) is detected, balancing the momentum carried by invisible
particles and providing a distinctive signal to differentiate potential dark matter events
from SM backgrounds. Another key observable involves mediator resonances, where
a mediator particle from the dark sector is produced resonantly and promptly decays
into detectable particles, such as dijets or dileptons, creating peaks in invariant mass
distributions that differ from SM predictions. These approaches allow researchers to
study dark matter properties in a controlled environment and test theoretical models
of its production and interactions.
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Some of the most important existing colliders include the Large Hadron Collider
(LHC) at CERN, a proton-proton collider operating at energies up to 13-14 TeV.
The LHC hosts major experiments such as CMS (Compact Muon Solenoid) [43] and
ATLAS (A Toroidal LHC ApparatuS) [44], which are general-purpose detectors designed
to investigate a wide range of physics phenomena. Both experiments play a crucial
role in dark matter searches, focusing on MET signals. Another significant collider is
SuperKEKB [45] in Japan, an electron-positron collider dedicated to studying light dark
matter candidates, particularly through potential interactions involving dark photons.
Looking to the future, the High-Luminosity LHC (HL-LHC) [46], an upgraded version of
the LHC expected to begin operations in 2028, aims to increase luminosity by a factor
of 10, significantly enhancing its sensitivity to rare processes and weakly interacting
particles.

Theoretical frameworks are important to guide experimental searches. Modern
strategies for detecting GeV-TeV dark matter at the LHC are grounded in several
of these theoretical frameworks, including Effective Field Theories (EFTs), simplified
models [47], and more comprehensive theories like Supersymmetry (SUSY) [48-52].
EFTs offer a model-independent approach with minimal parameters, such as the
interaction scale and dark matter mass, allowing comparisons with direct detection
experiments. However, they are valid only when the mediator is significantly heavier
than the energy scales probed by the collider, limiting their applicability in specific
scenarios [53,54]. Simplified models address this limitation by explicitly including the
mediator particle, introducing additional parameters such as mediator and dark matter
masses and their couplings to the SM and the dark sector. This makes them ideal for
collider searches where the mediator can be produced directly, enabling detailed studies
of dark matter interactions. Still, they are less general than EFTs and rely on some
assumptions [55].

Collider searches for dark matter face several experimental challenges. High
background noise from SM processes can mimic the signatures of dark matter, making it
difficult to isolate potential signals. Precise calibration and sophisticated data analysis
techniques are required to differentiate between signal and background. Additionally,
the limited energy range of current colliders may not be sufficient to probe very heavy
mediators or weakly interacting particles, and the production rates for dark matter
candidates are often extremely low, requiring large datasets to achieve meaningful
constraints. These challenges need advanced detector technologies and innovative search
strategies to maximize the potential for discovery.

Constraints from colliders depend heavily on the choice of couplings of interactions
with dark matter and SM particles. Fixing these couplings allows comparisons with
the dark matter relic density and direct and indirect detection results in the mass-
cross section plane, see for example Fig. 2.4. For instance, collider bounds are more
stringent than direct detection limits for low dark matter masses in the case of standard
spin-independent interactions. However, translating collider limits to direct or indirect
detection limits is not straightforward due to their dependence on specific mediators
and coupling assumptions. Still, these searches are crucial because they provide
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Fig. 2.4: Comparison of collider (ATLAS) and direct detection (DarkSide-50 [56], PandaX-
AT [57,58] and LZ [59]) upper limits on the spin-independent dark matter-nucleon
scattering cross section for a Z’ mediator that couples only to quarks. Figure taken
from Ref. [60].

complementary tests for thermal dark matter models.
For comprehensive reviews on the search of dark matter in colliders, we refer the
reader to Refs. [40,61,62].

2.3.2 Direct detection

Direct detection experiments aim to observe interactions between dark matter particles
and atomic nuclei, providing a complementary approach to collider and indirect searches.
The underlying concept is based on the expectation that dark matter, as it passes
through the Earth, may occasionally scatter off nuclei, transferring a small amount
of energy to the nucleus in the process, inducing a detectable nuclear recoil. Direct
detection is motivated by its ability to probe dark matter interactions at extremely low
energy scales and test dark matter properties, such as mass and coupling strength, in a
way independent of collider-specific assumptions.

The concept of directly detecting dark matter particles in the form of WIMPs was first
proposed by Goodman and Witten [63]. Soon after, two low-background germanium
ionization experiments placed the first direct constraints on spin-independent and spin-
dependent dark matter-nucleon couplings [64, 65], based on the lack of a significant
excess of recoil events above the expected background. Around the same time, the idea
of annual modulation in the dark matter signal rate was introduced [66], proposing
that the Earth’s orbit around the Sun, combined with the Sun’s motion through the
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Fig. 2.5: Direct detection constraints on the dark matter-nucleon scattering cross section in the
low-mass regime. The plot includes limits from elastic interaction searches conducted
by SuperCDMS-CPD [75], DAMIC [76], cosmic-ray constraints from Collar [77],
and DarkSide-50 [56], together with bounds from the Migdal effect, from LUX [78],
EDELWEISS [68,79], XENON1T [80], CDEX [81], CDEX-10 [82], and SuperCDMS
[83]. Figure taken from Ref. [83].

dark matter halo, could produce seasonal variations in detection rates. Since then,
a variety of experiments have employed diverse detection technologies to explore the
parameter space of dark matter-nucleon interactions, using both total scattering rates
and modulation signals. These include light scintillators, such as the Nal crystal-
based DAMA /LIBRA [67]; cryogenic ionization detectors, like EDELWEISS [68] and
SuperCDMS [69], which use germanium crystals; liquid noble gas detectors, such as
XENONIT [70] and PandaX [57], which utilize xenon and LUX-ZEPLIN (LZ) [59],
and DarkSide-50 [71], which utilize argon; and bubble chambers, like PICO [72],
which are filled with C3F3 to detect spin-dependent interactions. The sensitivity of
these experiments has improved dramatically over the years, approaching the threshold
required to detect coherent elastic scattering of solar neutrinos, which would represent
an irreducible background for WIMP searches [73,74].

Direct detection experiments face significant challenges in detecting sub-GeV dark
matter due to their energy thresholds and the velocity of dark matter particles reaching
the detector, typically assumed to be the escape velocity of the Milky Way. While
some experiments aim to lower their energy thresholds to probe scatterings of lighter
dark matter particles with nucleons [84], alternative methods have also been proposed
to extend sensitivity without requiring substantial advances in existing technologies.
One such approach focuses on dark matter interactions with electrons in the detector
[85,86]. These interactions could ionize electrons for sufficiently light dark matter
without producing detectable nuclear recoils. Additionally, measuring the ionization
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signal from the Migdal effect, where nuclear recoil indirectly ionizes electrons, has
been suggested to enhance the sensitivity of current experiments to lower mass dark
matter particles [87,88]. The ultimate sensitivity of these searches is also limited by
the so-called neutrino floor, where neutrino scattering events become an irreducible
background [89-91]. Fig. 2.5 shows the current experimental limits for the dark matter-
nucleon scattering cross section in the low-mass regime for elastic interaction searches
and Migdal effect.

2.3.3 Indirect detection

Indirect detection aims to identify dark matter by observing the byproducts of its
annihilation or decay in astrophysical environments.

The field was opened in 1978 with two seminal articles [92, 93], which proposed
searching for dark matter through the products of its self-annihilations or decays
that reach Earth. Early studies focused on gamma-ray signals from regions of high
dark matter density, such as the galactic center, where gradients distinguishable from
the astrophysical background could be detected for thermal values of the WIMP
annihilation cross section. A few years later, the potential of antiproton and positron
flux measurements to constrain self-annihilating dark matter was recognized [94], along
with the possibility that dark matter particles could be gravitationally captured by the
Sun and annihilate in its core, producing neutrinos detectable at Earth [95].

More recently, dwarf spheroidal galaxies have emerged as critical targets for indirect
detection due to their high dark matter densities and low baryonic contamination,
offering some of the strongest constraints on dark matter annihilation [96,97]. Fig. 2.6
provides the limits obtained by these kind of searches for different annihilation channels.

By analyzing excesses in these astrophysical signals beyond what is expected from
known processes, indirect detection provides a complementary strategy to probe the
nature of dark matter, offering insights into its annihilation cross section, decay lifetime,
and interaction channels.

Another promising approach in indirect detection involves observations of neutron
star temperatures as a potential probe for dark matter interactions [98-101]. Dark
matter particles may be gravitationally captured by neutron stars, accumulating in their
cores and annihilating into SM particles. This process could deposit energy, preventing
the star from cooling at the expected rate. Deviations in the thermal evolution of
neutron stars, particularly in old or isolated systems, provide a potential indirect signal
of dark matter interactions, such as annihilation cross sections and scattering rates.
This method, while still in its early stages, offers a complementary avenue to explore
dark matter properties, especially for particles with low interaction rates or masses that
are difficult to access through other indirect detection strategies.

13
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Fig. 2.6: Indirect detection constraints on the dark matter annihilation cross section for various
channels derived from the combined analysis of 15 dwarf spheroidal satellite galaxies
by Fermi-LAT [97]. The dashed gray line corresponds to the thermal relic cross section
derived by Ref. [27].

2.4 Dark matter production

The production of dark matter in the early universe is a key aspect for understanding its
nature and properties. While various mechanisms have been proposed to explain how
dark matter was generated, this section focuses on the freeze-out mechanism, which is
central to many well-motivated dark matter models, including WIMPs.

Before delving into the details of freeze-out, it is worth briefly mentioning other
proposed production mechanisms:

e Freeze-in. Dark matter may have never reached thermal equilibrium with the cosmic
plasma, as proposed in the freeze-in mechanism [20]. This scenario involves feebly
interacting massive particles (FIMPs) that are decoupled from the thermal bath.
Initially, the abundance of dark matter is negligible. Over time, rare interactions with
the plasma gradually produce dark matter particles, but as the universe expands and
cools, these interactions become increasingly infrequent. Eventually, the production
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ceases, and the dark matter abundance freezes in, remaining constant thereafter.
Unlike the freeze-out mechanism, freeze-in results in a final abundance that increases
with the interaction strength.

¢ Super-WIMP mechanism. It proposes a non-thermal production scenario for dark
matter, where dark matter particles are generated as decay products of a heavier,
weakly interacting particle after its freeze-out [102]. In this framework, the parent
particle freezes out in thermal equilibrium and subsequently decays into a lighter,
stable dark matter particle. Unlike traditional freeze-out scenarios, the super-WIMP
dark matter inherits the relic abundance from its parent particle rather than being
produced directly via thermal processes. This mechanism is particularly interesting
because the resulting dark matter interacts even more weakly with the SM, making it
more challenging to detect directly. However, it offers distinct signals, such as delayed
decays of the parent particle, which could be probed through indirect detection or
cosmological observations.

e Misalignment mechanism. Associated with scalar fields like axions. This
mechanism involves coherent oscillations of the axion field, which result in zero-
momentum bosonic condensates behaving as cold dark matter [103-105].

e Other scenarios. Additional mechanisms, such as gravitational production during
inflation [106] or scenarios involving topological defects such as cosmic strings [107],
are also discussed in the literature.

These alternatives provide viable explanations under different assumptions, but the
freeze-out mechanism remains the leading candidate due to its strong theoretical
foundation and connection to experimental searches. In this framework, a particle
species initially in thermal equilibrium with the cosmic plasma decouples as the universe
expands and cools, leaving behind a relic abundance that persists to the present day.

2.4.1 Freeze-out

A particle species is in thermal equilibrium with the plasma when interactions involving
this species occur frequently enough to maintain coupling with the rest of the thermal
bath. This condition is expressed as

(2.3)

I' 2 H coupled,
I' < H decoupled,

where I' is the interaction rate of the particle and H is the Hubble expansion rate at a
given temperature 7. The equilibrium distribution depends on the plasma temperature
T, the particle mass m; and chemical potential y;. For a particle species in the Maxwell-
Boltzmann approximation, the number density n;" is given by

%e’“/TT3 T > m;,
3/2 2.4
gi etilTemmi/T (";—’T) / T < mi, 4

Y
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Fig. 2.7: Evolution of the abundance of a massive particle species x during freeze-out for
different annihilation cross sections (ov) and a mass of m, = 100 GeV. The dashed
black line represents the equilibrium abundance, while the solid lines show the actual
abundance as obtained from solving the Boltzmann equation. The relic abundance
today (right side of the plot) decreases with increasing (owv). The analysis assumes
s-wave annihilation, where (ov) is velocity-independent.

as derived in Appendix A.1. It is usual to define the dimensionless quantity “yield”, as:
Y =n/s, (2.5)
where s is the entropy density of the universe

272
=" g.s(T) T°. 2.6
5 15 9xs(T) (2.6)
Here, g,g is the effective number of relativistic degrees of freedom at temperature of
the thermal plasma T', defined in Appendix A.2. Then, the equilibrium distribution in
terms of the yield is given by

«a_ 45 g mi (2
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For relativistic particles (T' > m;), the yield is practically constant with temperature.
When the particles become non-relativistic (7" < m;), their abundance drops exponentially,
as shown by the dashed line in Fig. 2.7.
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As the universe expands and cools, interaction rates decrease due to both reduced
particle densities and kinematic suppression. Once the interaction rate I' falls below
the Hubble expansion rate H, the particle species decouples from the plasma and its
abundance ceases to track the equilibrium distribution. From that point onward, the
particle yield Y; remains effectively constant, in the absence of additional interactions
or decays at later times.

When a particle species decouples from the plasma non-relativistically, the final
relic abundance depends on the efficiency of the interactions maintaining thermal
equilibrium. Stronger interactions result in later decoupling and a lower relic abundance,
as more particles annihilate before freeze-out. On the contrary, weaker interactions lead
to earlier decoupling and a higher relic abundance. This results in the relic abundance
being inversely proportional to the thermally averaged interaction cross section, (ov).
Fig. 2.7 illustrates this behavior: each solid line represents the evolution of the particle
abundance for a different value of (ov).

In the case of dark matter, we consider particles y that are stable, massive, and
weakly interacting with SM particles. The annihilation and production processes for
such a symmetric dark matter candidate can be described as

XX ¥, (2.8)

where 1 denotes all the SM species into which x can annihilate. At the temperatures
relevant to dark matter freeze-out, SM particles are assumed to remain in thermal
equilibrium with the plasma due to their additional interactions. Consequently, ¢ and
1 will follow thermal distributions. Including these processes in the Boltzmann equation
formalism described in Appendix B.1, leads to the following differential equation for the
yield Y, as derived in Appendix B.2:

dYy dYy = 25(00)ann

— Y2 —yea? 2.9
dx dx H(T:mx)(x ) (29)

where x = m, /T is a dimensionless parameter, (0v)ann is the thermally averaged
annihilation cross section, summed over all possible final states. We have assumed equal
number of particles and antiparticles, so that Y, = Y5, as their chemical potentials are
Z€ro.

Numerical solutions to this equation, as shown in Fig. 2.7, track the evolution of
the number density Y;. Before freeze-out, Y, closely follows its equilibrium value Yy
After freeze-out, the yield becomes constant, as number-changing interactions cease. By
comparing the relic yield with the observed dark matter density today, we can extract
information about the dark matter mass m, and the interaction cross section (ov)ann.

2.4.2 Asymmetric dark matter freeze-out

We discuss now the freeze-out mechanism in the case of ADM. In this framework,
the dark matter particle, is distinct from its antiparticle, making it possible for their
abundances to differ. It is generally assumed that this asymmetry between the number
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of particles and antiparticles is generated well before the annihilation processes for
dark matter freeze-out. As will be discussed in Section 4.1, ADM is motivated by
the observed similarity between the dark matter and baryon densities in the universe,
suggesting that a common mechanism could have generated both the baryon asymmetry
and the hypothetical dark matter asymmetry.

To describe the evolution of such a scenario, we consider a dark matter particle Yy,
and its antiparticle x, assuming that only xx pairs can annihilate into SM particles.
Now, without the equal abundance assumption, Y, # Yy, and the Boltzmann equations
take the general form [108]:

dyy AMov)ann

= (M Y-y, (2.10)
Yy AoV)ann o <re
=g (M Y-y, (2.11)

where we have defined the quantity

4
A= 750 My Mp1 /G5 (2.12)

with g,g being the effective number of relativistic degrees of freedom for entropy. The
equilibrium yields Yy and Yg® in the Maxwell-Boltzmann distribution are given in
Eq. (2.7). Note that the chemical potentials for particles and antiparticles cancel out
in the product Yy Y7, as in chemical equilibirum g, = —pg.

Since the annihilation process is symmetric, subtracting the two Boltzmann equations
gives:

ay, dYy
— ——==10 2.13
dx dx ’ (2.13)
which implies
Y, -Y,=0C, (2.14)

where C' is a constant. This shows that the difference in the comoving number
densities of particles and antiparticles remains conserved, as expected for a symmetric
annihilation process. This conserved difference could be related to the conservation of
a dark matter charge associated with a global symmetry.

Using this conserved asymmetry, the Boltzmann equations can be rewritten in a
decoupled form:

ay, MoV)ann

= (Y2 = CYy =YYy, (2.15)
dYs; AMoU)ann o
dxx S— (Y2 +CYy — YY) (2.16)

These equations can be solved numerically to obtain the evolution of the number
densities of y and ¥, as shown in Fig. 2.8. The independent parameters are the initial
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Fig. 2.8: Evolution of the y and y abundances for m, = 100 GeV, (00)an, = 5 x 1079 GeV 2
and C = 107", The dashed black line represents the equilibrium abundance in the
absence of asymmetry (C = 0), while the red and blue dashed lines correspond to the
equilibrium abundances of x and i for C' = 107!, The solid red and blue lines show
the actual abundances of x and Y. The results in this plot are consistent with those
reported in Ref. [108].

asymmetry C, which remains constant as shown in Eq. (2.14), the mass m,, and the
annihilation cross section (0v)ann, assumed to be constant (s-wave).

This scenario differs significantly from the WIMP or symmetric freeze-out case shown
in Fig. 2.7. In the asymmetric case, the equilibrium abundances for x and y differ due
to their dependence on the chemical potential. This leads to distinct dynamics for each
species. The yield Y} (solid red line in Fig. 2.8) is bounded from below by Yy (dashed
red line) to the value of the asymmetry C. This reflects the excess of x particles that
cannot find y partners for annihilation.

One can also explore the dependence of the final relic abundance on the annihilation
cross section. Fig. 2.9 shows the relic densities Qh? as a function of (ov)an, for two
different values of the asymmetry, C = 10~ and C = 3 x 1072, assuming constant
s-wave annihilation.

As expected, lower annihilation cross sections lead to higher relic densities. For small
values of (00)ann, the asymmetry C has little effect since Y, and Yy are not depleted
efficiently enough to be affected by the lower bound set by the asymmetry. For larger
(00)ann, however, C significantly influences the relic abundance. Beyond a certain cross
section value, the relic abundance of x no longer varies, as it reaches the minimum value
determined by the asymmetry. As expected, higher values of C lead to a larger disparity
between the relic abundances of x and ¥.

As it will be further explored in Chapter 4, in standard ADM scenarios, the dark
matter asymmetry is often linked to the baryon asymmetry. If the asymmetries are
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Fig. 2.9: Relic densities 2h? for x and x with m, = 100 GeV, plotted as a function of (ov)ann
for two different asymmetry values. The calculations assume s-wave annihilation. The
results shown in this plot are consistent with those reported in Ref. [108].

of the same magnitude, a natural prediction emerges for the dark matter mass to be

mpum =~ 5 GeV.
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An asymmetric visible sector: the
matter-antimatter asymmetry

The overwhelming dominance of visible matter over antimatter in the universe, a
phenomenon referred to as the baryon asymmetry, presents a profound challenge in
modern physics. Observations of CP symmetry, which appears nearly perfect in collider
experiments, seem to contradict this imbalance. Resolving the question of the matter-
antimatter asymmetry remains one of the most pressing problems in contemporary
physics, and finding a viable mechanism for baryogenesis is far from straightforward.

3.1 Evidence for a baryon asymmetry in the visible sector

Despite being rare in our surroundings, antimatter has been observed in small amounts
on Earth. It is produced through the decay of certain radioactive nuclei and can also be
created and stored in particle physics laboratories. Furthermore, it is evident that the
solar system is composed of matter, as the survival of space exploration probes visiting
other planets relies on this fact. Additionally, solar cosmic rays confirm that the Sun
itself consists of matter.

On a larger scale, cosmic rays allow us to investigate the composition of our galaxy
and beyond. Among these rays, minute amounts of antiprotons are detected, at a
level of roughly ~ 10~ relative to protons [109]. However, these antiprotons are likely
the result of interactions between cosmic rays and interstellar material.! This finding
underscores a significant asymmetry between baryons and antibaryons in the galaxy.

The nucleon-antinucleon annihilation process has a remarkably high cross section,
maintaining these particles in thermal equilibrium with the cosmic plasma down to
low temperatures (T° ~ 22 MeV). If the universe had been locally symmetric with
respect to SM baryons and antibaryons, such annihilation processes would have reduced
their abundance drastically during its thermal evolution. The predicted relic density of
nucleons and antinucleons would then be about ny,/s = ng/s ~ 7 x 10720 [111], nine
orders of magnitude smaller than what is observed.

One might hypothesize that the visible universe is baryon symmetric but divided
into isolated regions of matter and antimatter. However, this idea is ruled out, as
annihilation at the boundaries of these regions would produce observable signals that

!They may also originate from dark matter annihilations [110].
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exceed current experimental constraints [112]. These observations strongly support the
conclusion that the visible universe is inherently baryon asymmetric.

The simplest explanation for this asymmetry is that the early universe already
contained an excess of quarks over antiquarks. During matter-antimatter annihilation,
this excess ensured that quarks remained after the annihilation process exhausted the
antiquarks. It is highly improbable, however, that this asymmetry originated as an
initial condition, since inflation would have erased it. Therefore, it is assumed that a
specific unknown mechanism generated this quark excess in the early universe. This
mechanism is referred to as baryogenesis.

The degree of quark-antiquark asymmetry in the universe is most precisely quantified
by the ratio of the baryon number density to the photon number density, ng, as derived
from the amplitude of the peaks in the cosmic microwave background power spectrum

[5]:

n
nB = — = (6.12+0.04) x 10710, (3.1)
Ty
Since the amount of antibaryons is negligible compared the amount of baryons, this
ratio also serves as a measure of the matter-antimatter imbalance
o ny - ny — nB

= —x —2, 3.2
nB . . ( )

The smallness of this measured value highlights the subtlety of the asymmetry: in the
early universe (¢t < 1079 s), the excess amounted to just one extra quark per 30 million
antiquarks [111]. We can also express this measurement in terms of the yield, defined
in Eq. (2.5), as

Yp = (8.71 £0.06) x 1071, (3.3)

3.2 The Sakharov conditions

In 1967, Sakharov published his famous work on baryogenesis [113], building on the
recent discovery of CP violation in K° decays. In this paper, he proposed a framework
identifying the three essential conditions required for the generation of a baryon
asymmetry in the universe. These three conditions are still today the guideline that
physicists follow when developing baryogenesis mechanisms. The three conditions are

1. Baryon number violation. To generate a net baryon asymmetry, B # 0,
interactions that violate baryon number seem to be essential. Inflationary dynamics
reset any pre-existing baryon asymmetry, leaving B = 0 afterwards. If all interactions
in the universe conserved baryon number, there would be no mechanism able to
produce a net asymmetry starting from this neutral state.

One known source of baryon number violation within the SM are electroweak
sphaleron processes, studied in Section 3.3.
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2. C and CP violation. The symmetries of charge conjugation (C) and the
combination of charge conjugation and parity (CP) play a critical role. If these
symmetries are conserved, the rates of particle and antiparticle processes are
identical:

(X - YB) =T (X - VB). (3.4)

Even with B-violating interactions, conservation of C and CP would result in equal
rates of baryon and antibaryon production (positive and negative baryon number),
preventing any net asymmetry. Therefore, a violation of C and CP is required to
introduce the necessary imbalance between baryons and antibaryons.

The SM includes CP violation in weak interactions, but the effect is small and
insufficient to explain the observed baryon asymmetry.

3. Departure from thermal equilibrium. Thermal equilibrium imposes equal
phase-space densities for baryons and antibaryons, effectively erasing any potential
asymmetry. From a kinetic perspective, equilibrium implies that the rates of forward
and inverse reactions are equal:

I'X -YB)=I(YB— X). (3.5)

This ensures that any baryon asymmetry generated is immediately washed out,
resulting in a net baryon number of zero. To circumvent this, some interaction
must depart from thermal equilibrium, allowing different rates for the forward and
inverse reactions and enabling the generation of an asymmetry.

3.3 Electroweak sphalerons

3.3.1 Theoretical foundations of sphaleron transitions

In the SM, baryon number (B) and lepton number (L) are conserved quantities
associated with the global symmetries U(1)p and U(1l)r. These symmetries are
considered “accidental” because their conservation arises not from any fundamental
principle but rather from the structure of the SM itself. At the tree level, these quantities
are conserved, as expressed by:

Ol = 0, J" =0, (3.6)

where J}; and J}' are the corresponding baryon and lepton number currents.

However, as 't Hooft demonstrated in 1976 [114], quantum effects introduce a chiral
anomaly that violates B and L through non-perturbative processes. The resulting
anomaly equation is:

(W W - g2B,, B ), (3.7)
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E A

/\ /1N

Ncs

Fig. 3.1: Schematic representation of the vacuum structure in the SM, showing the infinite set
of degenerate vacuum states characterized by different integer values of the Chern-
Simons number, Ncg. These vacua are separated by energy barriers of height Fj,
corresponding to the sphaleron configuration. Transitions between vacua lead to
violations of baryon and lepton number of three units.

where Np = 3 represents the number of fermion families, W, and By, denote the field
strengths of the SU(2)y and U(1)y gauge groups, and g and ¢’ are their respective
coupling constants. The dual field tensor AR is defined as AM = %e‘“’ P Agp.

Notably, within the SM, the difference B — L remains a conserved symmetry, even in
the presence of quantum effects:

Ou(Jpy — JI) = 0udly — 0, J1 =0, (3.8)
while the orthogonal combination B + L is not conserved,
Ou(Jis+J5) #0. (3.9)

The change in B and L is connected to the variation in the topological charge, or the
so-called Chern-Simons number, Ncg, as described by:

B(t) — B(0) = Nr[Ncs(t) — Nes(0)]. (3.10)

As illustrated schematically in Fig. 3.1, the vacuum structure of the theory consists of an
infinite set of degenerate vacuum states, each distinguished by a different integer value
of Ngsg. These vacua are separated by an energy barrier of height Ej, determined by the
static solutions to the classical equations of motion known as “sphalerons” [115,116].
To transition from one vacuum state to another, the system must overcome this energy
barrier, resulting in a change of Ncg by one unit. As can be seen in Eq. (3.10), such a
transition leads to a change in baryon and lepton numbers by a multiple of Np = 3.

At low energies, transitions that alter the Chern-Simons number occur through
quantum tunneling. However, at high temperatures, thermal fluctuations provide
sufficient energy for the system to cross over the sphaleron barriers. The rate at
which these transitions occur, per unit time and volume, is known as the Chern-Simons
diffusion rate, or sphaleron rate, I'spn. This rate has been computed using large-scale
lattice simulations in [117].
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Fig. 3.2: Diagram illustrating a sphaleron transition, which involves interactions between
twelve left-handed fermions: nine quarks (three from each generation) and three
leptons (one from each generation). These processes violate B and L in three units
while conserving B — L.

Sphaleron transitions involve interactions that include twelve left-handed fermions:
nine quarks and three leptons, as illustrated in Fig. 3.2. For a comprehensive discussion
of electroweak sphalerons in the context of quantum field theory, we direct the reader
to Refs. [111,118,119].

3.3.2 Dynamics of asymmetry redistribution by sphalerons

When a net B— L asymmetry is generated in the SM through a mechanism that violates
this combination of quantum numbers, sphalerons redistribute the asymmetry between
B and L according to their equilibrium distribution. This relationship is given by:

B=c(B-L), (3.11)

where the constant ¢ takes the value 12/37 [120]. The derivation of this constant,
considering the chemical potential relations in the thermal plasma, is presented in
Appendix C.1.

This equilibrium relation implies that a net baryon asymmetry in the visible sector
cannot arise from a mechanism that does not violate B— L, as constrained by Eq. (3.11).
This is illustrated schematically in Fig. 3.3, which shows the B vs. L plane. The
diagonal gray dotted lines correspond to conserved B — L, along which sphaleron
processes redistribute B and L. The dashed purple line represents the equilibrium
relationship imposed by Eq. (3.11). The panel on the left demonstrates an example of
baryon asymmetry generation in two steps: first, a positive asymmetry is injected into
B (green arrow); second, sphalerons redistribute this asymmetry between the baryon
and lepton sectors along the gray diagonal until equilibrium is reached (orange arrow).
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Fig. 3.3: Schematic representation of the B vs. L plane, illustrating the redistribution of
asymmetry by sphaleron processes. The gray dotted lines correspond to conserved
B — L, while the dashed purple line represents the equilibrium relationship between B
and B — L given by Eq. (3.11). In the left panel, the generation of baryon asymmetry
is depicted in two steps: 1.) a positive asymmetry is injected into B (green arrow),
and 2.) sphalerons redistribute the asymmetry along the gray diagonal to reach
the equilibrium line (orange arrow). In the right panel, the dynamic evolution is
shown, where the system moves directly along the equilibrium line (blue arrow) due
to sphalerons being in thermal equilibrium. The final state (black star) exhibits a net
positive B asymmetry, a negative L asymmetry, and a positive B — L asymmetry.

In reality, these steps occur dynamically and simultaneously. This is shown in the right
panel, where the system moves directly along the equilibrium line (blue arrow) as long
as sphaleron processes remain in thermal equilibrium. The final state is marked by the
black star, where there is a net positive asymmetry in B, smaller than the injected
B — L asymmetry, along with a corresponding negative asymmetry in L. As expected,
the final state possesses a non-zero B — L asymmetry.

The electroweak sphaleron processes will become relevant later in this thesis, as they
represent an unavoidable effect to consider when generating a baryon asymmetry in the
visible sector at high temperatures.

3.4 Main mechanisms for baryogenesis

Several mechanisms have been proposed to explain the origin of the baryon asymmetry
in the universe. While these scenarios satisfy the Sakharov conditions, they differ
in how and when the asymmetry is generated. In this section, we focus on two of
the most widely studied mechanisms: Electroweak Baryogenesis (EWBG) (3.4.1) and
Leptogenesis (3.4.2). EWBG relies on a first-order electroweak phase transition to
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3.4 Main mechanisms for baryogenesis

Fig. 3.4: First-order electroweak phase transition: Bubbles from the broken phase,
characterized by (®) # 0, expand into the surrounding plasma, which remains in
the symmetric phase with (®) = 0.

generate the asymmetry, while leptogenesis produces a lepton asymmetry that is later
converted into a baryon asymmetry via sphaleron processes.

Another approach is based on Grand Unified Theories [121], where baryon number
violation naturally arises due to the unification of quarks and leptons into common
representations of a larger gauge group. In these models, interactions mediated by
heavy gauge bosons violate baryon number at high energies. While proton stability
today requires these mediators to have masses exceeding 10'* GeV [122], making B-
violating interactions negligible at present temperatures, such processes could have
played a significant role in the early universe.

Other proposals, like the Affleck-Dine mechanism [123], offer alternative explanations.
This framework involves the dynamics of scalar fields that carry baryon or lepton
number. In supersymmetric theories, certain flat directions in the potential allow these
fields to acquire large vacuum expectation values during inflation. As the universe
evolves, these fields undergo coherent oscillations and eventually decay, transferring
their asymmetry to the baryon and/or lepton sectors.

3.4.1 Electroweak Baryogenesis

EWBG refers to mechanisms where the baryon asymmetry is generated during the
electroweak phase transition (EWPT). While many variations of EWBG have been
proposed, they all share foundational features [118]. These scenarios assume initial
conditions of a baryon-symmetric, radiation-dominated universe governed by the
electroweak symmetry group SU(2)r, x U(1)y.

For EWBG to successfully produce the baryon asymmetry, the EWPT must be of first
order [124]. In this type of transition, bubbles with a non-zero Higgs vacuum expectation
value, (®) # 0, nucleate and expand within a symmetric phase space where (®) = 0,
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Fig. 3.5: Schematic representation of baryon asymmetry generation near the bubble walls.
CP violation leads to asymmetric scattering for right- and left-handed quarks and
antiquarks.

as depicted in Fig. 3.4. Eventually, these bubbles collide and fill the universe. During
this process, the sphaleron rate, highly active in the symmetric phase, is exponentially
suppressed within the bubbles (broken phase). The baryon asymmetry is generated
near the bubble walls through the following three steps:

1. Particles in the plasma interact with the advancing bubble walls. CP violation in the
walls results in asymmetric scattering, leading to unequal reflection and transmission
probabilities for right- and left-handed quarks and antiquarks. This creates a chiral
asymmetry near the bubble walls, where the number of (g7, + gr) exceeds that of
(qr + qr)- This process is schematically illustrated in Fig. 3.5.

2. Electroweak sphalerons, which remain effective in the symmetric phase outside the
bubbles, convert the chiral asymmetry into a baryon asymmetry. These processes
affect only left-handed quarks, and due to the asymmetry generated in Step 1, the
interaction rate I'(q, — 8qr + 3ly) with AB = +3 exceeds the reverse process
I'(qr, — 8qr, + SZL) with AB = —3. This imbalance results in a net baryon number.

3. The baryon asymmetry diffuses into the expanding bubbles. Once inside, the
sphaleron rate is strongly suppressed in the broken phase, preventing the asymmetry
from being washed out. The universe thus transitions into a broken phase with a net
baryon asymmetry.

These steps collectively satisfy Sakharov’s conditions for baryogenesis. While all the
necessary ingredients for EWBG are present in the SM, they are insufficient to explain
the observed baryon asymmetry. For the EWPT to be of first order, the Higgs boson
mass would need to be my, < 70 GeV [125], far below its experimentally measured value
of mp, = (125.10 £ 0.14) GeV [17]. Additionally, the CP violation induced by the CKM
phase in the SM quark sector produces a baryon asymmetry of only ng ~ 102", which
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Fig. 3.6: Tree-level decay and inverse decay processes of sterile neutrinos mediated by the Dirac
mass term. These interactions result in AL = 1 transitions, essential for leptogenesis.

is negligible compared to the observed value in Eq. (3.1) [126]. For further discussions
and detailed reviews on EWBG, see Refs. [119,127].

3.4.2 Leptogenesis

Thermal leptogenesis, proposed by Fukugita and Yanagida in 1986 [128], is a mechanism
where a lepton asymmetry is first generated and later converted into a baryon
asymmetry through electroweak sphaleron processes.

The introduction of right-handed sterile neutrinos, N}% (with i denoting the generation
index), plays a central role in addressing neutrino masses. The seesaw mechanism
[129-132] combines Dirac and Majorana mass terms in the Lagrangian to explain the
smallness of light neutrino masses, provided the Majorana mass is much larger than the
electroweak scale.

The key property of N}';i for leptogenesis is their participation in L-violating
interactions. Their decays and inverse decays into the lepton doublet L and the Higgs
field H, mediated by the Dirac mass term, result in a change of lepton number AL = 1.
These decays are shown at tree level in Fig. 3.6.

The conditions for a successful Leptogenesis are:

e Generation of a B— L Asymmetry. For leptogenesis to yield a baryon asymmetry,
it is crucial that N}é decays and inverse decays violate B — L. Sphaleron processes
transfer the B— L asymmetry to a net baryon number, as described by the equilibrium
relation in Eq. (3.11). If the generated B — L asymmetry is zero, the resulting baryon
asymmetry will also vanish.

e C and CP violation. CP violation in N}é decays occurs at the one-loop level
when at least two generations of sterile neutrinos are present. The one-loop diagrams
contributing to CP violation are shown in Fig. 3.7. The CP violation parameter ¢; is
defined as

_ T(N% — LpH) —T(Ni — L} HY)

“= T(Ni, — Ly H) + (Nt — LT H)

(3.12)
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Fig. 3.7: One-loop contributions to the tree-level decay N — L H. These diagrams, which
interfere with the tree-level process, are essential for generating CP violation in
leptogenesis.

At one-loop order, ¢; is computed to be

M2 M2
i i 3 %

where M; is the mass of N§, )\; is the Dirac coupling, and the functions f(a) and g(a)
are defined as

f(a)E\/E[l—(1+a)ln<l+a>], (3.14)

a

[®

(3.15)

e Avoiding washout. Some scattering processes with AL = 1 or AL = 2 may erase
the generated lepton asymmetry. It is important to ensure that these processes do
not fully wash out the asymmetry before it is transferred to the baryon sector.

e Departure from thermal equilibrium. The expansion of the universe naturally
provides the departure from thermal equilibrium required for leptogenesis, particularly
for Majorana masses in the range of 10'°-10'6 GeV.

The evolution of the sterile neutrino abundance, YN;‘% , and the B — L asymmetry,
YpB_1, is governed by the following Boltzmann equations

R _ _ I tot,2 Yyvi — Y4 1
= ~am s (i) (3.16)
dYp_r, x tot,i eq i
dz - - EZ H(l) |:61<F>D (YN}% - YN}?) +5<Jv>scattsYB—L ) (317)

i
scatts

where <I‘>§§t’i is the thermally averaged decay rate of N%, and (o) is the thermally
averaged cross section for scattering processes violating B — L.

For a comprehensive discussion on leptogenesis, refer to Ref. [119].
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Chapter 4
An asymmetric dark sector

In Chapter 2, we discussed the dark sector, a component of the universe supported
by overwhelming evidence but whose nature remains unknown. In Chapter 3, we
examined the matter-antimatter asymmetry in the visible sector. This observation
naturally suggests the possibility of a dark sector with unequal particle and antiparticle
abundances, a concept referred to as Asymmetric Dark Matter (ADM).

4.1 Ratio of dark matter and baryon densities

Another compelling reason to consider an asymmetric dark sector is the observational

similarity between the dark matter and baryon abundances [5]:

QDM ~ 5Qb, (41)

which hints at the possibility of a shared mechanism linking the two sectors. A
priori, these two quantities are unrelated. The relic density of dark matter in the
freeze-out framework depends on the point at which the interaction rate falls below
the Hubble expansion rate. In contrast, the baryon relic density is governed by
CP-violation parameters and the out-of-equilibrium dynamics associated with baryon
number-violating processes during baryogenesis. Given that these mechanisms are
seemingly independent, the fact that the energy densities of dark matter and baryons
are of the same order of magnitude is striking.

A way to establish a connection between these two sectors is to consider an asymmetry
in the dark sector that is directly linked to the baryon asymmetry. The two asymmetries
could either have a common origin or have been transferred from one sector to the other.

4.2 Asymmetric dark matter models

The idea that dark matter and the baryon asymmetry might be related dates back to
the late 1980s, around the same time as the emergence of the WIMP paradigm. One
of the earliest motivations for a dark matter asymmetry was to explain the relation in
Eq. (4.1), as suggested in Ref. [133]. Additionally, it was proposed as a solution to the
solar neutrino problem, where dark matter could accumulate in the Sun and impact
heat transport [134], but the annihilation inside the Sun’s core could be avoided if only
particles of asymmetric nature would be present [135].
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Building on these early ideas, the ADM paradigm [136] provided a framework to
connect the baryon and dark matter number densities via higher-dimensional operators.
This paradigm encompasses a wide range of realizations while naturally avoiding all
experimental constraints, and led to significant research activity in developing ADM
models and exploring their phenomenology. Generally, the ADM mechanism works as
follows:

1. An asymmetry arises in the visible sector, the dark sector, or both. It may originate
in the visible sector and be transferred to the dark sector, emerge in the dark sector
and subsequently be communicated to baryons and leptons in the visible sector, or
be generated simultaneously in both sectors.

2. The process which communicates the asymmetry between the two sectors decouples
or becomes inefficient, leaving the asymmetries in each sector fixed.

3. If dark matter had a thermal abundance during the asymmetry generation process,
its symmetric component must annihilate, leaving only the asymmetric component.
This can occur through ADM freeze-out, as discussed in Section 2.4.2.

We will briefly review in the following some of the most common asymmetry transfer
and asymmetry generation mechanisms.

4.2.1 Asymmetry transfer mechanisms

The transfer of a pre-existing asymmetry between the dark and visible sectors can
occur through various mechanisms, including sphalerons, higher-dimensional operators
and oscillations.

Sphaleron transfer models exploit electroweak sphalerons. In these models, dark
matter carries a global symmetry (D), analogous to B and L, which is classically
conserved but is violated by sphalerons if D is anomalous under SU(2). As a result, the
dark matter asymmetry freezes in when sphalerons decouple. However, these models
often require modifications to the electroweak sector, leading to strict experimental
constraints. An alternative is to introduce a new gauge group where D, along with B
or L, is anomalous, avoiding these constraints while maintaining the same mechanism.
Some proposals which use electroweak sphalerons to relate baryon and dark matter
asymmetries are Refs. [137-141].

The second class of transfer mechanisms avoids precision electroweak constraints
by using higher-dimensional operators to link the baryon, lepton, and dark matter
asymmetries. As the universe cools and the operator decouples, the asymmetries freeze
in separately in each sector. Alternatively, renormalizable interactions can achieve the
same effect, particularly in models with additional fields, where the interaction naturally
decouples as heavy particles are integrated out, providing a connection between higher-
dimensional and renormalizable approaches. Higher-dimensional operators can arise
naturally in Grand Unified Theories through the integration of heavy fields [142], or in
string theory via higher-dimensional effects [143]. Other models make use of operators
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such as LH X? [144-146] or alternative higher-dimensional interactions [147] to facilitate
asymmetry transfer between sectors.

Another asymmetry transfer mechanism relies on particle oscillations to redistribute
a pre-existing asymmetry between the visible and dark sectors. Similar to neutrino
oscillations, these mechanisms involve a mass mixing term between a SM particle and a
dark sector state carrying baryon or lepton number. If oscillations occur after an initial
asymmetry has been established, they allow for a late-time transfer of the asymmetry
before freezing out [148].

4.2.2 Asymmetry generation mecanisms

Since ADM models can transfer a pre-existing asymmetry, they naturally integrate with
standard mechanisms for generating the cosmological lepton or baryon asymmetry, like
those mentioned in Section 3.4. In addition, some models occur through “darkogenesis”,
where the asymmetry originates in the dark sector and is later transferred to the SM
through the previously discussed mechanisms, or through “cogenesis”, where a single
source generates asymmetries in both the dark and visible sectors simultaneously.

4.2.2.1 Darkogenesis

In dark baryogenesis (or darkogenesis), an asymmetry is first generated in the dark
sector and later transferred to the visible sector, either through sphalerons or other
interactions.

In some models, asymmetry generation in the dark sector follows frameworks
analogous to EWBG, which was introduced in Section 3.4.1. In the dark sector, a
dark Higgs can have C- and CP-violating interactions and undergo a first-order phase
transition, enabling asymmetry generation. Additionally, if the dark sector includes a
dark non-Abelian gauge group, under which the dark matter number D has a chiral
anomaly, then dark sphalerons can violate D. Since the dynamics of the dark sector
remain largely unknown, most constraints on these models arise from the asymmetry
transfer mechanism rather than its generation. Viable models of dark EWBG include
Refs. [149,150].

Other models are based on spontaneous baryogenesis, described in Refs. [151, 152].
Here, instead of relying on a dark phase transition, spontaneous dark baryogenesis
can generate a dark matter asymmetry via spontanous symmetry breaking. In this
framework, the usual C and CP violation required by the Sakharov conditions is replaced
by a spontaneous violation of CPT and T symmetry. This mechanism introduces a term
in the Lagrangian of the form [153]:

0.9
/

where f is a decay constant, and J% is the current associated to the symmetry X, which
in this case is X = D. If the scalar field ¢ acquires a vacuum expectation value, its time

LD Jy, (4.2)
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derivative induces spontaneous CPT and T violation, generating a chemical potential
ux = (;5/ f and leading to a net dark asymmetry.

Additionally, the literature includes mechanisms inspired in leptogenesis, such as
Ref. [154] and in Affleck-Dine dynamics, both of which can operate exclusively within
the dark sector before transferring the asymmetry.

4.2.2.2 Cogenesis

A common class of cogenesis models involves the decay of a parent particle that
simultaneously generates asymmetries in both the visible and dark sectors. This is
particularly well illustrated in extensions of the classic leptogenesis mechanism. In this
scenario, heavy sterile neutrinos NV; decay into both SM particles (L and H) and dark
sector particles (x and ¢) [155]:

1
L= —iMiNZ-Q —yilNiLH — A\iNix¢ . (4.3)

Since N; violate both B — L and D, the resulting asymmetries in these sectors are
generally not identical. Each asymmetry is determined by CP violation in the decay
channels, which is governed by the Yukawa couplings y; or A;. This leptogenesis-
inspired framework can be realized in many different ways, including those proposed
in Refs. [156-164].

Another class of cogenesis models relies on CP-violating oscillations of neutral mesons
before their decay into both visible and dark sector particles. In these scenarios, mesons
such as neutral B mesons undergo CP-violating oscillations before decaying into baryons
and dark matter candidates, leading to a dynamically generated asymmetry [165, 166].
This approach allows for a testable, low-energy realization of cogenesis [167].

Other cogenesis models are also based on the Affleck-Dine mechanism, where a
potential-flat direction in field space carrying both B — L and D generates asymmetries
in both sectors simultaneously [168-172].

Additional possibilities include EWBG scenarios extended to incorporate both the
dark matter sector and the SM [139,173-175], as well as spontaneous cogenesis, such as
in Ref. [176], where Eq. (4.2) features the combination X = B — L — D.

4.3 A baryon-symmetric universe

We typically refer to the baryon asymmetry in the visible sector as if it implies a baryon-
asymmetric universe. However, from an observational standpoint, there is no direct
evidence that the universe as a whole is baryon asymmetric. As previously discussed,
the visible sector, the portion of matter we can directly observe, constitutes only a small
fraction of the total matter in the universe. The vast majority remains unobservable,
meaning that our evidence for a baryon asymmetry is confined to the visible sector
alone. Specifically, what we observe is an asymmetry between quarks and antiquarks,
quantified as

Yago = (2.613 4 0.018) x 10710, (4.4)
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which is obtained by multiplying by 3 the commonly reported value in terms of the
asymmetry in baryon number, given in Eq. (3.3).

This raises a crucial possibility: dark matter itself could carry baryon number. If the
excess of quarks in the visible sector were exactly compensated by an opposite baryon
charge hidden in the dark sector, then there would be no net baryon asymmetry in the
universe.!

In this scenario, the first Sakharov condition, which expresses the requirement of
baryon number violation, would no longer be necessary for generating the observed
quark-antiquark asymmetry.?

The remainder of this thesis is structured as follows: we first introduce the
fundamental aspects of this scenario, followed by an exploration of its dynamics, in
Chapter 5. Then, we discuss the expected experimental constraints and observational
signatures in Chapter 6, before concluding with a discussion of its potential UV
completion in Chapter 7.

1Since sphalerons violate B but conserve B — L, we must talk about a universe which is B — L
symmetric. This topic will be formally addressed in the following chapter.
2Other works that consider a B — L symmetric universe are Refs. [156, 157,162, 165,174, 177-179).
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Chapter 5

Baryon number conserving model

5.1 A simple scenario

At the end of the previous chapter, we established that the universe could be baryon-
symmetric, with the counterpart of the apparent baryon asymmetry concealed in the
dark sector. We now present the proposed model which explains the nature of dark
matter and the matter-antimatter asymmetry in a baryon number conserving scenario.

We introduce a dark sector with two new particles: a complex scalar x, which is
charged under baryon number as B(x) = —1, and a Dirac fermion N, which is charged
with an opposite baryon number B(N) = +1. Both particles are singlets under any
other SM gauge groups. The SM quarks are charged as usual with fractional baryon
number B(q) = 1/3.

The revised conditions required for the generation of a quark-antiquark asymmetry
in this scenario are as follows:

1. C and CP violation within the dark sector,
2. a departure from thermal equilibrium,
3. a portal interaction between the dark sector and the quarks.

The first two conditions are essential for creating an asymmetry between the number of
particles N and N, and therefore a baryon asymmetry within this particle species. The
third condition is then necessary to transfer this asymmetry generated in the N sector
to the quarks.

5.1.1 Lagrangian and interactions

The scenario follows the principle of baryon number conservation, as we ensure that the
global U(1)p symmetry is strictly conserved in the new interactions, just as it is in the
SM. Following this principle, we will use it as a guideline when writing the interaction
terms in the Lagrangian for the dark sector particles.

The kinetic and mass terms in the Lagrangian of the dark sector baryons read

L5 10ux1* + mix*x + N (id — my) N. (5.1)
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Additionally, two baryon number-conserving interaction terms involving these dark
sector particles can be introduced using dimension-5 operators in Effective Field Theory
(EFT), each associated with a different energy scale A:

LD Aixx*NN + * (XXN°N + h.c.), (5.2)
0 As

where the superscript ¢ denotes charge conjugation. Both of these terms conserve baryon
number, but the first term, with energy scale Ag, does not change baryon number in the
fermionic current or within each particle species sector. In contrast, the second type
of term, with energy scale Ay, changes the baryon number within each species in two
units, as the subscript denotes.

The connection between the dark sector and the SM is realized through a term
connecting the particle N with first-family quarks, called the “neutron portal”:

1 — -
with ur and dp the right-handed up and down quarks.! The energy scale associated
with this dimension-6 term is A,,.
We can also introduce a Higgs-type portal of the form

£5 Ml HP, (5.4)

with H the SM Higgs doublet, and A,z a dimensionless coupling constant. This portal
will not impact the dynamics of the scenario, as it does not transfer baryon number
from the dark sector to the visible sector. Moreover, A,y is experimentally constrained,
and it would only feebly contribute to the freeze-out of the dark matter. More details
about the phenomenology of this portal will be addressed in Section 6.1.

Table 5.1 provides a summary of all particle-number-changing processes corresponding
to each interaction term and energy scale presented in Egs. (5.2) and (5.3).

Annihilations mediated by Ag either increase or decrease the total abundance of the
species x and N. Since these processes always involve one particle and one antiparticle,
they do not alter any asymmetry stored within each particle species.

The processes associated with the energy scale A, including both annihilations and
scatterings, impact any asymmetry stored in these particle species, as they transfer
baryon number between the species while still conserving the total baryon number.

Finally, we have the processes associated with the neutron portal, characterized by
the energy scale A,. These processes link the dark sector, specifically the particle
species N, to the quark sector, allowing baryon number to flow between them. Through
the scatterings, an initial asymmetry in N will be quickly partially converted into an
asymmetry within the quark sector. At later times, the decays of N and N will transfer
any remaining asymmetry to the quarks as they disappear from the universe. The
neutron portal interactions do not violate baryon number but will appear to do so in
experiments, as only SM particles are detectable.

!Portals involving heavier generation quarks are also possible, and will be commented in Section 7.2.3.
Portals involving left-handed quarks are do not present any phenomenological advantage.
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Table 5.1: Relevant processes arising from the different EFT interaction terms in the
Lagrangian (5.2) and (5.3), associated to the different energy scales.

Energy scale Relevant interactions
Ay Annihilations: xx* < NN
\ Annihilations:  yx < NN, x*x* < NN
nY) —
Scatterings: xN < x*N
‘ Nd < ud, Nd< ud
Scatterings: . o
Ay Nu <+ dd, Nu<+dd
Decays: N = udd, N — udd

5.1.2 Initial condition

As mentioned earlier, we need an asymmetry to be generated between particles N and
antiparticles N. To conserve the overall baryon number, a corresponding asymmetry
between particles x and antiparticles x* is also required. Fig. 5.1 illustrates this initial
condition. The boxes represent the different particles involved, their size proportional
to their abundance. Yellow represents negative baryon number, while blue represents
positive baryon number. The interactions between the different particle species are
shown as connecting pipes.

The generation of this asymmetry in each dark sector species, can be realized though
different mechanisms. For now, we assume an initial condition where the asymmetry
is already present. Later, we explore the dynamic generation via a leptogenesis-like
mechanism, involving two heavy Majorana fermions that decay into the dark sector
particles, with CP violation occurring at the loop level. For a detailed description of
this mechanism, see section 7.1.

5.1.3 Dark matter

Let us now focus on the complex scalar y. This particle is the lightest scalar charged
under baryon number. This implies that, in the case of baryon and lepton number
conservation, xy and x* are not allowed to decay, making them absolutely stable. In
typical dark matter models, stability is imposed ad hoc by making them odd with respect
to a Zo symmetry. Here, however, stability is a natural consequence of baryon and lepton
number conservation, without the need to impose any new symmetries.? Furthermore,
dark matter stability is also strongly linked to the quark-antiquark asymmetry in this
scenario: if dark matter decayed into SM particles, it would erase the visible net baryon

2In the model presented in Eq. (5.1—5.4), the dark matter particle exhibits an accidental Z2 symmetry,
X — —X, which however has no influence on the dark matter stability.
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XX'NN N
X B=-1
B=-1 -
XXN'N
X* B=+1
B=+1
NdRu_;ng
q
q

Fig. 5.1: Simplified sketch of the initial condition in our scenario. The particles and
antiparticles charged under baryon number in the dark and visible sectors are
represented as boxes, with box size indicating particle abundance and color
representing the sign of the baryonic charge. There is an equal but opposite
asymmetry in the dark sector particles. The overall baryon number of the universe is
ZEro.

asymmetry. The fact that this particle is stable and neutral under the SM gauge
symmetries, makes it a good dark matter candidate.

The present-day abundance of this partice species must match the observed relic
abundance of dark matter. This can be achieved, for instance, through the asymmetric
freeze-out of y and y* via annihilations of the type xx* — NN, mediated by Ag,
provided this energy scale is sufficiently low. The freeze-out processes might result in the
complete depletion of the asymmetric component, leaving only the excess of particles,
as represented in the left panel of Fig. 5.2. Alternatively, it might result in a partial
depletion of the asymmetric component, leaving also an abundance of antiparticles, as
represented in the right panel of Fig. 5.2. The asymmetry present in the dark matter
sets th depletion e limit for the asymmetric freeze-out scenario: even with the strongest
cross section, it is impossible to annihilate the excess particles once all antiparticles are
depleted. We will explore the dark matter freeze-out in our scenario in more detail in
Section 5.2.4.

It is important to note that while freeze-out dynamics require the scale Ag to be low
to enable efficient yx* — NN annihilations, the opposite is true for the interaction
scale As. As mentioned earlier, interactions mediated by this scale tend to erase the
asymmetry within each particle species, earning the name of “washout processes”. If
these interactions are too strong, they will erase the asymmetry between y and x* as
well as between N and N, preventing any asymmetry from being transferred to the
quarks. Therefore, As needs to be larger than a certain value. A more detailed analysis
of the washout dynamics is provided in Section 5.2.2.
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XXNN| N XXNN| N

B 1 B 1
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X N
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NdpiGdn Ndpufdz] |

S|
(S

Fig. 5.2: Possible states after dark matter freeze-out starting from the initial condition in
Fig. 5.1, corresponding to the scenario where dark matter antiparticles have efficiently
annihilated (left panel), or only partially annihilated (right panel).

Assuming that the asymmetry is not completely washed out (a partial washout can
be compensated with a larger initial asymmetry), any remaining asymmetry between N
and N will be transferred to the quarks through scatterings and decays. This results in a
final state with equal and opposite baryon number in the visible and dark sectors today,
nOAX = nOAb. This final state is depicted in Fig. 5.3, where the two sketches correspond
to the case where the asymmetric component of dark matter is totally annihilated (left)
or only partially annihilated (right).

In this setup, we find that the maximum dark matter mass is mpmy = 5 GeV,
corresponding to the case where Ay is sufficiently large for dark matter to be fully
asymmetric today. This value comes from the relation between the dark matter and
baryon energy densities, given in Eq. (4.1), and the fact that there are practically no
SM antibaryons today (n{ = nQ,):

mpm nHy = 5 npmy, (5.5)
h
mpmMm = 5 GQV -0 (56)
npm
0
mpmM — 5GeV %, (57)
NAy + an*

where m, >~ 1 GeV is the mass of the proton. If the relic dark matter abundance is fully
asymmetric, ng)c* = 0 and mpy = 5 GeV. If it is not fully asymmetric, then n?(* # 0,
and the dark matter mass will be lower to compensate its excess of abundance relative

to the SM baryons.
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XX'NN XX'NN
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NdRu_ngE Ndgpu5drg
q q

Fig. 5.3: Possible final states from the initial condition in Fig. 5.1, corresponding to the
scenario where dark matter antiparticles have efficiently annihilated (left panel), or
only partially annihilated (right panel). All N have decayed into quarks. The effect
of sphalerons is not considered in this sketch. In both cases, the total baryon number
of the Universe is conserved and equal to zero.

5.1.4 Effect of sphalerons

So far, we have presented a somewhat simplified picture of the actual scenario. One
important factor to consider is the effect of sphalerons, introduced in Section 3.3.
Sphalerons are processes that remained active in the universe up to temperatures of
T ~ 130 GeV [117], and which involve SM quarks and leptons in a manner that conserves
B — L but violates B and L individually.

If the asymmetry in the dark sector particles is generated while sphaleron processes are
still in equilibrium, then, given that neutron portal scatterings will transfer immediately
part of this asymmetry to the quarks, sphalerons will in turn transfer part of this
asymmetry from the quarks to the leptons. Once sphalerons go out of thermal
equilibrium any asymmetry stored in leptons will remain fixed, altering the scenario
shown in Fig. 5.3.

After the particles N and N decay into quarks, the asymmetry in the dark matter
particles will differ from that present in the quarks, as part of it has been transferred
to the leptons: nOAX > n%b. Now, in the totally asymmetric case (ng]c* = 0), the mass of
the dark matter is lower than 5 GeV, see Eq. (5.7). A careful analysis of the fraction of
asymmetry transferred to leptons, performed in Section 5.2.3, reveals that the maximum
dark matter mass for Tj, > 130 GeV is mpym = 1.9 GeV. The effect of sphalerons will
be included from now on.
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5.1.5 Viable energy scales

It is worth noting that the requirements for the the introduced energy scales are not
overly restrictive, as they allow for broad parameter ranges rather than specific values.
We impose an upper limit on Ay to ensure it can deplete the thermal abundances of
dark matter, and a lower limit on As to prevent washout of the asymmetry. A wide
range of values is also permitted for A,,. Specific analysis and numerical values for these
limits can be found in Sections 5.2.2, 5.2.4 and 6.2.2.
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5.2 Dynamics

5.2.1 Boltzmann equations

We have presented in the previous section the different particles and interactions that
conform the dark sector in our scenario. To assess the evolution of the abundances of
these particles, we use the Boltzmann equation formalism described in Appendices B.1
and B.2. We write an equation for the yield of each particle and antiparticle, accounting
for the various interactions that impact it (see Table 5.1). The equations read

dYy A Yl , (v 2 ,
— X == (00w | VYo - quyeqYNY +2(ov), oy | Y - ve V2
ququ
+ (0V) NN <YXYN - Y’gqyeq Yy YN> (5.8)

2
dYye A Y 2 (%) ye
T;( — _ﬁ [<O-U>XX*H]VN <YXYX* — WY;C;CIYNYN + 2<O"[/'>X*'X* sNN YX* - Yj(\efq YN

Y vt
— <O—?">XAV~>)(*AV" YXYN — WYX*YN 5 (59)
X* N
2
dYy A Yy ol ) Yol )
dr 2 [— (00) NN (nyx* - W)%YNYN — 2(0v)yryr NN | You — inefq Yy
Yyt 1
V) Ny (YXYN YéqY]Zqu YN) < N>(YN - stfq>
+ <07">Nr7—>'udYJeq (YN o Yﬁﬁ) + <(T/U>Nﬂ~>ddyﬂeq (YN o Yif(l) ’ (510)
2
dYy A Y o (Y s
7dx = _ﬁ [ - <0—L>XX *}N’\ (Y YX* - ququYNY <O—('>XY~>T\7’ YX - Yﬁq YN
N
Yyt 1
- <UU>X1\HXW (YXYN Yéqylgq Yy YN) 5 —(I'n) (YN - Y§q>
+ (00§ gaa¥a (YN - Yxe;q) (00§ usda¥u <Y - qu) (5.11)
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5.2 Dynamics

Here, z = m, /T, s is the entropy density of the universe at the temperature 7', defined
in Eq. (2.6), and the overall numerical factor A is given in Eq. (2.12). To simplify
the equations, we have applied detailed balance to relate the thermally averaged cross
section of each process to that of its inverse.

The explicit expressions in the EFT for the cross sections and rates of the involved
annihilations, scatterings, and decays read:

2\3/2
SR Chuk. ) (5.12)
xx*—NN 9 9 ) :
8w SMAQ
2\3/2
o oo (s—4my) 5.13
Oyx—=NN = Ox*x*=NN = ) (5.13)
’ 87rs,/s—4m§<A22
2
OXN-N = 327 52A52 ’ ’
m?\, + 14s
ONd—ud = ONd—ad — 1927TAH4 ) (515)
2m?\, +s
ONu—dd = ONy—sdd — W ) (5-16)
1 m?v
I'N—udd = ri\if%ﬂdd - WW ) (5-17)

with s the square of the center of mass energy. To obtain the thermally averaged cross
sections and thermally averaged decay rates which appear in the Boltzmann equations,
see the formalism detailed in Appendix A.4.

To simplify the discussion, we will assume that the neutron portal interaction is
sufficiently strong to bring the dark sector baryons into thermal equilibrium with the
visible sector, bringing the temperature of both sectors to be the same. At a given
temperature T, this condition requires:

Ay S61x 107 [ GeV 5.18
" <1()5 GeV> v (5.18)
coming from the imposition that the rate of the neutron portal scatterings is faster
than the expansion of the universe, (ov)ny > H. We can see in Fig. 6.6 how this is a
reasonable assumption.

It will be convenient to work with the total yields of the different particle species,
along with their corresponding asymmetries, defined as:

Y)Z,Ot — YX + YX*? YAX = YX — YX*7 (519)
Y&ot — Yy + Yy, Yan =Yy — Yx. (5.20)
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The Boltzmann equations describing their temperature evolution are then

dy e A
X — 2 2(00) vy (YXYX* _ PYNYN> (5.21)

+2(00)ww (YEHYE - P (R +Y2))

)

] [2<U’U>X>«ﬁ\1\' (YX2 o YXQ* +P (Yﬁf B Y]%) ) (5:22)

9

-+ 2<(71/'>X);\;*>Xxj\7 <YXYN - YX* YN)

dYtOt A 2 2 2 2
CX_ 2 [ = 2(00) o (Ve = PYNYy ) = 2000) vy (V2 Y2 = P (1 +Y2))

(0] s (YWY YR Y5 = YRAYes — vty o) (5.23)
(o) (YN YRS+ Yy Vo9 = YRIvee — vedyea)

1
+ () (Yo + Yy — Y30 - ¥39)

)

dYay A
oo [2<U,U>X’X%A\, (V2= Y2+ PR =¥2)) +2000) v, ox (MY = Vi Yy)

4 (00 N (YNY;Q — VY- Yy 4 ngqY;Q) (5.24)
+ (00) Naosdd (YNYﬁeq e R e Y§QY5Q)

9

1
+ g<r\> (YN -Yy Yy + Y§q)

where we have already made use of the fact that the cross sections related by charge
conjugation are identical, see Egs. (5.13), (5.15), (5.16) and (5.17). The yields Yy, Y.+,
Yy and Yy are implicit functions of the total yields and of the asymmetries.

Further, in the derivation of the above equations we have made the approximation

€qyeq
Yy

XN (5.25)
eqy€q )
Y Y5
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Fig. 5.4: Initial condition in our scenario, now including the standard model leptons. The
baryon-number-charged particles and antiparticles in the dark and visible sectors
are represented as boxes, with box size indicating particle abundance and color
representing the sign of the baryonic charge. There is an equal but opposite
asymmetry in the dark sector particles. The overall baryon number is zero.

and we have introduced the function P:

eqy eq eq\ 2 eq\ 2 2 4 2
Pt (5) = (5) = (2) () (BB o
N1y N N gN mpy K (mN / T)
Here, the dependence on the chemical potentials has been neglected. At high
temperatures, this is justified by using the Maxwell-Boltzmann approximation, and
at low temperatures, the chemical potentials of the x and N particles are expected to
be of the same order of magnitude, canceling out.
Additionally, we also write the Boltzmann equation for the asymmetry in the visible
sector, affected by the scatterings and decays mediated by the neutron portal. The

asymmetry between the total number of quarks and antiquarks, Aq = >, Ag;, evolves
as:

dYa,  3A[1 @ e

+ <U?”>N(Z~>'{u1, (YNYJeq - YN Ydeq - Y]quYJeq + Y]qudeq)

. (5.28)

u

+ {0V Naosdd (YNYgfq B L s ngqYueQ)

The constant ¢, introduced in Eq. (3.11), quantifies the efficiency of the conversion of
the baryon asymmetry stored in the left-handed quarks into a lepton asymmetry stored
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1 1
Tin My Taecay

T

Fig. 5.5: Representative evolution of the total yields of y + x* and N + N (dash-dotted) and
the yields of the different asymmetries between particles and antiparticles (solid) for
the initial condition depicted in Fig. 5.4, as a function of decreasing temperature. See
the main text for details.

in the left-handed leptons via sphaleron processes. The integration of this effect into the
Boltzmann equations is derived in Appendix B.3. If the asymmetry in the dark sector
is generated at temperatures above 130 GeV, before sphalerons drop out of thermal
equilibrium [117], then ¢ = 12/37 [120]. In turn, the asymmetry between the total
number of leptons and antileptons, A¢ =", A¢; can be calculated from

dYar  11-cdVa,
de 3 ¢ dr

(5.29)

If the initial asymmetry is instead generated after sphaleron freeze-out, then we set
c =1 and no asymmetry is transferred to the leptons.

The initial condition is sketched in Fig. 5.4. At the high temperature Ti,, all particle
species are ultra-relativistic, so their equilibrium yields depend only on the internal
degrees of freedom, see Eq. (A.7). For the particles in the hidden sector, this implies
Yy = 2Y¢9. Additionally, the yields of the asymmetries satisfy

YA = VAL, (5.30)
YA, = YA, =0. (5.31)

With these ingredients, we can now numerically solve our system of Boltzmann
equations for any chosen set of parameters. Fig. 5.5 presents a qualitative example
of the solution. The total abundance of dark sector particles is shown with dashed
lines, while the particle-antiparticle asymmetries for dark sector particles, quarks, and
leptons are shown with solid lines. The scale As is chosen large enough to avoid washout,
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and Ay is set so that the asymmetric component of dark matter is completely depleted
during freeze-out. The figure also illustrates how the asymmetry YAy is immediately
redistributed into quarks and leptons. In the following sections, we provide a detailed
explanation of the dynamics in each temperature regime.

5.2.2 Washout of the asymmetry

At temperatures close to Ti,, the processes xx <+ NN and yN < x*N (with rates
depending on Ag) contribute to the washout of the asymmetry within the hidden sector,
thereby influencing the size of the asymmetries transferred to the visible sector. Let us
study quantitatively the effect of the washout processes.

The effect of the washout in Ay follows from Eq. (5.22). We recall

dYay N A

PPl [<> (2-ve+ PR 7)) .32

+2(00) oy en (YN = Ve Yy )

We can approximate now the yields of each particle and antiparticle i to first order

in terms of their equilibrium values when the asymmetry is zero, Y} ;O, and their

asymmetry, Ya;, for each temperature:

_ YA — YA

Y, :Y;GSJFTX, V- ZY;feS—TX7 (5.33)
0 Y 0 Y
=0 AN =0 AN

Yy =Y+ 5 Yy =Yoo, — - (5.34)

At high temperatures, the function P, defined in Eq. (5.26), approximates well to P ~
1/4. The relation between the equilibrium yields is Y](,ﬂ:ez = 2v}%). Assuming for
simplicity YAn = Ya,, which corresponds to neglecting the effect of the nuetron portal
scatterings, we can arrive to the simple equation

dYa 6 =
WX = _ﬁ (<O“U>X'X sNN + <Ul"'>')(j\*" >X*1’\T> Y)él;e((l) YAX’ (535)

and similarly for Yay. If we take into account the immediate redistribution of the
asymmetries in AN and the quark sector due to the neutron portal being in equilibrium,
then the relation YAy = Y, no longer holds. Instead, if sphalerons are also active, we
have 122YAn = 11Ya,, as will be explicitly derived in the next section and shown in
Eq. (5.51). Then, Eq. (5.32) becomes

dYa 255 _
A (<m,>xﬁﬁ + <m,~>xmﬂ) Y10 Vay. (5.36)

Additionally, if the neutron portal is in equilibrium but the shalerons are not at the
time the asymmetry is generated, we use 31Yan = 7Ya,, derived in Appendix C.2, see
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Eq. (C.36). The equation would then become

dYay, 90 -
e ((00) o oin + (00) o) Y0 Yo (5.37)

Taking the most realistic case where both the neutron portal and sphalerons are active
at high temperatures, shown in Eq. (5.36), the analytical solution reads

T — 7—‘in
T=Tin z_’in .

(5.38)

255 {n;;%

Yax (T) = YEX P {61 H(T) <<U'l">xx%i\f" + <m’>x\9x*f> }

Here, néé,:e% denotes the equilibrium number density of x particles in the absence of an
asymmetry. Finally, to further simplify this expression, we can make use of the following
approximations for the averaged cross sections at high temperatures

1

(0V) NN S (5.39)
1
<0U>xi\f'ﬁx*i\7 = 32,2’ (5:40)
and write
, 1275 nl 7l T - T
Ya, (T) ~ Y2 X2 — 5.41
o (T) = Y& exp (19527r/\22 H(T) T, ) (5.41)

In Fig. 5.6 we compare the numerically solved Boltzmann equations with the
analytical expression from Eq. (5.41), for various values of As. Here, the initial condition
Yir;(, at Ti, = 10° GeV, has been taken such that the asymmetry after washout matches
the observed asymmetry Ypgg,,. The figure shows that both solutions align with very
good accuracy.

We can also estimate the scale Ao at which efficient washout occurs for a given Tj,.
To efficiently erase the existing asymmetry, the erasing processes (xx — NN and YN —
X*N) must be slightly more efficient than its CP-conjugates (x*x* — NN and x*N —
xIV). This difference in the rates arises from the difference in number densities between
the initial states of such processes, rather than from differences in their cross sections.
This requirement imposes the condition

<F>XXHNN I{<F>X X*—=NN > BYAD}@ (5‘42)
where for simplicity we have only denoted the annihilations but also must take into
account the scatterings. The factor 5 corresponds to the fraction of asymmetry erased.
Using the relations

<F>XXHNN - <Uv>xxﬁlvﬁ Ty (5.43)
(T) s x* 5NN = {OU) xS NN Ny (5.44)
<0—’U>XX—)NN ~ (0V)x*x* NN (5.45)
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Fig. 5.6: Evolution of the abundance of the asymmetry Ya, at high temperatures in the
presence of washout, for different values of As. The initial condition YA“X, at
Tin = 10° GeV, has been taken such that the asymmetry after washout matches
the observed asymmetry Ygg,,. The solid lines correspond to the numerically solved

Boltzmann equations, and the dashed lines to the analytical approximation from
Eq. (5.41).

and analogously for the scatterings, we reach

<O—'U>washmlt5
-~ H " 5.46
e (5.46)

where (av> The requirement that no more than

washout = <UU>XX—>NN + <UU>xN—>x*N'
50% of the asymmetry is washed out implies the lower limit

T 1/2
Ay > 1000 —2 4
5 >6x10 (105 GeV> GeV, (5.47)

where we used the definitions in Eq. (A.16) for s and in Eq. (B.10) for H.

In order to simplify our discussion, we will assume in what follows that As satisfies
this lower limit and that the initial asymmetry Ya, (and Yan) is very weakly washed
out.

For a visual representation of the consequences of complete washout, see Fig. 5.7. In
the left sketch, the asymmetry within the dark sector has been entirely washed out at
high temperatures, and in the right we see what this would imply in the universe today:
an absence of asymmetry in both the visible and dark sectors, and a negligible amount
of quarks, which would have efficiently annihilated.
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Fig. 5.7: Illustration of the effects of complete washout on the particle asymmetries of the dark
sector. The left panel shows a universe where the initial asymmetry has been fully
washed out. The right panel depicts the resulting universe today, with no remaining
asymmetry in either the visible sector or the dark sector.

5.2.3 Redistribution of the asymmetry

As mentioned earlier, neutron portal scatterings, Nu < dd and Nd < ud, are generally
efficient at the temperatures where the asymmetry is generated, see Eq. (5.18). This
implies that, at temperatures close to T}, these scatterings effectively transfer a portion
of the baryon asymmetry from the dark sector to the visible sector, which is then
distributed between leptons and quarks via sphaleron transitions. In this section we
will see exactly which fraction of asymmetry is transferred to each sector at high
temperatures.

To determine the equilibrium relationships between the asymmetries YAy, Yan, YBq,,
and Y7,,, we will analyze the constraints imposed by the chemical potentials in chemical
equilibrium. We consider the interactions mediated by the neutron portal, electroweak
sphalerons, and all SM interactions, assuming that no washout takes place. For a
complete derivation of the fractions presented in this section, go to Appendix C.2.
Mo The neutron portal interaction, introduced in Eq. (5.3), involves only right-handed
quarks and imposes the relation puy = 24, + ptuy. The SM quark interactions with
the Higgs establish additional relations between right- and left-handed quarks. Finally,
sphalerons impose relations between the chemical potentials of left-handed quarks and
the left-handed leptons. Solving the system of equations and translating the chemical
potentials to yields, we find

111 11

— VAN = Y 5.48
36 3 Aq 36 Bswm o ( )

YAN

where Y, includes all the quarks. The relation that sphalerons impose between the
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Fig. 5.8: Illustration of the redistribution of asymmetries at high temperatures between the
dark and visible sectors, driven by neutron portal scatterings and electroweak
sphaleron processes. Yellow represents negative B — L and blue represents positive
B — L. The total B — L is conserved across the entire system.

baryon and lepton numbers in the SM is [120]

12
YaB =~ 5 View- (5.49)

Finally, the B — L conservation across all species in our scenario implies that the initial
asymmetry in N will be equal to the sum of the final baryon asymmetry in N and the
quarks, minus the lepton asymmetry in the SM leptons

YinN = YAN + YBSM - YLSM- (550)

We can solve this system of three equations to obtain:

11 _ .

Yan(T) = 155 YAN: (5.51)
o4 in
Yag(T) = aYANv (5.52)
75 in
YaeT) = =55 YaN, (5.53)

which indicates the redistribution after the initial condition is set.®> We see this
redistribution in the numerically solved abundances in Fig. 5.5, and schematically in
Fig. 5.8.

The fractions corresponding to the case where sphalerons are already inefficient by
the time the asymmetry is generated are also shown in Appendix C.2.

3In reality, the sphaleron relation Eq. (5.49) changes slightly before and after electroweak symmetry
breaking. The numbers shown correspond to the equilibrium relations after the phase transition, as
these will be the ones that persist.
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Fig. 5.9: Representation of the system after freeze-out. The left panel shows the scenario
of complete annihilation of the asymmetric component, resulting in only dark matter
particles. The right panel illustrates a partial depletion case, where some antiparticles
also remain in addition to dark matter particles.

5.2.4 Freeze-out of dark matter

In this section, we explore the dynamics of dark matter freeze-out. We focus on the
evolution of the total yields Y;** and YP", given in Egs. (5.21) and (5.23). For simplicity,
we assume that Ao satisfies the condition in Eq. (5.47) to prevent a total washout of
the asymmetry.

Additionally, we assume Ag < A, so that the conversion of N and N into quarks
is slower than the conversion of y and x* into N and N. This implies that, when the
main annihilation channel of dark matter is into N and N, as we have been assuming,
the dark matter abundance is determined by the process xx* — NN. The Boltzmann
equations (5.21) and (5.23) then simplify to

dY;Ot A

dw = — ﬁ 2<O-U>XX*%J‘VN (nyx* - PYNYN> 9 (554)
dY ot A

dJ:;[ = 22 [ - 2<U’U>XX*—>NN‘ <YXYX* - PYNYN) : (5.55)

We can solve these equations numerically. The qualitative behavior of Y** and Y
during freeze-out can be seen in Fig. 5.5. Additionally, Fig. 5.9 presents a schematic
of the system after freeze-out: on the left, for the case of complete annihilation of the
asymmetric component, where only dark matter particles remain; and on the right, for
the case where depletion is less effective, leaving some antiparticles as well.

In Fig. 5.10, we compare the final yields of the particle x for three different freeze-out
scenarios, as a function of the scale Ag. In light blue, we show the standard asymmetric
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Fig. 5.10: Comparison of the final yields of the particle x for different dark matter freeze-out
scenarios, as a function of the scale Ag. The results come from solving numerically
Egs. (5.54) and (5.55) for a set of different assumptions. In light blue, the standard
thermal scenario [108] is shown. In red, the freeze-out occurs in a secluded sector
scenario during the radiation-dominated era. In pink, freeze-out takes place in a
secluded sector scenario during an early matter-dominated era. For low values of
Ay, all the antiparticles are effectively depleted and YQ = Yay-

dark matter case, where the particles produced during dark matter freeze-out are in
thermal equilibrium with the SM plasma. In this scenario, described in Ref. [108]
and in Section 2.4.2; the freeze-out Eqgs. (5.54) and (5.55) simplify to (2.10). This case
applies when N and N are in thermal equilibrium with quarks at the time of dark matter
freeze-out (T' ~ m, ), or when dark matter annihilates directly into SM particles.

If the effective scale of the neutron portal is above A, > 4 x 103 GeV, N scatterings
with quarks drop out of equilibrium before dark matter freeze-out, which, given the
experimental constraints (see Section 6.2), is likely. Here, the scenario differs from a
thermal freeze-out and resembles a secluded sector freeze-out, though with a hidden
sector temperature identical to that of the visible sector. There are two possible
situations: 1) freeze-out occurring during the usual radiation-dominated era, shown
in red in Fig. 5.10, or 2) during an early matter-dominated era, shown in pink, where
N and N become non-relativistic before decaying and dominate the energy density of
the universe [180-182]. This early matter domination alters the universe’s expansion
rate, affecting freeze-out dynamics. For further details on early matter domination, see
Section 6.2.2.1.
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Fig. 5.11: Illustration of the system state after N and N decays are complete. Following the
decays, the asymmetry from the N sector is fully transferred to the quarks in the
visible sector, while the lepton asymmetry remains unchanged.

5.2.5 Decay of N and N

At temperatures close to or below the mass of N, depending on the scale A,,, the particles
N and N will decay through the neutron portal, disappearing from the thermal plasma.
Fig. 5.11 illustrates the state of the system after the decays are complete.

These decays must occur before Big Bang Nucleosynthesis (Tgpn ~ 100 KeV)
to preserve the observed primordial element abundances, as discussed further in
Section 6.2.2.1. If the decays occur before the QCD phase transition (Tqcp ~ 150 MeV),
the rate is given by Eq. (5.17), and the decay products will be quarks. However, if the
decays occur after Tocop, they will proceed via a mass mixing term of the form dm nN,
as described later in Eq. (6.5).

After decaying away, all remaining asymmetry in the N sector is transferred to the
quarks, while the asymmetry in the leptons remains unchanged. Since sphalerons are
already out of equilibrium, there is no transfer between baryon and lepton asymmetries.
Starting from Eqs. (5.51-5.53), we obtain the present-time asymmetries in the visible
sector:

11 _, 54 141

0 _ 9~ y/in Yy in _ in
YAq = 3122YAN + 61YAN 199 VAN (5.56)
7
0o _ _ in
Yr, = 199 YAN- (5.57)

Note that lepton asymmetries are significantly less constrained than baryon asymmetries
[183-185]:
Ll S 4 %1072, (5.58)

so the size of the lepton asymmetry generated in our scenario is not a concern.
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Fig. 5.12: Possible final states from the initial state Fig. 5.4, corresponding to a scenario where
dark matter antiparticles have efficiently annihilated (left panel), or only partially
annihilated (right panel). All N have decayed into quarks. We have assumed that
the initial asymmetry within the dark sector is generated while sphalerons are still
in thermal equilibrium. Today, most leptons are in the form of neutrinos and anti-
neutrinos, with a small relative asymmetry, leaked via sphaleron processes. In both
cases, the total B — L number of the Universe is conserved and equal to zero.

5.2.6 Today

We now have all the necessary elements to link the dynamics of the early universe to
present-day observations, allowing us to infer information about key parameters, such
as the dark matter mass m, and the required initial asymmetry in the dark sector.

The total dark matter abundance today can be determined from measurements using
standard analytical methods (see, for example, [186]), leading to

my

0 2 8 ytot
Qpaih® = 2.8 X 10° Y™ (wr0)

(5.59)

where the freeze-out temperature is determined by the condition Fxx* N (Tro.) =
H(x¢,.), and Y;Ot(xf.0.> can be well approximated by its equilibrium value at freeze-
out.

In the simplest scenario, all dark matter antiparticles annihilate, leading to the final
state depicted in the left diagram of Fig. 5.12. In this case, the total yield of dark
matter particles and antiparticles is equal to the dark matter asymmetry. Assuming no
washout, this is also equal to the initial asymmetry:

Y;Ot (xflo.) = YAx(xf.o.) = YK;( = YKIN- (560)

Thus, in this simple scenario, the dark matter abundance and the quark-antiquark
asymmetry are both determined by the same parameter: the initial asymmetry in the
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dark sector, YX;( or Y. Specifically, using Egs. (5.56) and (5.59), we find the relation

Q0 A2 =~ 2.4 x 10° Yag é?{[ . (5.61)

One can then adjust the initial condition YK}V to generate the observed quark-
antiquark asymmetry, YAOq ~ 2.6x1071Y using Eq. (5.56). Additionally, the dark matter

mass can be chosen to reproduce the observed dark matter abundance, QODMh2 ~ (.12,
as per Eq. (5.61). This yields:*

VAL ~23x 1071, (5.62)
my =~ 1.9GeV. (5.63)

In the case where not all dark matter antiparticles annihilate, we have
Vi (2to.) = Yay(#ro.) + 2V (210.), (5.64)

and Eq. (5.61) must be replaced by

122 m
Opwh® = 2.8 x 10° <2Yx* (zro.) + MYM,O) Gov (5.65)
This scenario is illustrated in the right diagram of Fig. 5.12. This does not change
the initial asymmetry required to reproduce the quark-antiquark asymmetry, which
remains as given by Eq. (5.62). However, because the total dark matter yield is larger,
the observed dark matter abundance is achieved with a lower dark matter mass,

_ YAX (xf.o.) m
Yyx (2£.0.)70 YAX (xf‘o.) + 2Yx* ($f.o.) X

m,, (5.66)

YX*(sz.):O

Here, Yy« (2t,.) can be determined by using Eq. (5.9) under the assumption of weak
washout,

D) 2 ) [T () + V) —9P0) VY] (567

Now, assuming that y, x* pairs can only annihilate into N, N pairs, after freeze-out,
we can approximate the total yield of N +N particles after freeze-out as the sum of the
equilibrium values of all dark sector particles before they become non-relativistic,

in\;fot (xf.o‘) = YJi\? eq + Yl\ifrteq T Y;?Eq + Y;ﬂyeq. (5'68)

Using the relation Y]i\}f eq = 2Y;‘eq coming from gy = 2g,, and neglecting the asymmetry

Yan compared to the total abundance, we find Y]E,Ot (T£0.) ~ 6Y;f1eq and therefore

Yn(2to.) = Yy (2to.) 3Y;’eq. (5.69)

4Note that the value provided for YX;( is expressed in terms of the corresponding yield that would be
measured today. However, since the yield scales inversely with g.g, its value at high temperatures
would be reduced by a factor of g.s(Tioday)/gxs(Tin) >~ 0.04.
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Since dark matter antiparticles are still in thermal equilibrium at freeze-out, we can
approximate Yy« (zf,.) = Yxeg(l'f.o.). The yield at freeze-out, which remains practically
constant until today, can then be obtained analytically by setting the right-hand side
of Eq. (5.67) to zero. We obtain

2
-y YA, .
Yy (260.) = 2AX+ ( 4X> +9P(a:f_0_)(Y>g}eq)2. (5.70)

It is worth emphasizing that these conclusions are fairly robust against the specific
values of the portal strengths Ay, Ag, and A,,, as long as (i) washout of the asymmetry is
weak, (ii) A, is low enough to keep the hidden sector thermalized with the visible sector
at high temperatures, and (iii) Ag < A,, so that NV remains stable over the freeze-out
timescale. Alternative scenarios can be explored by adjusting the initial conditions in
the Boltzmann equations. A key assumption in our model is the presence of a neutron
portal to transfer the asymmetry from the dark sector to the visible sector. This neutron
portal may lead to experimental signatures, which will be discussed in detail in the next
section.
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Chapter 6

Phenomenology

This chapter explores the experimental implications and the potential observational
signatures of the dark matter model developed in the previous chapter. Through
the different portal interactions between the dark and the visible sectors, dark sector
particles could influence early-universe cosmology and might be detectable in collider
experiments. We also consider the possibility of signals in direct detection experiments
and even in neutron star observations.

6.1 Phenomenology of the Higgs portal

One possible way to detect the dark matter in our scenario is through a Higgs-type
interaction term A, g|x|?|H|?, introduced in Eq. (5.4). This term is allowed by baryon
number conservation and, therefore, could be present in the model. Potential signals
from this interaction include invisible Higgs decays in collider experiments, recoil events
in direct detection experiments, and indirect detection signals if a relic population of
dark matter antiparticles exists (see right panel of Fig. 5.12).

The absence of observed events arising from the Higgs portal in collider and direct
detection experiments allows us to place constraints on the coupling constant A, g
associated to this interaction term.

In our scenario, the predicted dark matter mass is mpy =~ 1.9 GeV; therefore, the
Higgs portal could induce the invisible decay of the Higgs into a dark matter particle-
antiparticle pair, h — xx*. The decay rate for this decay is given by

(6.1)

where v >~ 246 GeV is the Higgs vacuum expectation value and mp =~ 125 GeV is the
Higgs mass. Current experimental searches constraint the Higgs branching ratio into
invisible final states to Br (h — invisible) < 20% [188,189]. Given that the Higgs width
into visible particles is approximately I'yis ~ 3.7 MeV [17], this implies A, iz < 1072 [187],
as shown in Fig. 6.1.

The Higgs portal interaction also enables the scattering of dark matter particles off
nuclei, which could be detected in direct detection experiments. The spin-independent
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Fig. 6.1: Summary of constraints on the invisible Higgs branching ratio in the (m,, A, ) plane
for the Higgs portal dark matter scenario in the scalar case, from Ref. [187]. The brown
area indicates the region excluded by the present limit Br(H — inv) < 20% [188,189],
while the black lines show projected sensitivities for branching ratios of 10%, 5% and
1%, respectively.

scattering cross section with a nucleon A reads [191,192]

2 f2 9 92
AfoNMmj\/’
™ mim?2’
h''"x

OXN—=xN = (6.2)

where 1 = mp my/(mpr +m,) is the dark matter-nucleon reduced mass, and far ~ 0.3
is the Higgs-nucleon coupling [191]. For dark matter in the GeV mass range, the best
current sensitivity is provided by the DarkSide-50 experiment [190], which excludes
cross sections larger than ~ 2 x 10742 cm? for a dark matter mass of 1.9 GeV, as shown
in Fig. 6.2. This constraint translates to A,y < 0.07, which is less stringent than the
limit from the invisible Higgs decay constraint.

In addition to these phenomenological constraints on the Higgs portal coupling, there
is a theoretical constraint based on the naturalness of the dark matter mass. After
electroweak symmetry breaking, the dark matter mass term receives an additional
contribution:

(5m3< =\ (6.3)

With our favored value of m, ~ 1.9 GeV, this implies A\yy < 6 x 1075, unless there is
a fine-tuned cancellation between the bare mass term in the Lagrangian and the mass
contribution from electroweak symmetry breaking. This strong constraint would make
detecting any Higgs portal-induced dark matter signal very challenging.
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Fig. 6.2: 90% upper limits on spin-independent WIMP-nucleon cross sections from DarkSide-
50 [190]. Both non-quenching and quenching fluctuations models are considered.

6.2 Phenomenology of the neutron portal

Another interaction linking the SM to the dark sector is the neutron portal, introduced
in Eq. (5.3).

In the contemporary universe, at energies below the QCD confinement scale, quarks
are no longer free but hadronize into nucleons and mesons. This hadronization causes
the neutron portal term to induce a small mass mixing between the dark sector particles

N, N, and neutrons:
Leg D 6m (RN +nN) , (6.4)

where dm is a model dependent mixing parameter with mass dimension one, expressed as

dm = (/A2 [193]. Here, 8 = 0.014 GeV? is obtained from lattice QCD calculations [194],
leading to

3 2
om~14x1078 (mAGeV> GeV. (6.5)

Next, we examine the different experimental searches that might lead to a signal
through the neutron portal interaction term.

6.2.1 Dark matter searches

The mass mixing induced by the neutron portal can mediate interactions between dark
matter and nucleons via the intermediary particles N, N. Here, we explore the various
diagrams that contribute to the direct or indirect detection of dark matter in this
scenario through such interactions. For an introduction to dark matter searches, see
Section 2.3.
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Fig. 6.3: Dark matter direct detection processes induced by the neutron portal: dark matter
scattering off nuclei (left panel) and dark matter-induced transmutation of a neutron
into an antineutron (right panel).

6.2.1.1 Direct detection

In direct detection searches, this type of interaction could result in the scattering of
dark matter particles off neutrons or the transmutation of neutrons into antineutrons.
These two possibilities are illustrated in Fig. 6.3.

In the diagram on the left, we see the scattering of dark matter particles off neutrons
within the atoms of the detector material, such as Xenon, in the process xn — xn. The
neutrons mix with the particles N and N via the mass mixing in Eq. (6.5), represented
in the diagram by a crossed dot. The interaction between N or N and the dark matter
particles occurs through the first interaction term in Eq. (5.2), mediated by Ag.

This combination of interactions could also give rise to similar processes such as
x*n — x*n, xn — xn, x*n — x*n. However, these are heavily suppressed either due to
the lack of dark matter antiparticles in the universe today (resulting from asymmetric
freeze-out), the absence of antineutrons in nuclei, or both factors.

We can estimate the rate of dark matter scattering off neutrons in the rest frame
within the EFT framework as’

1 [om m2 1
o ~ el
XnXN 4 my (mn + mX)Q A()2
GeV\? /GeV\? /103 GeV\®

~ 1079 cn? < ) ( ) ( ) , 6.6
my A() An ( )
where m,, is the mass of the neutron. The estimated cross section is many orders of
magnitude below the current sensitivity of the DarkSide-50 experiment [190] which is
approximately 10742 cm? for a dark matter mass of 1.9 GeV, as shown in Fig. 6.2. It

also lies below the sensitivity of any foreseeable dark matter direct detection experiment.
Consequently, no signals from this type of scattering are expected.

'An © (1) rescaling factor is expected to convert the calculated scattering rate into an average dark
matter-nucleon scattering cross section, which is the quantity typically reported by experiments.
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In the right diagram of Fig. 6.3, we see another possible interaction that could produce
a direct detection signal: xn — x*n. This process would imply the transmutation of a
neutron into an antineutron. Such an interaction could potentially destroy the nucleus,
leading to a distinctive and highly specific signal.? This diagram combines the mass
mixing term with the second interaction term in Eq. (5.2), which is mediated by A and
connects dark matter particles to N and N.

Another possible process arising from this combination of interaction terms is x*n —
xn. However, this process is again further suppressed due to the lower abundance (or
absence) of dark matter antiparticles in the universe today and the lack of antinuclei in
direct detection experiments.

Unfortunately, the interaction xn — x*n is expected to be significantly more
suppressed than the one mediated by Ag. This is because the scale Ay must be very
high to prevent asymmetry washout (see Section. 5.2.2). Analogously to Eq. (6.6), but
substituting Ay by As, we find

1 /om\* m2 1
o *pm X — —
XX g \my (mp, 4+ my)? Ao?

4 11 2 3 8

1 1

105 o2 GV 0! GeV 0% GeV | 6.7)
my 1\2 An

in terms of some benchmark values for my, A2 and A,,. The normalization Ay = 10!
GeV represents a typical value at which the particle-antiparticle asymmetries are not
significantly washed out, see Eq. (5.47).

The searches for neutron-antineutron oscillation at Super-Kamiokande [198] can be
recast into a limit on the neutron-antineutron transmutation rate induced by dark
matter particles in the Milky Way halo. To do this, we calculate the cross section
Oyxn—y*n required to produce at least one event during the Super-Kamiokande exposure
time. The exposure as of Ref. [198] was of 0.37 Megaton x years, and the mass of the
detector 50 Megaton, which corresponds to a time of

_ 0.37Megaton x years

t= ~ 74 . .
Mass of detector 74 years (6.8)
The number of events will be given by
Iynoyn N1t = Oyn—y*n 1y Uy N1 t, (6.9)

where Nt ~ 103* is the total number of neutrons inside Super-Kamiokande, ny =
0.3 (GeV/m,) em™3 is the ambient dark matter number density, and v, ~ 220km/s
is the typical velocity of the dark matter wind crossing Earth. By requiring at least
one event, we estimate the necessary cross section to be oyp_sy+n S 10~%9 ¢cm?, which is

significantly higher than the cross section predicted in our framework, given in Eq. (6.7).

2Previous works have considered similar effects in the context where N is the dark matter candidate
[195-197].
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Fig. 6.4: Dark matter indirect detection processes induced by the neutron portal.
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6.2.1.2 Indirect detection

For indirect detection searches, the relevant processes are illustrated in Fig. 6.4. On the
right, we see processes arising from the interplay of the neutron portal term and the
Ag interaction. The prospects for indirect dark matter detection through this process
depend heavily on whether the dark matter antiparticles were depleted during freeze-
out, as the initial state involves one particle and one antiparticle of dark matter.

In the symmetric scenario, strong yx* — NN annihilations are expected, as x is a
light and thermal dark matter candidate. However, due to baryon number conservation,
N must eventually decay into neutrons. The masses of the neutrons would account for
a significant portion of the final state energy budget from the annihilation. Therefore,
these decays would produce a soft cascade of hadrons and/or gamma rays with an energy
E, = my — m;,. This gamma-ray signal could offer insights into the nature of dark
matter and its connection to the neutron portal.

In the asymmetric case, the only available annihilation channel is Yy — NN,
represented by the diagram on the right of Fig. 6.4. This process is highly suppressed
in this framework due to the large effective scale As, making it unlikely to impose
constraints on the model parameters. Nevertheless, it is notable that an asymmetric
complex scalar dark matter candidate could still have an active direct annihilation
channel today.

6.2.1.3 Neutron stars

Neutron star temperature observations have sparked growing interest as a potential
dark matter detection strategy [99,199-201]. The strong gravitational potential of
neutron stars causes ambient dark matter particles to fall into them and become
gravitationally bound [98]. During this process, dark matter particles scatter off
the stellar matter, transferring some of their kinetic energy to the star. If dark
matter is symmetric, particles and antiparticles can annihilate within the neutron
star, releasing additional energy. This combined energy injection acts as a late-time
heating mechanism, potentially observable as an increase in the neutron star’s surface
temperature, see Ref. [202].
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n N

Fig. 6.5: Dark matter inelastic scattering process xn — x*N, which avoids Pauli blocking
effects if present in neutron stars.

The Pauli exclusion principle from the degenerate neutrons is an important factor in
studying dark matter capture in neutron stars [100], as it lowers the chances of scattering
events between dark matter particles and the star’s matter. This happens because
the dense, degenerate matter in neutron stars limits the number of low-energy states
available for scattered particles. Pauli blocking can be avoided by considering inelastic
scattering processes. Typically, such processes have been explored in the context of
inelastic dark matter capture in compact objects, see [203—207].

Our framework, however, introduces scatterings that are inelastic within the SM
particles, xn — x*n, as illustrated in the right diagram of Fig. 6.3. Here, the final-
state particle is an antineutron rather than a neutron, which eliminates the issue of
degenerate states and allows the interaction to occur. The rate of such interaction was
estimated in Eq. (6.7). For comparison, the minimum cross section required for efficient
dark matter trapping, equivalent to the geometric cross section of the star is

Oth = WRE% ~ 10 cm?. (6.10)
M,
Unfortunately, the cross section of yn — x*n is significantly lower than this threshold,
falling well below the sensitivity range of neutron stars. As a result, no meaningful
constraints are expected from such processes.

Another possibility involves the process xyn — xIV, illustrated in Fig. 6.5. In this
case, dark matter scatters off a neutron in an inelastic manner, with the final state
being a dark sector particle N instead of a neutron. This not only bypasses the Pauli
blocking effect but is also less suppressed compared to the process yn — x*n, as it
depends on Ag rather than Ay. Additionally, this process benefits from requiring only
a single mass-mixing insertion, dm, making it more favorable than the left diagram in
Fig. 6.3 considered for direct detection. The cross section of this process is

GeV\? (103 GeV "
Ty = 3 x 10746 Cm2< fo> < Ae > , (6.11)

which is close enough to the capture geometric cross section.
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Inelastic scatterings from a lighter to a heavier state are generally kinematically
forbidden in neutron stars unless the mass splitting is very small. Studies in the
context of inelastic dark matter have determined a maximum mass splitting of Ammax ~
330 MeV [206]. In the process yn — xN we can take my ~ m, in order to have a
smaller mass splitting. However, in the dense environment of a neutron star, medium
effects, particularly the nuclear effective potential experienced by neutrons, can alter
the effective mass of the neutron. In the inner region of the neutron star, the mass of the
neutron is reduced by m&f ~ 0.6 mY2 [208]. This creates a substantial mass splitting
between the initial neutron and the final state N, which prevents the interaction due to
insufficient dark matter kinetic energy.?

6.2.2 Parameter space of the neutron portal

We now turn to the phenomenology of the dark sector particles N and their implications
within our framework. These particles interact with the SM via the neutron portal,
described in Eq. (5.3), and the mixing term generated below the QCD confinement
scale, Eq. (6.5).

The particles N could influence the cosmological evolution of the universe and
also be produced abundantly in collider experiments. Their mass is also subject to
constraints from various physical considerations. We explore all these effects in this
section. Fig. 6.6 illustrates the parameter space of the mass mpy and the neutron
portal energy scale A,,, showing all relevant constraints. Excluded regions are shown in
color, while the white area represents the allowed parameter space. Notably, the viable
region can be constrained from all directions, with each boundary arising from distinct
phenomenological effects.

6.2.2.1 Cosmology: early matter domination and Big Bang Nucleosynthesis

The particles N are long-lived and achieve equilibrium in the early universe through
interactions with the SM thermal bath. Once the plasma temperature drops below their
mass they stop being relativistic (radiation-like) and become non-relativistic (matter-
like). If their lifetime is sufficiently long, they can eventually dominate the energy
density of the universe, influencing its cosmological evolution.

When the particles N become non-relativistic, their energy density decreases more
slowly compared to the radiation-dominated thermal plasma, whose energy density
scales as 7. If the energy density of N surpasses that of all radiation before they
decay, these particles dominate the energy density of the universe, leading to an epoch
of early matter domination (EMD). This phase alters the expansion rate of the universe,
compared to the radiation-dominated era. The temperature at which this transition
occurs, Tgom, is determined by the condition py ~ p,. Using Egs. (A.8) and (A.11),

3This effect is mitigated in the outer layers of the neutron star, where the effective mass of the neutron
is closer to its vacuum mass. However, the smaller target volume counteracts the improvement in
the capture rates.
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Fig. 6.6: Constraints on the neutron portal energy scale (A,) and mass of N (my) from
cosmology, proton stability, and collider experiments, along with contours of
production cross section and decay length at the LHC with /s = 14 TeV. The allowed
region is shown in white.

this conditon can be expressed as

mNTaom 3/2 2
30

gNmN (

where g,(Tgom) represents the number of relativistic degrees of freedom at Tyop, in the
thermal plasma, defined in Eq. (A.12). The EMD era concludes when N decay at a
temperature T, restoring the radiation-dominated universe that existed prior to their
dominance. This decay process injects entropy into the thermal plasma, diluting all
existing particle abundances and asymmetries. A similar scenario has been thoroughly
explored in Refs. [182,209].

From the moment the universe enters the matter-dominated phase, the expansion
rate scales as [210]

Hgymp = Hrp (Tdom) (%) v (Tim)S/Q, (6.13)

where HRp is the expansion rate during the radiation-dominated era, given in
Eq. (B.10), and evaluated at the transition temperature Tgop,.
The condition for N and N to induce an epoch of EMD is given by

I'vy < Hiom, (6.14)
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where I'y is the decay rate of NV, and Hgyon is the Hubble rate at the time the universe
transitions to matter domination. This condition ensures that the particles N do not
decay before dominating the energy of the universe. The decay rate N — udd was
provided in Eq. (5.17):

_my
768N,

The condition in Eq. (6.14) imposes a lower bound on the energy scale A,. This bound
is shown as a purple line in Fig. 6.6. The parameter space above this line corresponds
to scenarios where an EMD epoch would have occurred in the early universe.

As mentioned earlier, the EMD epoch also implies a later entropy injection, which
dilutes all existing particle abundances and asymmetries. The degree of this dilution is
quantified by a factor d, defined as

I'y (6.15)

4= Zafter (6.16)
Sbefore

where Speore 1S the entropy density before the decay of N, and s,per is the entropy
density after the N decays. Using Eq. (A.16) and Ref. [182] these are given by

Sbefore = EQ*S(Tdom) Tdom ﬁ ’ (617)
om
272
Safter = EQ*S (Treh) Tr?éh- (618)

These expressions account for the fact that the scale factor a(t) evolves as H~2/3 during
the EMD epoch. The universe transitions back to a radiation-dominated phase when
I'y = H, condition from which we can determine the reheating temperature:

90 1/4 1/2
Tre}l_(w?g*(Treh)) (FNMP) , (6.19)

where Mp is the reduced Planck mass. Using of Egs. (6.16)—(6.18) along with the
expression for the temperature at the onset of matter domination, given by

90 1/4
Tdom = <7T2g)> V Hdom MP7 (620)
%

(Tdom

which follows from the definition of the radiation-dominated expansion rate, we can
express the dilution factor as

1/4
g*(Tdom) FN ’

where we have used that g.s(T") = ¢.(T) at these temperatures. In this regime,

the dilution effect must be considered when selecting the initial asymmetry and the
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A, (GeV)

my (GeV)

Fig. 6.7: Parameter space of the neutron portal in my versus A,,, highlighting the early matter
domination domination (EMD) region. The purple solid line marks the boundary
above which an EMD epoch is induced in the early universe. The dotted lines
indicate benchmark values of the dilution factor (d = 2,5, 10, 20). The orange hatched
area above the brown solid line corresponds to parameter values excluded due to the
excessive lifetime of the particle NV, which conflicts with Big Bang Nucleosynthesis
constraints.

parameter Ay for freeze-out. The asymmetry and relic abundance should be rescaled by
the factor d to account for the entropy injection during reheating. Fig. 6.7 illustrates
the parameter space of the neutron portal, highlighting the EMD region along with
benchmark values for the dilution factor.

Big Bang Nucleosynthesis (BBN) provides precise measurements of light element
abundances. See Refs. [185,211,212] for reviews on the topic. To avoid disrupting
the synthesis of light elements, which are highly sensitive to the universe’s thermal and
expansion history, the decay of N must be completed before the onset of BBN. This
requires the condition

I'y = Hppn ~ 10571, (6.22)

or equivalently, in terms of the mean lifetime

™ = i ~ 0.1s. (6.23)
I'n

The condition 7y < 0.1 s ensures that N decays well before the typical cosmic time
for the onset of BBN (¢tgpn ~ 1 s). This allows the universe to transition back to a
radiation-dominated phase and for thermal equilibrium to be restored in the thermal

plasma.
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Additionally, the reheating temperature following the decay of N, Tiepn, must exceed
TN ~ 3 MeV. Ensuring that the reheating temperature is high enough to restore
standard thermal equilibrium, places further constraints on the decay rate through
Eq. (6.19) and, consequently, on A,,.

Both these conditions contribute to the upper bound on A,,, represented by the brown
line in Fig. 6.6, which defines the excluded orange hatched region. Values above this
line imply that the particle N decays too late, disrupting primordial nucleosynthesis
and making it inconsistent with observational data.

6.2.2.2 Constraints on my by baryon decays

Direct constraints on the mass of N are also present in the model. Firstly, my is
constrained from below by exotic decays of baryons.? The most stringent requirement
is that N must be heavier than the proton. If N were lighter than the proton, processes
like p — Netv, would become kinematically allowed. Since this decay conserves
both baryon and lepton numbers in our scenario, it would lead to observable proton
decay at rates incompatible with experimental limits. Proton decay is extremely tightly
constrained, with a current experimental lower limit on the proton lifetime of

7 > 0.96 x 100 years  90% C.L., (6.24)

as set by the SNO+ collaboration for invisible decay modes [214].> This constraint
imposes my > 938 MeV.

Similarly, the mass of N must also be greater than that of the neutron. The neutron
lifetime is also highly constrained, although slightly less than the proton. For bound
neutrons undergoing invisible decay, the SNO+ collaboration has set a limit of

Tn > 0.9 x 10* years ~ 90% C.L., (6.25)

as reported in [214]. This requirement imposes then mpy > 940 MeV [17].

These limits are represented in Fig. 6.6 by the hatched blue area labeled “excluded
by proton decay”. While these mass constraints could, in principle, be avoided if the
decay width were significantly suppressed by a large A, such scenarios are in tension
with BBN.S As a result, this relaxation is not considered in the figure.

Constraints can also be derived from the decays of heavier baryons or mesons. Since
these particles have higher masses than protons or neutrons, their decay involving N
would reach higher masses. However, due to their much lower abundance, the lifetime
of these heavier particles is much less constrained than those of the proton and neutron.
Therefore, their bounds will relax significantly for lower values of A,,, overlapping with
the regions excluded by experiments.

4Other scenarios that link dark matter and baryogenesis can also generate similar exotic decays of
baryons [213].

5The proton decay in our scenario would produce visible particles, such as the positron. However, the
constraints on p — et + anything, as well as other specific decay channels, set limits of comparable
order of magnitude [17], which does not affect the conclusions.

In Ref. [215] they explore this scenario in a UV complete realization.
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6.2 Phenomenology of the neutron portal

6.2.2.3 Constraints on my by freeze-out dynamics

In the scenario under consideration, dark matter particles x and x* acquire a thermal
abundance in the early universe by reaching thermal equilibrium with the SM. This
occurs through interactions with N and N (xx* +» NN ), which themselves remain in
thermal equilibrium with SM quarks via the neutron portal.

Because the thermal abundance of dark matter would far exceed the observed relic
density today, these particles must be depleted before the present time. The standard
mechanism for this depletion is the freeze-out paradigm. If the freeze-out occurs through
pair annihilation into N, specifically yx* <+ NN, there exists a kinematic upper limit
on the mass my. This limit ensures that the annihilation remains efficient enough to
reduce the dark matter abundance to its observed value.

If the mass of the final-state particles is less than or equal to that of the initial states
(2m, > 2my), the interaction is kinematically allowed and can occur even at zero
temperature. However, when the final-state particles are slightly heavier than the dark
matter (2m, < 2my), such annihilation processes become kinematically suppressed at
zero temperature. Nevertheless, these processes can still have a significant cross section
at finite temperature in the early universe due to the presence of sufficiently energetic
dark matter particles in the high-energy tail of the Maxwell-Boltzmann distribution.
These interactions are known as “forbidden channels”, and freeze-out in such scenarios
has been extensively studied in [216,217].

The thermally averaged annihilation cross section in a forbidden channel is approximately
given by [217]

(00) ey & BTF(A) (00) e 2%, (6.26)
where A = (my —my) /m, is the relative mass splitting, * = m, /T and f(A) is a
function of A defined as
f(A) = A3 24+ AP+ AR+ A)
N (14+A)4 ’

(6.27)

which simplifies to f(A) =~ 1+ A for A > 1. In Eq. (6.26), the Boltzmann suppression
of the dark matter annihilation cross section is explicit. This suppression arises from
the equilibrium number density of non-relativistic species, as given by Eq. (A.8).

An upper limit on my can be derived to ensure that dark matter overproduction
is avoided, for the largest possible value of the annihilation cross section. The s-wave
unitarity requirement leads to a largest value of

1/2
(ov) i < A <xf'o') (6.28)
NN —xx* = 2 ) .

my ™

where xf, =~ 30 corresponds to the freeze-out temperature. Substituting this bound
into Eq. (6.26) and ensuring that (ov),,._, yx is sufficient to deplete dark matter, we
obtain, for m, = 1.9 GeV,

my < 2.7GeV. (6.29)
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Moreover, from the milder requirement that the effective field theory remains valid,

which corresponds to Ag ~ my in (00) yx _,, ,+» We obtain

my < 2.4GeV. (6.30)

This limit has also been computed numerically using the Boltzmann equation formalism,
and is shown in Fig. 6.6 as the hatched red area.

The relaxation of the constraint at large A,, values arises because the freeze-out of
dark matter occurs during an epoch of early matter domination. In this case, the total
annihilation cross section required to achieve the correct dark matter relic abundance is
smaller compared to the standard WIMP paradigm, as discussed in [218]. Consequently,
the mass of N can reach slightly higher values.

Notably, if the primary annihilation channel for dark matter freeze-out is not into N
and N, then the upper limit on my is no longer applicable. In this case, N could have
an arbitrarily large mass without impacting the dark matter relic abundance.

6.2.2.4 Colliders

We now turn to the study of signatures and constraints from colliders that arise from
the presence of the neutron portal.

The neutron portal leads to the copious production of particles N in proton-proton
collisions via quark-quark partonic processes such as ud — Nd and dd — Na. The
production cross section for these processes, within the EFT framework, is expressed as
a function of the neutron portal energy scale A,:

4
~ fPDF \/g 2 104 GeV
OppsNorjor & 21D <10—2 14 TeV A, ’ (6:31)

where fppr &~ 1072 accounts for the effects of the partonic distribution functions (PDF)
in the protons, as estimated using [219].

The energy scale A,, and the mass my determine the lifetime of N. From Eq. (6.15),
we have
176873,

N = o -3 (6.32)
The collider signal of N depends on its lifetime, which determines the decay length.
If the decay length is microscopic, N will decay promptly, producing dijets directly at
the collision point. For a macroscopic decay length within the detector volume, N will
decay at a displaced vertex, resulting in dijets originating from a point offset from the
primary collision. If the decay length is larger than the detector size, N will escape
without decaying, leading to a signature of missing transverse momentum (pr).

The most likely scenario corresponds to the case where N escapes the detector before
decaying. In Fig. 6.6, we illustrate this by showing dotted lines corresponding to decay
lengths of Liy, = 100 m and Ly, = 10 m. For comparison, the ATLAS detector at

CERN is 46 m in length and 25 m in diameter, and the CMS detector is 21 m in length
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N P g inv

p d p inv

Fig. 6.8: On the left, monojet plus missing energy diagram generated by the neutron portal
in EFT in proton proton collisions. On the right, monojet plus missing energy usual
search strategy in proton proton collisions, where the jet is radiated from one of the
initial states.

and 15 m in diameter. The decay length Li,, = vyrny = Byern is calculated using a
Lorentz factor ~:
Vs

- 2mpy]

(6.33)

where the partonic center-of-mass energy is taken to be v/ ~ 2 TeV.

In Fig. 6.6, we also indicate the values of A,, corresponding to production cross section
pp—sN+jet = 1 fb, 10 fb, 100 fb and 1 pb, calculated using the expression in Eq. (6.31).
These lines provide a direct comparison between the neutron portal energy scale and
the predicted production rates for N at colliders, highlighting the regions of parameter
space accessible to experiments.

The green region in the plot represents the values of A, that can be probed at the
LHC with an integrated luminosity of £ = 100 fb=!. This corresponds to effective
interactions with a strength of A, < 6 TeV. Luminosity is a measure of a particle
accelerator’s capability to produce a specific number of interactions. The relation
between the instantaneous luminosity L, the number of events per unit time dN/dt,
and the cross section of the process o is given by

dN
=L 6.34
o o (6.34)

The integrated luminosity £, obtained by integrating L over time, gives the total number
of events N for a given cross section o after a certain period of time:

N=_L-o. (6.35)

Experimental results always include the integrated luminosity achieved, as it provides
a process-independent measure of the collected data. For an integrated luminosity of
L =100 fb~1, achievable with current LHC experiments, we used Eq. (6.35) to calculate
the green area in Fig. 6.6. We required N = 1000 events, which we assume is sufficient
for a clear signal. This corresponds to a production cross section of 10 fb.

Existing searches have placed constraints on the EFT scale for interactions resulting
in monojet plus missing energy signatures. For instance, the CMS collaboration has set
a limit of A,, ~ 436 GeV [220]. However, these searches typically rely on the radiative
emission of a jet from one of the initial states, as illustrated in the right diagram of
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Fig. 6.9: Projected sensitivity of the proposed MATHUSLA detector to the particles N and N
in the parameter space. The green region represents the reach of MATHUSLA, recast
from [222]. Constraints from overabundance are not included here, as they are not
present for scenarios where dark matter does not primarily freeze out into N and N.

Fig. 6.8. In contrast, the process considered in this scenario corresponds to the one
shown in the left diagram. Consequently, a dedicated study of this interaction would
improve the current limits on the neutron portal effective scale.

We note, however, that for small values of A,,, the effective field theory description
becomes invalid at LHC energies. In such cases, a dedicated search for the new particles
mediating the neutron portal is required. This topic will be addressed in detail in
Section 7.2, where we consider the UV completion of the neutron portal.

The MATHUSLA experiment could play a crucial role in probing the particle N.
MATHUSLA [221,222] (Massive Timing Hodoscope for Ultra-Stable NeutraL pArticles)
is a proposed detector at the LHC specifically designed to search for long-lived particles.
Located above the CMS detector, MATHUSLA is optimized to detect such particles
via their displaced decay signatures in a low-background environment. This makes it
exceptionally well-suited for detecting N particles, which are expected to have long
lifetimes and decay outside the main LHC detectors. In Fig. 6.9, we present the
expected sensitivity of MATHUSLA to these particles in the parameter space, shown in
green, by recasting the region given in Ref. [222], using Eqgs. (6.31)—(6.33). This shows
MATHUSLA'’s potential to explore a broad range of energy scales and masses relevant
to our model. Overabundance constraints on my are not shown in this figure, as these
limits only apply when dark matter freezes out primarily into N and N. Here, we also
consider regions where mp is larger, expanding the scope of the analysis.

Finally, note that collider constraints become weaker if the portal between the dark
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6.2 Phenomenology of the neutron portal

sector and the visible sector involves second or third generation quarks, such as N s Rgs R
or N bR@bR instead of Nd R@dR. This is because processes involving sea quarks are
suppressed by their smaller partonic distribution functions within the proton, leading to
reduced production rates at colliders. However, this variant of the portal could instead
be probed through the decays of heavy mesons and baryons in charm and B factories
such as BESIII, BElle IT and LHCb [223].
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Chapter 7
UV completion

In this chapter, we present a UV completion for the effective model outlined in
Chapters 5 and 6, providing possible sets of matching parameters for the effective energy
scales introduced in the Lagrangian terms of Egs. (5.2) and (5.3). Section 7.1 introduces
a leptogenesis-like mechanism for generating the initial asymmetry in the dark sector,
highlighting its key features and identifying the viable parameter space. In Section 7.2,
we develop the UV completion for the neutron portal, analyze its phenomenology, and
discuss collider constraints. Finally, Section 7.3 explores mechanisms for dark matter
freeze-out, including the introduction of a light dark scalar, which expands the allowed
parameter space of the neutron portal and may remain as a hot subcomponent of dark
matter today.

7.1 Asymmetry generation

In this section, we explore one possible mechanism for generating an asymmetry between
particles and antiparticles in the y and NN sectors, which we have taken as an initial
condition in the previous sections (see Fig. 5.4). Various frameworks can lead to the
generation of an asymmetry in a dark sector, including those inspired by thermal
leptogenesis, which we focus on here. A general discussion on alternative models
for asymmetry generation in the context of asymmetric dark matter can be found in
Section 4.2.2. For a general introduction to thermal leptogenesis, we refer the reader to
Section 3.4.2.

We introduce two heavy Majorana fermions, ¢; (i = 1,2), which do not carry baryon
number. The relevant Lagrangian terms governing their dynamics are given by

M;

9 ©Soi — (M@ Nx + h.c), (7.1)

LDigidei —
where the first term accounts for the kinetic term, the second represents the Majorana
mass, and the term corresponds to the interaction with the dark sector particles. These
interactions allow the heavy fermions to decay into final states with zero baryon number,
specifically x and N or their conjugate states x* and N. The tree-level decay processes
are illustrated in Fig. 7.1.

At one-loop level, the interference between the tree-level decays and the loop diagrams
shown in Fig. 7.2 leads to CP violation, thereby generating an asymmetry in both x and
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Chapter 7 UV completion

Fig. 7.2: One-loop contributions to the tree-level decay ¢; — xN. The diagram above
corresponds to the so-called vertex diagram, and the ones below correspond to the
wave function diagrams.

N. Unlike in standard leptogenesis, where lepton number (L) is explicitly violated in
decays, here the dark-sector asymmetry is generated without violating baryon number
(B). Additionally, unlike traditional leptogenesis, where sphaleron processes transfer
the generated lepton asymmetry into a baryon asymmetry in the SM, our scenario
does not rely on sphalerons. Instead, as detailed in Chapter 5, a baryon asymmetry in
the visible sector is produced through the out-of-equilibrium decays of N, establishing a
direct connection between the asymmetry generated in the dark sector and the observed
baryon asymmetry.

7.1.1 C and CP violation

As discussed in Section 3.2, the violation of charge conjugation (C) and the product
of charge conjugation and parity (CP) are essential ingredients for generating an
asymmetry between particles and antiparticles. In this section, we first demonstrate
why both C and CP violation are required in our scenario. We then proceed to derive
the CP violation parameter, ¢;, which quantifies the asymmetry generated in the decays
of the heavy Majorana fermions.
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xNL XIVr
CP

C op C

X*NL X*NR

Fig. 7.3: Relation of the four different final states of the decay of ¢; by the actuation of the
operators charge conjugation (C), parity (P) and the product of both (CP).

7.1.1.1 Necessary symmetry violations

To generate an asymmetry in the dark sector, the decay rates into yN and x*N must
differ. Since N and N are chiral, like the Majorana fermions ;, they each have left-
handed and right-handed components related by a parity transformation. In contrast,
the scalars x and x* remain unchanged under parity transformations. As a result, for
each ;, we identify four possible decay channels:

wir, = xR, vir = XNL,

@i = X'Nr, @ir = X'NL.
For an asymmetry to arise between particles and antiparticles, the total decay rates into
xN and x*N must be different, leading to the condition

I'(xNgr) +T(xNz) #T(X*Ng) + T (X*N 1), (7.2)

where I'(Y') represents the decay rate into a given final state Y.

Fig. 7.3 visually represents how the final states transform under C, P, and CP. To
determine their impact on Eq. (7.2), we analyze how each symmetry affects the decay
rates:

1. If C is conserved, the decay rates satisfy
[(xN) =T (x*Ny1), (7.3)
T(xNr) =T (XN g)- (7.4)
This forces both sides of Eq. (7.2) to be equal, preventing any asymmetry generation.
2. If P is conserved, we have
['(xNi) =T(xNr), (7.5)
I (¢N1) =T (V). (7.6)

This does not contradict Eq. (7.2), meaning that an asymmetry can still be generated.
Thus, P violation is not required.
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3. If CP is conserved, the decay rates satisfy

I'(xN.) =T(x*Ng), (7.7)
I'(xNr) =T (X*N1) -

This again forces both sides of Eq. (7.2) to be equal, preventing asymmetry
generation. Therefore, CP violation is required.

From this analysis, we conclude that both C and CP violation are necessary to generate
the dark sector asymmetries, while P violation is not essential. These violations
naturally arise in our framework through the interference between tree-level and loop-
level decays of the Majorana fermions. Like in standard leptogenesis, the presence of at
least two Majorana fermions is required.

7.1.1.2 Derivation of the CP asymmetry parameter
Following Eq. (3.12), the CP violation parameter in our model is defined as

D(g; — Nx) —D(p; — Nx*)
I(pi = Nx) +T(p; = Nx*)’

(7.9)

€ =

where i = 1,2 labels the heavy Majorana fermions. At tree-level the decay rates for
these two processes are identical:

A2
NP,

(g = Nx) =T(p; » Nx") = 1o Mo

(7.10)
implying that no CP asymmetry is generated at this order, i.e., ¢, = 0. However, when
including loop-level contributions, CP violation arises due to the interference between
tree-level and one-loop decay amplitudes. This interference generates a difference
between the decay rates of ¢; into /N and x*N, leading to a nonzero ;.

The CP violation parameter receives contributions from two types of one-loop
diagrams: the vertex correction (upper diagram in Fig. 7.2) and the wave function
correction (lower two diagrams in Fig. 7.2).

The vertex correction contribution to ¢; is given by

M2\ Im [(A2N)?
ei(vertex) = 8% Zf <Mg> [Mg} (7.11)
j ¢ !

where j = 1,2 represents the Majorana fermion ¢; appearing in the loop. The function
f(a) is defined as

f(a)E\/&{l—(l—i—a)ln(l—i_a)]. (7.12)

a

We observe that the contribution for j = ¢ vanishes, since

Im [(Af\)?] = Im [|\i[*] = 0. (7.13)
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As a result, only terms with j # ¢ contribute to the sum. The expression in Eq. (7.11)
is analogous to the standard leptogenesis result [224,225], except that in their case
the couplings are matrices accounting for different lepton flavours, while here they are
vectors. !

The contribution from the wave function diagrams is

Mihg; T (A7)
M2 M2 NP

11
Gi(WaVe) = *5 g Z
J#
2 *3.)2
_ b1 M T [GA)] [(AJ X) } (7.14)
2 871' — Mf ’)\1|2 ’ ’
J#i

where the function g(a) is given by

(7.15)

Eq. (7.14) is derived from the standard leptogenesis expression [224,225], incorporating
a factor of 1/2 to account for the absence of SU(2) doublets in the loop.
Summing both contributions, the total CP violation parameter is

M?2 M2
s () 3o (30) | oo
j#i ! !

For a strong mass hierarchy Ms > M;, these simplify to

__ ! \2] (M

€1 = _87T’)\1‘21m [()\2)\1) ] <M2), (717)
b mroean? LM M

€0 = 87T|A2|21m [(ATA2)7] [2M2 (3 2log<M12)>]. (7.18)

Expressing the complex couplings as
Ai = |\ilet?, (7.19)
the imaginary part of their product expands as

Im [(AjA)?] = Im[(!)\i|ei¢i|)\j\e’i¢1)2} = [NPIN P sin(2 (¢ — ¢5) ). (7.20)

1Other differences, such as the reduced number of final-state degrees of freedom and the absence
of a left-handed projector in our Lagrangian, also distinguish our rates from those in leptogenesis.
However, these factors appear consistently in both the tree-level and loop-level decay rates, canceling
out in the final expression for ¢; in Eq. (7.9).
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To maximize CP violation, we would need

T
¢ — b5 =E. (7.21)

In particular, we choose the specific phase assignment
A1 =M, (7.22)
Ao =|Ao|e’7. (7.23)

This choice ensures that the CP violation parameter is maximized, leading to the most
efficient generation of an asymmetry in the dark sector.

7.1.2 Characteristic temperature for asymmetry generation

The temperature at which the dark-sector asymmetry is generated is approximately
set by the decay of the lighter Majorana fermion, ¢;. If the heavier state, s, has a
sufficiently large mass such that it decays before inflation or reheating, any asymmetry it
produces is diluted away, leaving only the contribution from ¢; relevant for our analysis.

To estimate this characteristic temperature, we determine when the total decay rate
of 1 becomes comparable to the Hubble expansion rate,

tot
e

~ 1. .24
: (7.2

The total decay rate I'{°" accounts for both decay channels, 1 — YN and @1 — x*N.
Using the tree-level decay rate from Eq. (7.10) and the Hubble rate in a radiation-
dominated universe given in Eq. (B.10), we obtain
s M2 My
s 2
V90Mp; V 9x T’lepto

~1, (7.25)

which leads to an approximate expression for the leptogenesis temperature:

V90 Mp,
Tlgpto ~ I\ 2. (7.26)

8712,/0x

This provides an estimate of the temperature at which the asymmetry is dynamically
generated, setting the initial condition for the subsequent evolution of the dark sector
abundances.
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7.1.3 Boltzmann equations

The evolution of dark sector particle abundances and asymmetries is governed by
the set of coupled Boltzmann equations that account for all relevant interactions.
In Egs. (5.21)-(5.24), (5.27), and (5.29), we previously established these equations
assuming the asymmetry as an initial condition. Here, we extend the system to
include the generation of the asymmetry by incorporating the additional particles and
interactions.

A detailed step-by-step derivation of the Boltzmann equation for Y, is provided in
Appendix B.4 as an example. The new processes contributing to the evolution include
decays and inverse decays, shown in Fig. B.1, as well as the annihilation of two ¢;
into dark sector particles, shown in Fig. B.2. Additionally, the new Majorana fermions
participate in washout processes, illustrated in Fig. 7.4. The effects of washout from
Majorana-mediated scatterings are already incorporated in the Boltzmann equations
through the terms (ov), , ,xy and (ov), y_,, 5, Which account for the contributions
of both ¢1 and 3. Their full expressions and thermal integration will be shown in
Section 7.1.4.

We now present the full set of Boltzmann equations governing asymmetry generation.
The equations for the quarks and leptons remain unchanged by the presence of the
Majorana fermions and retain the same form as Egs. (5.27) and (5.29). The notation
follows the definitions introduced earlier: the yield definitions follow Egs. (5.19) and
(5.20); the thermally averaged total decay rates <I‘>]t§t’Z are given by Egs. (7.10) and
(A.32); the ratio of equilibrium yields P is defined in Eq. (5.26), and the parameter A
is given in Eq. (2.12). We use the dimensionless time variable as « = m, /T. The color

code also follows the same convention previously introduced.

The Boltzmann equations without anay assumptions regarding the thermal equilibrium
of N and y are given by

dY(p. Xz tot.i YtOt
L= — D)7 | Yo, — Y52
da H(1)< o P e gy
s YBQQ
- 12 it | Y2 — =2 YV Y. 7.27
H(1) <‘7’U>%%—>xx < i Y;fqyxeg X x) ( )
Y5

)

2
+2<0-,U>‘P7;4Pi‘>NN <Y% - Yﬁqngq YNYN>
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dYay =@ fot,i VN 1 Ya
= D)% e | Y, — Vea_X | — Zyea_2ox
dr H(l) ;< >D € ®i 27 2y)?q 92 Pi Y;q
s

TH(D) [2<m’>xm\i\' (YX2 — Y3+ PYR - YNQ)) (7.28)

9

+2(00) o (MY = Yae Yy

;Ot 1 YAX
€| Yy — Y3 — =Y
il To i 2Y>?q 9" i y;q

~H(1) [2<”"’>XH\:V (YXQ — Y%+ P(Yg - yj@)

+2(00) e (MY = Y Yy ) (7.29)
+ (00) N (YNYdf’q S 1 R o S Ylqu;‘l)
(0w (YN YES = Yy Yoo = YROvss 4 veiyea)

)

|
+ < (Tw) (YN Yy Y Y§q>

dY;Ot T tot

S v — v
dx H(1) & b i e gy

s YegQ
= _2§: RPURIUVIUNY () 7> . S, ) YN 7.30
H(l)[ i <UU><P1901_>XX < ©i Y;Qy)?g X X) ( )

+2(00) -, (Ve = PYaYy)

)

+2000) oy (Y24 YVE - P (YR +YR)

)

86



7.1 Asymmetry generation

tot

dYJE[Ot _ x Z<F>t0t,i Y. —yea_X
dz H(1) & D i Teigyed
v

s )
- —2 —(v?2 - ¥ vyv.,Y-
H(l)[ ;<UU>¢M%NN< »i stquNe,q N N)

—2(00) Y, Yy — PYNYN) (7.31)

xx*—NN (
~2000) v (YE+YE - P (VR +7R))

+(0V) Ndud (YNYgeq + YR Yyt = VY - Y q)
(o0) Nasad (YNYﬂeq + YRV - Yy ngquq>

1
+= () (Vi + Yy = Y3 - Y2

7.1.4 Thermally averaged cross sections and washout

As mentioned earlier, two-to-two interactions mediated by ¢; naturally arise, including
XX <+ NN and xN < x*N, see Fig. 7.4. While these processes do not violate baryon
number, they contribute to erasing the asymmetry in the dark sector, as illustrated in
Section 5.2.2 and Fig. 5.7. These interactions are analogous to the AL = 2 processes
in standard leptogenesis. However, in this framework, we do not have the equivalent of
AL =1 processes, as their counterparts would violate baryon number in our model.

Following Ref. [226], we compute the expressions for the cross sections of these
processes in the full theory. To obtain simplified analytical expressions, we assume
the couplings take the form A\ = |A;| and A2 = |A\a]exp(im/4), which maximizes CP-
violation, as shown in Eq. (7.20).

The annihilation cross section for NN — x*x* is given by

2
4dme; 1 1 T
e = E 1 14+ — 7.32
ONN—x*x s pt <1+C; + 1_{_% Og( +az)> ’ ( )

where i = 1,2 labels the mediating ¢;, and we have defined:

S MiQ ’)\i’22
= — = , g=—] . 7.33
e e () o (2 o
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Fig. 7.4: Feynman diagrams depicting the washout processes (annihilations and scatterings)
mediated by the heavy Majorana fermions 7 and 5. In the EFT framework, these
interactions are characterized by the energy scale As.

Similarly, the cross section for scatterings YN — x*N is given by

2
167¢; Z Y2 —a? +a; (¢; + 3v) (7.34)
S im1 (y — ai)2 + a;c;

UxN—)x*N =

3Y° — a7 = 24y + aici a; log % +y
(y — ai)2 + a;c; Y a;

To recover the EFT limit, we take y — 0, corresponding to the regime T' < M, in
the full theory expressions. This yields:

4 4
y—0 i (’)‘1’ + |A] ) , (7.35)

INN=ex T e \ME T M2
L el
y—0 ~ = [ AL 2
O NN~ 5 < e + Mz ) (7.36)
For comparison, in the EFT limit with 7' > m,, the corresponding cross sections are:
1 1
EFT
ogh = 7.37
ONN—x*x 39 A% Ann’ ( )
1 1
EFT
= 7.38
O-XN_)X*N 327 A% Scat ( )

By matching these results, we identify the corresponding effective energy scales:
1

Ao Anp = —F———=, (7.39)
2 M + M
My My
1
AQ,Scat = . (740)
o [Pt Dot
My M
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Fig. 7.5: Thermally averaged cross sections for scatterings (YN — x*N) and annihilations
(NN — xx*) as functions of My /T. Solid lines represent the full theory results for
M; =108 GeV, My = 10° GeV, A\ = 107, and Ay = 10~*®. Dashed lines show the
corresponding EFT predictions. See main text for details.

To obtain the thermally averaged cross sections (ov) appearing in the Boltzmann
equations, we integrate following the formalism in Appendix A.4. Introducing these
cross sections in Eq. (A.29), we obtain the thermally averaged rates for annihilations,
(y2¥-), and for scatterings, (Y.

x*N
T NG m3, m>
NN
00 = gz [ o510 ()2 (LI o (1)
N T \/§ m2 m2
<’7§*N>:167T4 d583/2K1 ? A LTX,TN UXN%X*N’ (7.42)

where A(a,b,c) = (a — b — ¢)? — 4bc is the Kéllén function, and Ki(z) is the modified
Bessel function of the second kind. Using Eq. (A.30), we then obtain the thermally
averaged cross sections:
()
o = —disas 7.43
(0V) NN x*x n?\?n(;\? ( )
%)
X*N
N = oo —ag- 7.44
(00) NoxN SIS (7.44)
We perform these integrations numerically in Mathematica, and Fig. 7.5 presents an
example for a given parameter set, demonstrating agreement between the full theory
description and an EFT approach with matching energy scales given by Egs. (7.39) and
(7.40).
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Fig. 7.6: Thermally averaged cross sections for ¢1¢07 — xx* and p1901 — NN, computed for
the parameter values M; = 106 GeV, My = 10° GeV, A\; = 1074, and Ay = 10745,

We also derive the cross sections for the annihilation processes ¢;p; — xx* and
pi; — NN . In the low-velocity limit, these simplify to:

Mo

—0 ~ 3
T sy = 167; 5 + O(v?), (7.45)
(2

; M
y—0 ~ i 1
O NN = 5 7, +O(v). (7.46)

We numerically integrate these cross sections, and Fig. 7.6 shows the results for ¢,
annihilations using the parameter set indicated in the figure. As expected, @;0; = xx*
exhibits p-wave behavior at low temperatures, while p;¢; — NN is s-wave dominated.

Importantly, these cross sections become relevant around 7" ~ M;, where the g;
population is already suppressed due to Boltzmann factors from their decays. As a
result, these processes are not expected to play a significant role in the dynamics of
asymmetry generation within the Boltzmann equations.

7.1.5 Parameter space

In this subsection, we explore the parameter space that enables the successful generation
of the dark sector asymmetry, previously treated as an initial condition. The required
asymmetry, YX‘X = 2.3 x 10710 derived in Eq. (5.62), accounts for the transfer of a
portion of the dark asymmetry to SM leptons via sphaleron processes. The washout
effects that influence the asymmetry occur at high temperatures and are inherently tied
to the dynamics of its generation. This aligns with the derivation of YX‘X, where washout
was neglected, as it is no longer active at that stage.
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7.1 Asymmetry generation

Fig. 7.7: Representative evolution of the total yields of x + x*, N + N, and ¢; (dash-
dotted), along with the dynamically generated asymmetries between particles and
antiparticles (solid), in our leptogenesis-like scenario. A mild washout is present at
high temperatures. The mass of (, is taken to be above the reheating temperature.

For the precise value of the target asymmetry to be generated, Yg{rget, we must

account for the rescaling of the yield due to the effective entropy degrees of freedom,
Jxs, which affect its value at different temperatures. We find

YAvE =23 x 107" 98Trodey) g 4 1912 (7.47)
gxS (ﬂepto)

A qualitative example of the dynamical generation of the asymmetry is shown in
Fig. 7.7. By solving the Boltzmann equations for different values of the model’s key
parameters, we identify the regions where the model successfully generates the target
asymmetry, and therefore reproduce the measured quark-antiquark asymmetry. The
key parameters governing asymmetry generation are the masses M; and Ms, along with
the couplings A; and A2, as defined in Eq. (7.1). These parameters determine the CP
violation coefficients €1 and ez through Eq. (7.16), and also control the strength of the
washout processes via the cross sections in Eqgs. (7.32) and (7.34).

For each set of parameters (Mj, Ma, A1), there might exist two possible values of Ao
that lead to successful asymmetry generation. As illustrated in Fig. 7.8, this behavior
arises from the interplay between CP violation and washout processes. Starting from
small A, increasing the coupling enhances the final asymmetry due to the growth of
the CP violation parameter €;. However, at larger Ay, washout processes become more
efficient, eventually reducing the asymmetry. This creates a second solution where the
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Fig. 7.8: Generated asymmetry as a function of Ay for fixed values of M; = 107 GeV, My =
10'° GeV, and different choices of \; as indicated in the figure. The horizontal dash-
dotted line marks the target asymmetry, Ygd;get. The inclusion of washout processes
leads to a second solution for Mg, where the initially overproduced asymmetry is
reduced to the desired value.

initially overproduced asymmetry is balanced by stronger washout, yielding the target
value. For certain parameter choices, no solutions exist, either because CP violation is
too weak or washout effects are too strong. This is the case for example for the lightest
blue curve in Fig. 7.8.

To solve the set of coupled Boltzmann equations given in Section 7.1.3, we have
assumed, for simplicity, that the mass of @9 is greater than the reheating temperature
after inflation. This assumption eliminates the contribution of ¢ to the asymmetry
generation, setting the terms with ¢ = 2 in the Boltzmann equations (7.27)-(7.31)
to zero. This simplification does not alter the overall picture, as the effect of o on
asymmetry generation is already negligible compared to that of ¢; when My > M;.
Additionally, in the numerical analysis we have assumed that x and ¢; reach thermal
equilibrium with N and, consequently, with the SM bath.? If this condition is not met,
the dark sector temperature may deviate from that of the SM at early times, requiring a
more detailed treatment to properly account for this effect. However, such a deviation is
not expected to significantly alter the viable parameter space presented in this section.

Fig. 7.9 presents the parameter space for successful asymmetry generation. Each point
in the plot corresponds to a solution of the Boltzmann equations, with the requirement

that the final asymmetry matches chrget. The color contours represent the values of

2This condition is naturally satisfied if interactions between N and x are strong, if 1 couples efficiently
to the SM Higgs or the neutron portal mediator (introduced in the next section), or if processes like
NN  @1¢ are in equilibrium at the relevant temperatures, which occurs for values of A\; > 6x1073.
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Fig. 7.9: Parameter space for successful asymmetry generation, showing the values of As (color
contours) required to achieve the correct final asymmetry for the parameter set
(A1, My, My = 103M;). Each panel corresponds to one of the two possible solutions
for Ao, which emerge from the balance between CP violation and washout effects. The
white region represents parameter values where no viable solution exists due to either
insufficient CP violation or excessive washout.

the coupling Ao, with each panel corresponding to one of its two possible solutions. The
white region in Fig. 7.9 represents parameter values where no solution for A\ exists that
produces the correct final asymmetry. This occurs due CP violation being too weak (at
smaller values of A1), or due to washout effects being too strong (larger values of \;).
Additionally, the lower bound on M; at M™" ~ 10* GeV, and the decreasing range
of viable Ay values at lower M; stem from the fact that smaller masses simultaneously
weaken CP violation and intensify washout effects, further constraining the parameter
space.

This parameter space analysis demonstrates that a large region of viable parameter
space exists where the correct dark sector asymmetry can be generated, even in the
presence of washout effects. These results highlight the robustness of the proposed
mechanism, as successful asymmetry generation is not restricted to finely tuned regions
but instead spans a wide range of physically reasonable parameters.

7.2 UV completion of the neutron portal

To achieve a UV completion of the neutron portal we introduce a complex scalar, ®, with
electromagnetic charge @ = —1/3, baryon number B = —2/3, and which transforms
as a color triplet under the SM SU(3)c. The kinetic, gauge and mass terms of the
Langrangian are given by

L > (D,®) D'd — M2, (7.48)

93



Chapter 7 UV completion

where D, is the covariant derivative, defined as D, = 0,, — i%/YBM — i%s)\aij, for a
particle charged under both hypercharge and color interactions. The interaction terms
responsible for generating the neutron portal are

L D Yud Eijk@i@dk + YNd (I);kNdz + h.c., (7.49)

where ¢, j, k are color indices, and u and d are right-handed. The parameters y,q4 and
ynq are the dimensionless Yukawa couplings. Similar mediators have been explored in
previous studies, particularly in scenarios where N acts as the dark matter candidate
[193,196,197].

The particles involved in the neutron portal exhibit parallels with certain particles
predicted by supersymmetry (SUSY). Specifically, N can be compared to a Dirac
neutralino (x"), and @ resembles a right-handed down-type squark (d ), with a different
baryon charge. In a SUSY scenario, the coupling y,q could exist only as an R-
parity violating interaction, as it involves just one supersymmetric partner. This
highlights a distinction from yy4, which corresponds to a more standard R-conserving
supersymmetric interaction widely recognized in the literature. SUSY, being a widely
studied theoretical framework [48-52], has inspired numerous experimental searches for
particles like these. While the search strategies and constraints from SUSY do not map
perfectly onto the neutron portal scenario, the wealth of existing literature provides a
robust basis for interpreting and constraining these particles in our context.

In Section 6.2.2, we explored the constraints on the parameter space of the neutron
portal within the EFT framework, identifying the allowed regions for the energy scale
A,,. In the full theory, we can match the energy scale to the new parameters as

M.
Ap=—2 (7.50)

vV Yud YNd '
Since the particle ® carries color charge, we intuitively expect its mass to be constrained
from bellow to at least several hundred GeV. From cosmological considerations,
the energy scale is constrained from above to values A, < 10° GeV.? These two
considerations suggest that the region of interest corresponds to values of the couplings

700 GeV

where the benchmark choice of Mg = 700 GeV will be justified below.

We aim to determine whether ® decays promptly within the detectors volume to
evaluate the expected experimental signatures. To estimate the maximum distance
® can travel before decaying, we calculate its lifetime, accounting for the two decay
channels, ® — Nd and ® — @d. The lifetime of ® is given by

1 167

o= — = . (7.52)
To  (v2y+via) Mo

M 2
Yud - YNd > D x 1077 <¢> , (7.51)

3Higher values of A,, are allowed if my avoids the upper limit considered in Section 6.2.2.3, which is
achieved if dark matter freezes out into other particle species. This relaxes the limit in Eq. (7.51).
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Fig. 7.10: Processes contributing to the unavoidable production of the neutron portal mediator
in proton-proton collisions, driven by its gauge interactions.

The decay length in the laboratory frame is given by
Lq> = VYT, (753)

where v is the velocity of ® and ~ is the boost factor. Unlike the lighter N particles
discussed in Section 6.2.2.4, the heavier ® particles are expected to be non-relativistic, so
we approximate v &~ 1. Using Eq. (7.51) along with the assumption that Mg = 700 GeV,
we estimate the maximum decay length to be:*

LB ~ 1077 ym. (7.54)

Consequently, we will focus on prompt decay signatures in our analysis.

7.2.1 Collider constraints: production via gauge interactions

The production of ® and ®* particles via gauge interactions, illustrated in Fig. 7.10,
is an unavoidable feature of the model. Since this production proceeds mainly through
the strong coupling g,, it remains highly efficient regardless of the values of the Yukawa
couplings ¥,4 and yng.

After the resonant or non-resonant gauge production of ® and ®* pairs, these particles
decay through their Yukawa interaction terms.” The branching ratios for ® and &®*

4In our calculation, we use the simplifying assumption v &~ ¢, which significantly overestimates the
decay length. Even under this approximation, we find that ® decays promptly within the detector.

SIf @ is produced off-shell, there also exists a potential diphoton and digluon signature mediated solely
through gauge interactions. However, due to the high SM background for these processes, they are
not expected to provide meaningful sensitivity. As a result, we do not focus on these signatures.
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Fig. 7.11: Mixed gauge and Yukawa interaction processes mediated by the neutron portal in
proton-proton collisions: a) Dijet paired production, dominating when y,q > ynd.
b) Monojet plus missing energy paired production, dominating when yng >> Yuq. €)
Combined signature of monojet plus missing energy and dijet production, becoming
significant alongside a) and b) when y,4 ~ ynq4. Notice that the gauge production
shown here corresponds to the first diagram in Fig. 7.10, but the other two channels
also are present.

decays are given by

2
—7 * Yud
Br (® — d) = Br (®* — ud) = -84 7.55
( ) ( ) Yad + Y (7:59)
2
Br (@ — Nd) = Br (° — Nd) = 52 (7.56)
Yua T YNd

Depending on these branching ratios, there are three possible final states, as illustrated
in Fig. 7.11:

a) The final state is a pair of dijets. Dominates when y,4 > yng.
b) The final state consists of two jets plus missing energy. Dominates when yyg >
Yud-

¢) The final state consists of a monojet plus missing energy and a dijet. This type
of signature becomes relevant only when yng ~ Yuq.°

SNote that in Fig. 7.11, only one of the two possible configurations is shown; the complex conjugated
final state is also possible.
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Fig. 7.12: Cross section for resonant gauge production of ¢ and ®* decaying into a pair of dijets
as a function of the mediator mass Mg, assuming 4,4 > ynq. The computed cross
section (pink) was obtained using MadGraph5_aMC@NLO. The green shaded region
indicates the exclusion limits set by ATLAS [227,228] and CMS [229], fitted with a
polynomial function since we are interested in the overall trend. This comparison
rules out mediator masses below Mg < 1.25 TeV.

In most of the parameter space, cases a) and b) dominate, so we focus our analysis on
these types of signature.

The particles ® and ®* can be produced either resonantly or non-resonantly. When
the mediators are off-shell, the resulting signatures are exceedingly difficult to trace
back to the original collision due to the lack of a well-defined energy in the final states.
These processes then suffer from hight SM backgrounds, making discrimination virtually
impossible. Consequently, the prospects for detection are significantly improved if the
final particles are produced through a resonance, as such events provide a distinct
signal. For resonant production, applying cuts on the invariant mass of the final-state
particles, centered around the mediator mass, can help isolate the signal from the large
SM background.

We begin by examining the resonant pair of dijets signature, case a) in Fig. 7.11, which
becomes relevant when y,q > yng. Experimental searches by ATLAS [227,228] and
CMS [229] have placed constraints on such signatures over a range of mediator masses.
To evaluate the cross section for this process, we use MadGraph5_ aMCQNLO [230],
with model files generated using FeynRules [231] and UFO [232]. Fig. 7.12 shows the
computed cross section (purple) as a function of Mg, alongside the region excluded by
collider experiments. Note that the cross section for this process is independent of the
value of y,q under the assumption that ® and ®* are produced resonantly and decay
exclusively into dijet final states. Within this region of the Yukawa coupling parameter
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Fig. 7.13: Purely Yukawa processes mediated by the neutron portal in proton-proton collisions:
a) Dijet signal, which dominates when y,q > yng4. b) Monojet plus missing energy
signal, which dominates when yngq > y.q. In both cases, the conjugate processes
are also present but are subdominant due to the parton distribution functions of the
proton.

space, mediator masses below Mg < 1.25 TeV are excluded.”

In the scenario where yyg > yu4, corresponding to case b) in Fig. 7.11, the expected
signal consists of two jets and missing energy. While there have been some searches for
this type of signature, they have not been extensively explored. The CMS experiment
has placed constraints on the mass of such mediators, excluding Mg < 700 GeV [233].
This represents the weakest exclusion limit for the unavoidable production of ® and ®*,
making it the absolute lower bound for the mediator mass in this scenario.

7.2.2 Collider constraints: production via Yukawa interactions

In addition to the production of the mediator through gauge interactions in proton-
proton collisions, ® and ®* can also be produced resonantly via the ¢ucd Yukawa
interaction for sufficiently large values of y,4, as illustrated in Fig. 7.13. The resulting
final states depend on the branching ratios of ®, and are:

a) A dijet, which dominates when y,q > yng.
b) A monojet plus missing energy, which dominates when yyxg > yuq.

To identify the values of y,4 and Mg for which Yukawa-driven production dominates,
we calculate the cross section for this process using MadGraph5_aMCQNLO. Focusing
on the resonant production of ® and ®*, the cross section scales with ygd. Once
produced, the mediator decays into various final states, with the branching ratios
determining the fraction of events in each channel. Fig. 7.14 compares the Yukawa-
driven and gauge-mediated production cross sections over a range of mediator masses.
The dashed lines in different shades of blue represent the Yukawa production for various

"Note that all cross sections generated with MadGraph5_aMC@NLO in this work are computed at
leading order. Including next-to-leading order (NLO) contributions would refine the predictions and
potentially strengthen the resulting constraints.
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Fig. 7.14: Comparison of resonant production cross sections for ® and ®* mediated by gauge
interactions (solid pink line) and Yukawa interactions (dashed blue lines) across a
range of mediator masses My. The Yukawa cross sections are shown for different
values of the coupling y,4s. The computed cross sections were obtained using
MadGraphb5_aMCQ@NLO. For sufficiently large 3,4, Yukawa interactions dominate.

values of the coupling ¥,4, while the solid pink line shows the cross section for gauge-
mediated production. As the figure shows, for a reasonable range of y,q, Yukawa
interactions can dominate the production of & and ®* particles. Hence, we aim to
explore these signatures in more detail, particularly to determine whether there exists
a range of couplings that are consistent with collider constraints while also satisfying
the BBN limit.

When y,4 is relatively large, and y,q > yng the dijet signature becomes dominant.
In this scenario, we focus on resonant dijet production. Constraints on such signatures
have been searched for by ATLAS [234] and CMS [235], which combined examine a
range of mediator masses from 500 GeV to 8 TeV. Fig. 7.15 presents the excluded mass
ranges for values of Yukawa couplings that yield constraints, based on a comparison
between our calculated cross sections for resonant dijet signatures and the experimental
exclusion limits. These experiments constrain the product of the cross section and the
branching ratio, making the limits valid only under the assumption y,q > ynq. We
have verified that the whole constrained region can satisfy this assumption while also
respecting the BBN requirement, following Eq. (7.51).

Finally, in the scenario where ¥, is sufficiently large for Yukawa production to
dominate, and yngq > Yuq, the single jet plus missing energy signature becomes the
dominant signal. While some studies have explored this type of signature [236,237], a
comprehensive systematic analysis is still lacking, which would be essential to impose
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Fig. 7.15: Exclusion limits on the mediator mass Mg in our scenario derived from resonant
dijet searches. The shaded green region indicates the parameter space excluded by
experiments [234, 235]. The constraints are shown as a function of the Yukawa
coupling vy,q4, assuming y,q > yngq. The constraints are consistent with BBN,
see main text for details. The computed cross sections were obtained using
MadGraph5_aMC@NLO.

robust constraints on the model. Notably, this signature represents the most distinctive
feature of our framework.

Some studies [238,239] analyze data on jets plus missing transverse energy from
CMS [240,241] and ATLAS [242,243], reporting evidence of a consistent excess in both
datasets with a global significance of 2.50. They propose that this excess could be
explained by the resonant production of a heavy colored scalar decaying into a quark
and an invisible particle, analogously to our scenario. Their best fit for the masses of
these particles is (Mg, my) = (1250, 900) GeV. The value of Mg aligns well with our
scenario, and my could also fit if dark matter primarily freezes out into particles other
than NNV, which we explore in Section 7.3.3.

7.2.3 Collider constraints: summary

In this section, we analyzed the UV completion of the neutron portal and identified
new production channels that should be included in any systematic study of this model.
Our findings indicate that the model is not fully excluded and remains testable at both
current and future collider experiments. Notably, the available constraints for resonant
dijet signatures can encompass the entire allowed parameter space for A,, shown in
Fig. 6.6, for specific choices of parameters in the UV completion. Remarkably, certain
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key signatures have not been thoroughly explored in collider searches. In particular, the
monojet plus missing energy signature, which is one of the most distinctive signals of this
framework, requires more comprehensive and systematic searches. Such an approach
could provide a more complete understanding of the model’s viability and open new
opportunities for collider-based discovery.

Finally, while we have primarily focused on the neutron portal, similar UV completions
can be considered for alternative portals where ® couples to different quark generations.
If the interaction does not involve the top quark, the overall phenomenology remains
largely unchanged. The strong production of ® is unaffected, as it depends only on
QCD interactions, and the decays still result in jets, regardless of the type of quark
they originate from. The Yukawa-driven production channels would experience some
suppression from the parton distribution functions for second- and third-generation
quarks. To mitigate this suppression, studies such as [236] have considered production
mechanisms involving a gluon in the initial state. Additionally, flavor constraints could
impose further limitations depending on the specific generation involved. Nonetheless,
the collider constraints derived in this section remain broadly applicable across different
portal scenarios, making them a robust probe of this class of models.

7.3 UV completion of freeze-out

In this Section, we discuss the UV completion for dark matter to freeze out into the
observed relic abundance. First, in Subsection 7.3.1, we examine whether freeze-out can
be achieved using the particles already present in the model. Since these particles do
not provide interactions strong enough to drive dark matter annihilation efficiently, we
then consider the introduction of new particles. In Subsection 7.3.2, we explore how new
heavy particles, either scalar or fermionic, can effectively reproduce the EFT dynamics
for freeze-out introduced in Chapter 5. Finally, in Subsection 7.3.3, we introduce a very
light scalar particle, .S, into which dark matter freezes out, and which remains in the
universe as a subcomponent of dark matter. We show that this scenario is compatible
with cosmological measurements such as N.g. Moreover, in this setup, dark matter does
not need to be kinematically allowed to annihilate into N and N, which lifts the upper
bound on the mass of NV and expands the parameter space of the neutron portal.

7.3.1 Can existing particles drive freeze-out?

Here, we investigate explicitly whether the Majorana fermions ¢;, responsible for
asymmetry generation, or the colored mediator of the neutron portal & can drive
dark matter freeze-out. However, we find that neither of these particles can provide
interactions strong enough to achieve the required dark matter annihilation.

7.3.1.1 Heavy Majorana fermions ¢;

In Section 7.1, we introduced the heavy Majorana fermions ¢; and (3, which can
generate the asymmetry in the dark sector through a mechanism similar to leptogenesis.
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Fig. 7.16: Feynman diagram illustrating the annihilation process xx* — NN mediated by the
heavy Majorana fermions 1 and 5. This process contributes to the generation of
the effective energy scale Ay, which governs the dark matter freeze-out.

As discussed in Section 7.1.4, these particles also play a role in the washout processes
(see Fig. 7.4), which in the EFT framework are mediated by the energy scale As.

Additionally, ¢; and @3 can mediate the annihilation process xx* — NN, which
contributes to the dark matter freeze-out, as illustrated in Fig. 7.16. This process is
associated with the generation of the EFT energy scale Ag. However, as shown in
Eq. (5.47), the energy scale Ap must be higher than ~ 10'° GeV, to prevent the erasure
of the dark sector asymmetry. In contrast, for dark matter freeze-out to be efficient,
Ao must be significantly lower. A numerical analysis solving the Boltzmann equations
(5.54) and (5.55), indicates that Ag should not exceed ~ 10* GeV, as shown in Fig. 5.10.

This large disparity in energy scales cannot be accommodated if both interactions
originate from processes mediated by particles of the same mass. Therefore, we conclude
that the contribution of @1 and @9 to the generation of Ay, which governs dark matter
freeze-out, is negligible.

7.3.1.2 Heavy color-triplet scalar ¢

In Section 7.2, we introduced the color triplet scalar ® as a UV completion of the
neutron portal. Here, we investigate whether this particle could also drive dark matter
freeze-out by mediating the annihilation process yx* — NN.

The interaction term between dark matter and the neutron portal mediator, which is
a colored and electromagnetically charged particle, is given by:

LD Malx*|®*. (7.57)

Fig. 7.17 illustrates the loop diagram in which ® contributes to the freeze-out into N
and N. This contribution arises from the interactions described in Eq. (7.57) and the
second term of Eq. (7.49).

To compute the one-loop cross section for this process, we implement the relevant
particles and interactions from our model on FeynRules [231] to generate the necessary
model files for amplitude calculations. We then employ FeynArts [244] to generate
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Fig. 7.17: Loop diagram illustrating the contribution of the color triplet scalar ® to the dark

matter annihilation process xx* — NN. The interactions involved are described by
the Lagrangian terms in Eqgs. (7.49) and (7.57).

the Feynman diagrams and amplitudes, which are further processed with FeynCalc
[245] for algebraic manipulations and simplifications. Finally, we handle loop integrals
using FeynHelpers [246], which provides access to Package-X [247] for Passarino-Veltman
decomposition.

We find that the cross section for this process is given by:®

Xx*—NN 16384 w5 Mg m2 ’ '

By setting m, = 1.9 GeV, my = 1 GeV, and using the best-case scenario values for the
couplings and for the mediator mass (derived in Section 7.2), we obtain:

_ o (M) YNd 17700 GeV\*
® - 13 2 [ Ax
of oy = 6x 1070 Gev ( - > < 0 i, ) (7.59)

This value is several orders of magnitude below the standard requirement for dark
matter freeze-out, typically (ov) = 1072 GeV~2. Consequently, the process yx* — NN
mediated by ® alone is insufficient to drive dark matter freeze-out.

An alternative possibility is to allow dark matter to freeze out into particles other
than N, such as quarks, photons, or gluons. It is interesting to note that such processes
were not present in the EFT framework introduced in Chapter 5, as their inclusion
would have appeared somewhat ad hoc. However, within a UV-complete framework, we
find that these interactions can naturally emerge under rather economical assumptions.
This approach has the advantage of lifting the upper bound on my (see Fig. 6.6),
since the annihilation process xx* — NN no longer needs to be kinematically allowed.
Importantly, this modification does not qualitatively alter key features of the model,

8Since the interaction structure involves chiral projectors Pr and Pr, the loop amplitude is affected
by the well-known 75 problem in dimensional regularization. Specifically, s is inherently four-
dimensional, and its anticommutation with v* is not well-defined in d = 4 — ¢ dimensions. To handle
this, we use the Breitenlohner-Maison-"t Hooft-Veltman (BMHV) scheme [248,249], where s is kept
in four dimensions while other gamma matrices are extended to d.
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Fig. 7.18: Feynman diagrams depicting the annihilation of dark matter into quark-antiquark
pairs (xx* — ¢q¢) mediated by the neutron portal. Diagrams a) and b) show the
processes for dd final states, while ¢) shows the process for ui. The interactions
involved are described by the Lagrangian terms in Eqs. (7.49) and (7.57).

such as asymmetry redistribution, nor does it affect the main conclusions drawn in the
previous chapters.

If dark matter freezes out into quarks, the relevant processes involving the neutron
portal mediator are illustrated in Fig. 7.18.

Since the quarks involved in the neutron portal interactions are right-handed, the cross
sections for these final states are chirality-suppressed. Angular momentum conservation
requires one of the final-state quarks to flip helicity. Since helicity flipping is mediated
by the quark mass, the cross section scales as mg, making it highly suppressed for light
quarks. For example, considering diagram 7.18 a), the cross section for the process
xx* — dd is given by:

2 .4 2052 2
b.a) 3 A% Yua Mg (2my — mg)

o~ 7.60
XX —dd 8192 7> Mg m? (7.60)

Using the same benchmark values as before and taking my = 4.7 MeV [17], we obtain:

2 4 4
00 o108 Gey-? (M) (Bur) " (T00GeV
o2 =2 10710 GeV (1O> (10)( ) (7.61)

This result is even more suppressed than the annihilation cross section into N and NV,
given in Eq. (7.59). Moreover, including contributions from the remaining diagrams
does not significantly improve the total cross section. As a result, this annihilation
channel is too inefficient to drive dark matter freeze-out.

104



7.3 UV completion of freeze-out
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Fig. 7.19: Feynman diagrams illustrating the annihilation of dark matter into two gluons
(xx* — gg) or two photons (xx* — 77) mediated by the neutron portal scalar
®. The interactions involved are described by the Lagrangian term in Egs. (7.48)
and (7.57).

The chirality suppression could be lifted by considering radiative corrections to these
processes, such as final states including an additional photon or gluon (xx* — ¢gy or
xx* — ¢qg). The photon or gluon can carry angular momentum, removing the need for
a helicity flip via the quark mass. As a result, the cross section could be significantly
enhanced, possibly counteracting the suppression associated with the 3-body phase
space.

To verify this, we compute, for example, the diagrams analogous to 7.18 a), where
a photon is radiated from one of the charged particles involved, leading to the process
XX = ddvy. Summing over all such diagrams, we obtain:

212 4 2
¢7 a‘) ~ € AXCD yud mX

o J~ ’
XXddy 11796482 77 M v

(7.62)

where e is the electromagnetic charge coupling constant.” Evaluating this expression,

we find:
¢, a) ~3 10—16G V—2 )‘X‘I) 2 Yud 4 700 GeV 4 763
Tovoany 0= BATRENVT G0 ) (o ) T ) o T

This result shows only a marginal improvement over Eq. (7.61). Furthermore,
incorporating additional diagrams that contribute to the final states ddvy, as well as
the analogous processes uiiy, ddg, and uiig while accounting for the appropriate color
factors, does not bring the total cross section to the level required for efficient dark
matter freeze-out.

Finally, we examine the annihilation of dark matter into two photons or gluons
mediated by the scalar mediator ®. The corresponding Feynman diagrams for this
process are shown in Fig. 7.19. For the annihilation into gluons, we obtain the cross
section:

® g? Cy4Cr /\?(4’ mi
Oy ~ ,
x99 18432 7> M3

(7.64)

Infrared divergences, which typically arise from soft photon emission off external quark legs, are
absent in this case. This is because such divergences are proportional to the cross section of the
2-body process xx* — dd, which is chirality suppressed.
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where g, is the strong coupling constant, and Cy = 3 and Cr = 4/3 are the Casimir
operators for the adjoint and fundamental representations of SU(3), respectively. This
leads to:

Mo\ 2 /700 GeV\*
¢ ~ 10—19 -2 x®
Oy rgg = 1077 GeV < 10 > < M, ) . (7.65)

The annihilation into photons is found to be even less efficient.

We conclude that the neutron portal mediator alone does not provide a sufficient
contribution to dark matter annihilation to achieve freeze-out and match the observed
relic abundance. Therefore, additional particles and interactions are required to
facilitate an efficient freeze-out mechanism.

7.3.2 Addition of new heavy particles

In the previous section, we explored various processes that could efficiently drive dark
matter freeze-out with particles already present in our model, but found that none were
sufficient. This led us to conclude that additional particles are needed to achieve the
required annihilation rates.

To exactly reproduce the energy scale Ay in the EFT framework presented in
Chapter 5, the simplest approach is to introduce a new heavy particle that carries
no baryon number or other quantum numbers. In this section we explore the freeze-out
via the introduction of a heavy scalar or fermionic particle.

7.3.2.1 Heavy scalar X as an s-channel mediator

A natural candidate for this role is a real scalar X with mass My, whose interaction
terms are described by the Lagrangian:

L% 5 X3 X | x|? + yx XN N, (7.66)

where A3 is a coupling with mass dimension one, and yx is a dimensionless coupling.
The scalar X mediates the annihilation process xx* — NN via the s-channel, as

illustrated in Fig. 7.20 a). The corresponding cross section is:

3/2

o X N M y3 (s —4m?%)

*—NN — ‘
e 8ms(M3 — )2\ /s — 4m2

By comparing this result with the EFT cross section in Eq. (5.12), we identify the
matching condition for the energy scale is:

(7.67)

2
x . Mx

O 7 Nyx

(7.68)
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Fig. 7.20: Feynman diagrams illustrating dark matter annihilation into N and N mediated by
new heavy particles. In panel a) the process occurs via an s-channel exchange of a
real scalar X, while in panel b) it proceeds through a t-channel exchange of a heavy
fermion W. The interaction terms corresponding to these diagrams are given in the
Lagrangians of Eq. (7.66) and Eq. (7.70).

To achieve the standard freeze-out cross section (ov) ~ 1079 GeV =2, the required mass

for the mediator is
A 1/2 1/2
Mx < 84GeV (G;v) <y1X) (7.69)

for my = 1.9 GeV and my = 1 GeV. This mass range is feasible for an uncharged
particle.

7.3.2.2 Heavy fermion VU as a t-channel mediator

Another possible mediator is a heavy fermion ¥, of mass My, which interacts with the
other dark sector particles in our model as:

L 5 44 UNy + h.c. (7.70)

where yy is a dimensionless Yukawa coupling. In this scenario, ¥ mediates dark matter
annihilation via a t-channel exchange, as illustrated in Fig. 7.20 b). The cross section
for the process is given by

w Yy (s — 4m3))*2

o -~ )
xx*—NN
SWSM‘%,, /s — 4m§<

By comparing again with the EFT cross section in Eq. (5.12), we extract the following
correspondence with the energy scale

(7.71)

M
Ay~ ZE (7.72)
Yy
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To achieve a freeze-out cross section consistent with the observed relic abundance, the
mediator mass must satisfy:

2
Mg <7 x 10° GeV <yf> . (7.73)

This bound is significantly higher than the scalar mediator case shown in Eq. (7.69),
making ¥ an even more viable realization of the required interactions.

Both mediators discussed in this section successfully reproduce the EFT description
of our scenario. In the next section we explore the alternative of freeze-out into lighter
dark particles.

7.3.3 Alternative scenario: very light scalar S

In this section, we explore the possibility of introducing a new dark scalar particle .5,
with mass mg < m,, which is uncharged under baryon number and does not couple to
any SM gauge symmetries. Since this particle is lighter than dark matter, freeze-out can
proceed through annihilation directly into a pair of S particles. As a result, the particle
N no longer play a role in the freeze-out process, which removes the upper bound on
my. This effectively expands the available parameter space for the neutron portal,
which was shown in Fig. 6.6. This scenario does not reproduce the EFT presented in
Chapter 5, but it remains consistent with the model’s underlying principle of baryon
number conservation and does not alter any of the key features of the framework.'"

This scalar particle could in principle be real or complex; however, we focus here on
the complex case.'! We assume that this new particle interacts only with dark matter
and itself, with interaction terms given by:

LD sz [XIISI* + Asa ISI, (7.74)

where Ago and Ag4 are dimensionless couplings.

The particle S must either annihilate or decay into SM particles, or alternatively, it
could persist in the universe until the present day as a subdominant component of dark
matter. This will depend on the value of mg and on its potential couplings to the visible
sector.

Let us consider the scenario in which S is completely decoupled from the SM and
remains in the dark sector until today.'? In this case, its contribution to the radiation
energy density must be evaluated to determine whether it is consistent with current

101f N is heavy and decays before sphalerons freeze out, this would imply a shift in the dark matter
mass to my S 1.6 GeV.

H1f S is a real scalar, dark matter self-interactions via ¢t-channel exchange of S (xx <+ xX) can occur.
Given the light mass of S, the resulting self-interaction cross section would be substantial, likely
ruled out by constraints from CMB observations and Bullet Cluster measurements [250].

12 Another possibility is that S couples to the SM Higgs. In this case, after dark matter freezes out, S
could decay into light hadrons or fermions through the Higgs mixing, and disappear. For a given
range of mixing angles, this scenario can avoid cosmological constraints for masses mg in the range
1 MeV to 1 GeV [251,252].
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Fig. 7.21: Schematic representation of the particles composing the decoupled visible and dark
sectors at high temperatures.

measurements of Neg. As we will show in Section 7.3.3.3, the predicted deviation
remains within the uncertainty of current Planck constraints but could be probed by
next-generation experiments such as CMB-5S4.

First, in Section 7.3.3.1, we review the thermal history of this dark sector. Then, in
Section 7.3.3.2, we analyze the freeze-out dynamics in a secluded scenario where the
dark sector temperature differs from that of the visible sector. In Section 7.3.3.3, we
examine the contribution to Neg, and finally, in Section 7.3.3.4, we explore the role of
S as a hot relic in the dark matter density.

7.3.3.1 Thermal history of the dark sector

Here, we consider the scenario in which the particle S is very light and fully decoupled
from the visible sector, allowing it to persist in the universe as a relic subcomponent of
dark matter.

In order to start analyzing the thermal history of this scenario, we refer to Fig. 7.21,
which provides a schematic representation of the two decoupled sectors, the visible
sector (VS) and the dark sector (DS), along with their respective particle content.
This depiction corresponds to temperatures below the asymmetry generation scale T <
Tiepto, as defined in Eq. (7.26), but still above the top quark mass, 7' > myp. At this
stage, the heavy Majorana fermions ¢;, which generated the asymmetry and provided
a connection between the two sectors, have already disappeared from the universe.

The visible sector consists of the SM particles, the neutron portal mediator ®, and
the fermion N, all in thermal equilibrium. Due to gauge interactions, as illustrated
in Fig. 7.10, ® remains in thermal equilibrium with the SM. Similarly, N maintains
thermal contact with the SM through fast scattering processes such as &g — Nd.

The dark sector, on the other hand, is composed of particles x and .S, which interact
strongly enough to remain in thermal equilibrium with each other. The Majorana
fermions ¢; have already decayed, but if they were in thermal equilibrium with the VS
before their disappearance, their large abundance would lead to a thermal population

109



Chapter 7 UV completion

of x, and consequently of S. Additionally, if the interactions ¢, <+ YN thermalize,
they would further enforce the thermal production of x. Finally, a thermal population
of x could also arise from strong interactions with N.

Given this setup, it is reasonable to assume that the visible and dark sectors are
initially decoupled but start off with the same temperature:

Tps = Tvs, (7.75)

which will evolve independently as the universe cools down.

We proceed to analyze the evolution of the dark sector temperature Tpg, and the
dark sector energy density, ppg. At high temperatures (T >> myqp ), both species in the
dark sector, x and S, behave as relativistic particles, contributing to the total radiation
energy density defined in Eq. (A.11) as:

7T2

30
where the degrees of freedom correspond to those of complex scalars: g, = 2 and
gs = 2. When dark matter freezes out, the energy density initially stored in y and x*
is effectively transferred to S and S*. Thus, after freeze-out, the dark sector consists
only of S and S*, and its energy density remains:

pps = (2 +2) T, (7.76)

2
30

We now proceed to relate the temperature the dark and visible sectors. Once both
sectors decouple, entropy conservation ensures that as various SM particles annihilate,

the visible sector heats up relative to the dark sector. Following a similar procedure as
in Appendix A.3 (see Egs. (A.20)—(A.23)), we obtain:

Ths = (9*5@7))1/33, (7.78)

pps(Tos < Tio) = ps(Tbs < Tto.) = == (2 + 2)THs (7.77)

95
where g,g, defined in Eq. (A.17), represents the effective relativistic degrees of freedom
in the SM at a given temperature.
At the time of dark matter freeze out T¢, ~ m,, we have the contribution of
the photons (g, = 2), the electrons and positrons (g = 4), and the neutrinos and
antineutrinos (g, = 6), all in thermal equilibrium. This gives:

7
9xs(Ty = my) =24 ¢ - (44 6) = 10.75. (7.79)

At very high temperatures, all the SM particles are in thermal equilibrium, contributing
gxs = 106.75 as calculated in Appendix A.2. We add the contributions of ® (gp = 2)
and of N (gny = 4), both in thermal equilibrium with the photon plasma, obtaining:

, 7
g5 = 106.75 + 2 + 3 -4 =112.25. (7.80)

13The thermalization of ¢ <+ YN occurs for A\; > 6 x 1073, which is compatible with the available
parameter space, see Fig. 7.9.
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Fig. 7.22: Feynman diagram representing the annihilation of dark matter into pairs of the light
scalar particles S and S* via the interaction defined in Eq. (7.74).

Inserting these numbers into Eq. (7.78), we find

10.75
112.25

1/3
Tps(Ty = my) = ( > T, ~ 0.46 T, (7.81)

which we must take into account when solving the Boltzmann equations for freeze-out.

7.3.3.2 Freeze-out in a colder dark sector

Fig. 7.22 illustrates the Feynman diagram contributing to dark matter freeze-out via
the process xx* — 55*. We compute the s-wave contribution to the thermally averaged

cross section for this process, obtaining:
g\ fm3 — m%
S2 X S
. (7.82)

327rm§’<

(OV)xxr—585%

In the limit where m, > mg, and for the specific case of m, = 1.9 GeV, this expression
simplifies to:
-9 ) As2 2
<O-U>XX*_>SS* ~ 10 GeV (6 X 10_4> . (783)
This result suggests that dark matter freeze-out can be efficiently achieved for coupling
values satisfying Ago > 6 x 1074,

To accurately determine the values of Age that yield the correct relic abundance, we
numerically solve the coupled Boltzmann equations. In this scenario, freeze-out occurs
within a secluded dark sector, meaning that the dark sector temperature differs from
that of the visible sector. The temperature relation is given by Eq. (7.90), allowing us
to define the variable x’ in terms of the dark sector temperature:

4 = My = My X
 Tps 0.46Tys  0.46°

(7.84)

The Boltzmann equations governing the evolution of the total yields, Y;Ot =Y, + Y
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Fig. 7.23: Ratio of the energy density of the particles x and x* to the observed dark matter
energy density, for a range of coupling values Ago, in the case where freeze-out
proceeds via the process shown in Fig. 7.22. The solution is obtained by numerically
solving the coupled Boltzmann equations (7.85) and (7.86), assuming m, = 1.9 GeV
and accounting for the dark sector temperature ratio Tpg ~ 0.46 Tys. For Age <
7 x 1074, an overabundance of y and x* occurs (red region).

and Y = Yg + Yg- in this setup are:

dytot A Y42 Yk (2)
X :——2 * *<YY*— X X YY*) 785
dx 22 [ (00)yxr =87 ( YaYy Yseq(a:’)Ygfl(x’) SLSE ) ( )

dyer A V(2 Y (a)
de + 2 2(00) 55+ (YXYX* - YU () Y3 () YSYS*) (7.86)

In Fig. 7.23, we present the numerical solution for the ratio of dark matter abundance
to the observed relic abundance, across a range of values for Ags. Our results confirm
that the correct relic abundance is achieved for Agy > 7 x 1074,

The fact that the dark sector has a lower temperature significantly impacts the freeze-
out dynamics. Since the dark matter number density is proportional to T]%S, a colder
dark sector results in a lower initial density. Consequently, smaller annihilation cross
sections are required to deplete dark matter to the observed relic abundance, leading to
a reduced requirement for Ags.

7.3.3.3 Dark radiation and N.g

Since S remains in the universe until temperatures drop below the neutrino decoupling
scale (T' ~ 1 MeV), we need to quantify its contribution to the effective number of
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relativistic neutrinos, Neg, and assess whether this scenario is excluded by current
constraints or within the sensitivity range of future experiments. A detailed discussion
on neutrino decoupling, N.g, and the current bounds on AN is provided in
Appendix A.3.

After electron-positron annihilation, the radiation energy density of the universe,
including contributions from photons and neutrinos, see Eq. (A.25), and also from S, is

given by
7/ 4 \4/3
1 (=
+35(5)

By comparing this to the definition of Neg given in Eq. (A.26), we obtain the following
expression for our scenario:

71-2

Pr= ¢

T . 7.87
5 5+ s (7.87)

165 - 221/3 pg

Ng = £
eff 3 + 77_[_2 T’éa

(7.88)
which needs to be evaluated after electron-positron annihilation.

In Eq. (7.77), we expressed the energy density pg in terms of the dark sector
temperature Tpg, expression which becomes valid after freeze-out. We now determine
the relation between Thgs and T, at the relevant temperature. To do so, we recall
the expression given in Eq. (7.78). After electron-positron annihilation, the radiation
content consists of photons (g, = 2) and neutrinos (g, = 6), which are now decoupled
and contribute with a temperature ratio T, = (4/11)Y/3T,, as derived in Eq. (A.24).
This gives:

7 4
gus(Ty <me) =2+ 26 (11> ~ 3.91. (7.89)

For gi:jq, we use the value previously obtained in Eq. (7.80). Substituting these values
into Eq. (7.78), we find

3.91 \'/*
Tos(Ty < me) = (112_25> T, ~0.33T,, (7.90)
and substituting this into Eq. (7.77),
272 [ 3.91 \*?
= T2 91
T (112.25) v (7.91)

Finally, using Eq. (7.88), we find that in this scenario:'*

Neg =~ 3.100, (7.92)

1t is worth noting that our computation assumes a purely thermal distribution for S. However,
half of the S particles originate from dark matter annihilation, where x was non-relativistic. Since
freeze-out occurs when Tps < m,, these annihilation-produced S particles receive a kinetic energy
of approximately m,, which is larger than the thermal expectation. As a result, they are slightly
hotter than the thermal population. This leads to a small increase in the total radiation energy
density, meaning our computed Neg is slightly underestimated.
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which, when compared to the SM prediction N Eflfv[ = 3.046 [253], gives
AN.g =~ 0.054. (7.93)
The latest measurement from Planck 2018 [5] is
NEnck = 2.9910-32 (95% C.L.), (7.94)

which shows that our predicted value of Neg lies well within the observational
uncertainty, confirming the viability of this scenario. However, the next generation
“Stage-4” ground-based cosmic microwave background experiment (CMB-S4) [254],
which is expected to improve the uncertainty by an order of magnitude, may be able to
test this prediction in the near future.

7.3.3.4 S as a hot relic and its contribution to the dark matter density

After the temperature of the dark sector falls below the mass of S, this particle will
become non-relativistic. Given its stability, it may contribute to the total dark matter
density. The energy density fraction of S is given by [111]:

eff
Ogh?~783x10°2( 95 | ™8 7.95
§ 8 (g*S(Tdec) eV ’ ( )

where ggﬂ represents the effective number of degrees of freedom of S contributing to
the energy density. In this case, we take ggﬁ = 4, accounting also for the energy
density transferred to S at freeze-out from dark matter. The quantity g,s(Tgec) denotes
the effective number of relativistic degrees of freedom in the thermal plasma when S
decoupled from the SM, which, as previously argued, is g.s(Tgec) =~ 112.25. Substituting
these values, we obtain:

Q5h2 =~ mns

o (7.96)

For comparison, the standard result for stable relic neutrinos that decouple while
relativistic has a 91 eV in the denominator [111]. Since here the dark sector is colder
than the neutrinos, due to its earlier decoupling, this implies a higher mass bound for
S.
Given the observed total dark matter density Qpy =~ 0.12 [17], we can determine the
required mass of S for it to contribute a fraction Qg/Qpuy to the total dark matter:
Q
mg ~ 43eV —2. (7.97)
Qpm
For instance, if we impose S to contribute at most 1% of the total dark matter density,
its mass must satisfy:
mg < 0.43eV. (7.98)

This constraint ensures that S remains a subdominant dark matter component.
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Conclusion & Outlook

The matter-antimatter asymmetry and the nature of dark matter are two of the most
fundamental open problems in modern particle physics and cosmology. In this work,
we argue that since we can only measure an asymmetry within Standard Model (SM)
baryons, there is no direct evidence for a baryon asymmetry in the entire universe.
The unknown nature of dark matter allows it to carry the same quantum number as
SM baryons, implying that the counterpart of the baryon asymmetry could be hidden
within the dark sector.

A key implication of this framework is that baryon number violation is not required to
account for the observed matter-antimatter asymmetry, challenging the first Sakharov
condition. Instead, the necessary ingredients are C and CP violation within the dark
sector, a departure from thermal equilibrium, and a portal between the dark sector
and the quarks. The model presented in this work offers a minimal, baryon-conserving
framework where dark matter is a baryon-charged complex scalar of mass mpy <
1.9 GeV, whose stability arises solely from baryon number conservation, requiring no
additional symmetries.

The dark sector consists of the dark matter y and a Dirac fermion N. An equal but
opposite asymmetry is generated between the particles and antiparticles of both species.
This asymmetry can arise from CP-violating decays of heavy Majorana fermions, similar
to thermal leptogenesis. The asymmetry stored in NV is transferred to SM quarks through
scatterings and decays via the neutron portal. The UV completion of this portal involves
a colored scalar mediator ®, which is expected to be abundantly produced in colliders.
This leads to distinctive experimental signatures, such as monojet events with missing
energy, that apparently violate baryon number. Future analyses targeting this signal
could probe the viable parameter space of the neutron portal and offer potential evidence
supporting our scenario.

Dark matter freeze-out could proceed through annihilations into N or alternatively
into a very light dark scalar S, which remains in the universe as a hot subcomponent
of dark matter. This particle influences Neg and could be tested in upcoming CMB-S4
observations.

A possible variation of this framework could involve a renormalizable neutrino portal,
offering an alternative asymmetry transfer mechanism and a potential connection to
neutrino mass generation.

In summary, this work connects the dark matter and quark-antiquark mysteries,
demonstrating that baryon number violation is not necessary and that the universe
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we live in might be symmetric. The theoretical consistency, collider testability,
and cosmological implications of this framework open promising directions for future
research, offering a new perspective on the connection between baryonic and dark matter

sectors.
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Appendix A

Thermal universe

A.1 Equilibrium thermodynamics and abundances

In the early universe, particles formed a hot, dense plasma in thermal equilibrium. At
temperatures exceeding a few GeV, the energy of most SM particles was significantly
greater than their rest mass. Their energies can be approximated as

B~ /m? 5P ~ |, (A1)

meaning they behaved as relativistic particles, similar to radiation. In this regime, the
plasma’s temperature, T', dominates as the primary thermodynamic parameter.

For species in kinetic equilibrium, the phase-space distributions are described by
either the Fermi-Dirac (fermions) or Bose-Einstein (bosons) distributions:

1

Fe=mpmiy (A.2)

where p is the chemical potential of the particle species. The + sign corresponds to
fermions, while the — sign applies to bosons. In many scenarios, particularly in the early
universe, the chemical potential p of SM particles can be approximated as negligible
compared to the temperature, u =~ 0. This assumption implies an equal number of
particles and antiparticles, although slight asymmetries are present.

To understand the distribution and energy properties of particle species in equilibrium,
we calculate the number density n and the energy density p. For a species with g internal
degrees of freedom, these quantities are derived from the phase-space distribution. The
number density n is given by:

n= ks / F(B) dp, (A.3)

which accounts for the total number of particles per unit volume. The energy density
p, which represents the total energy per unit volume, is calculated as

P [ErE)@. (A.4)

We assume the Maxwell-Boltzmann (MB) approximation, which treats bosons and
fermions equally. This is valid at high temperatures, where quantum effects are

139



Appendix A Thermal universe

negligible. The MB distribution is given by:

B
fan = oxp (571, (A5)
Using this distribution and Eq. (A.3), the number density becomes
__9 T 3, —E/T
nMB = @) et /d pe BT, (A.6)

Below, we outline the derivation of nyg for three cases: relativistic, non-relativistic,
and general.

a) For relativistic particles, where E = |p], the number density simplifies to

rel _ 9 T 3 —p/T _ 9 T > 2 —p/T _
TLMB—Weu/ /dpe p/ —Weu/ 477/0 dppep/ =

_ 9 T 2 9 53 )T
_We“/ 4m 2% = 5T et/ (A7)

b) For non-relativistic particles, where E ~ m + |p]?/(2m), the number density is

NR g eu/T/dBP =T o=p?/@mT) _ 9 —m/T /Ty /OO dpp? e PH/CmT) _

b = (s R :
3
_ g —-m/T u/T ™ 3 — —(m—p)/T m7T :
2 e et 4m \/;(mT)2 ge 5 ) (A.8)

¢) For the general case, where E = y/m?2 + |p]?, the number density involves a modified
Bessel function of the second kind, Ko(x), and is given by

nMB = J__ /Ty /00 dpp? e BT — 9 e T 4rm2T Ky (@) =
(2m)3 0 (2m)3 T

= %mQTKg (%) e/’ = %.’LQTSKQ () eMT, (A.9)

with z =m/T.

A.2 Effective number of relativistic species

In the relativistic limit, the energy density given in Eq. (A.4) takes the form

2 1 bosons,
pret = —gT* S . (A.10)
30 ¢ fermions.
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A.2 Effective number of relativistic species

The total radiation energy density at a given photon temperature 1T is obtained by
summing over all relativistic particle species,

2
™
pr=>_pi= 50.(T)T*, (A11)

where ¢,(T') represents the “effective number of relativistic degrees of freedom” at
temperature 7. The sum over particle species is expressed as

9:(T) = ;gi (¥>4+;§g¢ <§)4 (A.12)

where the subscripts b and f denote bosons and fermions, respectively. For particles in
thermal equilibrium with the photon bath (T; = T'), the temperature fraction simplifies
to one. However, for relativistic species that have decoupled from the plasma, this factor
remains relevant.

At high temperatures, specifically for T' > 173 GeV, all SM particles are relativistic.
Summing their internal degrees of freedom, we obtain

gp = 28 photons (2), W and Z° (3 - 3), gluons (8 - 2), and Higgs (1), (A.13)

g = 90 quarks (6 - 12), charged leptons (3 - 4), and neutrinos (3 - 2). (A.14)
Thus, the total relativistic degrees of freedom at these temperatures is given by
7
gx = gp + g = 106.75. (A.15)

As the universe cools, different particle species transition to a non-relativistic state and
subsequently annihilate. To determine g, at a particular temperature 7', we sum the
contributions of all remaining relativistic degrees of freedom at that epoch.

Similarly, the total entropy density for a system with multiple particle species is given
by

212
5= EQ*S(T)TSa (A.16)

where g¢,5(T), defined as the “effective number of degrees of freedom in entropy,” is
expressed as

(1) => g §3+sz LY (A.17)
g«S = 9i T § < gi T . .
i=b i=f
For particle species in thermal equilibrium (7; = T'), their contributions to g,s and g,
are identical. At high temperatures, we also have
gxs = 106.75. (A.18)

However, for relativistic species that have decoupled from the thermal bath, their
entropy contribution follows a different scaling behavior. In Fig. A.1 we find the
evolution of ¢,(7T") and g,.s(7T).
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Fig. A.1: Evolution of relativistic degrees of freedom g, (T) assuming the SM particle content.
The dotted line stands for the number of effective degrees of freedom in entropy
9xs(T"). Taken from Daniel Baumann’s Cosmology lectures.

A.3 Neutrino decoupling and effective neutrino number N

At very high temperatures, all SM particles in the early universe were in thermal
equilibrium due to frequent and efficient interactions. Since their masses were much
smaller than the ambient temperature, they behaved as relativistic radiation. As the
universe expanded and cooled, the temperature decreased, causing different particle
species to become non-relativistic and to decouple from the thermal plasma.

One of the most significant decoupling events in this context is neutrino decoupling.
In the early universe, neutrinos were kept in thermal equilibrium primarily through
weak interactions with electrons and positrons

e et v+ D,. (A.19)

However, as the temperature dropped below T' ~ 1 MeV, the weak interaction rate
fell below the expansion rate of the universe, causing neutrinos to decouple. From this
point onward, neutrinos evolved independently from the remaining particle species still
in thermal equilibrium. We will simplify the discussion by assuming that neutrinos
decoupled instantaneously before electron-positron annihilation.

Shortly after neutrino decoupling, electron-positron annihilation occurred, transferring
entropy to the photon bath. Since neutrinos were already decoupled, they did not
receive this entropy injection, leading to a difference between the neutrino and photon
temperatures. This difference can be derived by considering the conservation of
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A.3 Neutrino decoupling and effective neutrino number Nqg

comoving entropy density, given by
a®s(T) = constant, (A.20)

where a is the scale factor, which scales as a ~ T, We impose this conservation before

and after electron-positron annihilation. The relativistic degrees of freedom contributing

to entropy in the thermal plasma before annihilation include two photon spin states and

two electron-positron spin states. Following Eq. (A.17), this gives
7 11

gbgfore =924 7(2 + 2) 5

. 3 (A.21)

After electron positron annihilation, only the photons remain in equilibrium, reducing
the entropy degrees of freedom to

gilter — 9, (A.22)

Applying comoving entropy conservation from Eq. (A.20), we obtain:

bef 3 ft 3
g*g' ore Tv, before giSer v, after A.23
3 - T3 : ( : )
v, before v, after
Using the fact that T’ pefore = T}, before, this simplifies to
4 1/3
Tl/, after = <11> T’y,after ~0.71 T’y,after ) (A24)

which quantifies the relative cooling of neutrinos compared to photons after electron-
positron annihilation.

Following electron-positron annihilation and assuming three families of neutrinos and
antineutrinos, the total radiation energy density in the universe, using Eqgs. (A.11),

(A.12) and (A.24), is given by
7/ 4 4/3
14+3-( — ;. A2
TN

To express this radiation density in terms of an effective number of neutrino species,
the parameter Neg is introduced. It is defined such that

74\
1+-(—=) N
+8(11) off

In the simplified scenario where neutrinos decouple instantaneously, the SM prediction
is N, Eé\/[ = 3. However, in reality, neutrino decoupling occurs over a finite period of time,
and the weak residual interactions between neutrinos and the thermal plasma during
electron-positron annihilation lead to N eSé\/I = 3.046 .

7T2

7 72
4 4
pr—30[2ﬂ+6 T]_

8" 15

2

Pr =77

0 T;. (A.26)
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To account for deviations from the SM prediction of the effective number of neutrino
species, ANqg is defined as
ANeg = Neg — NS (A.27)

A non-zero value of ANqg could arise due to additional contributions to the radiation
energy density. Cosmological observations place stringent constraints on AN.g. Planck
2018 measurements of the cosmic microwave background anisotropies, combined with
baryon acoustic oscillations, provide the most precise limits up to date [5]:

Net = 2.997032 (95%C.L.). (A.28)

The next generation “Stage-4” ground-based cosmic microwave background experiment,
CMB-S4 [254], is expected to improve these constraints by one order of magnitude.

A.4 Thermal average of cross sections and rates

Thermally averaged cross sections and decay rates account for the thermal distribution
of particles and the temperature-dependent dynamics of interactions. They are crucial
for solving Boltzmann equations, as the interaction terms are proportional to these
quantities, see Appendix B.1.

The thermally averaged rate for a two-to-two process (i +j — m +n) is given by the
following integral of the cross section o(s) [255]:

2
ij 9193 3/2 mZQ m;
( = dss*/? K, A1, = =L o(s) (A.29)
Yin) 324 s s ) IV '

where A(a,b,c) = (a — b — ¢)? — 4bc is the Kallen function, Ki() is a modified Bessel
function of the second kind, s is the Mandelstam variable, and g; are the degrees of
freedom of particle species i.

To obtain the thermally averaged cross section (ov), we divide this rate by the
equilibrium number densities of the incoming particles:

(ov)ijsmn = W- (A.30)
For the thermally averaged decay rate of a particle species into two particles (i —
m + n), the total rate is given by [255]:

. gi T3
(i) = 53

where x = m; /T, and I'(i — m + n) is the decay width. The thermally averaged decay
rate is then

22 Ky (2)T(i — m +n), (A.31)

(T) = <fgg> =T(i = m+n) 2 Eg

(2

(A.32)

where Ks(x) is another modified Bessel function of the second kind.
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Appendix B

Boltzmann Equations

B.1 Boltzmann equations formalism

The Boltzmann equation provides a fundamental framework for studying the evolution
of particle abundances in the early universe. While particles in equilibrium with the
thermal plasma are well described by equilibrium distributions, understanding their
behavior during and around the epoch of decoupling is more complex. This is because
decoupling is not instantaneous, and the particle abundances evolve dynamically as the
universe expands and cools. In this appendix, we derive the Boltzmann equation, its
simplifications under common assumptions, and its form in terms of comoving variables.

The Boltzmann equation generically describes the time evolution of a particle’s phase-
space distribution f and is expressed as

Lf] = C[f), (B.1)

where L is the Liouville operator, and C is the collision operator. For the Friedmann-
Lemaitre-Robertson-Walker metric, the Liouville operator takes the form

L, n) = 2 4ot (B.2)

Using the definition of the number density in terms of the phase-space density (A.3),
dividing by F, and integrating by parts, this expression leads to the evolution equation
for the number density

. g [dp
3Hn = —C B.3
where H is the Hubble parameter.
To account for the collision term C[f] for a generic interaction (¢ +a+b+ ... <>
i+j+...), where the focus is on the particle 1), we write

3
96 [ prnd Py
—_— == 1L, dI1,dITy...dI1;dIT; ...
(27r)3/c[f]Ew gw/dwddbddy

x (2m)40% (P +Pa + Db+ ... —Pi —Dj..)

x [\M|§,+a+b...%+j..‘fwfafb...<1 L))

M By rap iy (U f) (U (L )]

(B.4)
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where fy, fa, etc. are the phase-space distributions for each particle, given by (A.2). The
+ sign applies to bosons and the — sign to fermions. The delta function ensures energy-
momentum conservation, while |M|? represents the squared matrix element averaged
over spins and symmetrized for identical particles. The Lorentz-invariant phase-space
element is defined as

1 d3p
(2n)? 2B

To simplify the Boltzmann equation, we make the following assumptions:

(B.5)

1. Time-reversal invariance (or CP invariance): This implies

2 2 a2
My satp..—iti. = Mt Spratrs. = M7 (B.6)

Even if CP is broken, the equilibrium distributions remain unchanged, and this
relation can still be effectively applied [256].

2. High-temperature approximation: At high temperatures, £ — p > T, which happens
for high temperatures, so the exponential in the Bose-Einstein or Fermi-Dirac
distributions dominates, leading to:

fre E=WIT 14 fa. (B.7)

Even if we are not in the high temperature regime, this assumption will translate
into a correction of less than ~ 20 % in the rate.

Under these assumptions, the Boltzmann equation for the number density simplifies to

iy + 3Hny = — gy / AT, d,dMy...dTLdTT;...(270)* | M |* x B5)

X 6% (py + Do+ Po + oo — Di — Dj) [fofafoe — fifjer],

where the term 3Hn, accounts for the dilution of the number density due to the
expansion of the universe, and the right-hand side encompasses the change in particle
number due to the interactions with other particles. It is usual to write the Boltzmann
equation in terms of the comoving number density, or yield, removing in this way the
expansion term. This quantity is defined as Y = n/s, where s is the entropy density,
given by Eq. (2.6).
Using the conservation of entropy, see Eq. A.20, the Boltzmann equation can be
rewritten as
dYy LGy 417712
=— dlLy,dIL dlly...d1L;dIL;...(27)%| M |* x
T = s [ . and,.. 2m) )
X (54 (pw + Do +Pb+ ... —D; —pj...) [fwfafb... — flfj],
where x = my,/T and H (1) is the Hubble parameter at 7' = m,;,. During the radiation-
dominated epoch, the Hubble parameter is given by

(B.9)

Gx (T) T°
Hgp = — B.1
RD T 90 ]\4131 ) ( 0)
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B.2 Boltzmann equations for dark matter freeze-out

with Mp) the reduced Planck mass, and g, (7T') the effective number of relativistic degrees
of freedom, defined in Eq. (A.12). This final form of the Boltzmann equation provides
a comprehensive description of the evolution of a particle species in the early universe.

B.2 Boltzmann equations for dark matter freeze-out

The freeze-out process describes the decoupling of dark matter particles from the
thermal plasma of the early universe, marking the point when their abundances cease
to follow equilibrium distributions. To study this process in detail, we consider dark
matter particles y that are stable, massive, and weakly interacting with SM particles.
These particles undergo annihilation and production processes of the form

XX ¥, (B.11)

where 1 represents all possible species that x can annihilate into. Each interaction
changes the number of dark matter particles by two units.

At temperatures relevant for dark matter freeze-out, we assume that SM particles
remain in thermal equilibrium with the plasma due to their stronger interactions with
other particles. Consequently, 1) and v can be described by thermal distributions with
effectively zero chemical potentials.

The Boltzmann equation for the evolution of x particles, particularizing Eq. (B.9), is
given by

dYy  xgy

= dI1, dT1+dI1,dIT - (27)*| M |?
dx H(l)ﬁ/ X X P w( 7'(') ’ ‘

(B.12)
x &4 (px + Px — Py —pJ,) [ffx = fwflz]‘

For the SM particles 1 and 1, which are in thermal equilibrium, their phase-space
distributions become

fo = fit=exp (= BEy/T),
f5 =13 =exp (= Ey/T).

The energy component of the delta function in Eq. (B.12) enforces energy conservation,
Ey + Ex = Ey + Ej. This leads to the relation

Ew—i—E* FE, + F;
f:zq ;_)q = exp < _ “) = exp ( _ XJ"X) = f;qf)%q (B14)

(B.13)

This property, known as “detailed balance”, allows the substitution

[ffz = fofsl  — [ffx— RO (B.15)

Using this, one can further develop the collision term and arrive to the simplified form
of the Boltzmann equation

Ny +3Hnx = —(0V)ann [ni - n;eq], (B.16)
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where (0v)ann is the thermally averaged annihilation cross section times velocity,
summed over all final states. Alternatively, in terms of the yield Y,, the equation
becomes

dYy _x5<0v>ann[

dr  H(1)
In these expressions, we have assumed no asymmetry between x and y, setting n, = ny.
The thermally averaged annihilation cross section (0v)ann can be computed from the
annihilation cross section o following the formalism shown in Appendix A.4.

VZ-Y2.] (B.17)

X Tx.eq

B.3 Inclusion of sphalerons in the Boltzmann equations

In this appendix, we detail the inclusion of sphalerons in the Boltzmann equations for
the SM quarks and leptons, in the context of our framework.

Let g(x) denote the contributions from the neutron portal interactions that change
the quark asymmetry. The evolution equations for the relevant asymmetries are then

dYAN
AN (e, (B.18)
dYa, dYp,,,

pu— B.l
= s () (B.19)
War (Vi) (B.20)
dx dx sph

where the terms (dYpg,,/dz),), and (dYLg,, /dz),,, correspond to the change to the SM
baryon and lepton asymmetries induced by the sphaleron processes. These terms satisfy

the relation
<dYBSM> = <dYLSM> (B.21)
dx sph dzx sph

due to the conservation of (B — L)smy = 0 in the SM. Substituting Eq. (B.20) into
Eq. (B.19) gives

dYa, dYAl> B.22)

dz 3<g(x) L

The equilibrium relation between the baryon and lepton asymmetries in the presence
of sphaleron processes, given by Eq. (3.11), is rewritten as

c c
YBsu = _17_CYLSM = - 1— CYAZ- (B.23)
And differentiating, we find
dYpg,, _ 1dYaq c dYa;
=3 = - : B.24
dx 3 dx 1—c¢ dx ( )
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B.4 Derivation of the Boltzmann equations for asymmetry generation

Substituting Eq. (B.24) into Eq. (B.22) and rearranging terms:

dYaq c—1\dYx,
—3 B.25
2t =se(o+ ()R (B.25)
and finally
dy,
WA(] =3cyg(x). (B.26)

This result provides the evolution of the quark asymmetry, including contributions from
the neutron portal and sphaleron processes. The parameter ¢ encapsulates the relative
influence of sphalerons on the baryon and lepton asymmetries. We see that ¢ acts as an
overall factor in the equation rather than introducing an additional term. Analogously
for the leptons

dYay .
de

(c—1)g(z). (B.27)

B.4 Derivation of the Boltzmann equations for asymmetry
generation

This appendix provides the derivation of the Boltzmann equation terms for the the
particles and processes involved in generating the asymmetry within the mechanism
explored in Section 7.1.

The relevant tree-level decays and inverse decays are depicted in Fig. B.1, together
with the notation used for their rates. Note that these rates include higher-order
contributions, shown in Fig. 7.2, which induce CP violation, so that Ff) #* f}"} We
define the total decay rate as A

" =T + T, (B.28)

The thermally averaged cross sections for these processes are related to their thermally

averaged rates as

<F>%D = <UU>%DTLN = <UU>%DYN5a (B.29)
ip = (60)ipny = @V)ipY xS, (B.30)

where s is the entropy density. The thermally averaged rates are related to the decay
rates as already shown in Eq. (A.32)

(B.31)

Without any assumptions on thermal equilibrium, the contribution of decays and
inverse decays to the Boltzmann equation for the abundance of ; is

dYo, €z i =\ g i —\i
12 i =1L ObYe = Db + slonlip ¥y +s(m)inYsYie |- (B32)
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Fig. B.1: Schematic representation of the tree-level decay and inverse decay processes for ¢;,
which contribute to the generation of the asymmetry.

Now we use Egs. (B.29)—(B.30) to simplify this expression:

dYy, € i v i ™\
120 e =L ObYe — ObYe + (DipYs + DipYe | (B.33)

The yields of x and x* can be rewritten as

tot

1 1 Y,

YX:§(YX+YX*)+§(YX_YX*) :XT_F%, (B34)
1 1 yrot  y,

Yo =g (V) =5 (% - Yy) = - - 3% (B.35)

Using these expressions, together with Eq. (B.28), and substituting into Eq. (B.33), we
get:

Do o0y, (O + D) 2t (0 — D) 222 (8.30)
dx H(zx=1) b e 2 2
Now we use a definition analogous to Eq. (B.28) for inverse decays
Tip + Ifp =T, (B.37)

and the definition in Eq. (7.9) to express the asymmetry between inverse decay rates as

ib—Tip =« F%Oat’ia (B.38)
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where ¢; represents the CP-violating parameter for the process. We further relate the
total inverse decay rate to the total decay rate through the equilibrium yields

photi _ ptoti Yor (B.39)
ID — D YeOI' '
X

Substituting Egs. (B.37)—-(B.39) into Eq. (B.36), the Boltzmann equation becomes

dYg@- €T tot,i tot,i qu Y;Ot tot iYggq YAX
i —(D)iobly, 4 (D)LobE 200 ZX | o ()totd Z9i Zax
dx 315{(;,;:1)[ D™ Yo + {0 eq =5~ + el " e
tot
L tot,i X 1 eq YA
=—— (3" |Y,, — Y — —gY . B.40
Ha =1 p Yo~ Yelgym — 36tel v (B.40)

If the dark matter particles are also in thermal equilibrium, such as when their
interactions with N and N are strong at these temperatures, then the total dark matter
yield can be approximated as Y** ~ 2Yy4. Under this assumption, the Boltzmann
equation simplifies to

dY(P' XT tot.i
7 _ F 5
dr = H(x = 1)< )b

(B.41)

1 Ya
Yy, — Y;}<1 + 36 Y;él()

where the term proportional to €; Ya,/ Yy? is typically negligible and can be dropped.
This simplification highlights that, in the equilibrium regime, the evolution of Y, is
predominantly governed by the equilibrium yield and the total decay rate.

The two-to-two annihilation processes affecting ; are depicted in Fig. B.2, and also
need to be taken into account. The contribution to the Boltzmann equation is

dYy,, xs 9
T; = _H(337:1)2 (0V)pipi—xx Yo, = (00)xxr i Yo Y (B.42)

2
+ <O-/U><pilpi—)NNYS0i - <O-/U>NN—>(,DZL,DZYNYN

The first two terms in the equation correspond to the processes depicted in the first
diagram in Fig. B.2, representing ¢;i; — xx* (left to right) and its reverse process,
XX — pip; (right to left). Similarly, the last two terms arise from the second diagram
in Fig. B.2, corresponding to @;p; — NN and its reverse process, NN — ©;p;.

Using the principle of detailed balance, we can relate the thermally averaged cross
sections for the forward and reverse processes as follows:

yga?
<UU>XX*_>SO'L<P'L = <Uv>soz'<pi—>xx* quZYTqa (B.43)

X tx*

Yo

<UU>NN—>%% = <0v>%<pi—>NNW’ (B.44)
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Fig. B.2: Two-to-two annihilation processes affecting the abundance of ;.

and rewrite Eq. (B.42) as

dY(pi xTrs 2 Y(qu
dr - _H(a: — 1)2 [<UU>§01'801'—>XX* <Yw - quyeqy Yy

(B.45)

qu?
2
+ <UU><P¢<P1‘HNN (YSOZ — ququ YNY )

Combining the decay, inverse decay, and two-to-two processes, the full Boltzmann
equation for ¢; is

dYAp' X tot.i
i T ,
dx H(x = 1)< /D

s , Y
_H(x _ 1)2 <UU>%<,0¢%XX* Y%‘ ququY Y

qu2
+ <UU>%%‘—>NN (YQi Yegzy*eq YnYy )

1 Y,
¥ - v (14 gy )

(B.46)

The remaining equations are derived in a similar manner and are presented in

Egs. (7.27)~(7.31).
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Chemical equilibration and asymmetry
redistribution

To understand the equilibrium relation between the asymmetries in Ay, AN, Bgum
and Lgy;, we analyze the constraints imposed on the chemical potentials by different
interactions in the thermal plasma, basing ourselves on Ref. [120].

When particle species are in chemical equilibrium, their chemical potentials obey
relations dictated by particle interactions. For example, in a reaction of the type a+b —
¢+ d, the chemical potentials satisfy:

Ha + Hy = fle + Ha - (C.1)

Also, particle asymmetries can be expressed in terms of their chemical potentials.
Assuming that all the particles are ultra-relativistic, which at temperatures above the
electroweak phase transition is a good approximation, this relation is given by

(C.2)

Ng — Na

94T | pa/T 4+ O((a/T)?)  for fermions,
6 24a/T + O((pa/T)?)  for bosons,

where n, is the equilibrium number density of a given particle species, ng that of the
CP-conjugate species, g, its internal degrees of freedom and p, its chemical potential.
We also assume that |u/T| < 1, as the baryon and lepton chemical potentials are
expected to be of order |u| ~ 107197, due to the tiny baryon asymmetry observed in
the universe.

C.1 Standard Model and sphalerons

In this section, we focus exclusively on the SM interactions and sphaleron processes,
deriving the value of the constant ¢ in the sphaleron equilibrium relation shown in
Eq (3.11).

The SM interactions enforce the following relations among the chemical potentials of
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the particles:

pw =p-+po (W™ ¢ +¢"), (C.3)
fdy, = fu, +pw (W™ & +dp), (C.4)
Wir, = i + pw (W™ < vip + eir), (C.5)

w =ty +po (80 UL+ ug), (C.6)
pa, = pap + 1o (¢° < dr+dp), (C.7)
pip = pir+po (¢ &r+eir). (C.8)

Here, p19 and p_ refer to the neutral and charged components of the Higgs field (¢° and
¢~ ), and pw to W—. The chemical potentials p;z, and p;r correspond to the left- and
right-handed charged lepton in the family ¢, while u; refer to the left-handed neutrinos
in the family ¢. Further, the quark potentials ti,, fta,, pu; and pg, are the same for
each generation due to the CKM mixing, and also the same for all colors due to the
vanishing chemical potential of gluons.
The electroweak sphalerons, introduced in Section 3.3, impose the following equilibrium

condition

3(/’LUL + 2:udL) + =0, (CQ)

where p, = Y, pti, accounting for three generations of leptons. We can use Eq. (C.4)
to rewrite this condition as

i, + 6w + 1 = 0. (C.10)

Now we express the baryon and lepton number densities of the SM in terms of the
chosen chemical potentials, making use of (C.2) and the relations (C.4), (C.6) and (C.7).
From now on we will use the common notation ng = Bgy and ny, = Leyv. We arrive to

T2

Baoy = 3 (12MuL + 3,uw) (C.ll)
T2

Lsm =~ — (B + 6w — 3po). (C.12)

The number density of electric charge ), which must vanish, can be expressed as

472
Q = —5~Bpuy = pw = 9w + Tho) = 0, (C.13)

where the relations (C.3)—(C.8) have been used to reduce the number of independent
variables. Since sphalerons remain active below the electroweak phase transition
temperature [117], when the Higgs field acquires a vacuum expectation value, we set its
chemical potential to zero:

Ho = 0. (C.14)
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C.2 Equilibration of the neutron portal

By combining (C.10), (C.13), and (C.14), we can rewrite (C.11) and (C.12) in terms
of a single chemical potential

Bsm = 12Ty, (C.15)
Lov = —25T? - (C.16)

This leads to the well-known relation

12

37 (B = L)su, (C.17)

Bsy =

providing the value of ¢ in the sphaleron equilibrium relation.

C.2 Equilibration of the neutron portal

We now extend the analysis to the neutron portal, which introduces new interactions
connecting the dark sector to the visible sector. These interactions do not alter
the chemical potential relations derived in the previous section. Instead, our focus
is on understanding how the SM processes and sphaleron interactions influence the
equilibrium of the neutron portal, and consequently, the asymmetries stored in Ay and
AN.

The neutron portal imposes the following relation among the chemical potentials:

KN = 2ftdp + fug- (C.18)

The relations Eq. (C.4), (C.6) and (C.7), together with po = 0, lead to

Hup = Hup,s (C.19)
Hdg = Hdy» (C.20)
Pdp = Hup + HW- (C.21)

Combining the sphaleron relation (C.10), the vanishment of @ (C.13), and relations
(C.4) and (C.21), we find:

dy, = Oy, (C'22)
Hdp = DHdg (C.23)
which reduce the neutron portal relation (C.18) to
uN = 11y, (C.24)
Now, sing the correspondence between chemical potentials and asymmetries in
Eq. (C.2), we translate this relation to

11

YaAn = gYAum

(C.25)
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where we have used gy = 2 and gy, = ga = 6, accounting for spin and color. Here,
YAuy and Yaq, represent the asymmetries for each individual generation. By definition,
the total asymmetry stored in all quarks is

Yag = 3(Yaug + Yadg + Yau, + Yaag): (C.26)
YA‘Z = 3YBSM7 (0.27)
which using the relations (C.19), (C.20), (C.22), (C.23) and (C.25) leads to
Yag = 36YAu,, (C.28)
111 11
VAN = = —Yag = — Yoy 2
AN 3 36 Aq 36 Bsm (C 9)

Using the relation imposed by sphalerons after symmetry breaking, see Egs. (C.11)
and (C.12),
12
YBSM — _275YLSM’ (030)
and the B — L conservation relation,
YA = Yan + Yooy — Yigu (C.31)

we can solve the resulting system of three equations. This yields the following
asymmetries:

11

o4 in
Yag(T) = aYAm (C.33)
7S in
YadT) = — 155 YN, (C.34)

which are used in Section. 5.2.3 of this thesis.

We can also consider the case where sphalerons are out of equilibrium at the time
the asymmetry AN is generated. In this scenario, instead of the sphaleron equilibrium
condition (C.9), we impose that lepton number is never violated. Consequently, the
chemical potential associated with lepton number must vanish:

KL = Z(Hi + pir + pir) = 3p + 6w — 3po = 0, (C.35)

where we have used the relations (C.5) and (C.8). With this, and by imposing uw = 0,
since SU(2) is a conserved symmetry prior to symmetry breaking and all interactions
are equilibrated in this regime, we arrive at the following relations (keeping in mind
that pp = 0 as the Higgs has not yet acquired a vacuum expectation value):

7 in
Yan(T) = 57 Yaw, (C.36)
24 in
Yag(T) = 31 TAN (C.37)
Yae(T) = 0. (C.38)
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C.2 Equilibration of the neutron portal

Since no asymmetry is transferred to the leptons in this case, the resulting dark matter
mass and initial asymmetry are given by m, = 5GeV and YX;( = YgSM, the same as in
the standard case of asymmetric dark matter, see Section. 2.4.2.
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